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This study estimates the reservoir properties of the Carboniferous deposits in the southeastern part of the Lublin Basin
based on diagenetic and sequence stratigraphic patterns. Depositional sequences distinguished represent the following en-
vironments/processes: shallow clay and carbonate shelves, deltaic, fluvial, and hyperconcentrated flow while para-
sequences (cyclothems), maximum regression-initial transgression surfaces (T), maximum flooding surfaces (MFS) and
also lowstand (LST), transgressive (TST) and highstand (HST) systems tracts have been recognised. Sequences recog-
nized may be linked to the global stratigraphic division of the Carboniferous, thus providing a time framework and environ-
mental context for petrographic and petrophysical examinations. The reservoir properties were found to be clearly controlled
by depositional environment, diagenetic history and burial. The best properties were recognized in sandstone lithosomes
formed in braided, meandering and anastomosed fluvial channels and hyperconcentrated flows which fill the incised valleys
and belong to the LST. They are characterized by good porosity reaching up to 15.1%. The TST and HST deposits are repre-
sented chiefly by claystones, mudstones and limestones that formed in a shallow shelf and deltaic environment, being seal-
ing intervals. The diagenetic history of sandstones comprises eo-, meso- and telodiagenetic phases. The major processes
acting during the first of these were mechanical compaction, dissolution of mineral grains, formation of predominantly quartz
overgrowths around the quartz grains, and crystallization of kaolinite. During mesodiagenesis, cementation with quartz,
kaolinite and carbonates continued along with the formation of dickite and fibrous illite; moreover, mineral grains were dis-
solved and chemical compaction setin. The effects of telodiagenetic processes were feldspar dissolution and precipitation of
kaolinite. During diagenesis the maximum temperature affecting the Carboniferous deposits was ~120°C. Compaction and
cementation were the main factors responsible for the reduction of porosity by approximately 55 and 38%, respectively. One
of the major diagenetic processes was dissolution resulting in the formation of secondary porosity. The Serpukhovian and
Bashkirian sandstones from sequence 11 show good reservoir potential, while those from sequences 6, 9, 10, 12—14 only
fair potential.

=

Key words: diagenesis, sequence stratigraphy, reservoir quality, Carboniferous, Lublin Basin.

INTRODUCTION value. However, the use of sequence stratigraphy enables pre-
cise correlation where the stratigraphic framework is based on

isochronous surfaces (Waksmundzka 2007a, b, 2008a, b,

Previous examinations of reservoir properties of the Car-
boniferous in the Lublin Basin have been confined to the
lithostratigraphic units (Koztowska et al.,1998; Koztowska,
2003, 2009) distinguished by Porzycki and Zelichowski (1977
fide Porzycki, 1979) and geophysical interpretations
(Kaczynski, 1984; Chabiera, 1997a, b; Helcel-Weil and
Dziegielowski, 2003). Investigations carried out by \Waks-
mundzka (2008b) revealed that the boundaries of these units
are diachronous and their age and time span is different in vari-
ous parts of the Lublin Basin, thus reducing their correlative
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2010a, b, 2012a, b, 2013, 2014, 2018). Itis also extremely help-
ful for reconstruction of depositional environments and their
evolution with time, which has greatly influenced the burial
diagenetic evolution pathways of reservoir quality in sand-
stones (Morad et al., 2000, 2012; Reed et al., 2005).

The present work, estimating the reservoir properties of the
Carboniferous strata in the SE part of the Lublin Basin (Fig. 1),
is based on diagenetic and sequence stratigraphic analyses.
The latter was particularly focused on the potential of sandstone
reservoir lithosomes and provided a temporal and palaeo-
environmental context for petrographic and petrophysical ex-
aminations. The results enabled reconstruction of the
diagenetic succession and its effect on the formation of pore
space in the sandstones in relation to facies development and
depositional architecture.
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Fig. 1. Geological-structural map of the Lublin Basin (modified after Waksmundzka and Buta, 2017),
with location of the boreholes studied

GEOLOGICAL SETTING

The Lublin Basin is located in SE Poland (Fig. 1), its exten-
sion in Ukraine being the Lviv—Volyn Coal Basin. The present
boundary of the Lublin Basin is defined by the sub-Mesozoic ex-
tent of the Carboniferous strata and by major tectonic zones in
the NW and SW (Zelichowski, 1969a, 1972). The basin axis
runs NW-SE. The NE part of the basin is gently inclined to-
wards the SW, this being associated with the regional dip of the
East European craton basement, while the steep inclination of
the western edge is controlled by the tectonic boundary
(Krzywiec et al., 2017). A NE-SW fault system has been found
to occur in the basin along with transverse (Zelichowski, 1972;
Zelichowski and Porzycki, 1983) and E-W faults (Tomaszczyk
and Jarosinski, 2017). In the NW and central part of the basin
there runs a major tectonic zone called the Kock Fault. The
overall tectonic style of the Lublin Basin is defined by less-in-
tense thin-skinned deformation (Krzywiec et al., 2017;
Tomaszczyk and Jarosinski, 2017; Kufrasa et al., 2019) and its
present shape is due to tectonic inversion (Narkiewicz et al.,
2007; Krzywiec, 2009).

In its SE part the Carboniferous deposits rest, with a strati-
graphic gap, on the Devonian and are overlain by either Creta-
ceous or Jurassic deposits. The Carboniferous thickness is
variable — from 515 m (Biatopole IG 1 borehole) to 1,430 m
(Ruskie Piaski IG 2 borehole), the shallowest occurrence of its
top has been found in the east, but it dips notably towards the
NW, SW and S. The succession is built of claystones,
mudstones, siltstones, sandstones, conglomerates, lime-
stones, Stigmaria soils and coals, with occasional volcanic and
bauxitic rocks in its lowermost part. According to Musiat and Ta-
bor (1979, 1988) and later Porzycki and Zdanowski (1995) the
Carboniferous succession is of upper Visean—Westphalian D?
age. However, age determinations of basalts indicate the oldest
rocks of the basin to be late Tournaisian (Panczyk and
Nawrocki, 2015). Thus in terms of the global chronostratigraphy
the Carboniferous succession is represented by the upper
Tournaisian—lower Moscovian (Waksmundzka, 2008b, 2013,
2018). The lithostratigraphy established by Porzycki and
Zelichowski (1977 fide Porzycki, 1979) comprises the following
four formations: Huczwa, Terebin (Korczmin and Komaréw
members), Deblin (Bug and Kuméw members) and Lublin,
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while the youngest, i.e. the Magnuszew Formation, is missing.
Both the Deblin and the Lublin formations are partly or com-
pletely eroded away (Fig. 2).

Lowermost in the succession is the tripartite Huczwa For-
mation with limestones prevailing in the lower and upper parts
and more abundant mudstones with sandstone intercalations in
the middle. The Terebin Formation is built predominantly of
claystones and mudstones and less frequent limestones and
sandstones. The Deblin Formation is distinctive through a
higher share of sandstones which constitute the Bug and
Kumoéw members. Higher in the section occur the coal-bearing
deposits of the Lublin Formation represented by claystones and
mudstones with coal and sandstone intercalations.

The lithofacies development and sequence stratigraphy re-
vealed the clearly tripartite nature of the Carboniferous succes-
sion in the Lublin Basin (\Waksmundzka, 2013). The lowermost
part comprising sequences 1-10 (upper Tournaisian—lower
Bashkirian) originated in a mostly marine and distal deltaic
depositional regime (excluding the close-to-bottom interval).
The middle part corresponding to sequences 11-16 (lower and
middle Bashkirian) was formed in a deltaic-fluvial regime,
whereas the uppermost part corresponding to sequences
17-22 (middle Bashkirian—lower Moscovian) contains exclu-
sively continental strata laid down in a fluvial environment with
mature swamps, lakes and lake deltas on alluvial plains. In the
study area there occur only the lower and middle parts of the
Carboniferous succession comprising sequences 1-16 (upper
Tournaisian—upper Bashkirian), while the uppermost part is ab-
sent through erosion.

MATERIALS AND METHODS

The present studies are based on geological data and wire-
line logs from 8 boreholes located in the SE part of the Lublin
Basin (Fig. 1). Two of them (Komaréw IG 1 and Tyszowce IG 1)
were fully cored, while from others core recovery was incom-
plete. All boreholes have penetrated the entire Carboniferous
succession.

The sedimentological investigations via the use of
lithofacies analyses have been focused on individual lithofacies
(Reading, 1978; Walker, 1992), lithofacies associations and
cyclothems. These were described according to the lithofacies
code introduced by Miall (1977, 1978), Rust (1978), Zielinski
(1992a, b, 1995) and Gradzinski et al. (1995) with later modifi-
cations by Waksmundzka (2012b, 2013). Index lithofacies of
greatest thicknesses have been distinguished and thickness
relationships determined within the associations were also
coded. The method devised by Baldwin and Butler (1985) was
used, for calculation of the thickness reduction ratio whose
value increases with depth, this approach having been tested
by Waksmundzka (2013) in previous sedimentological Carbon-
iferous investigations.

Similar to Read and Dean (1976) and Allen (1965, 1970)
the cyclothem boundaries were set at the tops of the phytogenic
formations (coal, carbonaceous claystone) and in the absence
of these lithofacies at levels of rapid changes in grain size. To
define the bedforms, processes, sub-environments and
depositional environments within the overall palaeoenviron-
mental architecture (Miall, 1985, 1988) the interpretation re-
quired a genetic approach to lithofacies, their associations and
cyclothems.

Investigations into the facies development of the Carbonif-
erous succession and its depositional architecture, and the lat-
eral extension of sandstone lithosomes in particular, have been

based on litho-facial correlation and sequence stratigraphy.
Due to a full core recovery and good biostratigraphic con-
straints, sequence stratigraphic divisions could be adopted
(Waksmundzka, 2018) in examinations of the Carboniferous in
the SE part of the basin. The Carboniferous sections were com-
piled on the assumption that the faunal levels and the corre-
sponding local maxima of the gamma ray curve
(Waksmundzka, 2010a, 2013) are isochronous horizons i.e.
Posidonia corrugata |, Posidonia corrugata 1l and Dunbarella
papyracea (Musiat and Tabor, 1988). In lithofacies and se-
quence stratigraphic schemes the assumed reference horizon
is the local maximum of the gamma ray curve corresponding to
the Dunbarella papyracea level found in boreholes (Marynin
IG 1, Ruskie Piaski IG 2). For the remaining boreholes with
poorer coring representation the reference horizon was as-
sumed to be the bottom of the youngest sequence 12 presentin
all boreholes. Two correlation schemes have been constructed
in which data from three borehole sections i.e. Buséwno IG 1,
Komaréw IG 1 (Waksmundzka, 2007a, 2014) and Grabowiec
IG 4 have been included for better reliability (Fig. 1):

| — applicable to the NE part of the study area, and dis-

tinctive through smaller Carboniferous thicknesses, with

a transition to the zone of larger thicknesses;

Il — cutting the study area farther in the SW, and applica-

ble to the transition zone from smaller to larger and lo-

cally much larger thicknesses.

In the sections examined, 16 depositional sequences were
defined following Michum (1977) and using sequence strati-
graphic methods described in detail by WWaksmundzka (2010a,
2012b, 2013). The depositional sequences are of type | sensu
Vail and Todd (1981) as they are bounded by type | subaerial
unconformities. Within the sequences, maximum regression
surfaces were distinguished, which also proved to be the initial
transgression surfaces, together with maximum flooding sur-
faces and lowstand, transgressive and highstand systems
tracts. The systems tracts show a cyclic structure and are built
of coarsening-upward, non-gradational and fining-upward
cyclothems (Waksmundzka, 2010a, 2012b, 2013) which corre-
spond to parasequences (Van Wagoner, 1985). The sequence
stratigraphic division was coupled with the global and West Eu-
ropean Carboniferous chronostratigraphic divisions, thus pro-
viding a chronostratigraphic framework for detailed diagenetic
studies and estimation of reservoir properties in the sandstone
lithosomes.

264 thin sections saturated with blue resin to enable distinc-
tion of pore spaces were examined using a polarizing
Optiphot 2 microscope manufactured by Nikon. In 115 samples,
mainly of sandstones, the grain size distribution was defined by
counting 300 points with the use of a Prior universal stage
(Jaworowski and Juskowiak, 1973). The microlithofacies divi-
sions were based on Dott’s classification modified by Pettijohn
et al. (1972) with further changes by Jaworowski (1987). Simi-
larly to arenites, wackes were subdivided into sublithic and
subarkosic types. To define the types of carbonate cement, 102
uncovered thin sections were stained with Evamy’s solution.

40 sandstone samples have been subjected to
cathodoluminescence analysis using the CCL 8200 mk 3 model
with cold cathode made by Cambridge Image Technology Ltd.

Fluid inclusions have been examined on 20 dou-
ble-side-polished thin sections on the Linkam heating and
freezing THMS600 equipment with 1°C accuracy relative to the
commonly used SYNFLINC standards.

Samples were scanned using two types of electron micro-
scope — produced by JSM-35 JEOL and LEO 1430. Both coop-
erate with the EDS ISIS energy dispersive spectrometer manu-
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Fig. 2. Chronostratigraphic divisions, lithostratigraphy and sequence stratigraphy
of the Carboniferous succession in the southeastern Lublin Basin
(modified after Waksmundzka, 2018) with prospective reservoir quality
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factured by Oxford Instruments. 42 chip samples dusted with
carbon and then with gold were analysed. Examinations of 27
polished uncovered thin sections yielded backscattered elec-
tron images (BEI). The chemical composition of 39 carbonate
samples was also defined using scanning electron microscopy
(SEM) with an energy dispersive X-ray analyser. All quantitative
results have been recalculated to molecular composition.

The X’Pert PW 3020X-ray diffractometer manufactured by
Philips with a Cu Ka radiation and semiconductor detector was
used for X-ray examinations. The position of peaks and their
comparison with the JCPDS standards (Joint Committee on
Powder Diffraction Standards) enabled definition of the phase
composition. Clay minerals <0.2 ym in size separated from
sandstones according to the method described by Moore and
Reynolds (1989) were identified. Air-dried oriented samples
have been glycolized and heated in the angular range of
0-30°26 and 19-34°26.

Infra-red examinations were conducted in a single-beam
FT-IR FTS135 spectrometer within the range from 400 to
4000 cm™", focusing on the 3000—4000 cm™" range (interval of
stretching vibrations for the OH group). Samples were prepared
by the pellet method.

Isotopic values of oxygen and carbon in carbonate minerals
were obtained for 33 sandstone samples. Examinations were
conducted on gaseous CO, from carbonate samples in accor-
dance with standard procedures for the reaction of phosphoric
acid with pure carbonates (McCrea, 1950) and carbonate mix-
tures (Al-Aasm et al., 1990). The measurements were com-
pleted using a modified M11305 spectrometer (Hatas, 1979;
Durakiewicz and Hatas, 1994) with an accuracy of +0.08 %.
The §"*C results obtained are shown on the PDB scale and the
"0 values on the PDB and SMOW scales.

Effective porosity, permeability and pore space parameters
were determined for 40 sandstone samples. A helium
pycnometer has been used for porosity coefficient measure-
ments and the permeability coefficient has been calculated
from the Darcy equation (Pirson, 1950) considering the correc-
tion for gas compressibility. Examinations of pore space (bulk
density, porosimeter porosity, size of the average capillary,
specific surface, number of pores >1 um, threshold diameter
and hysteresis) were conducted with the use of a mercury
porosimeter.

The final estimation of the reservoir potential was based on
a comprehensive review of results yielded by sedimentological,
sequence stratigraphic, petrographic and petrophysical exami-
nations. These permitted the distinction of 3 types of reservoir
potential of sandstone lithosomes for conventional hydrocar-
bons, considering such parameters as thickness, lateral extent,
seal and petrophysical features (Table 1). A thickness equal or

Table 1

Adopted criteria of prospective reservoir quality of the Car-
boniferous succession in the southeastern Lublin Basin

Parameter

Prospectives Petrophysic
of reservoir | Thickness | Lateral Seal | Porosity >5%

quality =/>10 m | continuation Permeability

>1 mD

Good i3 + + i
Fair + = ity +
Poor = - - -

+ presence; +? supposed presence; — absence

exceeding 10 m, the presence of a seal, effective porosity >5%
(after Jenyon, 1990) and permeability exceeding 1 mD (follow-
ing the classification by Levorsen, 1967) are considered prereg-
uisite for reservoir potential.

RESULTS

LITHOFACIES, THEIR ASSOCIATIONS AND CYCLICITY

In the Carboniferous core sections a number of lithofacies
were distinguished, the characteristics of which are given in Ta-
bles 2 and 3 along with interpretation of bedforms, processes,
depositional subenvironments and environments in which they
originated. The most typical lithofacies are illustrated in Fig-
ures 3 and 4. A distinctive feature of the Lublin Carboniferous
succession is its depositional cyclicity, understood as a multiple
repetition of lithological assemblages with a defined succession
of features which constitute a cyclic depositional unit
(Gradzinski et al., 1986). On the basis of the classification by
Waksmundzka (1998, 2010a, 2012b, 2013) fining-upward,
coarsening-upward and non-gradational cyclothems have been
identified. The lithofacies occurring within the fining-upward
cyclothems have been grouped into associations which has en-
abled the identification of depositional environments and
subenvironments (Tables 2 and 4). A single lithofacies assem-
blage can correspond to a fining-upward cyclothem, but usually
the latter embraces two lithofacies associations. As for the re-
maining lithofacies (Table 3) occurring in the intervals with
coarsening-upward and non-gradational cyclothems, a division
of lithofacies associations proved unnecessary.

FINING-UPWARD CYCLOTHEMS

Fining-upward cyclothems occur in all the borehole sections
examined. Three major types have been recognised: |, lla, and
Ilb (Table 5). Moderately frequent single-part cyclothems of
type | are distinctive by the presence of a single lower
coarse-grained part and the lack of an upper fine-grained part
(Fig. 5). The upwards fining of grains is connected with the
grading of conglomerates and coarse-grained sandstone into
medium- and fine-grained sandstones. In type | cyclothems, the
high-energy lithofacies Gm, Sm, Ss, Sh2, Sl are predominant.
The thickness of these cyclothems ranges from 2 to 5.8 m.

The most frequent is the other type of fining-upward lla
cyclothem, which is bipartite (Figs. 5-7). The grading is of con-
glomerates and coarse-grained sandstones through to me-
dium- and fine-grained sandstones and then into mudstones.
Several kinds of lithofacies successions have been identified. In
the lower coarse-grained parts, high-energy lithofacies i.e. Gs,
Ss, Sm, Sh2, and Sl are prevalent, while lower-energy
lithofacies are less frequent. In the upper, fine-grained parts
there occur lithofacies Fm or Fh, deposited from suspension.
The lla cyclothems can reach up to 10 m thick and their lower
and upper parts up to 6.9 and 3.4 m, respectively.

Less frequent are type llb fining-upward cyclothems
(Figs. 5 and 6). The grading is of fine-grained sandstones
passing into mudstones and/or into clayey Stigmaria soils.
Predominant in the lower part, with thicknesses only up to
0.9 m, are low-energy lithofacies i.e. Sr, Sfand Sh1. The upper
fine-grained parts show a moderate thickness reaching up to
9.1 m and contain either lithofacies Fm, Fh, deposited from
suspension, or lithofacies Fn, FSw, formed at a very low flow
energy. At the top of some llb cyclothems, muddy and clayey
Stigmaria soils R occur.
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Table 2

Characteristics of the lithofacies present within fining-upward cyclothems, and interpretation their depositional environments
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> o
£ g
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Table 3

Characteristics of the lithofacies occurred within coarsening-upward and non-gradational cyclothems,
and interpretation of their depositional environments
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Fig. 3. Examples of coarse-grained lithofacies

A — lithofacies Sp: medium-grained planar cross-stratified sandstone, at the bottom lithofacies Fh: horizontal laminated mudstone; Terebin
IG 1 borehole; depth 738.64—738.77 m; LST of sequence 10; Bashkirian; B — lithofacies Se: medium-grained sandstone in erosional scours
with clasts of grey claystone and brown siderite nodules; Terebin IG 1 borehole; depth 737.04—737.12 m; LST of sequence 10; Bashkirian;
C- lithofacies Sh2: coarse-grained horizontally stratified sandstone; Tyszowce IG 1 borehole; depth 892.80—-892.87 m; LST of sequence 13;
Bashkirian; D — lithofacies Sh1: fine-grained horizontally laminated sandstone with lamination accentuated by abundant fine plant detritus;
Terebin IG 1 borehole; depth 803.91-804.04 m; LST of sequence 8; Bashkirian; E — lithofacies Sr: fine-grained ripple cross-laminated sand-
stone; Tyszowce IG 1 borehole; depth 1,027.13-1,027.26 m; LST of sequence 11; Bashkirian; F — lithofacies SI: fine-grained low-angle
cross-stratified sandstone; Tyszowce IG 1 borehole; depth 1,036.08-1,036.22 m; LST of sequence 11; Bashkirian; G — lithofacies Sm:
fine-grained massive sandstone; Terebin IG 1 borehole; depth 775.29-775.45 m; LST of sequence 9; Bashkirian; H — lithofacies Gs: con-
glomerate with scour-and-fill structures with clasts of grey claystone and black carbonaceous matter; Korczmin IG 3 borehole; depth
778.00-778.23 m; LST of sequence 7; Serpukhovian; | — lithofacies St: fine-grained trough cross-stratified sandstone; Tyszowce IG 1 bore-
hole; depth 906.28-906.50 m; LST of sequence 12; Bashkirian; units on scale bar = 1 cm
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Fig. 4. Examples of fine-grained and phytogenic lithofacies

A — lithofacies R: clayey Stigmaria soil; slickenside-related compaction (arrows) and black plant detritus are observable; Terebin IG 1 bore-
hole; depth 560.75 m; TST of sequence 11; Bashkirian; B — lithofacies Fm1: black massive claystone with goniatites (arrows); Marynin 1
borehole; depth 992.3 m; MFS of sequence 7; Serpukhovian; C — lithofacies Fm3: dark grey massive mudstone with black plant detritus;
Marynin 1 borehole; depth 1,007.6 m; HST of sequence 6; Serpukhovian; D — lithofacies C: coal; Marynin 1 borehole; depth 1,135.4 m; T of
sequence 6; Serpukhovian; E — lithofacies FSd: sandy siltstone disturbed by plant roots (arrows) with brown siderite nodules; Ruskie Piaski
IG 2 borehole; depth 1,441.0-1,441.1 m; HST of sequence 13; Bashkirian; F — lithofacies L: limestone with white faunal detritus; Marynin 1
borehole; depth 1,063.20-1,063.27 m; TST of sequence 6; Serpukhovian; G — lithofacies Fh2: horizontally laminated mudstone; Ruskie
Piaski IG 2 borehole; depth 1,347.73-1,347.84 m; TST of sequence 14; Bashkirian; H — lithofacies FSw: wavy laminated sandy siltstone;
Terebin IG 1 borehole; depth 835.57-835.68 m; HST of sequence 7; Serpukhovian; | - lithofacies Fm5: grey massive mudstone with common
spherulites of siderite in the place of plant roots (arrows); Ruskie Piaski IG 2 borehole; depth 1,749.68-1,749.78 m; LST of sequence 8;
Bashkirian; units on scale bar =1 cm
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Table 4

Lithofacies associations developed in braided and meanderind rivers, anastomosing
fluvial systems, as well as hyperconcentrated flow deposits with reference to sequence

stratigraphy and chronostratigraphy

Borehole Lithofacies association sﬁgﬁgfggﬁy Chronostratigraphy
Hyperconcentrated flow
Sm 920.1-927.7 m 11 -
Tyszowce IG 1 Sm (Ss) 1085.2-1094.6 m 9 Bashkirian
Braided river
Sh2 (Sl) 750.9-752.05 m 15
Sl (Sm) 752.05-754.05 m
Tyszowce I1G 1 S| (Sm, Sh2) 1074.4-1077.4 m Bashkirian
Sl, Sh2, Sr 1077.4-1082.2 m 10
Sm, Sr (Gm) 1082.2-1085.2 m
Sm (Sx, Fm) 775.5-778.6 m 7 Serpukhovian
Korczmin IG 3 Gs (Sh2) 1352.8-1354.1 m 1 .
Tournaisian
GSm 1354.8-1355.2 m 1
Meandering river
St, Fm (Sh2) 750.1-750.9 m 15
Fm (Sp, SI) 890.5-893.1 m 12 Bashkirian
Tyszowce IG 1 Fh (FSw, Sf, Sh1) 895.3-901.5 m
Fm (R) 1227.2-1231.2 m i
Sm (SI, Sr, St) 1231.2-1238.3 m ! Serpukhovian
) Fm 1314.0-1317.0 m :
Marynin IG 1 Sm, Sx (Ss, SI) 1317.0-1321.7 m 3 Visean
Terebin I1G 1 Sx, Sf (Sr, Sh2) 502.2-522.1 m 13 Bashkirian
Anastomosing fluvial system
Fm (R) 734.8-747.9 m 15
Sh2 (Sr) 747.9-750.1 m
Fm, Fh (Sf) 768.9-787.1 m
Fn (Sf, Sx) 787.1-798.8 m 14
Fh, Fm (FSw, Sf) 798.8-806.6 m
C (Sm, St) 887.8-890.5 m 13 Bashkirian
Tyszowce IG 1 Fm, Fh (R) 909.7-920.1 m 12
Fm (R, C) 1010.3-1024.2 m 11
St, Sx (Sr) 1024.2-1029.8 m
Fh (Fm) 1062.5-1071.7 m 10
Sm (SI, Ss) 1071.7-1074.4 m
Fm 1565.8-1572.1 m 4
Sh2 (Sf) 1572.1-1574.8 m
C (Fm) 1304.0-1311.24 m i
_ Sr (Sx) 1311.24-1314.0 m 3 Visean
Marynin 1
Fm (R) 1353.0-1360.2 m 5
Sh1 (Sm, Sr) 1360.2-1362.0 m
) C (Fh, Fm) 522.1-523.7 m
Terebin IG 1 Sm (Ss) 523.7-525.5 m 12
Sr (R, Fm) 449.8-455.6 m 12
Fm (R, Fh) 553.5-588.8 m 11 Bashkirian
Sr 588.8-595.6 m
) Fm, Fh 628.7-640.1 m
Korczmin IG 3 SI (Sm) 64016467 m 10
Fm (R) 767.9-773.6 m .
Sh2 (Sm) 773.6-775.5 m ! Serpukhovian
Fm (SI) 1349.8-1351.4 m 2 Visean




432 Aleksandra Koztowska and Maria |. Waksmundzka

Table 5
Characteristics of typical fining-upward cyclothems type I, lla and b
Cyclothem Lithofacies succesion Thickness [approx. m
type lower part upper part lower part upper part total
Gm—>Sm+SI—>Sr
Ss—»>Sm+SI+Sh2 absent 2-5.8 absent 2-5.8
SI+Sr+Sh2+St—»>Sh2
Gs—>Ss—»>Sm+Sr+Sl— | Fh
Ss—»>Sm+Sx— | Fh
Se+Sl+Sm— | Fh
1.8-6.9 0.7-3.4 4.3-10
| 2 Sh2->Sl-> | Fh
Sm+Sp+SI+Sf—»Sh1-Sr+St— | FM-R
St+Sx+Sr— | FM+R+C
Sr+Sf+Sm+Sh1— | Fm+Fh+FSw+Fn
b Sd+Sh1os | Fh+FSw+Fd+Fm—R 0.2-0.9 0.1-9.1 0.3-10

COARSENING-UPWARD AND NON-GRADATIONAL CYCLOTHEMS

On the basis of lithofacies succession and degree of com-
pleteness, coarsening-upward cyclothems of type Ic, lic, Iid
have been identified and shown to be the less complete
non-gradational cyclothems of type lllc and llld (Figs. 8 and 9;
Table 3). The completeness of cyclothems has been analysed
within the succession of genetically related clayey and clastic
lithofacies with a notable increase in grain size (parts: 1, 2, 3)
manifested by the grading of claystone into mudstones, sandy
siltstones and finally sandstones.

In the sections examined, there are numerous type Ic
coarsening-upward cyclothems within which parts composed of
characteristic lithofacies occur from the bottom upwards:

part O: limestones and dolomites L, marls M;

part 1: claystones Fm1, Fh1, mudstones Fm3;

part 2: mudstones Fh2, Fn and sandy siltstones FSw,
FSd;

part 3: fine-grained sandstones Sh1, Sf, Sd;

part 4: claystones Fm2, mudstones Fm4, Fm$5, Fh2, Fn
and sandy siltstones FSw, FSd, Stigmaria soil R and
coals C.

Type Ic is represented by complete coarsening-upward
cyclothems with the 0—1—-2—3—4 succession from the base
upwards. Certain lithofacies are devoid of limestones and
dolomites L, marls M (part 0) and/or Stigmaria soils R and coals
C (part 4). The present thickness of the type Ic cyclothems is
1-34 m.

Distinctive among the coarsening-upward cyclothems is the
incomplete llc type lacking lithofacies of parts 2 or 3, which in-
clude the following successions: 0—>1—2, 1>2—4 or 153—>4.
Usually part 0 does not occur within type llc and occasionally
even part 4 is missing. The thickness of these cyclothems can
attain 47 m.

Within the non-gradational llic type cyclothems, there occur
0—>1—4 part. There is no growth of mineral grains, as they
comprise only claystones or mudstones in their lower parts and
soils and phytogenic formations at higher levels. The present
thickness of these cyclothems is 0.7-12.6 m.

A complete coarsening-upward type Id cyclothem as re-
ported from other parts of the Lublin Basin (\Waksmundzka,
2013) was not found in the sections examined. However, rarely
occurring type Ild cyclothems showing a 1—4 succession
(Fig. 9) have been described (Waksmundzka, 2013). Their
present thickness attains 1.8 m. Claystones grade upwards into

mudstones. The following parts built of characteristic lithofacies
occur from the bottom upwards:

part 1: claystones Fm2 grading into mudstones Fm4,

Fmb5, Fh2, and sandy siltstones FSw;

part 4: clayey and muddy Stigmaria soil R.

Among the type Illd non-gradational cyclothems, member 1

is represented exclusively by mudstones and the succession of
parts is 1—>4. Its thickness attains 9 m.

INTERPRETATION

DEPOSITIONAL ENVIRONMENTS AND PROCESSES

FINING-UPWARD CYCLOTHEMS

In the Carboniferous section of the SE part of the Lublin Ba-
sin fining-upward cyclothems occur with features indicative of
their fluvial provenance (Figs. 5-7; Tables 2 and 4). Below, the
environments are described in which fining-upward cyclothems
originated, from highest to lowest energy.

Hyperconcentrated flows. Associations formed in this en-
vironment and known from the Tyszowce IG 1 borehole are dis-
tinctive by an erosional surface at the bottom overlain by
high-energy sandstones Ss with abundant carbonaceous,
clayey and muddy clasts. Higher in the section there occur thick
intervals of massive sandstone Sm. As a rule the associations
are monolithofacies with occasional thin intervals of Sx, SI, Sh2
lithofacies (Fig. 6). The prevailing massive structure points to
rapid deposition (Arnott and Hand, 1989) under conditions of
hyperconcentrated flow developed in incised fluvial valleys
(Svendsen et al., 2003) where a strong sediment overload
(20-50% according to Pierson and Costa, 1987) hindered bot-
tom transport. The hyperconcentrated flow moved along the en-
tire width of the valley undercutting its slopes, which collapsed
and supplied large amounts of sandy material (comp.
Martinsen, 1994). Such processes can be active in the early
phases of incised valley infill (Martinsen, 1994) and conglomer-
ates lying at their bottom are termed “lowstand basal conglom-
erates” (for example Plint, 1988). Within this association the fin-
ing upward pattern has been noted along with a transition from
coarse- and medium-grained to fine-grained sandstones which
subsequently grade into mudstones which, in turn, are classi-
fied into a higher association. This type of succession has been
included into the type lla fining-upward cyclothem. The lower
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Fig. 5. Lithofacies associations and fining-upward cyclothems deposited from braided river and anastomosing fluvial system
environments, Tyszowce IG 1 borehole, LST of sequence 10, Bashkirian

part of this cyclothem consists of high-energy lithofacies i.e. Ss,
Sm and Sx deposited during hyperconcentrated flow, while the
upper one comprises Fh lithofacies deposited from suspension
after the waning of the flow. Also present are single-part
cyclothems type | with a fining-upward pattern involving transi-
tion from coarse- to fine-grained sandstones, resulting from
slowing of the hyperconcentrated flow.

Braided rivers. From the Tyszowce IG 1 and Korczmin
IG 3 boreholes, 8 lithofacies associations have been described,
characterized by a clear predominance of high-energy sand-

stone lithofacies Sh2, SI, Sm, Gm and the lack or minor share
(9-21%) of fine-grained lithofacies such as Fm and Fh (Fig. 5).
Blakey and Gubitosa (1984) reported a <5% share of mud/clay
in braided river deposits, while Rust (1978) found this propor-
tion, though including fine-grained sandstones, to be 10-15%.
Most probably these associations originated in sand-bed
braided channels (cf. Moody-Stuart, 1966; Miall, 1996) with
rapid bed aggradation. Reductions in current velocity resulted
in the formation of the low-energy Sr lithofacies and subse-
quently the deposition of Fm and Fh lithofacies from standing
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Fig. 6. Lithofacies associations and fining-upward cyclothems
deposited from hyperconcentrated flow and anastomosing flu-
vial system environments, Tyszowce IG 1 borehole, LST of se-
quence 12, Bashkirian

water on braidplains The absence of these lithofacies suggests
highstand deposition and the lack of low-energy conditions.

In this lithofacies association the normal grading is ex-
pressed by the gradual transition from conglomerates to me-
dium-grained sandstones or coarse- to fine-grained sand-
stones. These are type | fining-upward cyclothems containing
solely high-energy coarse-grained deposits accompanied by
lower-energy lithofacies. The origin of fining-upward
cyclothems is related to the decreasing velocity and sedi-
ment-bearing capacity of the flow, and the filling of sand-bed
braided channels.

The second type of the lla fining-upward cyclothem con-
tains high-energy lithofacies mainly in its lower part while
lower-energy ones occur higher in the succession. Such
cyclothems originate due to the filling and hence disuse of
channels, as well as to clayey-muddy deposition from suspen-
sion on braidplains following the fall of high-water. Fining-up-
wards cyclothems from deposits of similar provenance have
been reported by numerous authors e.g., Gradzinski (1973),
Rust (1978), Cant and Walker (1978), Rust and Gibling (1990),
and Zielinski (1997).
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Fig. 7. Lithofacies associations and fining-upward cyclothems
deposited from a meandering river environment,
Tyszowce IG 1 borehole, LST of sequence 7, Serpukhovian

Meandering rivers. 8 lithofacies associations have been
recognized in the Tyszowce IG 1, Marynin 1 and Terebin 1G1
boreholes with fine-grained and phytogenic lithofacies, at
50-70%, prevailing over sandstones. The fining upwards and
transition from coarse-grained sandstones, through medium- to
fine-grained are indicative of deposition in a meandering river
environment (Fig. 7; cf. Allen, 1963, 1970; Miall, 1977; Bridge
and Gordon, 1985). In the sandstone associations, the high-en-
ergy lithofacies Sh2, SI, Sm occur moderately frequently sug-
gesting rapid aggradation, as opposed to typical meandering
rivers in which erosion and deposition alternate. Less numerous
are lower-energy lithofacies Sl, St, Sp, Sr.

At the top the sandstone associations gradually pass into
low-energy lithofacies Fm and phytogenic Stigmaria soils R.
These lithofacies are typical of the floodplain of sand-bed me-
andering rivers. They sedimented by suspension in standing
water, and were subsequently vegetated. Soil-forming pro-
cesses have contributed to their development.

Within the deposits of meandering rivers there occur type lla
fining-upward cyclothems where sandstones lithofacies grade
into fine-grained and phytogenic ones. The formation of
cyclothems is related to autocyclic processes such as the drop
in flow velocity and sediment-carrying capacity and the lateral
migration of meanders, as well as to allocyclic events such as a
decrease of flow velocity and resultant filling of channels due to
base sea level (BSL) rise. Type lIb cyclothems have been en-
countered in fine-grained associations deposited on
floodplains. Their lower parts are built of sandstones comprising
low-energy sandstone lithofacies typical of waning flow in cre-
vasse splays. The upper parts comprise claystone and
mudstone lithofacies typical of a floodplain where deposition
took place mainly in lakes in which Stigmaria soils R formed af-
ter overgrowing with vegetation. Fining-upward cyclothems
have been described also from meandering rivers by many au-
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thors e.g., Allen (1964), Jackson Il (1978), Radomski and
Gradzinski (1981), Nemec (1984).

Anastomosing fluvial system. The most abundant
lithofacies associations of this kind are recognized in the
Tyszowce IG 1, Marynin 1, Terebin IG 1 and Korczmin IG 3
boreholes. Some contain only sandstone lithofacies Sr, Sx
formed in variable hydrodynamic conditions with predominant
low energy flow. Such conditions could have occurred in shal-

low low-energy channels with aggradational sedimentation.
The variations of energy from high to low and the periodic lack
of flow favoured the formation of associations containing
lithofacies Sh2, Sr, Sf, Sh1, Sm. Their deposition occurred in
channels of varying energy with and dominated by bed
aggradation. The other sandstone associations with prevailing
lithofacies Sm, SlI, Ss, Sh2 originated in high-energy channels
with very strong bed aggradation. However, river channels ac-
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tive in the anastomosed fluvial system showed exceptionally
high aggradation rates (Figs. 5 and 6). Similar features of chan-
nel deposits of the anastomosing fluvial system have been de-
scribed from the Canadian Carboniferous by Rust (1984) and
Nadon (1994). Also, thickness relationships between sand-
stone associations and the overlying low-energy associations
containing solely fine-grained lithofacies Fm, Fh and
phytogenic R and C are indicative of such an environment.
Their thickness makes up 74-97% of the total thickness of both
associations.

The anastomosing fluvial system is characterized by the
presence of two or more interconnected channels of different
patterns and a flood plain situated between them (cf. Smith,
1983; Gradzinski et al., 2000, 2003; Makaske, 2001). On the
proximal floodplain, crevasse splays are formed (Sm, Sf),
whereas at a distance from the channels there are lakes accu-
mulating clay and mud (Fm, Fh) along with peat marshes accu-
mulating organic matter (C). Stigmaria soils R occupy over-
grown areas.

These anastomosing fluvial successions comprise type lla
fining-upward cyclothems built of a lower sandstone partly laid
down in the channel and of an upper fine-grained part depos-
ited on a flood plain. This kind of cyclothem reflects the filling
and waning of channels caused by avulsion and BSL rise as
well as deposition on a flooded floodplain overgrown by vegeta-
tion favouring the development of marshes. Type Ilb
cyclothems have also been described resulting from crevasse
splays.

COARSENING-UPWARD AND NON-GRADATIONAL CYCLOTHEMS

A specific feature of the Carboniferous succession from the
SE part of the Lublin Basin, enabling the reconstruction of
depositional environments and sub-environments, is the fre-
quent occurrence of coarsening-upward and genetically related
non-gradational cyclothems (Figs. 8 and 9). Such cyclothems
may be typical of delta as well as fluvial deposits (Scruton,
1960; Fisher et al., 1969; Elliot, 1974, 1975, 1976a, b, 1978;
Coleman and Wright, 1975). This permitted their identification
within the Lublin Carboniferous succession and, considering
earlier models, the reconstruction of deltas in which they
formed (Figs. 10 and 11). The progradation of delta lobes when
sediments of the individual subenvironments invade both each
other and the prodelta, coupled with increasingly coarsen-
ing-upward patterns arranged in cyclothems, are autocyclic
phenomena (Elliot, 1975, 1976b). In a reversed complete type
Ic cyclothem the successive parts indicate a shallow shelf envi-
ronment and such deltaic sub-environments as prodelta, slope,
mouth bar and delta plain (Fig. 8). Fm1 and Fh1 claystones
found within part O were deposited in at least two environments.
Those containing a goniatite fauna and distinctively very high
radioactivity levels recorded as maxima on gamma-ray logs
have been recognized as typical of a clayey shallow shelf situ-
ated in the delta foreland (comp. Collinson, 1988; Hampson,
1995; Hampson et al., 1999). In the central part of the basin
(Waksmundzka, 2010a) as well as in the study area these
lithofacies are most typical of the Posidonia corrugata |,
Posidonia corrugata Il and Dunbarella papyracea faunal levels
(Musiat and Tabor, 1988). Most probably, the remaining
claystones devoid of fauna and exhibiting lower radioactivity are
related to the most distal delta part, the prodelta.

Occasionally, within the 0 part there are L limestones or M
marls formed also in the delta foreland on a ramp-type shallow
carbonate shelf, the model of which has been designed by
Fligel (2004). For the Lublin Carboniferous this environment

has been described in detail by Skompski (1988, 1995a, b) and
Waksmundzka (1998, 2010a, 2013).

Allocyclic factors such as BSL variations have a modifying
effect on the formation of various types of coarsening-upward
and non-gradational cyclothems and their stratigraphic succes-
sions. According to Waksmundzka (2013) base level rise is re-
sponsible for the origination of distal variations of type lic coars-
ening-upward and type lllc non-gradational cyclothems in a ret-
rograding delta system and its foreland. Occasionally they are
seen to contain MFS. However, at a high BSL, the prograding
delta lobes entered a shallow shelf where thin carbonates or
clays had been deposited. As a result, a proximal variety of type
Ic coarsening-upward cyclothems was formed, equivalent to
the British Yoredale cyclothems (Leeder and Strudwick, 1987;
Tucker, 1991).

The typical lithofacies succession within the type Ild coars-
ening-upward and type llld non-gradational cyclothems indi-
cates that they were laid down on a delta plain (Fig. 9). Part 1
contains sediments deposited in lakes or lake deltas, while the
Stigmaria soils of part 4 formed in lakes overgrown by vegeta-
tion with contribution from soil-forming processes.

The distinctive lithofacies development of the Carbonifer-
ous in the SE part of the Lublin Basin and the presence of
coarsening-upward cyclothems suggests that they may have
formed within a fluvial-dominated shallow-marine delta with a
delta plain of type D (deltaic system model no. 8) according to
the classification by Postma (1990, 1995). The best recent ex-
ample of this delta type is the Mississippi delta (Coleman,
1988). According to the delta classification by Porebski and
Steel (2003), considering the relationship between the position
on the shelf and the BSL state, the Lublin Carboniferous deltas
have been classified into the group of inner-shelf deltas in which
progradational and aggradational growth takes place during a
high BSL (Waksmundzka, 2010a, 2013). The papers cited
above include visualization of the development and variability of
the deltaic environments and sub-environments in the Carbonif-
erous of the Lublin Basin, dependent on the BSL.

SEQUENCE STRATIGRAPHY

SEQUENCES 1-3

LST: The lower unconformity of sequence 1 is equivalent to
the Carboniferous base (Figs. 10 and 11). In the majority of
higher successions, thin sandstones occur that formed in
strongly aggradational high-energy fluvial channels. These are
overlain by thick mudstones deposited on floodplains
(Korczmin IG 3, Tyszowce IG 1, topiennik IG 1). These chan-
nels likely functioned within an anastomosing fluvial system and
their filling and waning was controlled by BSL rise. At the base
of sequence 1 there occasionally occur Stigmaria soils depos-
ited on floodplains (Terebin IG1) whereas prodelta or shallow
clayey shelf sediments have been recognized in Terebin IG 4
and Ruskie Piaski IG 2. All the above indicates that marine de-
position set in as early as in LS time. By contrast, in the
Marynin 1 borehole, thin volcanic rocks occur.

The lower unconformity of sequence 2 runs below thin
sandstones formed in channels of the anastomosing fluvial sys-
tem (Korczmin IG 3, Tyszowce IG 1, topiennik IG 1, Marynin 1).
But only in the vicinity of the Marynin 1 section does the lower
boundary of sequence 3 run below thin sandstones deposited
by meandering rivers. Above this floodplain mudstones occur,
followed by thin channel sandstones and claystones laid down
on the floodplain of an anastomosing fluvial system. In the other
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sections the LST sequence 3 is represented by thin Stigmaria
soils formed on a delta plain (Korczmin IG 3, Terebin IG 4,
Tyszowce IG 1). Thus, only in the northern part of the study
area the formation of sequence 3 was preceded by strong ero-
sion resulting in the origination of river channels, while in the re-
maining area erosion was not so strong or was lacking com-
pletely and the shelf was exposed subaerially.

Within the LST sequences 1-3 channel sandstone
lithosomes are rare and have a small thickness of low hydrocar-
bon potential.

TST: Within sequence 1 these deposits are represented by
claystones and mudstones laid down on an inner-shelf delta
and shallow clayey shelf, intercalated with limestones and
marls indicative of a carbonate ramp on a shallow shelf
(Terebin IG 4 and Ruskie Piaski IG 2).

Formations of TST sequences 2 and 3 are separated from
the LST by the T surface manifested at the base of the first delta

or shallow shelf carbonate deposits. The claystones and
mudstones of an inner-shelf delta and shallow clayey shelf in-
tercalate with numerous very thick carbonate ramp limestones.
Rare thin sandstones were formed in delta mouth bars (e.g.,
Terebin 1G 4), distributary channels (e.g., Tyszowce IG 1,
Ruskie Piaski IG 2) and Stigmaria soil levels (e.g., Korczmin
IG 3, Tyszowce IG 1) which mark minor BSL fluctuations result-
ing in the appearance of short-lived continental deposition.

MFS surfaces of sequences 1-3 run within the gamma ray
log maxima or their conformity correlatives, in claystones origi-
nated in a clayey shallow shelf.

HST: HST deposits of sequence 1, encountered only in the
Terebin IG 4 and Ruskie Piaski IG 2 boreholes, are developed
similarly to its TST. HST sequences 2 and 3, however, present
in every borehole section examined, are analogous to TST sed-
iments of these sequences, the only difference being a lesser
thickness and rarer presence of carbonate banks.
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Sequences 1-3 show a distinct thickness predominance of
deposits of a carbonate ramp on a shallow shelf, shallow clayey
shelf and distal parts of an inner-shelf delta; their depositional re-
gime can be defined as a marine-deltaic one. Sequences of simi-
lar qualities have been described by Smith Jr. and Read (1999,
2001) from the Upper Mississippian of the lllinois Basin, USA.

SEQUENCES 4-10

LST: Some of the lower unconformities run at the base of
the Stigmaria soils deposited on delta plains (Figs. 10 and 11),
while others are connected with strong fluvial erosion, which led
to the formation of incised valleys of sequences 4-6 in the SW
corner of the study area. Subsequently these were filled with flu-
vial sediments which in the Tyszowce IG 1 borehole originated
in an anastomosing fluvial system. Farther to the east the in-
cised valleys are absent and deposition took place on delta
plains or close to mouth bars.

No sediments accumulated during LS sequence 7 in the
north and north-east, but farther to the south deposition took
place in meandering rivers (Tyszowce |G 1) and braided rivers
grading vertically into the anastomosing fluvial system
(Korczmin IG 3). LST sequence 8 includes thin Stigmaria soils
and coals of a delta plain and sandstones of distributary delta
channels or mouth bars. Only in the vicinity of the Terebin IG 1
borehole does an incised valley appear, filled with deposits of
hyperconcentrated flows. Higher, there are thick floodplain de-
posits of an anastomosing fluvial system. Excepting the NE part
of the basin, LST sequences 9 and 10 are mostly represented
by alluvia filling incised valleys. In the vicinity of the Terebin
IG 1, Tyszowce IG 1 and Korczmin IG 3 boreholes, the valleys
are filled with hyperconcentrated flow deposits of braided and
anostomosed system channels. These are overlain by
mudstones and fluvial floodplain sandstones.

Within the LST there are commonly channel sandstone
lithosomes with promising thicknesses attaining 12—33 m but of
limited and discontinuous lateral extent. These have been en-
countered in sequences 4—7 and 9-10 in the following bore-
holes: Ruskie Piaski IG 2, Komaréw |G 1, Terebin IG 1, Terebin
IG 4, Korczmin IG 3, Tyszowce IG 1 and topiennik I1G 1.

TST: These deposits comprise mainly claystones and
mudstones deposited on a clayey shallow shelf, prodelta and
inner-shelf delta slopes. Separate thin limestones of a carbon-
ate ramp formed on a shallow shelf are also occasionally en-
countered. The TST also includes thin sandstones of mouth
bars and distributary channels along with Stigmaria soils and
coal that formed on delta plains. MFSs run at the bases of some
limestones or within the gamma ray logs maxima.

HST: The development and provenance of HST deposits
are similar to those of the TST. Typically their thickness is re-
duced by erosion active during the successive LS.

TST together with HST successions represented by
claystones and mudstones have large thicknesses reaching up
to 20—200 m and provide good sealing for sandstones of LST
sequences 4—7 and 9-10.

A distinct predominance of large thicknesses in inner-shelf
delta deposits suggests a deltaic depositional regime for se-
quences 4-10. Similarly developed sequences are reported
from the Carboniferous of England by Davies and MclLean
(1996) and Tucker (2003) as well as from the Pennsylvanian of
Kansas, USA by Maynard and Leeder (1992).

SEQUENCES 11-16

LST: These successions are typically developed as very
thick fluvial channel sandstones, claystones, mudstones,
Stigmaria soils and coals laid down on flood plains (Figs. 10 and

11). They fill valleys which were incised over the entire study
area during the successive low BSL with contribution from
strong fluvial erosion. LST sequence 11, recognized in the
Tyszowce IG 1 borehole, was formed via hyperconcentrated
flows in meandering and anastomosing river systems whereas
deposits from the vicinity of Korczmin IG 3 represent an
anastomosing fluvial system only. During LST sequences
12—15 meandering rivers were predominantly active (Tyszowce
IG 1, Terebin IG 1) together with anastomosing fluvial systems
(Tyszowce IG 1, Korczmin IG 3, Terebin IG 1), and less com-
monly braided rivers (Tyszowce IG 1).

Within the LST, channel sandstone lithosomes of promising
thicknesses between 15—-40 m are common, showing a contin-
uous lateral extent at a km scale and present in sequences
11-16 of all the sections examined. An example of variation in
the present-day thickness of LST sequence 11 sandstones and
inferred direction of incised valley axes is illustrated in Fig-
ure 12A.

TST: Sequences 11-16 comprise mainly claystones and
mudstones deposited in clayey shallow shelf areas, and the
prodelta and slope of inner-shelf deltas. There are sporadic thin
carbonate units representative of carbonate ramps on a shal-
low shelf and occasionally sandstones of mouth bars and
distributary delta channels as well as Stigmaria soils and delta
plain coals. As compared with TST sequences 4—10, they have
larger thicknesses and are much more frequent. MFS run within
the gamma ray log maxima, or distal deltaic or clayey shallow
shelf lithofacies.

HST: The development and provenance of these succes-
sions are similar to those of the TST. Usually their thickness
was reduced by erosion active during the successive LS and by
post-Carboniferous erosion.

Sequence 11 of TST and HST together has a large thick-
ness attaining 40-100 m (excepting the Komaréw IG 1 bore-
hole) which can provide good sealing (Fig. 12B) for the potential
sandstone reservoir lithosomes present in the LST of this se-
quence (Fig. 12A). In the remaining sequences 12—16, TST
and HST deposits are characterized by smaller thicknesses
(ten to several tens of m) possibly contributing to local sealing.
However, the proximity of the Carboniferous top being a major
erosional surface coupled with the wedging out of lithosomes
under the Mesozoic overburden reduce the sealing quality.

The abundance of very thick fluvial deposits adjacent to an
inner-shelf delta suggests a fluvial-deltaic depositional regime
for sequences 11-16. Sequences analogous in their lithofacies
development and thickness relationships between systems
tracts have been described from the Pennsylvanian in England
(Martinsen at al., 1995), Germany (Suss et al., 2001), Ukraine
(Izart et al., 2003a, b) and Russia (Briand et al., 1998).

CORRELATION OF SEQUENCE STRATIGRAPHY
WITH THE CHRONOSTRATIGRAPHIC SCHEME

The sequence stratigraphic scheme established for the
sections examined (Figs. 10 and 11) has been correlated to the
West European (Ramsbottom, 1977, 1978) and global Carbon-
iferous chronostratigraphic divisions (Davydov et al., 2012;
Fig. 2). This correlation is based on the model established by
Waksmundzka (2010a, 2013, 2018) where three maximum
flooding surfaces with reliable biostratigraphic dating based on
goniatite and conodont faunas (Musiat and Tabor, 1988;
Skompski, 1996, 1998) have been taken into account.

The age of sequence 1 has been determined via the dating
of basalts from the NE part of the Lublin Basin which were found
to be of upper Tournaisian age (Panczyk and Nawrocki, 2015).
Thus, according to the present state of art, the estimated age of
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sequence 1 and sequences 2 to the lower part of sequence 5
can be inferred as upper Tournaisian—middle Visean and upper
Visean respectively. Sequences 5-7 have been ascribed to the
Serpukhovian and sequences 8-16 to the Bashkirian (Fig. 2).

Similarly to other parts of the Lublin Basin, a stratigraphic
gap corresponding to the Lower Bashkirian has been noted in
the sections examined (Waksmundzka, 1998, 2010a).

At its top the Carboniferous shows varying degrees of ero-
sional reduction, being greatest in the vicinity of the Komarow
IG 1, Korczmin IG 3 and topiennik IG 1 boreholes. This is less
pronounced in the Biatopole IG 1, Terebin IG 1, and Terebin
IG 4 boreholes. In these boreholes the Carboniferous com-
prises sequences from 1 to 11-13, equivalent to the inferred
upper Tournaisian—lower Bashkirian. In the remaining bore-
holes the succession is more complete, although partly re-
duced as it includes sequences from 1 to 16 thus reaching up to
the upper Bashkirian.

PETROGRAPHY

The Carboniferous succession examined is built chiefly of
clastic, with subordinate carbonate, components.

The sandstones are represented by locally numerous fine-
to coarse grained subarkosic, quartz and sublithic arenites as
well as wackes — most often very fine-grained and fine-grained,

subarkosic, quartz and subilithic, less frequently lithic or arkosic
(Figs. 13—15). The sandstones show either a random or an ori-
ented texture accentuated by arrangement of organic matter,
siderite and mica flakes. At the top of the Carboniferous in bore-
holes Korczmin IG 3, topiennik IG 1 and Marynin 1 there occur
volcanoclastic sandstones, from fine- to coarse-grained
sublithic or lithic arenites and wackes.

Usually siltstones and sandy siltstones have an oriented tex-
ture accentuated by a parallel arrangement of clay minerals and
mica flakes commonly accompanied by organic matter and sid-
erite. The mineral composition of the siltstones is identical with
that of the sandstones. The groundmass is built of clay minerals
(kaolinite, illite, chlorites, mixed-layered minerals illite/smectite,
with the amount of illite averaging 90%) and silica.

In the claystones and silty and sandy claystones the texture
is either haphazard or oriented, accentuated by the arrange-
ment of organic matter, clay minerals, mica flakes, siderite and
bioclasts. Claystones are composed mainly of clay minerals,
silt-size grains of quartz and locally calcititic micrite. The most
abundant clay minerals are kaolinite and illite accompanied by
varying amounts of chlorite and mixed layered minerals
illite/smectite, the amount of illite averaging 90%. Locally there
occur quartz grains, mica flakes, bioclasts (brachiopod and
foraminifer fragments), siderite spherulites and pyrite.

The conglomerates are represented by polymictic
paraconglomerates known only from the Korczmin IG 3 bore-
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hole (sequence 7). The space between clasts of acid volcanic
and sideritic rocks and mono- and polymictic quartz is filled with
matrix which is a mixture of sand and cement of quartz, kaolinite
and scarce ankerite.

The organodetrital limestones (grainstones, less often
packstones and wackestones) are recrystallized to varying de-
grees (Dunham fide Jaworowski, 1987), and built of bioclasts,
the amount of which can reach up to 80 vol.%, cemented by cal-
cite or locally dolomite. Among the bioclasts fragments of
foraminifers, echinoderms, bryozoans, algae, corals and
molluscs have been identified, often pyritized and their voids
filled with kaolinite or chalcedony. Terrigenous admixtures are
rare and usually represented by clay minerals, organic matter,
iron hydroxides and quartz fragments.

FRAMEWORK COMPOSITION OF THE SANDSTONES

The major mineral component of the framework composi-
tion of the sandstones is quartz averaging ~50—60 vol.% of the
rock. Monocrystalline quartz grains prevail over polycrystalline
grains which usually constitute 5-20 vol.% of the total quartz
grains. Fragments of quartzite, quartzitic schist and chert have
been classified within the polycrystalline quartz group (Pettijohn
etal., 1972). The amounts of feldspars are variable — 5 vol.% on
average, the maximum value exceeding 10 vol.%. K-feldspars
prevail over plagioclases. K-feldspars subjected to cathodo-
luminescence analysis show a blue colour (Fig. 14A), sporadi-

cally yellow-brown and yellow-green. Plagioclase luminesces
green. Most frequent are feldspar grains affected by dissolution
(Fig. 14B), transformation or replacement by secondary miner-
als. Also variable is the content of micas, mainly muscovite and
biotite, as well as chlorite which is often a transformation prod-
uct of biotite. In arenites it usually comprises up to 5 vol.% but
reaches 20 vol.% in wackes. Very often the mica flakes are bent
due to mechanical compaction. The heavy mineral assem-
blages consists of zircon, apatite, titanite and rutile.

A significant component of the mineral framework are
lithoclasts, the content of which is usually 5 vol.% though with a
maximum of 42.7 vol.%. These are represented by magmatic
rocks with volcanic prevailing over plutonic rocks. Acid rock
clasts and fragments of volcanic glass have been noted.
Among the plutonic rocks granitoids are predominant. Clasts of
metamorphic rocks are common, mainly of quartz-mica schist.
Locally present are fragments of sedimentary rocks, chiefly
claystones, siltstones, sandstones and sideritic rocks.

Most often the detrital material is semi-rounded and well
sorted. In arenites point contacts predominate, concave-con-
vex and straight ones being scarce. In wackes, solely point con-
tacts occur, or these are lacking completely.

The pore spaces between the detrital grains are fully or
partly filled with matrix and/or cement. Usually the matrix com-
prises clay minerals, commonly mixed with quartz silt, while the
cement consists of diagenetic minerals among which the most
abundant are quartz, clay minerals and carbonates.
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Fig. 14. Photographs of sandstones taken using a polarizing microscope (PL), cathodoluminescence (CL)
and scanning electron microscope (SEIl, BEI)

A — fragment of subarkosic arenite, CL image, blue luminescence of potassium feldspars (Fs), some altered to albite (Ab) with brown lumi-
nescence, Terebin IG 4 borehole, depth 501.0 m, LST of sequence 12, Bashkirian; B — secondary porosity (arrowed) in dissolved grains of
potassium feldspar (Fs) and lithoclast (L) and microporosity in kaolinite (Kl) in subarkosic arenite, sample impregnated with blue resin, PL —
plane polarized light, Terebin IG 1 borehole, depth 518.0 m, LST of sequence 13, Bashkirian; C — siderite crystals (arrowed) at the contact
between quartz grain (Qd) and quartz overgrowths (Qa) in sublithic arenite, primary porosity (Pp), sample impregnated with blue resin, PL —
plane polarized light, Tyszowce IG 1 borehole, depth 1,060.6 m, LST of sequence 10, Bashkirian; D — sample shown in Figure C, CL image,
dark blue luminescence of authigenic quartz (Qa) and brown and blue of quartz grains (Qd); E — fragment of quartz arenite, CL image, no lu-
minescence of authigenic quartz (white arrow) and brown and blue of quartz grains (Qd), red luminescence of calcite (Ca) cement replacing
authigenic quartz (yellow arrow), Tyszowce |G 1 borehole, depth 1,597.8 m, TST of sequence 3, Visean; F — authigenic quartz crystal (Qa),
booklet kaolinite (Kl) and calcite (Ca) in pore space of subarkosic arenite, Tyszowce IG 1 borehole, depth 926.0 m, SEl image, LST of se-
quence 11, Bashkirian; G — booklet kaolinite (KI) overgrown by authigenic quartz (Qa) in pore space of sublithic arenite, Tyszowce IG 1 bore-
hole, depth 1,026.7 m, SEl image, LST of sequence 11, Bashkirian; H — fragment of quartz arenite, CL image, dark blue luminescence of
kaolinite (KI) engulfed by calcite (Ca) of yellow-orange luminescence, Marynin 1 borehole, depth 1,359.1, LST of sequence 2, Visean
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Fig. 15. Photographs of sandstones taken using a polarizing microscope (PL) and scanning electron microscope (SEIl, BEI)

A —fibrous illite growing on flaky illite in subarkosic arenite pore space, Terebin IG 1 borehole, depth 530.0 m, SEl image, LST of sequence
12, Bashkirian; B — fragment of chlorite rim (Chl) on quartz grain, overgrown by authigenic quartz (Qa) in sublithic arenite, Terebin IG 4 bore-
hole, depth 501.0 m, SEIl image, LST of sequence 12, Bashkirian; C — rhombohedra of ankerite (Ak) engulfed by calcite cement (Ca) in
subarkosic arenite, Terebin IG 4 borehole, depth 490.8 m, PL — crossed polars, LST of sequence 12, Bashkirian; D — fragment of sample
shown in Figure C, BEIl image, zoned rhombohedra of ankerite, calcite replacing ankerite (arrowed), 1, 2 — points of chemical analyses (Ta-
ble 6); E — calcite (Ca) and siderite (Sd) cements in sublithic arenite, Tyszowce IG 1 borehole, depth 780.9 m, PL — crossed polars, LST of se-
quence 14, Bashkirian; F — calcite (Ca) and barite (Ba) cements in quartz arenite, Tyszowce |G 1 borehole, depth 1,758.0 m, PL — crossed
polars, LST of sequence 2, Visean; G — siderite (Sd) and authigenic quartz (Qa) in subarkosic arenite pore space, Tyszowce |G 1 borehole,
depth 1,060.0 m, SEl image, LST of sequence 10, Bashkirian; H — pyrite (Pi) framboids in subarkosic arenite pore space, Terebin IG 1 bore-
hole, depth 503.5 m, SEl image, LST of sequence 13, Bashkirian
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SANDSTONE CEMENTS

Quartz cement occurs as syntaxial overgrowths around the
quartz grains, partly or locally completely (Fig. 14C—F) filling the
pore spaces. The quartz cement content is usually 1-10 vol.%
and 23 vol% at the maximum. Locally the amount of quartz ce-
ment increases with depth (Ruskie Piaski IG 2, Tyszowce IG 1).
On the basis of the cathodoluminescence analysis of sand-
stones one generation of authigenic quartz overgrowths could
be identified characterized by dark brown, dark blue or absent
luminescence (Fig. 14D, E) clearly opposed to quartz grains lu-
minescing in blue-violet, brown, green or red. Locally in the
overgrowths two or more shades of brown are noted, which in-
dicates that the cementation with quartz was an unstable pro-
cess. In places the boundary between detrital quartz and
overgrowths is marked by the presence of inclusions or early
siderite (Fig. 14C). Authigenic quartz also fills grain fractures
suggesting that silicification was preceded by mechanical com-
paction. In the sandstones, replacement by carbonates
(Fig. 14E) and sporadically by barite has been observed. As in-
dicated by the presence of small one-phase inclusions
(Goldstein and Reynolds, 1994) the minimum temperature of
the formation of authigenic quartz is estimated to be <50°C. In
the rare two-phase inclusions the homogenization temperature
were found to range between 83.9 and 179.0°C, these values
being in agreement with earlier results obtained by Kozlowska
and Jarmolowicz-Szulc (2009).

Among the clay minerals the kaolinite subgroup predomi-
nates over illite, subordinate chlorite and mixed-layered
illite/smectite. The kaolinite subgroup is represented chiefly by
kaolinite and less frequently dickite. As shown by infrared ex-
aminations (Kozlowska, 2011) kaolinite and dickite inter-
growths are common, the kaolinite content being 20-80%. Typ-
ically, the kaolinite subgroup content is ~3 vol.% but can reach
up to 17 vol.%. The size of authigenic kaolinite and dickite crys-
tals usually falls within the 1-20 pm range. Commonly these
show a characteristic booklet structure (Fig. 14F, G). As earlier
observed by Koztowska (2004, 2009, 2011) kaolinite is most
frequently vermicular, while dickite shows a blocky structure.
The presence of both morphological kaolinite types has been
recognized in sandstones throughout the Carboniferous suc-
cession. In the CL image the kaolinite subgroup minerals lumi-
nesce in dark blue (Fig. 14H). On sites where feldspar grains
and mica flakes have been dissolved, transformed kaolinite en-
ters pore spaces. This mineral also forms intergrowths with
authigenic quartz. Moreover, it is replaced by ankerite and
Fe-calcite and transformed into fibrous illite. Dickite crystals of-
ten form intergrowths with kaolinite or occur individually.

In the sandstones, acicular and fibrous illite overgrows illite
laths (Fig. 15A), authigenic quartz, carbonates and kaolinite
forming within the pore spaces. Present in all borehole profiles,
ilite is most abundant in sandstones of Ruskie Piaski IG 2,
Tyszowce IG 1, Marynin 1, Terebin IG 1 and Terebin IG 4. K-Ar
age determinations of diagenetic illite ranging from 286.5 3.4 to
257.7 £2.6 Ma indicate that its crystallization in the SE part of the
Lublin Basin began in Permian times (Koztowska, 2009, 2011).

Chlorites, mainly ferruginous, form rims on quartz grains
(Fig. 15B) and fill pore spaces in sandstones from the Terebin
IG 1, Terebin IG 4 and Tyszowce IG 1 boreholes.

X-ray examinations revealed the presence of mixed-layered
illite/smectite, the illite content exceeding 85%, in the Ruskie
Piaski IG 2 and Tyszowce IG 1 boreholes (Koztowska, 2009,
2011).

The carbonate minerals are represented by: Fe-calcite,
Fe-dolomite, ankerite, sideroplesite, siderite and rhodochrosite.
Their amount in sandstones reaches 48 vol.%. Usually Fe-cal-

cite forms pore-filling cement, but occasionally also the basic
infill of inter- and intra-granular pore spaces (Figs. 14E, F, H
and 15C-F). Moreover, it replaces feldspar grains, lithoclasts
and quartz as well as cements: quartz (Fig. 14E), kaolinite
(Fig. 14H), siderite and ankerite. The chemical composition of
calcite is as follows: 88.9-99.2 mol% of CaCO3, 0.3—6.6 mol%
of FeCOj3, 0-2.0 mol% of MgCO; and 0-8.6 mol% of MnCO3
(Table 6 and Fig. 16). Depending on the amount of iron and
manganese contents it luminesces red, red-orange, or-
ange-yellow or yellow (Fig. 14E, H). Fluid inclusion examina-
tions yielded homogenization temperatures of 75.3—119°C
which are in agreement with earlier results obtained for the Car-
boniferous Lublin Basin (Koztowska, 2005, 2009; Koztowska
and Jarmofowicz-Szulc, 2009). Isotopic results for Fe-calcite
are given in Table 6. The §'0 values fall within the —17.65 to
—3.48%0PDB range, averaging 13.23%.PDB while the §'°C val-
ues vary from —19.45 to +1.22%0.PDB and average 6.12%.PDB
(Fig. 17). The 8"C values suggests that calcite was formed in
the thermal zone of decarboxylation of organic matter or locally
in the zone of microbiological methanogenesis (Morad, 1998).
Fe-dolomite and ankerite commonly occur as isolated
euhedral rhombohedral crystals (Fig. 15C, D) or as a massive
spar cement. The crystals’ composition is: 10.4-26.5 mol% of
FeCO3, 17.3-31.2 mol% of MgCO3, 53.5-59.8 mol% of CaCO;
and 0.1-2.2 mol% of MnCOg; (Table 6 and Fig. 16). Most are
ankerites with only sporadically Fe-dolomites. Some crystals
have a zonal structure due to variable iron/magnesium propor-
tions during crystallization (Fig. 15D). Because of a consider-
able Fe™ content, the ankerite shows no luminescence on the
CL images. Parts of the crystals show a wide undulatory extinc-
tion which can indicate the presence of saddle dolomite (anker-
ite; Radke and Mathis, 1980; Spotl and Pitman, 1998). Ankerite
replaces feldspars, quartz and lithoclasts and some compo-
nents of the cement such as authigenic quartz, siderite and
kaolinite. In turn, this mineral itself is replaced by Fe-calcite
(Fig. 15D) and was locally subjected to dissolution. Earlier stud-
ies of fluid inclusions in ankerite yielded homogenization tem-
peratures ranging from 74 to 117°C (Koztowska, 2005;
Koztowska and Jarmotowicz-Szulc, 2009) which corresponds
to its minimum crystallization temperature. For two samples
§'®0 and 8"C values have been found to be —12.30%.PDB and
—11.78%.PDB and —1.48%.PDB and —0.14%.PDB, respectively
(Table 6 and Fig. 17). They fall in the range of results obtained
from earlier measurements: 5'°0 from — 16.22 to — 6.90%.PDB
and '°C from — 8.35 to —0.09%.PDB (Koziowska, 2005, 2009).
The 5"C values indicate that ankerite formed in the zone of mi-
crobiological methanogenesis and locally in the zone of thermal
decarboxilation of organic matter (Koztowska, 2005, 2009).
Sideroplesite and siderite belong to the isomorphic sider-
ite-magnesite series containing 75—100 mol% FeCOs. The min-
erals analysed have 76.6-96.2 mol% of FeCO3, 1.3—18.5 mol%
of MgCO3;, 1.5-9.3 mol% of CaCO; and 0.6—4.3 mol% of
MnCO; (Table 6 and Fig. 16). These minerals occur either as
very fine grains or aggregates (Fig. 15E) or spherulites, either
separate or aggregated. Locally sideroplesite and siderite en-
velope detrital grains and in places even separate quartz grains
from the authigenic quartz overgrowths (Fig. 14C), or else fill
the original pore space (Fig. 15G). These minerals replace feld-
spars, lithoclasts, micas, but are themselves replaced by anker-
ite and Fe-calcite. Sideroplesite and siderite belong to early
generation minerals. Late generation sideroplesite, common in
sandstones of the NW part of the Lublin Basin (Kozlowska
1997, 2001, 2004) and locally in the central part (Koztowska,
2007), has not been observed. The §'®0 values fall within
—14.48 to —4.30%0PDB averaging —10.35%oPDB, while the §°C
values range from -7.55 to + 1.85%.PDB, and average
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Table 6

Chemical compositions from microprobe analyses, carbon and oxygen isotopic data and homogenization temperature

of the carbonates

. 13 18 Homogeniza-
Borehole D[errp])]th g)r?gl])}s?; cu:/frgoolg’ “4)953_3 E/?ncj% “4:;?33 %ipr %?PIS)B tion tﬁ?rnepera- Carbonate type
) 849.5 -1.48 -12.30 ankerite
Blatopole [ 1018.2 1 94.2 0.4 1.6 3.8 Mn/Fe-calcite
2 92.9 1.2 2.4 3.5 Mn/Fe-calcite
455.1 1 54 1.3 89.0 4.3 siderite
2 96.7 0.7 1.8 0.8 —7.27 -16.57 Fe-calcite
592.1 1 55.7 23.3 20.2 0.8 ankerite
2 4.0 6.1 88.3 1.6 sideroplesite
903.7 1 59.6 17.3 22.1 1.0 ankeryt
) 2 97.4 0.1 1.7 0.8 -2.35 -14.82 Fe-calcite
I’g’g’zm'” 3 2.3 18.5 76.6 2.6 -1.27 -14.48 sideroplesite
1350.8 -19.45 -9.78 calcite
1353.0 1 91.0 2.0 6.6 0.4 Fe-calcite
2 88.9 1.4 1.1 8.6 Mn-calcite
3 92.4 0.7 6.0 0.9 Fe-calcite
4 91.9 0.9 3.0 4.2 Mn/Fe-calcite
5 5.1 0.0 2.4 92.5 rhodochrosite
topiennik | 1494.6 1 96.2 0.0 1.4 2.4 -8.87 | -13.44 Mn/Fe-calcite
IG 1 2 2.5 0.8 94.7 2.0 -7.55 -11.45 siderite
733.8 +1.85 —4,30 siderite
1311.0 -1.72 -9.55 siderite
1313.7 -5.89 -13.52 calcite
+0.47 —7.65 siderite
1322.4 1 1.8 1.1 94 .1 3.0 -1.83 -9.96 siderite
2 94.4 0.9 3.1 1.6 -5.69 -13.75 Fe-calcite
. 1337.5 1 97.2 0.4 1.3 1.1 -7.15 -13.85 Fe-calcite
Marynin 1 —
2 6.4 2.0 88.8 2.8 -1.37 -10.16 siderite
1339.3 —6.86 -14.11 calcite
1350.1 94.7 0.2 0.9 4.2 -0.56 -11.33 Mn/Fe-calcite
1359.1 -8.31 -13.68 117.0 calcite
1361.2 1 5.3 4.4 87.1 3.2 -5.29 -11.07 siderite
2 971 0.0 1.9 1.0 —-6.12 -12.26 Fe-calcite
1363.4 -3.34 -10.46 119.0 calcite
1209.2 1 1.5 1.7 96.2 0.6 -4.67 -9.70 siderite
2 4.7 7.5 87.0 0.8 sideroplesite
1317.0 97.3 1.5 1.2 0.0 +0.24 —6.46 Fe-calcite
1560.5 -5.19 -8.99 siderite
|I§_usl|<(i_e|G 5 1851.5 -10.06 -16.95 calcite
s 23745 5.3, 7153; calcite
2382.7 96.2 1.3 1.5 1.0 -0.81 -15.16 Fe-calcite
2390.7 -2.28 -14.82 calcite
-3.61 -12.37 siderite
643.0 —-6.13 -16.02 calcite
) -2.13 -13.53 siderite
jrebin 805.0 95.7 0.0 2.1 2.2 —7.64 | —17.65 Fe-calcite
945.0 1 5.2 9.7 82.1 3.0 -2.76 -11.52 sideroplesite
2 5.7 5.4 87.6 1.3 sideroplesite
490.8 1 99;2 0.0 0.8 0.0 -16.39 -3.48 Fe-calcite
Terebin 2 56.2 31.2 10.4 2.2 ankerite
IG 4 652.3 1 9.3 2.0 85.1 3.6 siderite
2 97.6 0.0 2.2 0.2 Fe-calcite
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Tab. 6 cont.
. Homogeniza-
Depth | Pointof | CaCOs | MgCO; | FeCO; | MnCOs 3"°C 8'%0 : i
Borehole [m] analysis | %mol. | %mol. | %mol. | %mol. | %PDB | %PDB | o7 igmpera- | Carbonate type
780.9 1 5.7 4.0 86.8 3.5 —4.14 -9.75 sideroplesite
2 95.6 0.0 1.4 3.0 —7.99 -10.93 Mn/Fe-calcite
846.0 -14.95 -8.66 calcite
898.3 -4.13 -17.49 calcite
-3.08 -12.08 siderite
921.4 4.7 2.4 914 1.5 siderite
926.0 96.4 0.4 1.6 1.6 Fe-calcite
[yszowee [ g91.4 778 | —17.15 calcite
-1.40 -13.71 siderite
1574.4 -4.71 -16.39 calcite
-1.59 -13.69 siderite
1597.8 -2.36 -16.12 calcite
1670.0 1 59.8 20.2 18.6 1.4 -0.14 -11.78 ankerite
2 53.5 19.9 26.5 0.1 ankerite
1758.0 98.1 1.6 0.3 0.0 +1.22 -12.66 calcite
Ft;(:0,+M:|ig:EOﬁ,le 50%PDB " 8 Cf/’uonDB
% g e fe a2 o, $s.H 2. Lo
] [
<
o0 % o % - —2
v o [
a o - —4
0 E"—l a ¢ & ]
pistomesite DEID 5 OD [ &
Ca(Fe,Mn)(CO,), ) - —-10
L —12
0 - 14
ankerite 30 n=45 O : =8
breunnerite N —18
Fe-dolomit ] L _20
ite %‘E}Dm"e magnesite O calcite ¢ early siderite and sideroplesite A ankerite
CaCo, CaMé}(COa}, Mg'co;

® Bialopole IG1 ¢ Korczmin IG1 © topiennik IG 1 = Marynin 1

= Ruskie Piaski IG 2 4 Terebin IG1 A Terebin IG 4 « Tyszowce IG 1

Fig. 16. Triangle diagram of the carbonates, chemical
composition at mol%

n — analysis number

—2.36%0PDB (Table 6 and Fig.17). The latter suggest that
sideroplesite and siderite originated in the zone of microbiologi-
cal methanogenesis (Morad, 1998).

Rhodochrosite has been identified in a sandstone sample
from the depth of 1353.0 m in the Korczmin |G 3 borehole. Its
chemical composition is as follows: 92.5 mol% of MnCOg3,
5.1 mol% of CaCOj3 and 2.4 mol% of FeCOg3 (Table 6). This
mineral fills the fissures in quartz grains and partly also the
pore space between the grains. In CL images it shows no lu-
minescence.

Other subordinate diagenetic minerals are barite, celestine,
pyrite, phosphates and glauconite. The average content of
each of these is ~1 vol.%. Barite fills the intergranular spaces in
the sandstone (Fig. 15F) and locally replaces detrital grains and
carbonate cements and kaolinite. Most often it is met in the top

Fig. 17. 5'°0%:PDB versus 5'*C%oPDB plot
of the carbonate cements

parts of Carboniferous profiles. Chemical analysis revealed the
presence of strontium in its composition. Pyrite occurs as sepa-
rate crystals and grains, commonly enveloped by early-genera-
tion siderite. Individual pyrite framboids are common (Fig. 15H).
Phosphates form very fine aggregates and luminesce in
milky-pink in CL image. Green oval glauconite grains are pres-
ent between those of the mineral framework. Locally it is re-
placed by Fe-calcite.

ORGANIC MATTER

The organic matter most common in the Carboniferous suc-
cession is humic in nature. The content of macerals of the
vitrinite group is ~70% of the total organic matter in the rock
(Grotek, 2005, 2008). The thermal maturity corresponds to the
main phase of oil generation with reflectivity varying from 0.57
to 1.20% R, (Grotek, 2005, 2008). The lowest R, values re-
ported from the SE part of the Lublin Basin suggest that a
palaeotemperature of ~80°C affected the Carboniferous strata.
The R, values increase towards the south-west indicating a
maximum palaeotemperature of ~120°C.
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POROSITY AND PERMEABILITY

Laboratory tests performed on sandstones revealed that
their effective porosity varies from 0.6 to 15.1% (Table 7) and
decreases with depth. For the Bashkirian, Serpukhovian and
Tournaisian—Visean these values are 4.8-15.1 (averaging
9.5%), 0.6—11.6 (averaging 5.9%) and 1.2-6.5 (averaging 4%)
respectively. According to Jenyon (1990) such results permit
classification of the majority of the examined rocks to deposits
of good porosity. Values exceeding 10% have been found in the

following boreholes: Korczmin IG 3 — sequences 6, 9, 10;
Terebin IG 1 —sequences 7, 9, 12, 13; Terebin |G 4 — sequence
12; Tyszowce IG 1 — sequences 10, 14.

Porosity determined in thin sections attains 13 vol.% and is
~5 vol.% on average. The sandstones are characterized by
both primary and secondary porosity, the former being preva-
lent. As a result of mechanical compaction and cementation,
porosity has been strongly reduced. However, its partial preser-
vation is due to the presence of early orthochemical cement at
the time of incomplete filling of intergranular space (Fig. 14C).

Table 7
Petrophysical features of selected Carboniferous sandstone samples
: : Porosi- | Porosi- -
Sorenol | Sesence | Oepn | gansty | poraty | censty | 1o | M | capiary | sufacs | ~1um | damoter | ods | iy
[glem’] [%] [gicm’] lg/em?] | ity [%] [um] [m*/g] [%] [um] [%] [mD]
11 45510 | 2.65 5.22 26 247 | 497 0.09 0.94 9 0.4 61 n.p.
11 486.60 | 2.65 9.08 2.58 2.36 8.49 0.26 0.55 56 3 64 0.10
10 643.90 | 2.64 13.8 2.53 221 | 12.43 0.3 0.67 71 25 47 15.08
Korczmin 9 645.60 | 2.64 13.92 2.59 225 | 13.26 0.4 0.55 74 30 49 14.79
IG3 6 777.60 | 2.63 11.46 2.56 229 | 10.71 0.57 0.33 76 40 33 45.24
5 903.70 | 2.69 6.27 2.62 2.46 5.86 0.05 1.78 14 0.3 64 n.p.
4 987.10 | 2.71 1.21 2.72 2.69 1.22 0.04 0.47 30 0.06 70 n.p.
1 1350.80 | 2.7 1.21 2.73 2.69 1.25 0.05 0.36 33 0.2 63 i.d.
1 149460 | 2.69 6.46 2.69 2.51 6.46 0.06 1.65 1 0.8 54 id.
Lopiennik 1 1509.60 | 2.66 7.59 264 | 245 | 744 | 005 2.68 8 06 55 i.d.
1 1511.40 | 2.67 7.26 2.59 6.42 6.72 0.03 3.21 11 1 64 i.d.
16 117250 | 2.72 5.75 2.71 2.56 5.69 0.05 1.81 16 0.4 55 i.d.
15 1317.00 | 2.67 4.82 2.64 252 | 468 0.09 0.86 17 1 48 i.d.
7 1851.50 | 2.67 0.61 2.65 2.64 0.6 0.09 0.1 56 0.1 26 0.10
Ruskie 6 2036.00 | 2.63 3.42 2.61 2.52 3.35 0.05 1.11 20 0.3 54 id.
Piaski 6 2350.30 | 2.67 4.65 2.65 253 | 4.56 0.05 1.58 15 1 47 i.d.
162 3 2363.50 | 2.69 3.04 2.67 2.59 2.98 0.04 1.15 24 0.4 49 i.d.
3 237450 | 2.64 3.58 26 2.51 3.44 0.07 0.82 24 1 48 i.d.
3 238270 | 2.7 1.64 2.68 2.63 1.61 0.06 0.42 33 0.4 36 i.d.
3 2390.50 | 2.68 3.17 2.65 2.56 3.08 0.04 1.31 11 0.2 48 0.10
13 503.50 | 2.64 | 10.24 26 2.35 9.85 0.13 1.34 29 2 56 1.16
12 530.00 | 2.65 | 15.08 2.59 222 | 14.23 0.18 1.4 59 80 44 i.d.
Terebin 9 74050 | 2.63 | 13.26 2.55 224 | 1228 0.33 0.67 71 5 46 i.d.
IG 1 8 776.00 | 2.66 9.26 2.66 2.41 9.26 0.1 1.6 17 2 55 i.d.
7 805.00 | 2.67 3.48 26 2.52 3.25 0.05 1.05 20 0.2 46 i.d.
6 870.00 | 264 | 11.65 2.56 228 | 10.79 0.3 0.63 62 4 63 1.80
Terebin 12 496.00 | 2.68 | 13.59 2.64 229 | 13.07 0.24 0.94 57 10 65 1.21
IG 4 12 505.50 | 272 | 11.85 2.68 238 | 11.39 0.06 3.24 8 1 70 i.d.
14 780.90 | 2.67 5.56 2.64 25 5.4 0.07 1.3 14 0.4 58 i.d.
14 804.30 | 2.71 11.34 2.67 2.4 10.9 0.1 1.65 14 0.7 55 i.d.
12 889.10 | 2.62 7.73 2.63 2.42 7.81 0.17 0.75 26 3 85 1.10
11 926.00 | 2.65 7.41 2.63 2.44 7.26 0.11 1.11 12 1 59 i.d.
11 1026.70 | 2.65 8.74 26 2.38 8.32 0.12 1.16 33 2 59 0.27
Tyszowce 11 1052.30 | 2.62 6.42 2.58 2.42 6.17 0.11 0.92 31 3 64 0.10
IG1 10 1060.60 | 2.65 | 10.09 2.62 236 | 98 0.16 1.03 62 30 44 14.81
9 1081.20 | 2.67 8,00 2.7 2.47 8.25 0.07 1.8 15 2 65 0.10
8 1170.20 | 2.65 8.7 2.61 2.39 8.37 0.1 1.4 9 1 45 i.d.
3 1597.80 | 2.66 3.38 2.56 2.48 3.07 0.08 0.59 41 id. 40 0.10
3 1602.20 | 2.64 5.69 26 2.49 5.47 0.11 0.78 11 0.6 62 0.31
2 1758.00 | 2.84 1.95 2.79 2.74 1.86 0.09 0.31 27 1 40 id

n.p. — no permeability, i.d. — indeterminate
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The early cements forming rims are: chlorite, siderite,
sideroplesite and quartz. The secondary porosity resulted due
to the dissolution of feldspars (Fig. 14B) and subordinately
lithoclasts (Fig. 14B), while the dissolution of cements (Fe-cal-
cite and ankerite) was of minor significance. Microporosity
among crystallites of authigenic clay minerals, mainly kaolinite,
is common (Fig. 14B).

Measurements of porosimetric porosity, the amount of
pores >1 um, threshold diameter and hysteresis (Table 7) indi-
cate that the best reservoir parameters are in the Bashkirian
and Serpukhovian sandstones from those borehole sections
with good effective porosity. These parameters deteriorate
downwards and are poorest in the Tournaisian-Visean. In the
Bashkirian sandstones the dynamic porosity is ~10%. The con-
tent of pores >1 um varies from 9 to 74% and averages ~50% in
the boreholes Korczmin IG 3 and Terebin IG 1 and only ~30%
in Terebin IG 4 and Tyszowce IG 1. The threshold diameter falls
into the 0.4—80 um range but usually does not exceed 10 um.
The average hysteresis value is ~60%. For the
Tournaisian—Visean and Serpukhovian sandstones the respec-
tive parameters are: dynamic porosity — ~7% and 2%, average
content of pores >1 ym — ~30% and 20%, threshold diameter -
~2 ym and <1pm and hysteresis — ~45% and 50%.

In the Ruskie Piaski IG 2 borehole, examined only in some
sections because of poor core recovery, there are sandstones
with low filtration parameters characterized by: dynamic porosity
—~4%, average content of pores >1um —~20%, threshold diam-
eter — <1 ym and hysteresis ~45%. Likewise, from the topiennik
IG 1 borehole only Tournaisian-Visean sandstones (sequence 1)
with poor filtration parameters have been examined.

The permeability of the sandstones ranges from 0 to
45.24 mD (Table 7). The value of this parameter is controlled by

porosity and depth of occurrence (Koztowska, 2003). According
to Levorsen’s classification (1967) most of these sandstones
belong to the group of poor <1 mD or fair 1-10 mD permeability.
Individual sandstone samples with good permeability from 10 to
100 mD have been reported from the Bashkirian and
Serpukhovian from the boreholes Korczmin IG 3 — sequences
6, 9, 10 and Tyszowce IG 1 — sequence 10.

DISCUSSION

DIAGENETIC HISTORY

Figure 18 summarizes the paragenetic sequence of the
Carboniferous sandstones of the SE part of the Lublin Basin.
Eo-, meso- and telodiagenetic phases have been distinguished.
The temperature of 50°C has been assumed as the boundary
between eo- and mesodiagenesis in the sandstones studied
(Koztowska, 2004).

From the beginning of the diagenetic process, mechanical
compaction set in. The slightly acidic pore waters caused the
decomposition of unstable detrital minerals containing iron
which under oxidizing conditions precipitated as hematite or
iron oxides. Usually, enrichment in iron occurs at temperatures
of ~50°C (Mcke,1994).

Locally the enrichment of pore water with phosphorus re-
sulted in the crystallization of authigenic apatite crystals. Possi-
ble sources of phosphorus include dissolved K-feldspars (Lon-
don, 1992).

The decrease of oxygen content in the pore water caused a
change from oxidizing to reducing conditions in the sediment.
Gradually, with the decomposition of some mineral components

EOCDIAGENESIS

Time
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[
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>
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Fe-chlorite crystallization
Pyrite cementation
Siderite cementation

Dissolution of feldspar & micas
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Barite cementation
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Fig. 18. Synoptic paragenetic sequence of the Carboniferous sandstones
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Fig. 19. Plot of 3'®0 pore water versus temperature for early siderite cement (Carothers et al., 1988)

and transformation of the organic matter, the pore waters were
affected by acidification. Under such conditions, chlorite, sider-
ite and sideroplesite, pyrite and glauconite precipitated.

Chlorites form rims on the mineral grains and the initial tem-
perature of their formation is estimated at 20—40°C (Grigsby,
2001). Most probably Fe-chlorite precipitated as berthierine,
which at the temperature of ~70°C is transformed into
chamosite (Jahren and Aagaard, 1989). Locally Mg-chlorite oc-
curs as rims or in pore spaces. The presence of Mg-chlorite
whose origin is considered due to diagenetic chloritization of
trioctahedral smectite preceded by an intermediate corrensite
phase, is indicative of maximum palaeotemperatures >100°C
(Srodon, 1996).

Early generations of sideroplesite and siderite have formed
in such poorly oxidised environments as lakes and marshes on
floodplains, at low concentrations of dissolved sulphates, in
sediments rich in reactive minerals with a detectable iron con-
tent (Brown and Kingstone, 1993; Morad, 1998). The possible
source of magnesium in the iron carbonates may have been de-
trital Mg-minerals such as biotite or some heavy minerals trans-
formed due to infiltration of meteoric water into the pore space
(i.a., Hawkins, 1978; Machemer and Hutcheon, 1988). On the
other hand, the elevated Ca content in minerals can suggest a
marine influence. Assuming the crystallization temperature of
sideroplesite and siderite to be 15-40°C (Baker et al., 1995;
Rezaee and Schulz-Rojahn, 1998) the 5'20 value has been de-
termined for the pore water from which this mineral had precipi-
tated (Fig. 19). The obtained 80 values fall into the range of
~9.0 to -3.0%SMOW. The majority of siderites and
sideroplesites crystallized from pore water with a 5'%0 value
<-10%.SMOW which indicates that the meteoritic water must
have been strongly impoverished in "°0.

Pyrite formed where the amount of H,S produced by sul-
phate-reducing bacteria was higher than the amount of reduced
iron (Postma, 1982; Pye et al., 1990). Its genesis can be related
to sulphate ions derived from marine pore water (de Souza et al.,
1995). The near-delta marine shelf provided conditions neces-
sary for the formation of glauconite (Bolewski, 1982).

During the eodiagenesis, K-feldspar and mica grains were
subjected to strong dissolution by meteoric water (Bjorlykke,
1989). Giles and de Boer (1990) consider this water to be
slightly acid due to CO, dissolution and organic acids produced
in the soil profile. Aluminum and silica ions released in these
processes, in the acid environment, enabled crystallization of
vermicular kaolinite (Osborne et al., 1994; Van Keer et al.,
1998). The 6'%0 determinations for the vermicular kaolinite indi-
cate that it crystallized from meteoric water impoverished in '°0
(Koztowska, 2004, 2011).

At the end of eodiagenesis quartz overgrowths began to
form. The principal sources providing silica for the quartz ce-
ment were both meteoritic pore waters containing silica and dis-
solution of feldspars and their transformation into kaolinite. The
initial crystallization temperature of quartz is estimated at
~40°C (Koztowska, 2004, 2009).

During mesodiagenesis, mechanical compaction and dis-
solution of K-feldspars continued along with the formation of
authigenic quartz, which overgrew pore spaces and in places
filled them completely, by the same token considerably reduc-
ing porosity. Examinations of homogenization temperatures of
two-phase inclusions in the quartz cement point to crystalliza-
tion within the 60—180°C range (Koztowska, 2004; Koztowska
and Jarmotowicz-Szulc, 2009). An identical temperature range
for quartz has been reported from many other depositional bas-
ins (Walderhaug, 1994). The source of silica for the quartz ce-
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ment was the dissolution of detrital feldspar grains and their
transformation into kaolinite, while at greater depths pressure
dissolution of quartz grain contacts, illitization of kaolinite or re-
placement of quartz and feldspars by carbonates may have
been key processes (Koztowska, 2004).

The vermicular kaolinite was substituted by its blocky vari-
ety which originated during the dissolution-precipitation process
(Ehrenberg et al., 1993; Beaufort et al., 1998; Hassouta et al.,
1999). Moreover, part of the blocky kaolinite precipitated di-
rectly from pore solutions circulating in the sediment and con-
taining aluminium and silica ions released during feldspar dis-
solution (McAulay et al., 1993). Macaulay et al. (1993) and
Osborn et al. (1994) suggest that this mineral originated within
the 50-80°C temperature range and isotopic results indicate
that it crystallized from meteoritic water enriched in 18O, as
compared with the water from which the vermicular variety pre-
cipitated (Koztowska, 2004, 2011).

The transformation of smectite into illite produced the
illite/smectite mixed-layer mineral which is regarded as a
paleothermometer. Dissolution and precipitation are responsi-
ble for the increase of illite content in the illite/smectite structure
(Boles and Franks, 1979), particularly marked within the
60-80°C temperature range (Hartman et al., 1999). The
mixed-layered illite/smectite has a >85% illite content and a
highly ordered texture (R = 3 and R > 3) which suggests that the
temperature affecting the deposits examined was ~160°C
(Srodon, 1996).

During mesodiagenesis, albitization of some plagioclases
took place. Sodium necessary for the formation of authigenic
albite was probably supplied by the dissolution of plagioclase
(Strong and Milodowski, 1987; Morad et al., 1990) and transfor-
mation of smectite into illite (Aagaard et al., 1990). Albitization is
the result of dissolution-replacement which occurred within the
75-100°C temperature range (Boles, 1982; Morad et al.,1990).

The very beginning of mesodiagenesis was accompanied by
successive precipitation of carbonate cements: Fe-dolomite, an-
kerite, Fe-calcite and rhodochrosite. The crystallization tempera-
ture of Fe-dolomite and ankerite has been defined at 80-90°C
(Kozlowska, 2004) on the basis of examinations of homogeniza-
tion temperatures in fluid inclusions and of isotopic results. As-
suming that the temperature of ankerite precipitation corre-
sponds to the homogenization temperature of fluid inclusions in
the 70-120°C range, the 5'®0 values for pore water have been
estimated at —10 to —-5%.SMOW. According to Boles and Franks
(1979) the Mg*, Fe**, Mn*" and Ca®* cations for carbonates
supplied during the late diagenetic stages could have come from
transformation of detrital clay minerals (illite/smectite) caused by
thermal alteration of clay sediments. De Souza et al. (1995) as-
sume that the rhombohedral forms of dolomite and ankerite are
indicative of crystallization from solution rather than replacement
of an earlier carbonate cement e.g. calcite.

Fe-calcite crystallization succeeded that of authigenic
quartz and ankerite cement and, as revealed by homogeniza-
tion temperatures of fluid inclusions (Koztowska, 2005;
Kozlowska and Jarmotowicz-Szulc, 2009), occurred at
75-130°C. The dependence between the temperature of cal-
cite formation and the 5'®0 value illustrated on the plot by Fried-
man and O’Neil (1977) shows that calcite precipitated from pore
water with 5'°0 values falling in a wide range of -8 to
12%.SMOW (Fig. 20). Most probably, Ca needed for the forma-
tion of calcite was derived from solution and transformation of
various kinds of plagioclases into albite or from local
volcanoclastic components (Girard, 1998; Milliken, 1998;
Morad, 1998). On the other hand, according to Boles and Frank
(1979) and Hesse and Abid (1998) a potential source of cal-
cium, and additionally of iron for calcite cementation in sand-

stones, can be the transformation of smectite into illite. Late
generation calcite which crystallizes at 80-100°C has been de-
scribed by Garcia et al. (1998), Girard (1998) and
Schulz-Rojahn et al. (1998).

Isotopic oxygen analyses for ankerite and calcite revealed
their crystallization from modified pore water of a composition
corresponding to that of meteoritic water which, compared with
early diagenetic siderite and sideroplesite, was enriched in ®0.
Such enrichment can result from water-sediment reactions dur-
ing burial (Fisher and Land, 1986; Longstaffe and Ayalon,
1987). Locally, rhodochrosite precipitated and barite formed
later or synchronously with carbonate cementation.

During mesodiagenesis mechanical compaction was re-
placed by chemical compaction and dissolution of carbonate
cements commonly took place. The later generation of
Fe-chlorite was formed in connection with kaolinite
chloritization. This process can commence at temperatures be-
tween 90 and 100°C (Bjarlykke and Aagaard, 1992) and its in-
tensity can depend on factors including the amount of iron and
magnesium supplied by dissolution of carbonate cements
(Hutcheon et al., 1980).

The last diagenetic stage consisted of transformation of
kaolinite into dickite and of crystallization of fibrous illite. Dickite
regarded as a potential palaeothermometer originated at a tem-
perature of ~120°C (Ehrenberg et al.,1993). The formation of fi-
brous illite is connected mainly with the transformation of
kaolinite and recrystallization of detrital clay minerals within the
matrix (Amireh et al.,1994). Potassium needed for illite crystalli-
zation was released by dissolution of K-feldspars (Bjerlykke and
Aagaard, 1992; Hassouta et al., 1999) and compaction of clay
sediments (Burley and MacQuaker, 1992; Berger et al., 1997).
With the progress of diagenesis the alkalinity of pore waters in-
creased due to kaolinitization of K-feldspars and micas. Under
conditions close to neutral, illitization of kaolinite took place
(Kantorowicz, 1984; Van Keer et. al.,1998). Fibrous illite was the
last mineral to crystallize in the Early Permian at a temperature
which might have reached 160°C (Kozfowska, 2009, 2011).

During mesodiagenesis, migration of hydrocarbons might
have been possible, as intense oil generation is known to take
place at temperatures between 60 and 150°C (Hunt, 1979) and
examinations of hydrocarbon inclusions from the NW part of the
basin (the Stezyca area) have yielded the homogenization tem-
perature to be ~60°C (Koztowska, 2004). Such a conclusion is
best corroborated by the presence of oil and gas fields in the
Carboniferous found in the vicinity of Stezyca, Wilga,
Minkowice and Swidnik (Fig. 1; Zywiecki et al., 1997;
Helcel-Weil and Dziegielowski, 2003; Helcel-Weil et al., 2007;
Waksmundzka, 2008b, 2019).

Late Pennsylvanian—Jurassic/Createous uplift and erosion
resulted in the telodiagenesis of Carboniferous deposits which
were exposed to meteoric water. Feldspar dissolution and pre-
cipitation of vermiform kaolinite were the main telodiagenetic
processes.

INFLUENCE OF DIAGENETIC PROCESSES ON SANDSTONE POROSITY

Compaction and cementation belong to those diagenetic
processes which exerted the strongest influence on sandstone
porosity, while dissolution, replacement and transformation
played a less significant role.

Usually mechanical compaction markedly reduces primary
porosity. The possible factors restricting its effect were the prev-
alence of hard grains over plastic ones and the formation of
early rim cements (de Souza et al., 1995). Mechanical compac-
tion accounts for a denser packing of the mineral framework,
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Fig. 20. Plot of 5'®0 pore water versus temperature for calcite cement (Friedman and O’Neil, 1977)

bending of micas and plastic rock fragments and fracturing of
hard grains such as quartz and feldspars. Advanced mechani-
cal compaction manifested by the rare presence of con-
cave-convex contacts between the grains was of no notable
significance in the lithification process, probably due mainly to
early authigenic quartz cementation (Sommer, 1978). Accord-
ing to Ehrenberg (1989) primary porosity in the sandstones re-
duced compaction by ~55% on average (Fig. 21). In the Car-
boniferous sequences it varies from 35.7% (Marynin 1) to
67.7% (Terebin IG 4). A stronger compaction effect was noticed
in the Bashkirian and Serpukhovian successions (~58%) and is
much weaker (~41%) in the Tournaisian—Visean.

Cementation contributed to the reduced sandstone poros-
ity. However, early cements forming rims on detrital grains such
as Fe-chlorite, siderite, sideroplesite and quartz stiffened the
sediment, thus impeding mechanical compaction (Koztowska,
2004). As a result, part of the primary porosity in the Carbonifer-
ous sandstones may have been preserved (Fig. 14C). The later
common development of cements, both in the form of growing
quartz overgrowths or carbonates such as siderite,
sideroplesite, ankerite and Fe-calcite filling pore spaces, had a
negative effect on porosity. On the other hand, the kaolinite ce-
ment with visible microporosity between the grains may be only
partly responsible for porosity reduction (Fig. 14B). Due to its lo-
cal occurrence, the barite cement was of a negligible signifi-
cance. Fibrous illite overgrowing inter- and intragranular as well
as intracrystalline spaces (Fig. 15A) negatively influenced both
porosity and permeability. It has been found that porosity de-
creases with an increase in carbonate cement amount, while
most often the presence of authigenic quartz favourably affects
porosity (Koztowska, 2003). Occasionaly kaolinite cement,
which precipitates in association with feldspar dissolution, can
improve porosity.

The amount of primary porosity eliminated in the sandstone
by cementation (Ehrenberg, 1989) is 38% on average (Fig. 21).
Values obtained for these successions range from 18.4%
(Terebin IG 4) to 57.8% (Marynin 1). More pronounced cemen-
tation resulting in ~56% porosity reduction has been observed
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Fig. 21. Diagram modified from Houseknecht (1987) and
Ehrenberg (1989) showing the effect of compaction and cemen-
tation on original porosity in the Carboniferous sandstones
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in the Tournaisian—Visean, though is responsible for only 34%
reduction in the Bashkirian and Serpukhovian.

The appearance of secondary porosity due to dissolution of
grains and cements contributed to the growth of the total poros-
ity in the sandstones. This process included both grains such as
feldspars and lithoclasts (Fig. 14B) and cements, particularly
ankerite and Fe-calcite. Dissolution is caused by acid meteoric
waters, organic acids and CO, released during maturation of
the organic matter (Meshri, 1986; Crossey et al., 1986;
Bjerlykke, 1989).

Replacement could also have been responsible for the de-
crease in sandstone porosity. Most often feldspar and quartz
grains, subordinately lithoclasts, though also the quartz (Fig. 14E)
and kaolinite (Fig. 14H) cements have been replaced by carbon-
ates. Locally the earlier carbonate is displaced by a younger one,
while barite has only seldom replaced the carbonates.

Depending on the nature of its end product, transformation
could either reduce or increase the porosity and permeability of
the sandstones (Koztowska, 2004). These processes included:
kaolinization of micas and K-feldspars (Fig. 14B), chloritization
of micas, K-feldspars and lithoclasts, as well as illitization of
K-feldspars, lithoclasts and kaolinite. Locally plagioclases have
been transformed into albite (Fig. 14A), kaolinite into illite,
smectite into illite and kaolinite into dickite.

RESERVOIR QUALITY OF SANDSTONES

The sandstone reservoir quality is influenced by both
depositional environment and diagenesis (i.a., Morad et al,,
2000, 2012; Reed et al., 2005; Gaupp and Okkerman, 2011;
Beyer et al., 2014).

The majority of the Carboniferous sandstones have been
deposited in braided, meandering or anastomosing rivers, and
by hyperconcentrated flows which filled incised valleys and be-
long to the LST. Several samples of sandstones deposited in
deltaic mouth bars and distributary channels have been also
examined.

Prospective reservoir

Sandstones of river channels and hyperconcentrated flows
represent a microlithofacies of quartz, subarkosic and sublithic
from fine- to coarse-grained arenites. The main components of
their cement are authigenic quartz together with a silty-clayey
matrix. Additionally, kaolinite and carbonates (calcite, siderite,
sideroplesite and ankerite) occur in varying amounts. Porosity
ranges up to 15.1% (Terebin IG 1 — sequence 12) averaging
~8%. The highest porosity values have been found in
Serpukhovian and Bashkirian sandstones from the following
boreholes: Korczmin IG 3 — sequences 6, 9-11, Terebin IG 1 —
sequences 9, 12, 13, Terebin IG 4 — sequence 12 and
Tyszowce IG 1 — sequences 9-11, 14 (Tables 7 and 8; Fig. 2).
Sandstones of sequences 9 and 11 have been deposited from
hyperconcentrated flows, sequences 6, 10-13 in
anastomosing, sequences 11-13 in meandering and sequence
10 in braided channels. But in the LST sequences 10-13 a ver-
tical transition of environments is observed of higher- into lower
energy ones e.g. of a braided or meandering river into an
anastomosing fluvial system. Occasionally this phenomenon as
preceded by the highest-energy hyperconcentrated flow.

In similar environments, reservoir sandstone lithosomes
originated in the central and NW part of the Lublin Basin, where
oil and gas fields as well as reservoir intervals are associated
with sandstones of the following LST sequences: 6 (Swidnik
field), 9 and 12 (Stezyca field), 12, 16, 17 (Wilga field; Fig. 1;
Waksmundzka, 2008b, 2010a, 2019; Kombrink et al., 2010 see
chapter 6.3.6). A possible hydrocarbon occurrence in the SE
part of the Lublin Basin has been suggested by oil and gas
shows (Zelichowski, 1969b; Mitaczewski, 1969; tacka, 1987;
Sieciarz, 2014) noted in sequences 3-7 (Visean—Serpu-
khovian) from the Komaréw IG 1 borehole as well as in one or
two sequences of this interval and also in sequence 8 (lower-
most Bashkirian) in the Terebin IG 1, Terebin IG 4, Tyszowce
IG 1 and Marynin 1 boreholes. Oil shows have been also de-
scribed (Narecki, 1971) from sequences 12 and 16 (Bashkirian)
from the Ruskie Piaski IG 2 section. Generally speaking, the
amount of hydrocarbon shows increase from negligible in the

Table 8

uality of the Carboniferous succession in the southeastern Lublin Basin

with reference to sequence stratigraphy and chronostratigraphy

Prospectives of reservoir quality
Chronostratigraphy Sﬁgﬂu?gcﬁ Thickness Lateral Petrophysic
graphy =/>10m | continuation Seal Porosity >5%
Permeability >1 mD
16 + + +? -
15 + + +? -
14 + + +? +
13 + + +? +
Bashkirian 12 + + +7? +
11* + + + +
10 + - + +
9 + - + +
8 — — —
7 + = + —
Serpukhovian 5 n — " n
Visean S s — s —
4 + - + -
Tournaisian—Visean 1-3 - - - -

For explanation see Table 1; * for data regarding present thicknesses of the potential sandstone reservoir
lithosomes of the LST and present summary thickness of the TST and HST of sequence 11 deposits see Figure 12



Diagenesis, sequence stratigraphy and reservoir quality of the Carboniferous deposits of the southeastern Lublin Basin... 453

north to the most abundant in the south (Komaréw IG 1 and
Terebin IG 1).

Sandstones of the deltaic mouth bars and distributary chan-
nels belong to the microlithofacies of quartz-rich and subarkosic
and local sublithic arenites from very fine-grained to me-
dium-grained. These deposits are bound mainly by a
silty-clayey matrix and by cements: carbonates (calcite, anker-
ite, siderite and sideroplesite), quartz, kaolinite and locally bar-
ite. Porosity can attain 9.1 vol.%, but is usually <3 vol.%. The
highest porosity values have been found in sandstones of
distributary channels of sequences 3 (Tyszowce IG 1) and 11
(Korczmin 1G 3).

The reservoir qualities of sandstones are clearly controlled by
the depositional environment, and their diagenetic history and
burial. Fluvial sandstones show considerably better reservoir
qualities than those deposited in the deltaic environment. A simi-
lar dependency has been recognized by Koztowska (2009) in the
Carboniferous sandstones of the central part of the basin (vicinity
of Lublin). Pore space parameters were shaped during
diagenesis. In the course of eodiagenesis, mechanical compac-
tion has significantly reduced the porosity of the sandstones, but
it had only a limited effect on those containing early cement rims
(chlorite, quartz, siderite and sideroplesite) which stiffened the
sediment leading to the partial preservation of primary porosity. It
seems that during eodiagenesis, processes supporting primary
porosity prevailed over those reducing porosity.

In the course of mesodiagenesis, however, processes re-
ducing porosity predominated over those having a favourable
effect. Also, secondary porosity in K-feldspar grains and in car-
bonate cement could have contributed to its growth. On the
other hand a considerable reduction in porosity was caused by
cementation with carbonates, mainly ankerite and Fe-calcite
and crystallization of fibrous illite. Compared with cementation,
compaction had a stronger effect on porosity reduction. To-
wards the base of the Carboniferous succession, there are
clearly noticeable drops in mechanical compaction increases in
cementation. In the Bashkirian and Serpukhovian sandstones,
compaction usually prevailed over cementation, being 58 and
34%, respectively, while in the Tournaisian—Visean the situation
is reversed. In the course of telodiagenesis, dissolution of feld-
spar may have enhanced the porosity that, however, may have
been partially reduced due to precipitation of kaolinite.

The lowest porosity <56% occurs in the oldest lowermost
buried part of the Carboniferous (Tournaisian—Visean).

CONCLUSIONS

1. In the SE part of the Lublin Basin the following deposi-
tional environments and processes have been reconstructed:
shallow clayey and carbonate shelves, deltaic, fluvial and
hyperconcentrated flow. The Carboniferous section is distinc-
tive by its cyclic nature and the presence of various kinds of
cyclothems such as fining-upward, coarsening-upward and
non-gradational, each of them being equivalent to a respective
parasequence.

2. 16 depositional sequences have been distinguished
bounded by subaerial unconformities. The possible age of se-
quence 1 has been estimated at upper Tournaisian—middle
Visean and of sequences 2 to the lower part of sequence 5 at
upper Visean. Sequences 5-7 have been ascribed to the
Serpukhovian, whereas 8-16 to the Bashkirian. As in other
parts of the Lublin Basin, the presence of an intra-Carbonifer-
ous stratigraphic gap corresponding to the lower Bashkirian has

been recognised. The Carboniferous top is, to a varying de-
gree, affected by erosion.

3. Within the LST successions there are sandstone
lithosomes laid down in braided and meandering rivers as well
as anastomosing fluvial systems, with hyperconcentrated flows
active in incised valleys. Sandstones are accompanied by
claystones, mudstones, Stigmaria soils, and coals deposited on
floodplains.

4. LST sequences 4—7 and 9—10 comprise channel sand-
stone lithosomes of promising thicknesses of 12—33 m but with
small lateral and discontinuous extent, but in sequences 11-16
lithosomes of promising thicknesses of 15—40 m have a contin-
uous lateral extent on the scale of km.

5. TST and HST sequences 1-3 originated in a ma-
rine-deltaic environment. Deposits of deltaic and shallow clayey
and carbonate shelves predominate. In TST and HST se-
quences 4—16 deposits of deltaic provenance are most frequent,
while above sequence 10 the growing share of delta plain depos-
its indicates a longer duration of continental deposition.

6. TST and HST sequences 4-11 represented by
claystones and siltstones are distinctive by large thicknesses
reaching up to 20-200 m and good sealing of sandstones of
LST sequences 4-7 and 9-11 (excluding those from the
Komaréw IG 1 borehole). In sequences 12—16 the TST and
HST deposits are thinner (~ten to several tens of metres) which
locally can provide a sealing effect. Factors responsible for the
deterioration of sealing quality are the proximity of the Carbonif-
erous top being a major erosional surface and the wedging out
of sandstone lithosomes under the Mesozoic overburden.

7. Three stages have been distinguished in the diagenetic
history of the Carboniferous sandstones: eo-, meso- and
telodiagenesis. The major eodiagenetic processes are as fol-
lows: mechanical compaction, dissolution of feldspar grains
and mica flakes, the formation of early chlorite rims, siderite and
sideroplesite, quartz overgrowths, and the precipitation of ver-
miform kaolinite. During mesodiagenesis the mechanical com-
paction transformed into chemical change where feldspar
grains continued to be dissolved along with additional dissolu-
tion of cements. The most significant cements were found to be
quartz, kaolinite, dickite, carbonates (ankerite and Fe-calcite)
and fibrous illite. The effects of telodiagenetic precesses were
feldspar dissolution and precipitation of kaolinite.

8. As indicated by the values of the reflectivity index for
vitrinite, the presence of dickite and of fibrous illite coupled with
homogenization temperatures of fluid inclusions in cements,
the maximum temperature affecting the Carboniferous deposits
during diagenesis was ~120°C.

9. Some Carboniferous sandstones have a good porosity
attaining 15.1% and averaging ~8%. Primary and secondary
porosity has been distinguished — the former of an intergranular
nature, the latter formed due to dissolution of feldspar grains
and cements. Compaction and cementation are the two major
factors reducing porosity by ~55 and 38%, respectively. The ef-
fect of compaction on porosity decreases with depth, whereas
cementation becomes more and more effective. One of the sig-
nificant diagenetic processes is also dissolution responsible for
the formation of secondary porosity.

10. The good porosity of the Carboniferous sandstones is
due to: precipitation of early rim cements which hindered me-
chanical compaction and to the formation of secondary poros-
ity. The major factors which contributed to the reduction of po-
rosity of some sandstones are mechanical compaction, strong
cementation with quartz and carbonates, predominantly with
ankerite and Fe-calcite, but also crystallization of fibrous illite.
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11. The Carboniferous sandstones are distinctive by their
variable reservoir qualities. As compared with the delta depos-
its, the fluvial sandstones show better reservoir properties. The
highest porosity values have been found in Serpukhovian and
Bashkirian sandstones of sequences 6, 9-14 in boreholes situ-
ated farthest to the SE. Sandstones of sequences 9 and 11
have been deposited by hyperconcentrated flow, of sequences
6 and 10-13 in anastomosing channels, of sequences 11-13 in
meandering and those of sequence 10 in braided rivers.

12. This integrated analysis has revealed that sandstone
lithosomes of sequences 11 have a good reservoir potential,
those of sequences 6, 9, 10, 12—14 a fair one, while the remain-
ing sequences are poor. Factors reducing the reservoir poten-
tial are: a limited lateral extent, a smaller thickness of sealing in-
tervals, the proximity of the Carboniferous top which is also a
significant erosional surface and, finally, the wedging out of
sandstone lithosomes under the Mesozoic overburden.
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