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Brown coal and overlying sand strata from the tukowa-4 borehole, located in the northeastern sector of the Carpathian
Foredeep in Poland, were studied for palynology. These strata are underlain by Upper Eocene sands, and covered by Middle
Miocene rocks. Coal beds yielded infrequent sporomorphs and freshwater algae Botryococcus. The presence of the latter in-
dicates that these deposits accumulated in a freshwater environment whereas sporomorph assemblages point to the pres-
ence of mixed forests with a significant portion of thermophilous taxa. Age of the coal beds has been established based both
on the presence of species that appear for the last time in the Early Oligocene, and on the similarity with sporomorph spectra
from the Lower Oligocene of the Polish Lowlands. Overlying sands yielded marine dinoflagellate cysts, which point to a ma-
rine sedimentary setting, and frequent sporomorphs. The latter indicate the presence of mixed mesophytic forests, bush
swamps, swamp forests, and riparian forests in the vicinity of lacustrine environments. Stratigraphic analysis of dino-
flagellate cyst and sporomorph assemblages suggests that the sands accumulated in early stages of Miocene transgression
in the Carpathian Foredeep in the latest Early—early Middle Miocene. Our climatic interpretation of the sporomorph spectra
suggests that the climate during deposition of the strata was relatively warm, although less frequent thermophilous taxa re-
corded in the Miocene sands suggest a slightly cooler climate than that deducted from the spectra yielded by the underlying
Lower Oligocene coal beds. Correlation of Lower Oligocene coal beds with neighbouring coeval marine sands suggests di-
verse morphological conditions in the Carpathian foreland at that time, partly covered by a sea, and partly emerged. A simi-
lar, morphologically diverse basement in the Carpathian foreland favoured accumulation of Lower Miocene phytogenic
deposits. A similar stratigraphic position of both Lower Oligocene and Lower Miocene coal beds in the Carpathian Foredeep
may result in a false correlation of these strata devoid of fossils, which are commonly regarded as Miocene.

Key words: sporomorphs, dinoflagellate cysts, palynostratigraphy, palaeoenvironment, Oligocene—Miocene, Carpathian
Foredeep.

INTRODUCTION Formation (e.g., Czarnocki, 1932, 1933; Konior, 1948; Bie-
lecka, 1957; Kowalewski, 1958; Radwanski, 1969, 1973; Szy-
manko and Wajcik, 1982; Pawtowski et al., 1985). Most of these

phytogenic deposits were accumulated in a system of lagoonal-

cene succession in the Carpathian Foredeep Basin (e.g.,
Kasinski and Piwocki, 1994). They occur in two main areas
along its northern margin of the Polish sector (Fig. 1): in Silesia
(Kedzierzyn-Kozle—Gliwice area) where they have been distin-
guished as the Klodnica Formation (see e.g., Alexandrowicz,
1963, 1970; Alexandrowicz et al., 1982) and in northern part
(between Chomentdéw and Trzydnik) known as the Trzydnik
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-lacustrine settings that stretched along the northern margin of
the Carpathian Foredeep before marine transgression that
started in the Middle Miocene (Kasinski and Piwocki, 1994; for
correlation of overlying marine strata see e.g., Olszewska,
1999). Continental settings of their accumulation is evidenced
by the infrequent, but occasional mass occurrence of terrestrial
(gastropods Helix and Succinea), freshwater (gastropods, e.g.,
Lymnaea and Planorbis, and bivalvia Congeria), and/or brack-
ish to hypersaline (gastropods Hydrobia and Potamides, bi-
valve Modiola, and foraminifera Ammonia beccarii) fossils
(Kasinski and Piwocki, 1994). Although their oldest occurren-
ces are known mostly from the Paleogene—Neogene, but some
show longer stratigraphic ranges (e.g., A. beccarii is known
since the Late Cretaceous; Brooks, 1967); this makes that ac-
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Fig. 1. Location of the tukowa-4 borehole and a geological sketch-map of SE Poland showing positions of main
geological structures and localities mentioned in the text (based on Zytko et al., 1989, from Oszczypko, 1996;
hatched areas of the coal deposit occurrences after Kasinski and Piwocki, 1994)

curate ages of the host strata have never been established —
they are most commonly referred to the Lower Miocene, mainly
on the basis of the age of the overlying younger marine strata,
which are Middle Miocene in age (Garecka et al., 1996; Gare-
cka and Jugowiec, 1999; Olszewska, 1999).

Some of these sites were studied for palynology; sporo-
morph assemblages allowed their dating as Lower Mio-
cene—lower Middle Miocene (Karpatian; Worobiec in Krgpiec et
al., 2011). Accurate dating of these brown-coal deposits is es-
sential not only for palaeogeographic reconstructions but also
for interpretation of tectonic processes in the Miocene in this
part of Poland, which led to significant changes due to folding
and overthrusting of the Carpathian orogen. The occurrence of
Miocene brown coal was used as a tool for correlation of
Carpathian Foredeep strata that occur in various tectonic posi-
tions, like the elevated Roztocze and the lowered central
Carpathian Foredeep area (e.g., Krapiec et al., 2011). In the

last two decades, however, some of the brown coals of the
Carpathian Foredeep yielded sporomorph assemblages that
might indicate an older, Paleogene age of these phytogenic de-
posits (Stodkowska in Mysliwiec and Smist, 2006). These dis-
coveries appeared at the same time when the first well-dated
records of Paleogene marine strata underlying the Miocene
succession in the eastern sector of the Carpathian Foredeep
have been reported (e.g., Gedl, 2000; Mysliwiec and Smist,
2006). Therefore, we undertook detailed palynological studies
of the available cores of brown coals and overlying strata from
the Lukowa-4 borehole (Fig. 2) located in the northeastern sec-
tor of the Carpathian Foredeep (Fig. 1). In this borehole, phyto-
genic deposits occur at a depth of 804—-807 m (Fig. 2); they rest
on the Upper Eocene marine sandy deposits, and are covered
by cream-coloured sands of uncertain age (Ged|, 2015); follo-
wed by Middle Miocene (Badenian) marly deposits (Mysliwiec
and Smist, 2006).
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Fig. 2. Lithology and sample position

in the 803-823 m interval in the Lukowa-4 borehole

GEOLOGICAL SETTING

The Carpathian Foredeep Basin was a basin system devel-
oped at the front of northward-migrating Carpathian nappes.
They formed, due to overload of the overthrusting nappes and
deflection of pre-Miocene basement, a basin system that
stretched arcuately over the distance of 1300 km from Austria,
through the Czech Republic, Poland and Ukraine to Romania
(e.g., Ney et al.,, 1974; Kotlarczyk, 1985; Oszczypko et al.,
2006). Marine strata that filled the foredeep basin reached a
variable thickness, even up to 5 km in the Ukrainian part. Their
accumulation started during the Badenian (Langhian) corre-
lated with the NN5 Calcareous Nannoplankton Zone (NN4 in
the westernmost part of the Polish sector) and the M5 Plank-
tonic Foraminifera Zone (Garecka et al., 1996; Garecka and
Jugowiec, 1999; Olszewska, 1999; for zonal correlation see
Berggren et al., 1995).

The Badenian marine transgression covered a geologically
diverse basement, which caused that the basal intervals of the
Miocene succession rest upon rocks of various ages in different
areas of the Carpathian Foredeep — from Precambrian to Upper
Cretaceous (see e.g., Karnkowski and Ozimkowski, 2001: figs.
2, 3; Oszczypko et al., 2006: fig. 2). In the eastern part of the
Carpathian Foredeep, isolated sites with marine and continen-
tal Paleogene deposits occur at the base of the Miocene; they
represent remnants of an Eocene and Oligocene cover eroded
prior and/or during early stages of the Badenian transgression
(e.g., Moryc, 1995; Gedl, 2000, 2012, 2015; Mysliwiec and
Smist, 2006). The pre-Miocene basement had been generally
exposed to subaerial conditions at least since the latest Creta-
ceous; later, it underwent long-lasting erosional processes that
led to a highly diverse relief, with over 1 km deep palaeovalleys
(e.g., Karnkowski and Ozimkowski, 2001: figs. 1, 2). As a con-
sequence, the earliest deposits of the Badenian transgression,
as well as preceding continental deposits show high variability
as they were deposited in a morphologically diverse area (see
e.g., Bogacz, 1967; Radwanski, 1968; Oszczypko and Tomas,
1976, Kasinski and Piwocki, 1994; Moryc, 1995). The morpho-
logically diverse basement included uplifted areas covered with
vegetation and depressions occupied by lakes and/or bogs.
Particularly suitable morphology convenient for phytogenic de-
posit accumulation appeared along the northern margin of the
Carpathian Foredeep, where a gently inclined valley system oc-
curred (e.g., Kasinski and Piwocki, 1994). Main outlines of this
morphological system existed presumably already during the
short-lasting Middle—Late Eocene and Early Oligocene trans-
gressions that covered at least the eastern part of the
Carpathian Foredeep in Poland (e.g., Buraczynski and Krzo-
wski, 1994; Gedl, 2000, 2012, 2014, 2015). Hence, frequent fa-
cies changes can be expected in the Paleogene strata of this
area, including interfingering of marine and continental facies.

MATERIAL AND METHODS

The Lukowa-4 borehole was drilled in the northeastern part
of the Polish sector of the Carpathian Foredeep, near Tarno-
grod (Fig. 1). It penetrated the whole Miocene succession that
is 803 m thick in this area (see Mysliwiec and Smist, 2006). Be-
low, the 803—-809 m depth core interval (Fig. 2) consists of two
different lithologies. Medium- to coarse-grained sands, non-cal-
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Fig. 3. Lithology of the upper part of the
coal beds and overlying sands in the
tukowa-4 borehole (from Gedl, 2015)

careous and pale in colour (whitish to beigish-brown), occur at
the top of this interval (803.0-806.4 m). Six samples from these
sands were studied (depths 803.0-803.2 m, 803.4-803.6 m,
804.1-804.2 m, 804.6-804.7 m, 805.2-8053 m,
806.0-806.1 m). Below, brown coal and coaly clay and sand
occur (806.4-809.0 m); four samples from these phytogenic
deposits were studied (depths 806.4—-806.5 m, 807.1-807.2 m,
807.8-807.9 m, and 808.9-809.0 m). The boundary between
coal and pale sand is sharp (Fig. 3). Below, Upper Eocene
glauconitic sands are underlain by Middle Jurassic sandy depo-
sits (Gedl, 2015; Fig. 2).

These samples were processed in the micropalaeonto-
logical laboratory of the Institute of Geological Sciences, Polish
Academy of Sciences, Krakéw. The procedure applied included
38% hydrochloric-acid (HCI) treatment, 40% hydrofluoric-acid
(HF) treatment, heavy-liquid (ZnCl, + HCI; density 2.0 g-cm‘3)
separation, ultrasound for 10—15 s and sieving at 10 um on a
nylon mesh. The quantities of rock for analysis were variable,
depending on the lithology: 120—200 g for sand samples and
10 g for phytogenic samples. The same set of samples was
used by Gedl (2015). Additional slides were made and analysed
for the present study. Palynological slides were made using
glycerine jelly as a mounting medium. These rock samples,
their palynological residues and slides are stored in the collec-
tion of the Institute of Geological Sciences, Polish Academy of
Sciences, Krakow.

Three additional samples taken from brown coal (depths
806.25 m, 807.50 m and 808.50 m) were processed at the Pol-
ish Geological Institute — National Research Institute, Warsza-
wa, using heavy-liquid (CdJ, + KJ; density 2.21 g-cm™) separa-
tion. Then, the organic content was processed according to the
modified Erdtman’s acetolysis method (Moore et al., 1991).
Palynological slides were made from each sample, using glyc-
erine jelly as a mounting medium.

Taxonomy of dinoflagellate cysts follows Fensome et al.
(2008). The sporomorph taxa identified were classified to an ap-
propriate palaeofloristical element, mainly on the basis of the
Atlas of Pollen and Spores of the Polish Neogene (Stuchlik et
al., 2001, 2002, 2009, 2014). The following palaeofloristical ele-
ments were distinguished (Appendix 1*): palaeotropical (P), in-
cluding: tropical (P1) and subtropical (P2), as well as
arctotertiary (A), including: warm-temperate (A1) and temper-
ate (A2).

Dinoflagellate cysts and other aquatic palynomorphs were
photographed (Figs. 4—7) using a Carl Zeiss Axiolab micro-
scope with a Sony DSC-S75 camera and Carl Zeiss Achroplan
x100 oil lens. Microphotographs of selected sporomorphs (Fig.
8) were taken using a Nikon Eclipse microscope fitted with a
Canon digital camera.

RESULTS OF THE PALYNOLOGICAL STUDY

Samples from the 803-809 m interval were studied for
palynofacies and dinoflagellate cysts by Ged| (2015). This pa-
per presents results of palynological study of the same set of
samples studied for sporomorphs (EW), results of sporomorph
studies from three additional samples from coal beds (BS), and
new results of dinoflagellate cyst studies from additional slides
from the sandy interval (PG).

DINOFLAGELLATE CYSTS AND OTHER AQUATIC
PALYNOMORPHS

Coal beds (806.4-809 m). Phytogenic strata yielded no
marine dinoflagellate cysts; frequent forms of uncertain origin,
possibly freshwater algae (dinoflagellate cysts?) were found in
a sample from 807.1-807.2 m depth (Gedl, 2015: fig. 9H—K).

Sandy interval (803.0-806.4 m). Dinoflagellate cysts occur
in all five samples from this interval; their distribution is shown in

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1305
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Fig. 4. Dinoflagellate cysts from the sands at the 803.0-806.4 m depth in the Lukowa-4 borehole

A, B — large, over 50 um in diameter, specimen of Batiacasphaera micropapillata; C, D, |-S — Batiacasphaera micropapillata; E-H —
Nematosphaeropsis labyrinthus; T, U — Labyrinthodinium truncatum truncatum; V, W — Labyrinthodinium truncatum modicum; X, Y —

Operculodinium sp.; Z— Impagidinium? sp.; Z1, Z2 — Reticulatosphaera actinocoronata; A—l, Z1, Z2: 803.0-803.2 m, J, X—Z: 803.4-803.6 m;
K, L, N-R: 804.1-804.2 m; M, S-W: 805.2-805.3 m
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Fig. 5. Dinoflagellate cysts from the sands at the 803.0-806.4 m depth in the Lukowa-4 borehole

A-D — Spiniferites spp.; E — Hystrichokolpoma rigaudiae; F-H — Spiniferites spp.; | — isolated operculum of Cleistosphaeridium
placacanthum; J — Palaeocystodinium golzowense; K — Spiniferites sp.; L — Cleistosphaeridium placacanthum; M — Cleistosphaeridium
?ancyreum; N, O — “Palaeocystodinium striatogranulosum”; scale bar in A is 25 um and refers to all photographs; A, C-I, L, M:

805.2-805.3 m; B, J, N, O: 803.0-803.2 m; K: 806.0-806.1 m

Appendix 1 and the specimens are presented in Figures 4, 5
and 7. Dinoflagellate cysts are rare to very rare, being highly
dispersed by terrestrial elements. The latter are main elements
of palynofacies: all samples yielded a generally uniform palyno-
facies consisting of dark brown and black equidimensional
phytoclasts and sporomorphs (mainly bisaccate pollen grains;
see below). Their proportion may vary from sample to sample;
the highest proportions of black opaque phytoclasts and
bisaccate pollen grains are in samples from 803.3-803.4 m and
806.0-806.1 m depths.

Dinoflagellate cyst assemblages are the mixtures of vari-
ously preserved forms. Generally, they include very well-pre-
served, pale-coloured specimens, and darker, much worse-
-preserved, commonly indeterminable forms. Unfortunately,
this division cannot be simply correlated with various ages, as it
could be suspected according to the following scheme: darker,
poorly preserved forms are reworked, whereas the pale-col-
oured ones are in situ (see chapter Age interpretation).

Well-preserved forms include both specimens considered
to be in situ (i.e., species with known stratigraphic ranges not
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Fig. 6. Acritarchs and prasinophyceans from the sands at the 803.0-806.4 m depth in the Lukowa-4 borehole

A-D — Cymatiosphaera sp. 1; E-G — Nannobarbophora gedlii; H-O — relatively small chorate acritarchs, ?Micrhystridium; P, Q —
Cymatiosphaera sp. 2; R, S — relatively large chorate acritarch, ?Micrhystridium; T-V — Cymatiosphaera sp. 3; A-D, F, G, P-R:
803.0-803.2 m; E: 806.0-806.1 m; H-O, S-V: 805.2-805.3 m; scale bar in A is 25 pum and refers to all photographs
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B

Fig. 7. Reworked dinoflagellate cysts from the sands at the 803.0-806.4 m depth in the Lukowa-4 borehole

A — Areosphaeridium diktyoplokum; B — Phthanoperidinium comatum; C — Cribroperidinium sp.; A, B: 803.4-803.6 m, C: 803.0-803.2 m;
scale bar in A is 25 um and refers to all photographs

older than Early—-Middle Miocene), and specimens reworked
from older strata (i.e., species known to have appeared for the
last time before the Miocene). Representatives of the first group
are Eocene species (e.g., Areosphaeridium diktyoplokum,
Phthanoperidinium comatum; Fig. 7A, B) that most likely come
from underlying Eocene sands (Gedl, 2015; see also Ged|,
2012). Cretaceous species are also well-preserved but infre-
quent and slightly darker than the Eocene ones (e.g., Cribro-
peridinum sp., Surculosphaeridium? longifurcatum; Fig. 7C).
Species in situ are Labyrinthodinium truncatum truncatum, L.
truncatum modicum, and “Palaeocystodinium striatogranulo-
sum” — all appeared for the first time during the Early Miocene
(e.g., Williams et al., 2004).

Their distinction is based solely on comparison of their
ranges, as the preservation state is the same. This bears a
problem in assigning the correct age to well-preserved species
with Paleogene—Neogene age-range such as Batiacasphaera
micropapillata, Cleistosphaeridium ?ancyreum, C. placacan-
thum, Hystrichokolpoma rigaudiae, Impagidinium sp., Lingulo-
dinium machaerophorum, Nematosphaeropsis labyrinthus,
Operculodinium sp., Palaeocystodinium golzowense, Reticu-
latosphaera actinocoronata, and Spiniferites spp. They are
treated arbitrarily as in situ here. Some of these species found
in the present material have bimodal state of preservation (Li.
machaerophorum, R. actinocoronata, Spiniferites spp.) which
suggests that they may represent both reworked (Paleogene)
and in situ forms (Miocene).

Poorly preserved forms, commonly incomplete and show-
ing a higher degree of maturity, are evidently reworked; Wetze-
liella sp. and Deflandrea sp. come from Paleogene strata; sev-
eral others, indeterminable, may be also of Mesozoic age.

Dinoflagellate cysts are associated by well-preserved acri-
tarchs and Cymatiosphaera (Prasinophycean algae; Fig. 6).
Acritarchs are represented by subspherical chorate species,
some attributable to Nannobarbophora gedlii found in samples
from 803.0-803.2 and 806.0-806.1 m depths (Fig. 6F, G). The
other chorate forms are questionably attributed to Micrhy-
stridium, among which a simple division is made between

smaller (up to 25 um diameter; Fig. 6H-0O) and larger forms
(Fig. 6R, S).

Cymatiosphaera is represented by three species that differ
by size and height of their crests. Cymatiosphaera sp. 1 is a
small form with high crests; its diameter does not exceed 25 um
(Fig. 6A-D). Cymatiosphaera sp. 2 is slightly larger with very
short crests that form relatively large polygonal fields (Fig. 6P,
Q). The largest is Cymatiosphaera sp. 3, which is over 30 m in
diameter; low crests form a dense pattern of smooth polygonal
fields (Fig. 6T-V); this species resembles Cymatiosphaera sp.
B from the Miocene of the Ukrainian Carpathian Foredeep Ba-
sin, which differ by positive relief on polygonal fields (Ged| et al.,
2016). It should be noted that Cymatiosphaera sp. 1 and
Nannobarbophora gedlii occur in the Kortynica Clays (the latter
as Svenkodinium versteeghii; Gedl|, 1996).

SPOROMORPHS

Sporomorph assemblages suitable for detailed studies
have been found in five samples (803.0-803.2 m,
803.4-803.6 m, 804.1-804.2 m, 804.6-804.7 m, and
805.2-805.3 m depths). Pollen grains and spores are very fre-
quent in most of them, but their preservation varies from excel-
lently preserved specimens to completely corroded ones (espe-
cially bisaccate pollen grains) with highly damaged structure.
Samples from the 806.0-806.1 and 807.10 m depths were bar-
ren. Samples from the 806.4-806.5 m, 807.1-807.2 m,
807.8-807.9 m depths contain no sporomorphs, however, colo-
nies of Botryococcus algae were encountered in these sam-
ples. Although the samples taken from brown coal (806.25 m,
807.50 m and 808.50 m depths) yielded only sparse pollen
grains and spores, but they included several stratigraphically
important species.

A total of 72 fossil species (including 16 species of plant
spores, 13 species of gymnosperm pollen, and 43 species of
angiosperm pollen) were identified (Fig. 8 and Appendix 1). In
all samples, pollen grains of conifers clearly prevail (Appen-
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Fig. 8. Pollen grains from the sands at the 803.0-806.4 m depth in the Ltukowa-4 borehole

A, B — Zonalapollenites sp.; C — Cathayapollis sp.; D, E — Sciadopityspollenites serratus; F — Sequoiapollenites sp.; G —
Inaperturopollenites sp.; H — Inaperturopollenites concedipites; |, J — Ericipites callidus; K — Ericipites sp.; L — Polyatriopollenites
stellatus; M, N — Ulmipollenites undulosus; O — Intratriporopollenites sp.; scale bar in A is 25 um and refers to all photographs; A,
C, H, L, O:805.2-805.3 m; B, F, G, I-K, M, N: 803.0-803.2 m; D, E: 804.6—804.7 m; H: 805.2-805.3 m

dix 1). Some bisaccate pollen grains are included into “small
bisaccates” group, which includes corroded, difficult to deter-
mine specimens, probably, at least partly, recycled.

Coal beds (806.4—-809 m). Samples taken from brown coal
were prepared using two different methods, including heavy-lig-

uid separation with two different liquids: ZnCl, + HCI (density
2.0 g-em™) and CdJ, + KJ (density 2.21 g-cm™). Only samples
prepared with the later mixture (depth 808.50-806.25 m) yiel-
ded sparse sporomorphs. In these samples, Cupressaceae,
Sciadopitys and bisaccate pollen grains of Pinaceae are rela-
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tively common. Angiosperms are represented by pollen grains
of fossil species Cupuliferoipollenites pusillus, Fususpollenites
fusus, Momipites quietus, Myricipites sp., Platanipollis ipelen-
sis, Platycaryapollenites sp., Symplocoipollenites sp., Tricol-
poropollenites fallax, T. pseudocingulum, Ericaceae and Betu-
la. Among spores, i.a., Cicatricosisporites dorogensis, Ci. para-
dorogensis, and Neogenisporis neogenicus are recorded.
These samples contain colonies of Botryococcus and some al-
gae of uncertain taxonomy in a sample from 807.1-807.2 m
depth, interpreted by Gedl (2015) as possibly freshwater
dinoflagellate cysts.

Many fossil species recorded in the brown coal (spores of
Cicatricosisporites dorogensis, Ci. paradorogensis and Neo-
genisporis neogenicus as well as pollen grains of Cupuliferoi-
pollenites pusillus, Fususpollenites fusus, Momipites quietus,
Myricipites sp., Platanipollis ipelensis, Platycaryapollenites sp.,
Symplocoipollenites sp., Tricolporopollenites fallax and T.
pseudocingulum) represent palaeotropical (including tropical
and subtropical) and palaeotropical/warm-temperate palaeo-
floristical elements (Appendix 1).

Sandy interval (803.0-806.4 m). Most samples taken from
the deposits above the brown coal (depth 803.0-805.2 m) are
rich in pollen grains and spores, but the preservation of the
sporomorphs varies from excellently preserved specimens to
completely corroded ones. In all samples from the uppermost
part of the tukowa-4 borehole, bisaccate pollen grains clearly
prevail. Among them, Pinus and Cathaya (fossil species
Pinuspollenites labdacus, P. sp., Cathayapollis sp.) as well as
Picea are most frequent. In addition, single specimens of Abies
pollen were encountered. Non-bisaccate pollen grains of coni-
fers are also frequent in all these samples. Among them, pollen
of Taxodium/Glyptostrobus (fossil genus Inaperturopollenites),
Sciadopitys, Tsuga as well as Sequoia and other members of
the Cupressaceae family are most important.

Among angiosperms, trees and shrubs strongly dominate,
whereas only a few pollen grains of herbs are present. Pollen
grains of Ericaceae, Ulmus, Alnus, Tricolporopollenites
pseudocingulum, Quercus (fossil species Quercoidites henrici
and Quercopollenites sp.), Fagus, Myrica, Nyssa, Carya,
Pterocarya, Betula, CastanealCastanopsis (mainly fossil spe-
cies Cupuliferoipollenites pusillus), Carpinus, Acer, Mastixia-
ceae (fossil species Cornaceaepollis satzveyensis), Euco-
mmia, Trigonobalanus (fossil species Fususpollenites fusus),
Malvaceae (fossil genus Intratriporopollenites), and Engelhar-
dia (fossil species Momipites punctatus) are most frequent. In
addition, single specimens of Fabaceae (fossil species Tricol-
poropollenites liblarensis and T. fallax), Cyrillaceae/Clethra-
ceae (fossil species Cyrillaceaepollenites exactus), Fraxinus,
Juglans, Liquidambar, llex, Sapotaceae, Zelkova, and cf.
Edmundipollis sp. were recorded.

Cryptogams are represented mainly by spores of ferns
(mainly fossil species Leiotriletes sp., Laevigatosporites sp.,
Neogenisporis neogenicus, Neogenisporis sp., Toroisporis sp.,
Baculatisporites sp.), Sphagnum and members of the family
Lycopodiaceae (fossil species Retitriletes sp., Camarozono-
sporites sp., and Selagosporis sp.).

In these samples, dinoflagellate cysts and acritarchs are
present associated by rare Prasinophyceae (Cymatiosphaera),
whereas other algae are almost absent (only one colony of
Botryococcus encountered). Fungal spores are also very rare.

In addition, in all samples from the uppermost part of the
tukowa-4 borehole, some corroded bisaccate pollen grains in-
cluded into “small bisaccates” group, at least partly recycled,
are present. Moreover, in these samples other recycled pollen
grains and spores are encountered. These spores are usually
dark-coloured and have thick walls.

In all samples from the uppermost part of the tukowa-4 sec-
tion, palaeotropical (including tropical and subtropical) and
palaeotropical/warm-temperate palaeofloristical elements are
present ( ). The palaeotropical and palaeotro-
pical/warm-temperate elements are represented by spores of,
i.a., Camarozonosporites sp., Leiotriletes sp., Neogenisporis
neogenicus, N. sp., and Toroisporis sp. as well as pollen grains
of Inaperturopollenites concedipites, I. dubius, Cornaceaepollis
satzveyensis, Cupuliferoipollenites oviformis, Cu. pusillus,
Cyrillaceaepollenites exactus, Fususpollenites fusus, llexpolle-
nites margaritatus, Intratriporopollenites sp., Momipites pun-
ctatus, Myricipites sp., Nyssapollenites sp., Oleoidearumpolle-
nites sp., Quercoidites henrici, Platycaryapollenites sp., Sapo-
taceoidaepollenites sp., Tricolporopollenites pseudocingulum,
and T. staresedloensis.

RECONSTRUCTION OF PLANT COMMUNITIES
AND PALAEOENVIRONMENT

Coal beds (806.4-809 m). The strata from this interval ac-
cumulated in a terrestrial environment (Fig. 9). The presence of
colonies of Botryococcus points to a freshwater environment,
probably shallow lakes or bogs with periodic blooms of Botryo-
coccus (Gedl, 2015). Relatively numerous palaeotropical ele-
ments suggest warm climate during sedimentation of these lig-
nite deposits.

Although the coal samples from the 808.25-806.50 m depth
interval yielded only sparse pollen grains and spores, results of
palynological analysis of these samples indicate the presence
of mixed forests with a significant portion of thermophilous taxa.
In the vicinity there were also, i.a., members of the family
Fagaceae (probably from the genera Trigonobalanus, Casta-
nea and others), Engelhardia, Platanus, Platycarya, Symplo-
cos, Betula, members of the families Myricaceae, Fabaceae,
Ericaceae and others. Conifers were important elements of
vegetation. Members of the families Pinaceae, Cupressaceae,
and Sciadopitys were also present. Cryptogams were repre-
sented by thermophilous ferns from the families Schizaeaceae,
Lygodiaceae and probably Gleicheniaceae.

Sandy interval (803.0-806.4 m). The presence of marine
dinoflagellate cysts in sands above the coal beds indicates a
marine sedimentary setting (Fig. 9). High proportion of sporo-
morphs, including relatively frequent spores (that are not as
buoyant as the pollen grains) may indicate a nearshore marine
setting along a coast covered by vegetation. The dinoflagellate
cyst assemblages themselves have a limited value for precise
environmental reconstruction as their true taxonomic composi-
tion is uncertain (they consist in part of reworked species; see
chapter Dinoflagellate cysts and other aquatic palynomorphs).
However, if the presented interpretation is acceptable, then a
dominance of Batiacasphaera micropapillata is outstanding. Al-
though palaeoenvironmental preferences of this species are
unknown, but similar Batiacasphaera-dominated assemblages
were described from an approximately coeval nearshore facies
of the Middle Miocene strata of the Carpathian Foredeep. Com-
mon occurrence of B. micropapillata (associated with frequent
B. sphaerica) was reported from the nearshore Korytnica Clays
(Gedl, 1996). Gedl (1995) compared this nearshore assem-
blage with coeval assemblages from offshore facies that are
devoid of this species (they include frequent Impagidinium,
Unipontidinium aquaeductum and “Palaeocystodinium striato-
granulosum”). Frequent Batiacasphaera was reported from
basal strata of the Miocene succession in the westernmost part
of the Carpathian Foredeep in Poland (Gedl, 1997).
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The results of pollen analysis of samples taken above the
coal (803.0-805.2 m depth) indicate the presence of mixed
mesophytic forests, bush swamps, swamp forests, and riparian
forests (Fig. 9). The swamp forests grew in the neighbouring
area with a higher groundwater level and were composed of
Taxodium, Nyssa, and probably also Glyptostrobus and Alnus.
Wet places in the vicinity were probably overgrown by riparian
forests composed of Ulmus, Alnus, Carya, Pterocarya, Acer,
Fraxinus, Liquidambar, and others.

The drier places were overgrown by mesophytic forests
rich in thermophilous taxa. These mesophytic forests were
composed, i.a., of trees and shrubs from the family Fagaceae
(probably from the genera Quercus, Castanea, Trigono-
balanus, Fagus, and others), Betula, Carpinus, Engelhardia,
Eucommia, Acer, and Zelkova, and members of the families
Mastixiaceae, Malvaceae, Fabaceae, and Sapotaceae, as
well as conifers, ferns, and many others. Some bisaccate pol-
len grains from the Pinaceae family (e.g., Pinus) possibly also
come from plant communities growing on elevated terrains, at
a distance from the locality. Nevertheless, Cathaya, Pinus,
Sciadopitys, Tsuga and Sequoia were most probably impor-
tant trees in the mixed forests, or they formed their own plant
communities in the vicinity.

Members of the families Ericaceae, Cyrillaceae, Clethra-
ceae and Myricaceae were probably components of bush
swamps.

Composition of the palynological assemblage from the up-
permost part of the Lukowa-4 section indicates that the climate
during deposition of the sediment was relatively warm, although
less frequent thermophilous taxa recorded in this interval sug-
gest a little cooler conditions than deduced from the underlying
spectra (Fig. 9).

AGE INTERPRETATION

Coal beds (806.4—-809 m). Composition of the spore-pollen
assemblage from the coal, including such fossil species as
Cupuliferoipollenites pusillus, Fususpollenites fusus, Momipites
quietus, Platanipollis ipelensis, Symplocoipollenites sp., Tri-
colporopollenites fallax, T. pseudocingulum and Neogenisporis
neogenicus, generally points to Oligocene or Lower Miocene
age of the material. In addition, two fossil species Cicatrico-
sisporites dorogensis and Ci. paradorogensis were recorded
among the spores. These two species have their upper strati-
graphic limit in the Early Oligocene (Grabowska, 1996b) and
their presence, together with the whole composition of the as-
semblage, indicates that the age of the lignite is most probably
Lower Oligocene (Fig. 9).

Sandy interval (803.0-806.4 m). Among dinoflagellate
cyst species considered to be in situ (see chapter Dinoflagellate
cysts and other aquatic palynomorphs) two species have rela-
tively short stratigraphic ranges that allow dating of the sands
above the coal beds. These are Labyrinthodinium truncatum
truncatum, L. truncatum modicum, and “Palaeocystodinium
striatogranulosum”. “P. striatogranulosum”, an informally de-
scribed species by Zevenboom and Santarelli (in Zevenboom,
1995) from the Miocene of Italy, is believed to have a strati-
graphical range limited to the Late Aquitanian—Early Tortonian
(NN2-8 zones; Zevenboom, 1995; see also Williams et al.,
2004). In the material studied, only a single specimen of this
species is noted (sample from 803.0—-803.2 m depth); its scar-
city may be associated with possibly offshore preferences of
this species as suggested by Gedl (1995). Labyrinthodinium
truncatum, as a species, is given various ages of its first ap-

pearances depending on latitudes (Williams et al., 2004): Late
Aquitanian in high latitudes of the Northern Hemisphere,
Burdigalian/Langhian interval in mid-latitudes of the Northern
Hemisphere, and mid-Langhian in equatorial areas (the two lat-
ter applicable to the position of the material studied). The
Langhian first appearance of this species was suggested by,
i.a., Piasecki (1980), Zevenboom (1995), Munsterman and
Brinkhuis (2004); see also De Verteuil and Norris (1996) for dis-
cussion. The latter authors suggested a slightly lower the lowest
occurrence of the subspecies L. fruncatum modicum in the NN4
Zone (i.e., possibly in the Upper Burdigalian; for correlation see
Berggren et al., 1995). The presence of both species, but partic-
ularly Labyrinthodinium truncatum, shows that the sands that
overlie coal beds in the Lukowa-4 borehole are likely not older
than Middle Miocene (Fig. 9).

Composition of the spore-pollen spectra from the sands is
generally similar to those from the Oligocene to Middle Miocene
palynofloras from Poland (see Discussion). The assemblage
studied is rich in pollen grains of the Ulmaceae (fossil genus
Ulmipollenites) and Ericaceae families. In addition, there are
abundant pollen of such conifers as Pinus, Sciadopitys, and
Tsuga. The whole assemblage is relatively poor in species and
dominated by arctoteriary elements. These features of the
spore-pollen spectra are most similar to the Early to Middle Mio-
cene assemblages from its cooler climatic phases (see Piwocki
and Ziembinska-Tworzydio, 1997; Ziembinska-Tworzydto,
1998), particularly to palynofloras from climatic phase IV —
Ulmipollenites spore-pollen zone, Late Burdigalian in age. On
the other hand, relatively significant presence of palaeotropical
and palaeotropical/warm-temperate elements is recorded (in-
cluding fossil species Camarozonosporites sp., Leiotriletes sp.,
Neogenisporis neogenicus, Neogenisporis sp., Toroisporis sp.,
Cornaceaepollis satzveyensis, Cupuliferoipollenites oviformis,
Cu. pusillus, Cyrillaceaepollenites exactus, Fususpollenites
fusus, Momipites punctatus, Quercoidites henrici, Platycarya-
pollenites sp., Sapotaceoidaepollenites sp., Tricolporopolle-
nites pseudocingulum, and T. staresedloensis). In this case, we
can suspect that the more resistant pollen grains (Ericaceae,
Ulmus, Pinus) could be over-represented and therefore the
spore-pollen assemblage from the sandy interval has only a lim-
ited stratigraphic significance.

DISCUSSION

The dating of the coal beds from the tukowa-4 borehole
suggests that they accumulated during the Early Oligocene.
Finding of Lower Oligocene coal beds in the Carpathian Fore-
deep adds important data to palaeogeographic reconstructions
of the Carpathian foreland during the Paleogene. It shows that
there were some emerged areas in the Rupelian, although most
of the area was covered by the sea. The coal beds from the
tukowa-4 borehole can be correlated with marine sands de-
scribed from neighbouring boreholes near Tarnogrod (Gedl,
2000); they yielded dinoflagellate cysts such as Areoligera?
semicirculata, Chiropteridium galea, Ch. lobospinosum, Penta-
dinium laticinctum, Reticulatosphaera actinocoronata, Rhom-
bodinium draco, Wetzeliella gochtii, and W. symmetrica incisa.
Age of their assemblages, as compared with stratigraphic
ranges given by Williams et al. (2004), is Late Rupelian—earliest
Chattian. A similar age can be suggested by comparison with
Oligocene dinoflagellate cyst assemblages from epicontinental
strata of central and northern Poland, described by Grabowska
(1974, 1987, 1996a), Grabowska and Wazynska (1997), and
Stodkowska (2004a, b). These assemblages included frequent
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Fig. 9. Synthetic compilation of the Paleogene and basal Miocene interval from the 803—-823 m depth in the Lukowa-4 borehole

Chiropteridium lobospinosum, associated with, i.a., Wetzeliella
symmetrica and Rhombodinium draco.

This correlation is further supported by comparison of
sporomorphs from the upper part of the Lower Oligocene sec-
tion in the Polish Lowlands, which is represented by the marine
Rupel Formation (an equivalent of the Septarian Clays and
Boom Clays from NW Europe; see Piwocki, 2004) and the Up-
per Mosina Formation, as well as the continental/brackish
Czempin Formation (formerly the Torun Clays; see Piwocki,
2004). The spore-pollen spectra from these strata include, i.a.,
Cicatricosisporites dorogensis, Camarozonosporites heskema-
nsis, Boehlensipollis hohli, Cupanieidites eucalyptoides, Fusu-
spollenites fusus, Cupuliferoipollenites pusillus, Cu. oviformis,
Edmundipollis edmundl, Tricolporopollenites liblarensis, T.
fallax, T. staresedloensis, Quercoidites microhenrici, Momipites
quietus, Platycaryapollenites, Platanipollis ipelensis (e.g.,
Grabowska, 1965, 1983, 1987; Grabowska and Piwocki, 1975;

Stodkowska, 2009). Accordingly, the composition of the sporo-
morph assemblage from the brown coal in the Lukowa-4 bore-
hole (806.4-809 m depth), particularly the presence of
Cicatricosiporites dorogensis, Ci. paradorogensis, Platanipollis
ipelensis, Fususpollenites fusus and small tricolporate pollen
grains, points to similarity of the above-mentioned assemblage
to the Lower Oligocene palynofloras from the Polish Lowlands.
Our discovery of Lower Oligocene phytogenic deposits in
the Carpathian Foredeep, and their correlation with coeval ma-
rine strata in the neighbourhood, suggest that the basement of
the Carpathian foreland during the Early Oligocene was mor-
phologically diverse. The Rupelian marine transgression inun-
dated down-dropped areas, whereas on elevated areas,
phytogenic terrestrial accumulation took place in continental,
freshwater conditions, most likely in a lacustrine environment,
as indicated by the presence of Botryococcus. However, data
scarcity (the Lukowa-4 borehole material is the only so-far dis-
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covered trace of Early Oligocene terrestrial accumulation in the
Carpathian Foredeep) does not justify a further-reaching
palaeogeographic reconstruction. Moryc (1995) described con-
tinental deposits below the Miocene succession in the eastern
part of the Carpathian Foredeep in the Rzeszow region, but the
precision of the earlier dating of those deposits does not allow
correlation with the tukowa-4 phytogenic series.

A similar morphology was postulated for early stages of the
subsequent Miocene marine transgression that covered the
morphologically highly diverse basement (e.g., Czarnocki,
1958; Radwanski, 1968; Oszczypko and Tomas, 1976, Kasin-
ski and Piwocki, 1994; Moryc, 1995; Karnkowski and Ozimko-
wski, 2001). At that time, similar continental to brackish sedi-
mentary settings occupied the northern margin of the foredeep,
where phytogenic accumulation took place (e.g., Kasinski and
Piwocki, 1994). These coal beds are commonly underlain by
sandy deposits of uncertain, presumably Paleogene age (see
example of the coal beds from Trzydnik; Kasinski and Piwocki,
1994: figs. 3, 5a). The Lower Oligocene coal beds from the
tukowa-4 borehole occupy a similar stratigraphic position (they
are underlain by the Upper Eocene in this borehole). These
similarities may indicate that some of the phytogenic deposits of
the Carpathian Foredeep, which are commonly devoid of fos-
sils (or contain long-ranging freshwater/brackish forms), are in
fact Oligocene in age.

Another problem in palaesogeographic reconstructions of
Early Oligocene palaeoenvironments of the Carpathian fore-
land results from the lack of cored material below the coal beds
in the Lukowa-4 borehole (806.4—-809 m depth), which does not
allow tracing the relation between the coal beds and underlying
strata. The coal beds in the tukowa-4 borehole are separated
from the Upper Eocene sands by an almost 10 m thick gap
(Gedl, 2015). Lack of core material from this interval makes that
it is not possible to find out whether the coal beds rest upon the
Oligocene marine sand (like that known from the nearby bore-
holes at Tarnogréd; Gedl, 2000; Mysliwiec and Smist, 2006:
Fig. 1) and represent a record of a shallowing marine basin that
gradually became brackish and freshwater, and the lacustrine
phytogenic deposition is a result of a final phase in a regressive
cycle, or the coal beds overlie older Eocene strata and they rep-
resent a facies laterally interfingering with marine sands.

Our age interpretation of the coal beds in the tukowa-4
borehole is also important for tectonic studies of the Carpathian
Foredeep, as these strata have been used as a correlative level
with some Miocene phytogenic deposits, e.g., at Siedliska and
Dabrowka from the Roztocze area (e.g., Krapiec et al., 2011,
Fig. 1). However, the palynoflora in the lignite from the
tukowa-4 section shows some similarities to the Miocene as-
semblages from Siedliska and Dabréwka. Brown coals from the
two latter localities were dated palynologically to Early or Middle
Miocene (most probably Karpatian; \Worobiec in Krapiec et al.,
2011). The spore-pollen assemblage from the t.ukowa coal, like
both palynofloras from Roztocze, is rich in palaeotropical taxa.
Nevertheless, different taxa dominate in particular assembla-
ges. In both palynofloras from Siedliska and Dabréwka, numer-
ous pollen grains of Edmundipollis sp., Cupuliferoipollenites
oviformis, llexpollenites margaritatus, . propinquus, I. iliacus,
Quercoidites hentrici, Cyrillaceaepollenites exactus, Tricolporo-
pollenites liblarensis, T. quisqualis, Cornaceaepollis satzveyen-
sis, Platycaryapollenites sp., and Arecipites sp. were recorded.
In contrast, pollen of those species is absent in the palynoflora
from the Lukowa coal, but such species as Platanipollis ipelen-
sis, Cicatricosisporites dorogensis and Ci. paradorogensis are
recorded. These differences also suggest that the Lukowa coal
is most probably older than the brown coal from Siedliska and
Dabréwka.

Other sites with phytogenic deposits in SE Poland are also
younger than the coal beds from the tukowa-4 borehole. Lig-
nite-bearing deposits in the Trzydnik area (northern margin of
the Carpathian Foredeep; Fig. 1) accumulated during the latest
Karpatian and Early Badenian (Moravian) on the basement
composed of Upper Cretaceous and Oligocene marine depos-
its (Kasinski and Piwocki, 1994: fig. 5a). More northwards, in the
lowland area, an approximately 10 m thick section of brown coal
at the village of Radawiec (about 20 km west of Lublin; Fig. 1)
was dated as the Middle Miocene (Stodkowska in Henkel and
Danel, 2015).

Our interpretation of the age of the sands that overlie coal
beds in the Lukowa-4 borehole, based on dinoflagellate cysts
and sporomorphs, shows that they were accumulated most
likely during the latest Early and earliest Middle Miocene (Late
Karpatian—-Early Badenian, i.e., Late Burdigalian—-Early Lan-
ghian). The sands have yielded no Unipontidinium aquaedu-
ctum, the species characteristic of Badenian strata underlying
the Badenian evaporites in the Carpathian Foredeep in Poland
(e.g., Gedl, 1996, 1997, 1999, 2005; Peryt and GedI, 2010).
This species is known to have its first appearance in the Middle
or Late Langhian (Williams et al., 2004). The presence of
Labyrinthodinium truncatum truncatum and L. truncatum modi-
cum suggests Langhian age (see De Verteuil and Norris, 1996),
although latest Burdigalian age cannot be excluded as L.
truncatum shows diachronic first appearances depending on
the latitude (Williams et al., 2004). Therefore, the lack of U.
aquaeductum (if not caused by palaeoenvironmental factors)
and the presence of L. truncatum in tukowa-4 material may in-
dicate that the sands accumulated during early stages of the
Langhian (Badenian) or slightly earlier, during the latest
Burdigalian (Karpatian). The latter possibility seems more reli-
able when sporomorph dating is compared, but dinoflagellate
cyst data point rather at the lower Middle Miocene age of the
sands. A similar assemblage with frequent Batiacasphaera
micropapillata was described from the Middle Miocene strata of
the Polish Lowlands in Legnica (Ged| and Worobiec, 2005).

Comparison of the spore-pollen spectra from the sand that
overlies the coal with those examined previously in Paleogene
and Neogene deposits of Poland (e.g., spore-pollen zones in
Piwocki and Ziembinska-Tworzydto, 1997) shows that the as-
semblage from the uppermost part of the tukowa-4 section is
generally similar to the Oligocene and Early to Middle Miocene
palynofloras. Unfortunately, spore-pollen assemblages from
the Upper Oligocene—Lower Miocene deposits have no strongly
distinctive features (Grabowska, 1996b). The spore-pollen as-
semblages are significantly poorer in taxa than the older
palynofloras, which is most probably caused by a climate
change. Those assemblages are usually dominated by pollen
grains of conifers from the fossil genera Pinuspollenites,
Inaperturopollenites, Sequoiapollenites and, in some cases,
Zonalapollenites (= Tsugaepollenites). Among angiosperms,
Cupuliferoipollenites pusillus (= Castaneoideaepollis pusillus),
Tricolporopollenites liblarensis, Quercoidites microhentrici,
Myricipites spp. and Cyrillaceaepollenites megaexactus (=
Tricolporopollenites megaexactus) are present in the Late
Oligocene—Early Miocene assemblages. Those fossil taxa
have relatively long stratigraphic ranges and thus show a limited
stratigraphic significance.

Composition of the spore-pollen spectra from the sands is
similar to that of the Early Miocene assemblages from its cooler
climatic phases (Piwocki and Ziembinska-Tworzydto, 1997
Ziembinska-Tworzydio, 1998), particularly to palynofloras from
climatic phase IV — Ulmipollenites spore-pollen zone. The as-
semblages of the Ulmipollenites spore-pollen zone are known
from few localities in the Fore-Sudetic Monocline and in the Pol-
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ish Lowlands (Ziembinska-Tworzydto, 1998). Pollen grains of the
Ulmaceae family (fossil genus Ulmipollenites) and the numerous
accompanying Ericaceae are the indicative pollen taxa for this
phase. The whole assemblage of the phase is poor in species
and dominated by arctotertiary elements, whereas palaeo-
tropical elements are scarce and represented mainly by subtropi-
cal taxa. In contrast, the spore-pollen spectra from the upper-
most part of the tukowa-4 section contain relatively numerous
palaeotropical and palaeotropical/warm-temperate elements.

Taking into consideration the whole composition of the
spectra from the sands, an early Middle Miocene age of the
sands is most probable.

CONCLUSIONS

A 10 m thick cored interval from the L.ukowa-4 borehole, for-
merly improperly dated as Paleogene (respectively Upper
Eocene?, Oligocene?, Lower Miocene?; Gedl, 2015), yielded
sporomorphs and dinoflagellate cysts that allow its more accu-
rate dating.

We can assume that the age of the tukowa brown coal,
based on sporomorph spectra, is most probably Lower Oligo-
cene, whereas the overlying sands are Miocene in age. Al-
though the absence of sporomorphs that would unambiguously

define the age of the sands and the presence of some reworked
specimens do not allow for certain conclusions about their age,
but the presence of dinoflagellate cysts allow their dating as the
earliest Middle Miocene. Thus, the sands represent the initial
stage of the Badenian (Middle Miocene) transgression, which
pass upward into marly strata of the Baranéw Beds.

Our discovery of the Lower Oligocene coal beds in the
tukowa-4 borehole may indicate that some other phytogenic
deposits of the Carpathian Foredeep might be of similar age.
This refers to the phytogenic beds that occur in a similar strati-
graphic position and contain no age-diagnostic fossil evidence,
and their Miocene age is based on the age of the overlying
fossiliferous Miocene deposits.

Acknowledgements. The Management of Polskie
Gornictwo Naftowe i Gazownictwo SA (PGNIG) is kindly ac-
knowledged for granting permission to use their samples and to
publish research results. The study was partly supported by the
W. Szafer Institute of Botany, Polish Academy of Sciences,
Krakoéw, through statutory funds for E. Worobiec. We also thank
G. Worobiec (W. Szafer Institute of Botany, Polish Academy of
Sciences, Krakéw) for his help in taking photographs of pollen
grains. M. Ziembinska-Tworzydfo and an anonymous reviewer
are kindly acknowledged for reading the manuscript and critical
comments.

REFERENCES

Alexandrowicz, S.W., 1963. Stratigraphy of the Miocene deposits
in the Upper Silesian Basin (in Polish with English summary).
Prace Instytutu Geologicznego, 39: 1-130.

Alexandrowicz, S.W., 1970. Pozycja geologiczna warstw kedzie-
rzyhskich w zachodnim obrzezeniu Zagtebia Gérnoslaskiego (in
Polish). Sprawozdania z Posiedzen Komisji Naukowych PAN,
Oddziat w Krakowie, 13: 573-576.

Alexandrowicz, S.W., Garlicki, A., Rutkowski, J., 1982. Podsta-
wowe jednostki litostratygraficzne miocenu zapadliska przed-
karpackiego (in Polish). Kwartalnik Geologiczny, 26 (2):
470-471.

Berggren, W.A., Kent, D.V., Swisher, C.C. lll, Aubry, M.-P., 1995.
A revised Cenozoic geochronology and chronostratigraphy.
SEPM Special Publication, 54: 129-212.

Bielecka, M., 1957. Remarks on the stratigraphy of Miocene in the
environments of Zaklikéw (Lublin Upland) (in Polish with English
summary). Przeglad Geologiczny, 5: 21-25.

Bogacz, K., 1967. The geological structure of the northern border of
the Krzeszowice Graben (in Polish with English summary).
Prace Geologiczne Komisji Nauk Geologicznych PAN, Oddziat
w Krakowie, 41: 1-80.

Brooks, A.L., 1967. Standing crop, vertical distribution, and
morphometrics of Ammonia beccarii (Linné). Limnology and
Oceanography, 12: 667-684.

Buraczynski, J., Krzowski, Z., 1994. Middle Eocene in the Sotokija
Graben on Roztocze Upland. Geological Quarterly, 38 (4):
739-753.

Czarnocki, J., 1932. L'Helvétien et les lignites de cet étage dans les
environs de Korytnica et de Chomentéw, Massif de Ste Croix (in
Polish with French summary). Posiedzenia Naukowe Panstwo-
wego Instytutu Geologicznego, 32: 16—19.

Czarnocki, J., 1933. Sur le Tortonien et le Helvétien des environs
de Chomentoéw et de Jawor ainsi que sur la vase quartzeuse et
les argiles tertiaries des environs de Ptuczki prés Lagéw (in Pol-
ish with French summary). Posiedzenia Naukowe Panstwo-
wego Instytutu Geologicznego, 36: 81-84.

Czarnocki, J., 1958. O mutkach krzemionkowych i itach trzecio-
rzedowych okolic Ptuczek koto tagowa (in Polish). Prace
Instytutu Geologicznego, 21: 66—67.

De Verteuil, L., Norris, G., 1996. Miocene dinoflagellate stratigra-
phy and systematics of Maryland and Virginia. Micropaleonto-
logy, 42 (Supplement): i—viii+1-172.

Fensome, R.A., MacRae, R.A., Williams, G.L., 2008. DINOFLAJ2,
Version 1. American Association of Stratigraphic Palynologists,
Data Series, 1.

Garecka, M., Jugowiec, M., 1999. Results of biostratigraphic study
of Miocene in the Carpathian Foredeep based on calcareous
nannoplankton (in Polish with English summary). Prace
Panstwowego Instytutu Geologicznego, 168: 29—41.

Garecka, M., Marciniec, P., Olszewska, B., Wojcik, A., 1996. New
biostratigraphic data and attempt to correlation of the Miocene
deposits in the basement of the Western Carpathians (in Polish
with English summary). Przeglad Geologiczny, 44: 495-501.

Gedl, P., 1995. Batymetryczne zréznicowanie warunkéw sedymen-
tacji miocenu Przedgdérza Karpat na podstawie Dinocyst
(Pyrrhophyta) (in Polish). In: Szata roslinna Polski w procesie
przemian. Materiaty konferencji i sympozjéw 50 Zjazdu Polskie-
go Towarzystwa Botanicznego, Krakow 26.06—-01.07.1995 (eds.
Z. Mirek and J.J. Wdjcicki). Instytut Botaniki, PAN, Krakow.

Gedl, P., 1996. Middle Miocene dinoflagellate cysts from the
Korytnica clays (Géry Swietokrzyskie Mountains, Poland).
Annales Societatis Geologorum Poloniae, 66: 191-218.

Gedl, P., 1997. Palynofacies of the Miocene deposits in the Gliwice
area (Upper Silesia, Poland). Bulletin of the Polish Academy of
Sciences, Earth Sciences, 45: 191-201.

Gedl, P., 1999. Palaeoenvironmental and sedimentological interpre-
tations of the palynofacies analysis of the Miocene deposits
from the Jamnica S-119 borehole (Carpathian Foredeep, Po-
land). Geological Quarterly, 43 (4): 479-492.

Gedl, P., 2000. Newly found marine Oligocene deposits in the
Carpathian Foreland and its palaeogeographic consequences.
Slovak Geological Magazine, 6: 155-157.



Palynology of Lower Oligocene brown coal and lowermost Middle Miocene sand deposits from the tukowa-4 borehole... 957

Gedl, P., 2005. /n situ and recycled dinoflagellate cysts from Middle
Miocene deposits at Beczyn, Carpathian Foredeep, Poland.
Studia Geologica Polonica, 124: 371-394.

Gedl, P., 2012. Reworked Eocene—Oligocene dinoflagellate cysts in
the Miocene of the Carpathian Foredeep Basin: implications for
Paleogene palaeogeography in SE Poland. Geological Quar-
terly, 56 (4): 853—868.

Gedl, P., 2014. Eocene dinoflagellate cysts from the Sotokija Gra-
ben (Roztocze, SE Poland): biostratigraphy and palaeoenviron-
ment. Geological Quarterly, 58 (4): 707-728.

Gedl, P., 2015. Dinoflagellate cysts from the Palaeogene of the
tukowa-4 borehole (Carpathian Foredeep, SE Poland): biostra-
tigraphy and palaeoenvironment. Annales Societatis Geologo-
rum Poloniae, 85: 285-308.

Gedl, P., Worobiec, E., 2005. Organic-walled dinoflagellate cysts
from Miocene deposits of the Legnica-33/56 borehole (Fore-
-Sudetic Monocline) as indicators of marine ingression in south-
-western Poland. Studia Geologica Polonica, 124: 395-410.

Gedl, P, Peryt, D., Peryt, T.M., 2016. Foraminiferal and palynologic
organic matter records of the Upper Badenian (Middle Miocene)
deposition at Anadoly (marginal part of the Ukrainian Carpa-
thian Foredeep Basin). Geological Quarterly, 60 (2): 517-536.

Grabowska, ., 1965. The middle Oligocene age of the Torun Clays,
based on the spore and pollen analysis (in Polish with English
summary). Kwartalnik Geologiczny, 9 (4): 815-836.

Grabowska, I., 1974. Stratigraphy of Palaesogene sediments in the
Polish Lowlands in the light of research on microflora (in Polish
with English summary). Biuletyn Instytutu Geologicznego, 281:
67-92.

Grabowska, l., 1983. Paleogene palynoflora and plankton in north-
-western Poland (in Polish with English summary). Przeglad
Geologiczny, 31: 420-423.

Grabowska, l., 1987. Palynofloristic and microplanktonic charac-
teristic of the Tertiary sediments in northern Poland based on
the sections of the boreholes Chtapowo | and Chtapowo Il (in
Polish with English summary). Biuletyn Instytutu Geologi-
cznego, 356: 65-87.

Grabowska, I., 1996a. Gromada Pyrrophyta (in Polish). Klasa Dino-
phyceae. In: Budowa geologiczna Polski, 3: Atlas skamienia-
tosci przewodnich i charakterystycznych, 3a: Kenozoik, trzecio-
rzed, paleogen (eds. L. Malinowska and M. Piwocki): 330-332.
Polska Agencja Ekologiczna, Warszawa.

Grabowska, I., 1996b. Flora sporowo-pytkowa (in Polish). In: Budo-
wa geologiczna Polski, 3: Atlas skamieniatos$ci przewodnich i
charakterystycznych, 3a: Kenozoik, trzeciorzed, paleogen (eds.
L. Malinowska and M. Piwocki): 395-431. Polska Agencja
Ekologiczna, Warszawa.

Grabowska, I., Piwocki, M., 1975. The age and origin of the Torun
Clays from the vicinity of Torun defined on the basis of palynolo-
gical and lithological observations (in Polish with English sum-
mary). Biuletyn Instytutu Geologicznego, 284: 41-72.

Grabowska, l., Wazynska, H., 1997. Spore-pollen and phyto-
plankton investigations of the Tertiary deposits from Gdansk
Sea-Coast and Baltic floor (in Polish with English summary).
Biuletyn Panstwowego Instytutu Geologicznego, 375: 5-32.

Henkiel, A., Danel, W., 2015. Objasnienia do Szczegdtowej Mapy
Geologicznej Polski 1:50 000, arkusz Betzyce (748) (in Polish).
Panstwowy Instytut Geologiczny, Warszawa.

Karnkowski, P.H., Ozimkowski, W., 2001. Structural evolution of
the pre-Miocene basement in the Carpathian Foredeep
(Krakdw—Przemys| region, SE Poland) (in Polish with English
summary). Przeglad Geologiczny, 49: 431-436.

Kasinski, J.R., Piwocki, M., 1994. Neogene coal-forming sedimen-
tation in the Carpathian Foredeep, southern Poland. Geological
Quarterly, 38 (3): 527-552.

Konior, K., 1948. About brown coal in Trzydnik Maty near Krasnik
(in Polish with English summary). Annales Universitatis Mariae
Curie-Sktodowska, 3B: 1-14.

Kotlarczyk, J., 1985. An outline of the stratigraphy of marginal tec-
tonic units of the Carpathian orogene in the Rzeszow—Przemysl
area. In: Geotraverse Krakéw—Baranéw—Rzeszéw—Prze-
mys$l-Komancza—-Dukla. Guide to Excursion 4 (ed. J. Kotlar-

czyk): 21-32. XIll Congress Carpathian—Balkan Geological As-
sociation, Krakéw, Poland. Geological Institute, Krakow.

Kowalewski, K., 1957. Tertiaire dans la partie nord de la Basse
Plaine de Sandomierz (in Polish with French summary). Biuletyn
Instytutu Geologicznego, 119: 3—124.

Kowalewski, K., 1958. Tertiaire aux environs de Nisko et de
Rozwadoéw (in Polish with French summary). Biuletyn Instytutu
Geologicznego, 145: 1-39.

Kramarska, R., Czapowski, G., Kasinski, J.R., Piwocki, M.,
Stodkowska, B., 2015. The standard section of Neogene de-
posits from Eastern Pomerania at £eczyca near Lebork (north-
ern Poland) (in Polish with English summary). Biuletyn Panstwo-
wego Instytutu Geologicznego, 461: 193-250.

Krapiec, M., Jankowski, L., Margielewski, W., Buraczynski, J.,
Krapiec, P., Urban, J., Wysocka, A., Danek, M., Szycho-
wska-Krapiec, E., Bolka, M., Brzezinska-Wojcik, T., Chabu-
dzinski, ., Waskowska, A., 2011. ,Geopark Kamienny Las na
Roztoczu” (in Polish). Koncepcja geoochrony wraz z wykona-
niem dokumentacji i badan naukowych niezbednych dla
funkcjonowania tej formy ochrony. AGH, Krakéw. Centralne
Archiwum Geologiczne, Panstwowy Instytut Geologiczny,
Warszawa, http/kamienny las.pl/plytka/tekst/pdf

Moore, P.D., Webb, J.A., Collinson, M.E., 1991. Pollen Analysis.
Blackwell, Oxford.

Moryc, W., 1995. Terrestrial formations of Paleogene in the area of
Carpathian Foredeep (in Polish with English summary). Nafta-
-Gaz, 51: 181-195.

Munsterman, D.K., Brinkhuis, H., 2004. A southern North Sea Mio-
cene dinoflagellate cyst zonation. Netherlands Journal of
Geosciences/Geologie en Mijnbouw, 83: 267-285.

Mysliwiec, M., Smist, P., 2006. Eocene and Oligocene sediments
of the Tarnogrdd area (NE part of the Polish Carpathian Fore-
deep) (in Polish with English summary). Przeglad Geologiczny,
54: 724-730.

Ney, R., Burzewski, W., Bachleda, T., Gérecki, W., Jakébczak,
K., Stupczynski, K., 1974. Outline of paleogeography and evo-
lution of lithology and facies of Miocene layers in the Carpathian
Foredeep (in Polish with English summary). Prace Geologiczne,
82: 1-65.

Olszewska, B., 1999. Biostratigraphy of Neogene in the Carpathian
Foredeep in the light of new micropalaeontological data (in Pol-
ish with English summary). Prace Panstwowego Instytutu
Geologicznego, 168: 9-27.

Oszczypko, N., 1996. The Miocene dynamics of the Carpathian
Foredeep in Poland (in Polish with English summary). Przeglad
Geologiczny, 44: 1007-1018.

Oszczypko, N., Krzywiec, P., Popadyuk, l., Peryt, T., 2006.
Carpathian Foredeep Basin (Poland and Ukraine): its sedimen-
tary, structural, and geodynamic evolution. AAPG Memoir, 84:
293-350.

Oszczypko, N., Tomas, A., 1976. Pre-Tortonian relief of the
Carpathian Foreland between Krakéw and Debica and its effect
on Miocene sedimentation (in Polish with English summary).
Rocznik Polskiego Towarzystwa Geologicznego, 46: 525-548.

Pawtowski, S., Pawtowska, K., Kubica, B., 1985. Geology of the
Tarnobrzeg native sulphur deposit (in Polish with English sum-
mary). Prace Instytutu Geologicznego, 114: 1-109.

Peryt, D., Gedl, P., 2010. Palaeoenvironmental changes preceding
the Middle Miocene Badenian salinity crisis in the northern Pol-
ish Carpathian Foredeep Basin (Borkéw quarry) inferred from
foraminifers and dinoflagellate cysts. Geological Quarterly, 54
(4): 487-508.

Piasecki, S., 1980. Dinoflagellate cyst stratigraphy of the Miocene
Hodde and Gram Formations, Denmark. Bulletin of the Geologi-
cal Society of Denmark, 29: 53-76.

Piwocki, M., 2004. Paleogen (in Polish). In: Budowa geologiczna
Polski, 1: stratygrafia, 3a: kenozoik, paleogen, neogen (eds.
T.M. Peryt and M. Piwocki): 22-71. Panstwowy Instytut
Geologiczny, Warszawa.

Piwocki, M., Ziembinska-Tworzydto, M., 1997. Neogene of the
Polish Lowlands — lithostratigraphy and pollen-spore zones.
Geological Quarterly, 41 (1): 21-40.



958 Przemystaw Ged|, Elzbieta Worobiec and Barbara Stodkowska

Radwanski, A., 1968. Lower Tortonian transgression onto the
Miechéw and Cracov Uplands (in Polish with English summary).
Acta Geologica Polonica, 18: 387-446.

Radwanski, A., 1969. Lower Tortonian transgression onto southern
slopes of the Holy Cross Mts. (in Polish with English summary).
Acta Geologica Polonica, 19: 1-164.

Radwanski, A., 1973. Lower Tortonian transgression onto south-
-eastern and eastern slopes of the Holy Cross Mts. (in Polish
with English summary). Acta Geologica Polonica, 23: 375-434.

Rzechowski, J., 1997. Trzeciorzed i czwartorzed wschodniej
czesci Wyzyny Lubelskiej i Roztocza na Mapie geologicznej
Polski 1:200 000 (in Polish). Przeglad Geologiczny, 45:
1202-1208.

Stodkowska, B., 2004a. Palynological studies of the Paleogene
and Neogene deposits from the Pomeranian Lakeland area
(NW Poland). Polish Geological Institute Special Papers, 14:
1-116.

Stodkowska, B., 2004b. Tertiary palynological record of the Middle
Vistula River valley (central Poland) (in Polish with English sum-
mary). Przeglad Geologiczny, 52: 84-86.

Stodkowska, B., 2009. Palynology of the Palacogene and Neo-
gene from the Warmia and Mazury areas (NE Poland).
Geologos, 15: 219-234.

Stuchlik, L., Ziembinska-Tworzydto, M., Kohiman-Adamska, A.,
Grabowska, |., Wazynska, H., Stodkowska, B., Sadowska,
A., 2001. Atlas of Pollen and Spores of the Polish Neogene, 1 —
Spores. W. Szafer Institute of Botany, Polish Academy of Sci-
ences, Krakow.

Stuchlik, L., Ziembinska-Tworzydto, M., Kohiman-Adamska, A.,
Grabowska, |., Wazynska, H., Sadowska, A., 2002. Atlas of
Pollen and Spores of the Polish Neogene, 2 — Gymnosperms.
W. Szafer Institute of Botany, Polish Academy of Sciences,
Krakéw.

Stuchlik, L., Ziembinska-Tworzydto, M., Kohiman-Adamska, A.,
Grabowska, I., Stodkowska, B., Wazynska, H., Sadowska,
A.,2009. Atlas of Pollen and Spores of the Polish Neogene. Vol-
ume 3 — Angiosperms (1). W. Szafer Institute of Botany, Polish
Academy of Sciences, Krakow.

Stuchlik, L., Ziembinska-Tworzydto, M., Kohlman-Adamska, A.,
Grabowska, l., Stodkowska, B., Worobiec, E., Durska, E.,
2014. Atlas of Pollen and Spores of the Polish Neogene. Volume
4 — Angiosperms (2). W. Szafer Institute of Botany, Polish Acad-
emy of Sciences, Krakéw.

Szymanko, J., Wéjcik, K., 1982. Geology of the Middle Miocene
Korytnica basin (southern slopes of the Holy Cross Mts, Central
Poland) in the light of geophysical data and photogeological
analysis. Acta Geologica Polonica, 32: 93—108.

Williams, G.L., Brinkhuis, H., Pearce, M.A., Fensome, R.A,,
Weegink, J.W., 2004. Southern Ocean and global dinoflagellate
cyst events compared: index events for the Late Creta-
ceous—Neogene. Proceedings of the Ocean Drilling Project,
Scientific Results, 189: 1-98.

Zevenboom, D., 1995. Dinoflagellate cysts from the Mediterranean
Late Oligocene and Miocene. Ph.D. thesis, University of
Utrecht, Utrecht.

Ziembinska-Tworzydto, M., 1998. Climatic phases and spore—pol-
len zones. Prace Panstwowego Instytutu Geologicznego, 160:
12-16.

Zytko, K., Gucik, S., Rytko, W., Oszczypko, N., Zajac, R.,
Garlicka, I., Nemc¢ok, J., Elias, M., Mencik, E., Dvorak, J.,
Stranik, Z., Rakus, M., Matejovska, O., 1989. Geological map
of the Western Outer Carpathians and their foreland without
Quaternary formations, 1:500 000. In: Geological Atlas of the
Western Outer Carpathians and their Foreland (eds. D.
Poprawa and J. Nemcok). Panstwowy Instytut Geologiczny,
Warszawa.



	Jacek Robert KASIÑSKI and Barbara S£ODKOWSKA – Factors controlling Cenozoic anthracogenesis in the Polish Lowlands  959

