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which are of early Late Maastrichtian age.
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Introduction

The Maastrichtian deposits of the present-day Miechów 
Synclinorium territory were accumulated in a shallow 
epicontinental sea. The monotonous succession of sandy 
chalk was deposited in a calm low-energy environment 
with a moderate rate of sedimentation. Although carbonate 
sedimentation prevailed, a high admixture of quartz grains 
(Rutkowski 1965; Jurkowska 2016) and the occurrence of 
well-preserved plant fossils (Cieslinski and Milacovic 1962; 
Halamski 2013) indicate the presence of an uplifted area in 
close proximity. Rutkowski (1960) indicated the WWS–EEN 
direction of terrigenous grains transport based on size meas-
urement of quartz grains in Maastrichtian deposit in the SW 
part of the Miechów Synclinorium. Świdrowska et al. (2008) 
pointed out that during the Maastrichtian, terrigenous mate-
rial was transported to the deeper basin on the SW slope 
of the Holy Cross segment from the SW without reaching 
the SE part of the Miechów Synclinorium. Although both 
studies present the possible direction of terrigenous grain 
transport, they do not indicate the source area of the material 
and focus of the whole Maastrichtian stage, without detailed 
stratigraphy available.

The presence of an uplifted area called “Kukernitz 
Island” in Ukraine (Pasternak et al. 1987) near the Holy 
Cross Mountains part of the Danish-Polish Trough during 
the Turonian–Campanian is well documented, the existence 
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of the island during the Campanian–Maastrichtian is men-
tioned in the literature (Gierliński 2015; Bojanowski et al. 
2017), but has not been explored in detail. Understanding 
the development of the Miechów Synclinorium is critical 
for the interpretation of the tectonic evolution of extra-Car-
pathian Poland and important for deciphering the final stages 
(Campanian or Maastrichtian) of the inversion history of 
the Danish-Polish Trough (Marcinowski 1974; Walaszczyk 
1992; Kutek 1996; Krzywiec 2006).

Initially, the palynofacies analysis principles of Tyson 
(1993) as well as others revised by Roncaglia and Kuijpers 
(2006) and Zobaa et al. (2015) have been applied by us to 
recognize the sedimentary environment of the studied area. 
However, the unusual distribution pattern of marine phy-
toplankton decreasing offshore in the samples analyzed 
revealed that these models are inadequate for the presented 
case study. The paper presents the application of an inte-
grated palynological study and palynofacies analysis sup-
ported by size analysis of opaque phytoclasts and diversity 
indexes for particulate organic matter in stratigraphically 
well-constrained (inoceramid biostratigraphy) sections. This 
method seems to be valuable in determining the distance 
from land in monotonous carbonate-siliciclastic sediments 
devoid of unequivocal sedimentological and paleontological 
data determining depositional environments.

Geological setting

The Miechów Synclinorium is positioned in the southeast-
ern part of the Szczecin-Miechów Synclinorium (Fig. 1a), 
adjacent to the Mid-Polish Anticlinorium interpreted as 
an inverted part of the former Danish-Polish Trough (e.g., 
Pożaryski et al. 1979). The Cretaceous Miechów Synclino-
rium deposits, which are of Albian to Maastrichtian age 
(Rutkowski 1965; Marcinowski 1974; Walaszczyk 1992; 
Jurkowska 2016), overlay the Jurassic substrate unconform-
ably, and are covered in their central and southern parts by 
Miocene deposits of the Carpathian Foredeep (Pozaryski 
1977). The studied sections (Fig. 1b) present an almost com-
plete succession ranging in age from the Lower Maastrich-
tian to the lower Upper Maastrichtian, and are represented 
by marly chalk in the lower part and sandy chalk with marly 
intercalations in the upper part (Rutkowski 1965; Jurkowska 
2016). An increasing input of terrigenous quartz continuing 
within the succession has been noted by Jurkowska (2016). 
Under an optical microscope, the studied rocks represent 
packstone with sponge spicules and foraminifera with a sig-
nificant admixture of terrigenous quartz (Rutkowski 1960; 
Jurkowska2016).

The existence of an uplifted area of the Danish-Polish 
Trough (present Mid-Polish Anticlinorium) called “Kuke-
rnitz Island” (Pasternak 1959; Pasternak et al. 1987) or 

Łysogóry–Dobruga Land (Samsonowicz 1925; Pozaryski 
1962) during the Turonian–Santonian is well documented 
and recently confirmed by micropaleontological (Dubicka 
et al. 2014) and ammonites data (Remin and Marshall 2016). 
Its formation was an effect of Subhercynian tectonic move-
ments. The island probably expanded during the Santonian 
and Middle and Late Campanian (Świdrowska et al. 2008; 
Gierliński 2015; Walaszczyk and Remin 2015; Remin and 
Marshall 2016; Bojanowski et al. 2017). The uplifted areas 
in the Holy Cross part of the Danish-Polish Trough were 
an alimentation area for the Miechów Synclinorium, where 
increasing siliciclastic input was noted from the Late Cam-
panian onwards (Jaskowiak-Schoeneichowa and Krassowska 
1988; Jurkowska 2016).

Localities and inoceramid succession

The Maastrichtian succession of the Miechów Synclinorium 
is accessible through a series of natural and artificial (aban-
doned quarries) exposures. One of the authors (Jurkowska 
2016) described the inoceramid stratigraphy and provided 
the coordinates of the most thoroughly studied sections. In 
this paper, new exposures and new stratigraphic data are also 
presented. The studied succession belong to the Endocostea 
typica and Trochoceramus radiosus zones of the Lower and 
Upper Maastrichtian.

Lower Maastrichtian (Fig. 2)

Endocostea typica Zone

The lowermost part of the E. typica Zone is represented 
by a glauconitic horizon in the SW part of the Miechów 
Synclinorium (Jurkowska 2016). In the NW part of the 
studied area, it is represented by marly fossiliferous chalk 
in the Pełczyska section (Fig. 1b) with many Endocostea 
typica (Whitfield 1877), and small (<3 cm) Cataceramus 
subcircularis (Meek 1876) specimens. The Dziewięcioły, 
Brynica Mokra, Pińczów, and Kozubów localities (Fig. 1b) 
were described by Jurkowska (2016) and the rocks are com-
posed of white sandy chalk of the upper part of the E. typica 
Zone with numerous small (3–5 cm) representatives of C. 
subcircularis, Cataceramus barabini  (Morton 1834), and 
Cataceramus glendivensis (Walaszczyk et al. 2001).

Trochoceramus radiosus Zone

New findings of Trochoceramus radiosus specimens from 
Wola Chroberska, Strzeżów 2, and Rzędowice (Jurkowska 
2016) (Fig. 1b) confirmed that these sections represent the 
lower part of the T. radiosus Zone. In the Jelcza Wielka 
(Peryt and Dubicka 2009; Jurkowska 2016) and Michałów 
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Fig. 1  a Tectonic-sketch map of Poland (without Cenozoic cover) 
(after Pożaryski 1974; changed after Zelazniewicz 2008 and 
Zelazniewicz et  al. 2011; Jurkowska 2016). b Geological map of 

the Miechów Synclinorium (modified after Dadlez et  al. 2000 and 
Jurkowska 2016) with studied localities
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Fig. 2  Geological columns, stratigraphy (correlation of inoceramid zonation applied herein (after Walaszczyk et al. 2009, 2010, 2016) of the 
Upper Maastrichtian of studied area (Jurkowska 2016; this paper)
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(Jurkowska 2016) sections, new findings of Spyrideocera-
mus tegulatus (Von Hagenow 1842) forma A indicate the 
upper part of the T. radiosus Zone.

Jędrzejów 1 [N50°37′51.26″E20°17′37.05″] and Kle-
mencice [N50°32′31.89″E20°11′53.47″] (Fig. 1b) are newly 
studied sections and are exposed at the temporary road cut-
ting from Świątniki to Jędrzejów. In Jędrzejów 1 (Fig. 1b), 
sandy white chalk with abundant inoceramids is exposed, 
and specimens of C. subcircularis (3–4 cm) of the upper 
part of the E. typica Zone were recognized. In Klemencice, 
yellow, highly sandy chalk with a large number of C. sub-
circularis (6–9 cm) (Fig. 3a), C?. glendivensis (Fig. 3b), 
Trochoceramus cf. thomasi (Walaszczyk, Kennedy, Klinger, 
2009), Platyceramus cf. salisburgensis (Fugger and Kastner, 
1885) (Figs. 3g, 4a), and C. barabini were noted. Based on 
the inoceramid fauna, the section represents the upper part 
of the T. radiosus Zone (Walaszczyk et al. 2009, 2010). 

Upper Maastrichtian (Fig. 2)

Trochoceramus radiosus Zone

The newly studied Mierzawa section [N50°34′5.48″ 
E20°13′2.44″] (Fig. 1b) represents the youngest Upper Cre-
taceous blue and yellow highly sandy chalk of the Miechów 
Synclinorium. A rich inoceramid fauna composed of Spyri-
doceramus tegulatus (Von Hagenow, 1842) forma A (only in 
the lowermost part of the section) (Fig. 3e), Spyridoceramus 
tegulatus (Von Hagenow, 1842) forma B (see: Walaszczyk 
et al. 2010) (Fig. 3f), Cataceramus cf. subcircularis (Meek 
1876) (see: Walaszczyk et al. 2010) (Fig. 3c), and a sin-
gle representative of ‘Inoceramus’ cf. ianjoaensis morgani 
(Sornay 1973) (Fig. 3d), indicating the highest part of the 
T. radiosus Zone.

Inoceramid succession

In inoceramid terms, the studied succession comprises an 
interval from the E. typica to the T. radiosus Zone. In the 
E. typica Zone, the index taxon was noted only in the low-
est part of the zone, while above this only a mass occur-
rence of small (<4 cm) C. subcircularis and C. barabini was 
observed. In the uppermost part of the zone, representatives 
of C. subcircularis and C. barabini occur together with C. 
glendivensis. A gradual size increase of C. subcircularis is 
observed within the E. typica and T. radiosus zones. The E. 
typica Zone could be informally divided into a lower (with 
index taxon) and upper assemblage (with numerous small 
representatives of a Cataceramus Assemblage).

The index taxon of the T. radiosus Zone was noted only in 
the lower part of the zone, while a few meters above the FO 
of T. radiosus, a single representative of S. tegulatus forma 
A was observed (Jurkowska 2016). Above this, numerous 

representatives of C. subcircularis (6–9 cm), C.? glendi-
vensis, C. barabini, T. ?thomasi, and P. cf. salsiburgensis 
occur. The T. radiosus Zone could be informally subdivided 
into a lower assemblage with the index taxa (Trochoceramus 
Assemblage) and an upper one without them (Cataceramus 
Assemblage) (Walaszczyk et al. 2010). In the highest part 
of the studied succession, numerous representatives of S. 
tegulatus forma B (which is 4 m above mass occurrence of 
S. tegulatus forma A), C. cf. subcircularis (6–9 cm) and a 
single representative of ‘I.’ cf. ianjoaensis morgani were 
noted. The youngest assemblage represents the highest part 
of the T. radiosus Zone.

Materials and methods

The inoceramids were collected bed by bed from each sec-
tion providing a detailed stratigraphic framework enabling 
lateral correlations of the sections representing a single 
inoceramid zone. The sandy chalk was deposited under sta-
ble paleoenvironmental conditions with no signs of strong 
sea bottom currents, erosion, and synsedimentary tectonic 
movements, and are preferable targets for palynofacies anal-
ysis (Tyson and Follows 2000) and allow for the reconstruc-
tion of the intact pattern of particulate organic matter in the 
sedimentary basin. Because it was practically impossible 
to distinguish isochronous facies transitions according to 
Walther’s law, we decided to analyze most similar common 
and predominating lithology of sandy and marly chalk in all 
sections. On the one hand, it minimizes differential diage-
netic imprint on organic matter while on the other it ignores 
the subtle fluctuation of the local environment, which is neg-
ligible for the present scale of observation.

Thirteen outcrops (Figs. 1b, 2) representing Lower Maas-
trichtian to lower Upper Maastrichtian sandy/marly chalk 
were selected for palynofacies analysis. The samples were 
collected every 3 m from all sections (Fig. 2). For the final 
palynofacies analysis, the 14 most representative and least 
weathered samples from each section have been selected.

The idea to compare samples from several sections, 
preferably representing the same inoceramid zone and 
encompassing the widest lateral distance, was essential for 
the present study. Therefore, only a restricted number of 
samples met the requirements due to the inaccessibility of 
other stratigraphically equivalent areas devoid nowadays of 
outcrops.

One hundred grams of each rock sample was treated with 
37% HCl and 40% HF to remove carbonates and silicate 
minerals. Finally, the organic residue was neutralized on 
a sieve, the diameter of which was 15 μm, and condensed 
by heavy liquid  (ZnCl2, 2 g/cm3) separation. Two slides 
per sample were examined. Organic matter particles were 
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counted to 500 per sample. Microphotographs were taken 
using a Nikon Eclipse E-600 microscope equipped with 
phase contrast and a digital camera.

The palynofacies analysis, i.e., the classification of 
the main morphological components, follows the catego-
ries established by Tyson (1993, 1995). Late Cretaceous 

dinoflagellate assemblages are analyzed only for qualitative 
purpose, as the gonyalacoid type of cysts which predominate 
the samples are not characteristic for specific environmental 
conditions.

The measurements of opaque phytoclasts have been per-
formed using a ×40 microscope objective and a reticule. 
One hundred phytoclasts from each sample were counted. 
The shape of the clasts has been approximated to square 
or rectangular forms, and their respective edges have been 
measured. Following Tyson (1993), opaque phytoclasts with 
a length–width ratio higher than 3.0 have been classified as 
lath-shaped. Maximum and minimum clast size values are 
also presented to estimate the sorting ratio and distance from 
the shoreline. The Simpson’s Index of Diversity (1 − D) and 
Shannon’s diversity index diagram are provided for organic 
matter diversity reflecting proximal–distal position of the 
studied sections along the carbonate shelf.

Fig. 3  a Cataceramus subcircularis (Meek 1876), Klemencice, T. 
radiosus Zone; ZI/68/004. b Cataceramus? glendivensis Walaszc-
zyk, Cobban and Harries,  2001, Klemencice, T. radiosus Zone; 
ZI/68/003. c Cataceramus cf. subcircularis (Meek 1876), Mierzawa, 
T. radiosus  Zone; ZI/68/006. d ‘Inoceramus’ cf. ianjonaensis mor-
gani Sornay, 1973, T. radiosus  Zone; ZI/68/012. e Spyridoceramus 
tegulatus (Von Hagenow 1842) forma B, Mierzawa, T. radiosus Zone; 
ZI/68/009 f Spyridoceramus tegulatus (Von Hagenow 1842) forma 
A, Mierzawa, T. radiosus Zone; ZI/68/001. g Platyceramus cf. salis-
burgensis (Fugger and Kästner 1885), Klemencice, T. radiosus Zone; 
ZI/68/015. Scale bar 3 cm

◂

Fig. 4  Platyceramus cf. salisburgensis (Fugger and Kästner 1885), Klemencice, T. radiosus Zone; ZI/68/013. Scale bar 3 cm
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Palynofacies associations—cluster analysis

Based on the palynofacies analysis (Fig. 5), two main groups 
and two subgroups (Fig. 6) related to the facies distribution 
along the shelf are distinguished within the E. typica and T. 
radiosus zones. The groups are created automatically by hier-
archical clustering provided by the PAST software package 
(Hammer et al. 2001). The “unweighted pair-group average” 
(UPGMA) algorithm has been applied with the Euclidean 
similarity index to ensure the best results. The Cohen’s kappa 
coefficient for the cluster analysis was 0.8535, which reflects 
an almost perfect agreement. Two major groups of palynofa-
cies and one subgroup have been distinguished on the distance 
level of ca. 145 (Fig. 6). Minor internal difference of the first 
group could be explained by natural fluctuations of palyno-
facies components in shore vicinity and close geographical 
location (Müller 1959; Traverse 1988; Tyson 1995). 

The first palynofacies group (Fig. 7a–d) has been rec-
ognized in samples from the Pełczyska (1/1 and 1/18), 
Pińczów, Kozubów, Wola Chroberska, Jelcza Wielka, and 
Michałów sections. All samples are characterized by a high 
abundance and diversity of particulate organic matter. They 

are also dominated by land-derived palynological compo-
nents with a predominance of opaque phytoclast, pollen 
grains, as well as large and intact cuticle particles, resin, 
and cortex. Additionally, prasinophyte algae (Tasmanites 
sp., Pterospermella sp.) (only in Pełczyska, Kozubów, 
and Michałów) and chlorococcale algae (Botrycoccus sp., 
Palambages sp.) (Pełczyska) have been recognized. Marine 
palynomorphs are moderately abundant, and are mostly rep-
resented by dinoflagellate cysts especially in the Pełczyska 
(1/1 and 1/18), Pińczów and Michałów sections. This leads 
to an internal diversification of this palynofacies group in 
terms of clustering (Fig. 8). Moreover, the samples from 
Pełczyska 1/1 and Pełczyska 1/18 show noticeable admix-
tures of foraminifera test linings and a noticeable content of 
amorphous organic matter (AOM), which also predominates 
the samples from Wola Chroberska.

The predominance of the phytoclast group with a high 
content of opaque particles is the key feature of the second 
group. Within this group, two subgroups have been distin-
guished. The first subgroup (Figs. 7e, f; 8a–c) is recognized 
in the sections Brynica Mokra, Dziewięcioły, Jędrzejów 1, 
and is characterized by features typical for the second group, 

Fig. 5  Quantitative palynofacies data from the studied samples
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but a moderate content of translucent phytoclast and sporo-
morphs is also noted. Cuticle, resin, and single-cortex tis-
sues are present, but with conspicuously declining tendency. 
Marine plankton content represented by dinoflagellate cyst 
is noticeable. The samples from Dziewięcioły are unique 
as they contain large quantities of bisaccate pollen grains.

The second subgroup of the second group (Fig. 8d–f) 
is encountered in the Strzeżów 1 and 2, Rzędowice, Kle-
mencice, and Mierzawa sections, and is characterized by a 
predominance of the phytoclast group with high content of 
opaque particles. Translucent particles are mainly composed 
of brown structured wood tissue. Dinoflagellate cysts are 
noted in all samples.

To understand the provenience of the palynofacies 
grouped by cluster analysis, the widely used plots of Tyson 
(1993, 1995) and further modification of Roncaglia and 
Kuijpers (2006) and Zobaa et al. (2015) have been used. 
Tyson’s (1993) ternary diagram revealed the concentra-
tion of the studied samples within fields I and III (Fig. 
Online Resource 1). According to the definition, they rep-
resent “highly proximal shelf or basin” and “heterolithic 
oxic shelf (proximal shelf)” environments, respectively. In 
this way, the most diverse palynofacies associations from 
the first group have been placed in the “proximal shelf” 
environment field and the second group with monospecific 
high content of opaque particles in the “highly proximal 

Fig. 6  Dendrogram (r-mode) of 
the palynofacies from outcrops 
studied showing the three dis-
tinctive environmental groups
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shelf” field. The positions within the fields in the present 
study are evidently constrained by the content of marine 
palynomorphs with a major influence of the abundance 
dinoflagellate cysts.

Palynofacies—diversity indexes

Due to some discrepancies within the used palynofacies 
ternary plots (Tyson 1993, 1995; Roncaglia and Kuijpers 

Fig. 7  Microscopic photographs of the most representative palynofacies of studied sections. Scale bar of 500 µm valid for all captions. First 
group (proximal palynofacies): a–c Pełczyska, d Pińczów, e Jelcza Wielka, f Michałów
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2006), especially with respect to the identification of proxi-
mal–distal environments, diversity indexes of sedimentary 
organic matter have been calculated. Widely used diversity 
indexes in the ecological study are the Simpson’s Index of 

Diversity (1 − D) and the Shannon’s diversity index, both 
of which have been used herein. The results of the diversity 
analysis are presented in the Fig. 9a, b, where the values of 
both indexes are plotted for all studied locations in ascending 

Fig. 8  Microscopic photographs of the most representative palynofa-
cies of studied sections. Scale bar of 500 µm valid for all captions. 
Second group-first subgroup (intermediate palynofacies): a Brynica 

Mokra, b Dziewięcioły, c Jędrzejów 1; Second group-second sub-
group (distal palynofacies) d Strzeżów1, e Mierzawa, f Strzeżów 1
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order. Simpson’s Index spans the values from 0.004 to 0.80, 
and Shannon’s index from 0.12 to 1.75. In both cases, the 
increasing values of indexes coincide with a higher biodiver-
sity connected to a more diversified palynological content. 

The higher diversity of organic particles could also be 
interpreted as a proximity index to the source area (Müller 
1959; Degens and Mopper 1976; Tyson 1993). The ranges 
of biodiversity constrained by the Simpson and Shannon 
indexes follow the three groups of palynofacies revealed by 
the cluster analysis (Fig. 6). The boundaries between the 
diversity groups are sharply distinguishable by the Shannon 
index values (Fig. 9a, b). The boundary between less diversi-
fied and intermediate palynofacies groups run across 0.507 
and 0.681 and between intermediate and most diversified 
palynofacies across 1.003 and 1.334 of the Shannon index. 
Subsequently, general diversity indexes for all samples are 
tested for time intervals of the samples assigned to the Maas-
trichtian E. typica and T. radiosus zones separately (Fig. 9a, 
b). For the E. typica Zone, three generations of index val-
ues are discernible with the boundaries placed between the 
Kozubów-Dziwięcioły and the Brynica Mokra-Strzezów 
2 sections. These indexes reflect three sedimentary zones 
within a basin with westwards-declining diversity of organic 
matter. A similar trend is observed for the T. radiosus Zone, 
however only two diverse populations were noted.

Distance from the shoreline—opaque phytoclasts’ size

The size analysis of opaque phytoclasts used for evaluation 
of the distance (Tyson and Follows 2000) from the shore-
line is presented in Fig. 9a, b. The actual distance of 35 km 
between analyzed areas approximates the original sedimen-
tary distances in the basin with relation to the shoreline 
(Figs. 4, 6). Mean values of opaque phytoclast sizes from 
samples collected from all analyzed sites range from 80 µm 
to about 35 µm (Fig. 9a, b). The study of samples revealed 
that quantitative variations in size, shape, and preserva-
tion of plant debris correlate with actual distance from the 
shoreline along shelf deposits. The opaque phytoclast size 
curve for the E. typica Zone shows a continuous but rela-
tively steep trend of decreasing values from the Pełczyska to 
the Strzeżów 1 sections. The maximum value of 80 µm for 
Pełczyska 1/18 is related to a proximal position in the basin. 
The curve for the T. radiosus Zone, starting with a value of 
62 µm value for the Michałów section, reveals two popula-
tions of phytoclast size and a flat character. This probably 
expresses a more distal locality with respect to the terrestrial 
organic matter input and a more stable dispersal of organic 
particles offshore. When calculating opaque phytoclast sizes, 
the clear differences between maximum and minimum size 
ranges in the Pełczyska and Pińczów sections stood out. This 
trend decreased distally. According to Tyson (1993), this 
results from a low sorting value, characteristic for nearshore 
areas, which is a function of distance from the source area.

According to the size analysis of Tyson and Fol-
lows (2000), the 35-µm size of the opaque phytoclast 

Fig. 9  a, b Lateral variations of opaque phytoclasts sizes and diver-
sity indexes from two transects along distinguished palynofacies 
zones
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corresponds to a distance of 10 km from the shoreline. In 
our study, the same values occur in the sections situated 
at least approximately 20–35 km from inferred shoreline. 
This discrepancy is probably due to seafloor configurations 
and sedimentary basin character for both case studies.

Phytoplankton assemblages

Only a few samples from the studied material yield rich 
and diversified phytoplankton assemblages (Fig. 10). They 
are represented by autotrophic and heterotrophic dinoflag-
ellates cysts, phycoma of prasinophytes, and colonies of 
chlorococcale algae (Fig. 11). The most diverse assem-
blages occur in the Pełczyska, Pińczów and Michałów 

sections. The Wola Chroberska, Kozubów, Jelcza Wielka, 
Brynica Mokra and Dziewięcioły sections are charac-
terized by scarce phytoplankton content, whereas the 
Jędrzejów, Klemencice, Rzędowice, Strzeżów and Mier-
zawa sections are practically barren with records of only 
2–5 specimens per slide.

Discussion

Cluster analyses of organic matter combined with palynofa-
cies diversity and opaque phytoclast size analyses in strati-
graphically well-constrained sections provide valuable data 
for paleogeographic reconstructions in monotonous Upper 

Fig. 10  Qualitative distribution 
of dinoflagellate cyst in studied 
samples
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Cretaceous carbonate-siliciclastic rocks. The models of 
organic matter distribution which originated from clastic 
sedimentary systems (Tyson and Follows 2000; Roncaglia 
and Kuijpers 2006) could not be directly applied to carbonate 
sedimentary systems (Courtinat and Malartre 2003; Goetz 
et al. 2008). The dynamic nature of sedimentary basins and 
carbonate sediments influenced by siliciclastic deposits have 
to be carefully considered are especially important for creat-
ing meaningful paleogeographic reconstructions. Accord-
ing to Zeller et al. (2015), a mixing of carbonate produc-
tion and siliciclastic input causes variable sedimentation 
conditions and a high degree of lateral and vertical facies 
heterogeneity. Generally, carbonate facies development is 
triggered by the requirements of the carbonate-secreting 
biota, which are controlled by temperature, salinity, sea-
level change, input of siliciclastic sediments, and nutrients 
(Sanders and Höfling 2000). It seems that the sedimentary 
conditions of the Late Cretaceous low-energy basin in the 
Miechów Synclinorium have been predominately driven by 
blooms of coccolithophores (Saavedra-Pellitero et al. 2014) 
as well as inputs of siliciclastic deposits of terrestrial origin. 
These conditions lead to restricted environments unaffected 
by high energetic sedimentary processes more characteris-
tic for clastic deposits and classic carbonate ramp setting 
(Courtinat and Malartre 2003). Therefore, it seems that the 
aforementioned trends within sizes of opaque phytoclasts 
as well the diversity indexes for particulate organic matter 
are a reliable proxy of shoreline distance within the studied 
area. The application of these parameters combined with 
those from palynofacies and phytoplankton analyses allowed 
for reconstructions of proximal–distal palynofacies trends to 
be distinguished (Fig. 12) (Tyson and Follows 2000; Tyson 
1993; Batten 1982; Goetz et al. 2008).

The first group of palynofacies characterized by high 
abundance of particulate organic matter is dominated by 
land-derived components with a predominance of opaque 
phytoclast pollen grains as well as large and intact cuticle 
particles, resin, and cortex. This, combined with a higher 
diversity of organic particles and maximum sizes of opaque 
phytoclast, indicates proximal conditions in the Wola Chrob-
erska and Pełczyska sections. These sections are conspicu-
ously enriched in AOM, indicating lagoonal conditions or 
vicinity of marshes, where AOM is well preserved (Rich 
1989). Moreover, in Pełczyska, the occurrence of chlorococ-
cale algae, represented by Botrycoccus sp. (Traverse 1988; 
Wetzel 1983) and Palambages sp. (Prauss 2000), confirms 
the influence of fresh water, at least occasionally. Botryococ-
cus algae are widely used in palynological studies to deter-
mine fresh water environments (lacustrine, fluvial, lagoon, 
and deltaic) (e.g., Batten and Lister 1988; Guy-Ohlson and 
Norling 1988; Riding et al. 1991; Williams 1992). Subse-
quently, Botryococcus colonies may be transported by the 
rivers towards marine shelf facies (Combaz et al. 1977; 
Caratini et al. 1983; Guy-Ohlson 1986; Prauss 1989) and 
therefore often occur together with marine algae.

An increased occurrence of prasinophyte algae, repre-
sented by Tasmanites sp. and Pterospermella (Tappan 1980; 
Bernier and Courtinat 1979; Prauss 1989) with large intact 
cuticle tissues and needle-shaped phytoclasts, seems to con-
firm a close distance of these sites to the fluvio-deltaic or 
lagoonal environments, and probably local water stratifica-
tion (Tyson 1984, 1993). This is further indicated by the 
apparent influx of terrestrial palynomorphs in the Kozubów 
and Michałów sections.

The first subgroup within the second group of palynofa-
cies, predominated by opaque particles with moderate con-
tent of translucent phytoclast and sporomorphs indicates 
intermediate palynofacies. This is further supported by the 
moderate index diversity and medium value of opaque phy-
toclast sizes. The absence of intermediate palynofacies in the 
T. radiosus Zone is the result of lacking the outcrops due to 
the extensive cover of the Maastrichtian rocks by younger 
deposits. The conspicuous enrichment of bissacate pollen 
grains in the Dziewięcioły section, located in intermediate 
palynofacies, is probably due to bypass processes (Milden-
hall 2003) generated by wind transport from the conifer-rich 
area of Pełczyska site located next to the postulated land 
area.

The second subgroup of the second palynofacies group, 
composed almost solely of phytoclasts with high content 
of opaque particles, is characterized by the lowest diversity 
index and smallest size values of opaque phytoclast, and 
indicates the distal palynofacies of the studied sections.

The declining tendencies of marine palynomorphs from 
the proximal, through the intermediate, towards the dis-
tal part of the shelf are probably driven by local nutrient 

Fig. 11  Photographs of the selected taxa of dinoflagellate cyst and 
other algae from studied samples. Scale bar of 50  μm valid for all 
photographs. a Odontochitina operculata (Wetzel, 1933) Deflan-
dre and Cookson, 1955, Pińczów. b Membranilarnacia sp Eisenack, 
1963, Pińczów. c Spongodinium delitiense (Ehrenberg, 1838) Deflan-
dre, 1936, Pełczyska 1/1. d Spiniferites ramosus (Ehrenberg, 1838) 
Mantell, 1854, Pełczyska 1/18. e Cerodinium diebelii Alberti, 1959) 
Lentin and Williams, 1987, Pełczyska 1/18. f Riculacysta amplexa 
Kirsch, 1991, Brynica Mokra. g Areoligera senonensis Lejeune-Car-
pentier, 1938, Michałów. h Hystrichosphaeridium tubiferum (Ehren-
berg, 1838) Deflandre, 1937, Pińczów. i Spinidinium eggeri Kirsch, 
1991, Pełczyska 1/1. j Glaphyrocysta semitecta (Bujak, 1980) Lentin 
and Williams, 1981, Brynica Mokra. k Biconidinium reductum (May, 
1980,) Kirsch, 1991, Pińczów. l Heterosphaeridium sp Cookson and 
Eisenack, 1968, Kozubów. m Dinogymnium acuminatum Evitt et al., 
1967, Pełczyska 1/18. n Oligosphaeridium complex (White, 1842) 
Davey and Williams, 1966, Michałów. o Apteodinium delicatum 
(Davey, 1975) Schrank, 1987, Pińczów. p Palynodinium grallator 
Gocht, 1970, Pełczyska 1/1. q Botrycoccus sp., Pełczyska 1/1. r Pter-
ospermella sp., Pińczów. s Tasmanites sp., Pińczów. t Palambages 
sp., Pełczyska, 1/1

◂
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circulation in the basin. Dinoflagellates produce fossil cysts 
during periods of unstable conditions in shallow-water envi-
ronments along continental margins and around oceanic 
archipelagos (Wall et al. 1977). In normal conditions, the 
abundance of dinoflagellate cysts is in inverse proportion 
to the content of terrestrial palynomorphs. However, they 
can predominate in shelf areas devoid of active fluvio-del-
taic influences, in areas poorly covered by vegetation, and 
in areas of enhanced primary productivity (Tyson 1993). 
Increased productivity is usually the effect of upwelling 
currents generated by wind, or nutrient influx by terrestrial 
runoff (Davey 1970; Davey and Rogers 1975; Hooghiemstra 

et al. 1986). It often results in an enrichment in peridin-
ioid dinoflagellate cyst taxa (Wall et al. 1977; Bujak 1984). 
According to many authors (Downie et al. 1971; Davey 
1970; Mutterlose and Harding 1987; Lister and Batten 
1988), peridinioid-dominated assemblages are also indica-
tive of nearshore lagoonal, estuarine, or brackish water 
environments (Pełczyska). Generally, dinoflagellate cyst 
diversity shows on offshore increase. However, reversed 
tendencies sometimes occur in estuarine environments 
(Wall et al. 1977; Morzadec-Kerfourn 1977; Tyler et al. 
1982). Impoverished macrofauna assemblages observed by 

Fig. 12  Palynofacies interpre-
tation of studied area during 
Maastrichtian time
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Jurkowska (2016) also reflect offshore diminishing diversity 
and abundance in the Miechów Synclinorium.

The results presented here suggest the occurrence of 
an island area in close proximity of the sections belong-
ing to the first group, i.e., the proximal palynofacies. The 
proximal part of this system is indicated by a high diver-
sity of terrestrial organic matter, influence of fresh water 
input (Botrycoccus), high productivity probably controlled 
by terrestrial runoff, which results in high abundance of 
peridinioid dinoflagellate cysts and larger sizes of opaque 
phytoclasts. Towards the distal part of the shelf, the number 
of terrestrial-derived particles and dinoflagellates declines, 
and the size of wood particles and the diversity indexes are 
reduced. The distal facies are practically solely represented 
by opaque phytoclasts assemblages of rounded shapes and 
small sizes. The low number of dinoflagellate cysts in this 
part of the system is explained by local trophic conditions.

The island, which was probably connected with the Kuke-
rnitz Island (Fig. 13) was located close to the Danish-Polish 
Trough (present day Mid-Polish Anticlinorium). Generally, 
two divergent opinions of the time of inversion of the Dan-
ish-Polish Trough have been established. Dadlez et al. (1997) 
and Leszczyński (2012) presented the idea of a multiphase 
inversion, which may have started during Santonian–Cam-
panian and reactivated older synsedimentary structures. The 
key data for this interpretation is based on lithofacies pattern 
and geometry of the Upper Cretaceous succession and thick-
ness analysis. Kutek and Głazek (1972), Świdrowska and 
Hakenberg (1999), Świdrowska et al. (2008), and Jurkowska 

(2016) presented data which indicate that the inversion could 
not have started before the Maastrichtian. This is based on 
the increasing thickness of the whole Upper Cretaceous suc-
cession in the direction of the Holly Cross Mountains (Kutek 
and Głazek 1972; Heller and Moryc 1984; Świdrowska and 
Hakenberg 1999; Świdrowska et al. 2008; Jurkowska 2016). 
Świdrowska and Hakenberg (1999) also presented lithofa-
cies data of Upper Cretaceous deposits, indicating increasing 
water depths towards the Holy Cross Mountains. Recently, 
based on detailed stratigraphy, a more complicated model 
of inversion has been discussed (Walaszczyk and Remin 
2015; Jurkowska 2016). New high-resolution seismic data 
(Krzywiec 2000; Krzywiec et al. 2009) also indicate a more 
complicated model in which the individual parts of the 
Danish-Polish Trough have been inverted at different times.

The data presented in this paper indicate that during the 
early Late Maastrichtian, the sea was still present in the 
Miechów Synclinorium, and an uplifted area of the Holly 
Cross Mountains part of the Danish-Polish Trough was 
emerged and was providing the terrigenous material to the 
southeastern areas.

Conclusions

The palynological study combined with a palynofacies 
analysis supported by size analysis of opaque phytoclasts 
and diversity indexes for particulate organic matter in well 
stratigraphically constrained monotonous Upper Cretaceous 

Fig. 13  Simplified Late Cretaceous (75  Ma) paleogeographic map 
(Naidin 1959; Kauffman 1973; Ziegler 1990; Philip et  al. 2000; 
Świdrowska et  al. 2008; Jurkowska et  al. 2015 modified; Bojanow-
ski et  al. 2017) with regional paleogeographical data inferred from 

palynofacies analysis. 1 areas of non-deposition, 2 deltaic, coastal 
and shallow-marine siliciclastic facies, 3 near-shore facies, 4 shallow-
marine facies, 5 deeper-marine facies
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carbonate-siliciclastic sediments devoid of unequivocal 
sedimentological and paleontological data is a valuable 
tool in determining the depositional environments. Despite 
the monotonous lithology and the lack of macrofaunistic 
paleoenvironmental indicators, the distribution of sedimen-
tary organic matter suggests the occurrence of proximal to 
distal shelf facies belts with a well-developed intermediate 
facies zone. The size analysis of opaque phytoclasts indi-
cates a close distance of the studied area from the shore. This 
is also confirmed by the increased quantity of chlorococcale 
algae represented by Botrycoccus sp. and Palambages sp. 
and the increase number of heterotrophic Peridinioid spe-
cies and foraminifera test linings in proximal samples. The 
presented data indicate that during the Maastrichtian an 
uplifted area existed in the Holy Cross part of the Danish-
Polish Trough. The youngest Upper Cretaceous rocks of the 
Miechów Synclinorium, for the first time described in the 
present paper, indicate that the sea was still present during 
the early Late Maastrichtian.
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