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The Owadów-Brzezinki Quarry, on the north-west-
ern margin of the Holy Cross Mts., is a unique outcrop of 
the Tithonian in the territory of extra-Carpathian Poland  
(Fig. 1). It is a famous palaeontological site, rich in ex-
ceptionally well-preserved terrestrial and marine fossils, 

which are important for palaeontology, stratigraphic corre-
lation and palaeoenvironmental reconstruction (e.g., Błaże-
jowski et al., 2016, 2023; Wierzbowski et al., 2019). The 
Owadów-Brzezinki Quarry is located on the south-eastern 
part of the Laramide-age Tomaszów Mazowiecki Syncline, 
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Abstract: A multi-phase succession of karst sinkhole deposits in the tectonic zone of the Owadów-Brzezinki 
limestone quarry at the north-western margin of the Holy Cross Mts. was studied in detail, using petrographic, 
palynological and other palaeontological methods. Upper Jurassic limestones are covered by a residual reddish 
brown clay layer of terra rossa type and a yellow-brown, loose calcareous deposit of a silt fraction. The yel-
low-brown calcareous silt consists of rhombohedral calcite grains, which may have been formed by the disaggre-
gation of speleothems. The colouration of both deposits and clay mineral admixtures point to intensive weathering 
under a subtropical climate. The successive deposits of the sinkholes include coaly clay and a layer of whitish, 
microcrystalline, siliceous sinter. The coaly clay yielded a rich Middle Miocene palynofloral assemblage, indic-
ative of a warm temperate and humid climate, as well as freshwater algae, which inhabited surface-water pools.  
The origin of the siliceous sinter probably is related to the activity of a hot spring. The youngest, massive infillings 
of the sinkholes consist of grey silty clays, which yielded marine bivalves, gastropods and Dichotomites ammo-
nites, diagnostic for the Upper Valanginian as well as white yellow quartz sands of Upper Hauterivian? – Middle 
Albian age. The massive siliciclastic deposits probably slumped into the sinkholes during their final collapse.  
The sinkhole infillings document the development and timing of karst processes, Middle Miocene climatic con-
ditions and the original succession of Lower Cretaceous–Neogene strata of the study area, which were removed 
from the surface by erosion.

Key words: Palaeokarst infillings, Miocene coal and palynoflora, siliceous sinter, Lower Cretaceous marine  
deposits, Valanginian ammonite fauna.
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Fig. 1.	 Location of the study site. A. Location of the study area in Poland. B. Geological map of the Tomaszów Mazowiecki Syncline 
with reported karst phenomena and the location of the Owadów-Brzezinki Quarry (after Matyja and Wierzbowski, 2014; modified). 
Lithological divisions: A – siltstones, calcareous mudstones and claystones (Middle Jurassic); B – “chalcedonies” (Middle Callovian–
Middle Oxfordian?); C – Częstochowa Sponge Limestone Formation (Oxfordian–Lower Kimmeridgian); D – Pilica Formation (Lower 
Kimmeridgian); E – Coral Limestone Formation (Lower Kimmeridgian); F – “Oolite” formation (Lower Kimmeridgian) including F1,2 
– Lower and Upper Kurnędz Limestone Member, F3 – Middle Marly association, and F4 – Oolite-Platy Limestone Member; G – Stob-
nica Lumachelle Formation (Lower–Upper Kimmeridgian); H – Pałuki Formation (Upper Kimmeridgian–Lower Tithonian); I – Kcynia 
Formation (Upper Tithonian); J – Wąwał Formation, an equivalent of the combined Opoczki Member of the Rogoźno Formation, the 
Bodzanowo Formation and the Wierzchosławice Member of the Włocławek Formation (Valanginian) as well as younger Hauterivian 
deposits; K – Biała Góra Formation (Upper Hauterivian?–Middle Albian); L – mudstones and gaizes (mid-Upper Cretaceous). Location of 
Mniszków IG 1 and Tomaszów Mazowiecki GT 1 boreholes is marked with red dots. C. An upper part of the main karst sinkhole section 
in the Owadów-Brzezinki Quarry with 1 – re-deposited Cretaceous silty clays, surrounded by 2 – uppermost Jurassic limestones.
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close to its axis. There are exposed Lower–Upper Tithonian 
boundary strata, consisting of marls of the uppermost part of 
the Pałuki Formation and limestones of the lower part of the 
Kcynia Formation, which dip slightly to the north-west and 
are covered by Quaternary deposits (Kin et al., 2013; Matyja 
and Wierzbowski, 2016; Wierzbowski et al., 2016). 

Although the Tithonian limestones underwent Paleo-
gene–Neogene weathering and karstification processes, 
which were widespread in the south Polish Uplands (cf. 
Głazek, 1989; Liszkowski, 1996), only isolated karst phe-
nomena have been reported, so far, from the Tomaszów Ma-
zowiecki Syncline and its vicinity. This is probably due to 
the thick Cretaceous and Quaternary cover of siliciclastic 
deposits. The known karst phenomena on the north-east-
ern limb of the syncline include a few karst sinkholes and 
the “Niebieskie Źródła” springs at Tomaszów Mazowiecki, 
which are developed in Tithonian limestones and fed by wa-
ters circulating in these deposits (Lencewicz, 1913; Małecka, 
1997). Karst sinkholes and small karst valleys, developed 
in the Oxfordian–Lower Kimmeridgian limestones, are also 
known from the south-western limb of the Tomaszów Ma-
zowiecki Syncline, in the areas around Sulejów and Paradyż 
(Różycki, 1946; Barczyk, 1961; Głazek and Szynkiewicz, 
1980a; Fig. 1). In addition, a presumed karst sinkhole, filled 
with Miocene deposits, was observed in a similar geological 
position in the Modrzew borehole on the north-eastern limb 
of the Tomaszów Mazowiecki Syncline (Szałamacha, 1992).

Easily detectable karst sinkholes have been observed in 
the Owadów-Brzezinki Quarry, beginning in 2016. Since 
that time, the quarry has expanded by a few hundred metres 
to the north, revealing the presence of numerous partly ex-
posed sinkholes, filled with siliciclastic, siliceous and coaly 
deposits. The sinkholes preserve Lower Cretaceous and  
Neogene deposits, eroded from the surface, and constitute  
a window into their lithology and depositional settings. 

Reconstruction of the evolution of the newly discovered 
karst sinkholes in the Owadów-Brzezinki Quarry and sed-
imentological analysis of their infillings are the main goals 
of the present study. It also aims at dating and deciphering 

the regional depositional and palaeoenvironmental settings 
of previously unknown karst forms, developed in Tithonian  
limestones in the southern part of the Tomaszów Ma-
zowiecki syncline. The analysis of sinkhole coaly depos-
its is particularly useful for the reconstructions of ancient 
floristic assemblages (e.g., Ochoa et al., 2016). It is worth 
noting that palynological studies of karst sediments rarely 
have been conducted in Poland. Examples include: the pal-
ynological analysis of Miocene and Oligocene palynofloras, 
found in karst sinkholes developed in the Middle Triassic 
limestones in the Upper Silesian-Kraków Upland (Rogala 
and Sadowska, 2003; Worobiec and Szulc, 2010a, b, 2020; 
Worobiec, 2011, 2014b; Szulc and Worobiec, 2012; Szulc et 
al., 2015) and the Middle Miocene palynoflora of the Nowy 
Waliszów karst site in the Eastern Sudetes (Sobczyk et al., 
2024), all of which were used for dating and palaeoenviron- 
mental reconstruction. The same applies to the Quaternary 
fossil plant assemblages in the karstic deposits of the Nida 
Trough (Szczepanek, 1971) and the Neogene plant macro- 
remains in the karst sinkholes of the Upper Silesia Upland 
in southern Poland (Baranowska-Zarzycka, 1980).

GEOLOGICAL SETTING

The karst sinkholes of the Owadów-Brzezinki Quarry oc-
cur along a 60-m-wide zone of strongly weathered Tithonian 
limestones of the Kcynia Formation, extending downwards 
to the top of the light grey marls of the Pałuki Formation 
(Fig. 2). This zone corresponds to the prominent subvertical 
fault, stretching in a WNW–ESE direction (110°–120° azi-
muth), the southern block of which was moved downward 
by a few metres. Field measurements indicate that some 
karst sinkholes attain a few tens of metres in diameter. They 
contain displaced dark silty clays and white-yellow sands 
of Early Cretaceous age as well as coaly deposits and a sili-
ceous sinter band of presumed Miocene age.

The lithological succession of the Owadów-Brzezinki 
Quarry comprises the ~2-m-thick uppermost part of the clayey 

Fig. 2.	 A general view of the Owadów-Brzezinki Quarry, showing the tectonic fault zone with a WNW–ESE trend and karst phenome-
na. The location of a main karst sinkhole is indicated by an arrow.
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Pałuki Formation and locally karstified limestones of the 
Kcynia Formation ~25 m in thickness. The latter deposits are 
divided into the Sławno Limestone Member (units I and II),  
which consists of chalky/micritic limestones with marly 
limestone intercalations and organo-detrital limestones as 
well as the informal Corbulomima limestones (unit III) and 
serpulite beds (unit IV; cf. Matyja and Wierzbowski, 2016; 
Wierzbowski et al., 2016). The Tithonian section is overlain 
by a stratigraphic unconformity and a cover of Quaternary 
sands and gravels, a few metres thick.

The topmost part of the Pałuki Formation and the lower 
part (unit I) of the Sławno Limestone Member are dated to 
the Scythicus–Virgatus zone boundary of the “Middle Vol-
gian” and the Fittoni–Albani zone boundary of the English 
“Upper Kimmeridgian” and the “Portlandian” (Matyja and 
Wierzbowski, 2016). The exact position of the Lower/Up-
per Tithonian boundary, which may occur at the base of the  
Owadów-Brzezinki section, is not known; the limestone 
strata of the Kcynia Formation are, however, correlated with 
the lowermost Upper Tithonian (Błażejowski et al., 2023). 

The Lower Cretaceous beds are not present in the Owa- 
dów-Brzezinki Quarry but occur close to it in the internal 
parts of the Tomaszów Mazowiecki Syncline (Fig. 1). A so-
called “Infravalanginian”, currently assigned to the lower 
part of the Rogoźno Formation, consists of a basal conglom-
erate, overlying an erosion surface, and claystone-mud-
stone-sandstone deposits with iron oolites and siderite con-
cretions (Witkowski, 1969; Marek, 1997). The sedimentology 
and stratigraphy of Valanginian–Hauterivian deposits of the 
predominant mudstone-claystone lithology were studied in 
detail in the Wąwał clay pit on the north-eastern limb of 
the Tomaszów Mazowiecki Syncline and documented in  
a few boreholes (cf. Witkowski, 1969; Raczyńska, 1979; Ku-
tek et al., 1989; Dziadzio et al., 2004; Morales et al., 2015). 
The Valanginian deposits, previously assigned to the Wąwał 
Formation, are nowadays included in: (1) the Opoczki Mem-
ber of the Rogoźno Formation, (2) the Bodzanowo Forma-
tion and (3) the Wierzchosławice Member of the Włocławek 
Formation (cf. Poręba, 1987; Marek, 1997; Dziadzio et al., 
2004). The youngest, Hauterivian part of the Włocławek 
Formation of the Tomaszów Mazowiecki Syncline, con-
sisting of sandy claystones and mudstones, is overlain by 
kaolinite sandy, silty and sandstone deposits of the Biała 
Góra Formation, which are dated ambiguously to the Mid-
dle Albian or to a longer Upper Hauterivian–Middle Albian 
interval (Raczyńska and Cieśliński, 1960; Raczyńska, 1979; 
Marcinowski and Rudowski, 1980; Poręba, 1987; Szałama-
cha, 1992; Poręba et al., 2018). They probably correspond to 
the Kruszwica Member of the Mogilno Formation, which is 
widespread in the central part of the Polish Lowlands (Mar-
cinowski and Rudowski, 1980). 

A general lack of Lower Cretaceous deposits near Owa- 
dów-Brzezinki is probably a result of their low original 
thickness in the southern part of the Tomaszów Mazo- 
wiecki Syncline and wide-scale erosion (e.g., Witkowski, 
1969; Poręba, 1987; Kutek et al., 1989). It is, however, 
worth noting that presumed clasts of lowermost Cretaceous 
mudstones have been found recently in the rubble breccia 
at the erosional surface, developed on the topmost part 
of the Jurassic limestones in the northernmost part of the 

Owadów-Brzezinki Quarry. This breccia locally may con-
tain material, younger than the rocks in the central part of 
the quarry (cf. Witkowski, 1969).

MATERIAL AND METHODS

Sinkhole deposits of the Owadów-Brzezinki Quarry were 
successively examined and sampled in the years 2016–2023 
for palynological, macrofaunal and sedimentological studies. 

Thin sections prepared from karstified uppermost Juras-
sic limestones as well as the siliceous and silty clay deposits 
of the karst sinkholes were studied, using the petrographic 
optical microscope (Zeiss, Axio Scope A1) with a digital 
camera, and the scanning electron microscope (SEM) Zeiss 
Leo 1430, equipped with energy-dispersive X-ray spectros-
copy (EDS) elemental detectors. Fragments of the loose 
and clayey deposits of the sinkholes were studied, using the 
SEM Zeiss Leo 1430 and Thermo Fisher Quattro S micro-
scopes, with EDS detectors, to document the original fabric 
and composition of the rocks.

Two palynological samples, taken from the coaly clay de-
posits of the main sinkhole, were processed in the Laborato-
ry of the W. Szafer Institute of Botany, Polish Academy of 
Sciences, Kraków, using successively 10% hydrochloric acid 
(HCl), 10% potassium hydroxide (KOH), 40% hydrofluoric 
acid (HF), and 10% hydrochloric acid (HCl; cf. Moore et al.,  
1991; Worobiec et al., 2021). The residuum was sieved at  
5 µm on a nylon mesh. Microscope slides were made, using 
glycerine jelly as the mounting medium. Spore-pollen, algae 
and fungal remains analysis was conducted on the basis of 
ten slides. The identified fossil taxa of pollen and spores of 
plants were classified and divided into “Palaeotropical” (P), 
including “tropical” (P1) and “subtropical” (P2), “Arctoter-
tiary” (A), including “warm-temperate” (A1) and “temperate” 
(A2), as well as cosmopolitan (P/A) elements, based on the 
Atlas of Pollen and Spores of the Polish Neogene (Stuchlik et 
al., 2001, 2002, 2009, 2014). Microphotographs of selected 
pollen grains and algae were taken, using a Nikon Eclipse 
E400 microscope, fitted with a Canon A640 digital camera. 

Three samples, taken from the coaly clay layer outcropping 
in the same sinkhole, were examined for the presence of 
macroscopic plant remains. They were prepared in the Mu-
seum of the Earth in Warsaw, Polish Academy of Sciences. 
The samples were disaggregated in boiling water, with add-
ed laundry detergent. The resulting suspension was washed 
through a sieve with a 0.2-mm mesh diameter. 

A piece of coalified and partially pyritised wood  
(5 x 3 cm), which was found in a debris pile at the base 
of the main sinkhole, also was studied. For identification 
purposes, the wood fragment was impregnated with epoxy 
resin and cut into transversal, tangential and radial thin sec-
tions. Its thin sections were examined with a Nikon optical 
microscope, equipped with a digital camera.

Several specimens of marine macrofauna, including am-
monites, bivalves and gastropods, were collected from the 
grey clays in the central part of the main sinkhole, occur-
ring in the tectonic zone. The same applies to the micro-
fossils studied by Chrząstowska et al. (2025), whose re-
sults are reported in the present paper. The most valuable 
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macrofossil specimens are stored in the palaeontological 
pavilion of the Owadów-Brzezinki Geosite (Geopark) or 
housed at the Institute of Palaeobiology, Polish Academy 
of Sciences in Warsaw.

RESULTS
Sinkhole sections

Infillings of the studied sinkholes show original layering, 
consisting of various generations of clayey-silty to sandy 
deposits, which rest on the surface of the highly weathered 
and karstified Tithonian limestones. 

The weathered, yellow-brownish-coloured, Tithonian 
limestones in the main sinkhole, ~30 m in diameter (co-
ordinates: 51°22′46″ N; 020°8′10″ E), are covered by re-
sidual debris and a ~15-cm-thick, continuous layer of red-
dish brown clay residuum with limonite coatings (Fig. 3).  
Between the karstified limestones and the clay residuum, in 
the upper part of the sinkhole section, there is a large pocket, 
filled with yellow-brown, loose calcareous deposits of the 
silt fraction. The reddish brown clay layer is overlain by  
a ~10-cm-thick layer of black coaly clay, laterally mixed 
with grey clay, and a ~5-cm-thick bed of brittle, white to 
whitish grey, siliceous sinter, disaggregating into separate 
pebbles. The sinter bed occurs only in the middle part of the 
section (visible in-situ in a 1.5-m section). Large, displaced 
pebbles (up to 9 cm in diameter) of brittle, white to whitish 
grey, siliceous sinter, also were found in the pile of grey clay 
around the main sinkhole and ~10 m from it (coordinates: 
51°22′46″ N; 020°8′9″ E).

A central part of the sinkhole is filled with mostly mas-
sive clayey deposits, consisting of light grey and light 
brown, silty clays with a sand admixture up to 1.5 m in 
thickness and ~1 m-thick, dark bluish grey, partially silty 
clays (Fig. 3). The upper part of the clays is dark grey and 
relatively pure. It is devoid of distinct bedding and contains 
marine macrofossils, including ammonite fragments. The 
massive clayey deposits partly transect the older deposits 
of the sinkholes and contain coaly clay intraclasts; they are 
also strongly deformed and folded, showing, where visible, 
mixed subvertical to semihorizontal layering. The youngest 
deposits of the sinkhole are white yellow quartz sands. 

The light to dark grey clays and white yellow sands are 
observed on the surface throughout the whole tectonic zone, 
with the karstified Jurassic limestones probably covering 
small sinkholes that are not visible in detail. 

In the easternmost part of the Owadów-Brzezinki Quarry, 
in the continuation of the wide zone of karstified Jurassic 
limestones, a small karst cavity recently was discovered 
(coordinates: 51° 22′ 48″ N; 20° 8′ 15″ E). Inside the cavity, 
on the surface of Jurassic limestones, there is a bed of white, 
micritic calcite (~5 cm thick), which is covered by redepos-
ited grey clays and yellow Quaternary sands (Fig. 4). 

Sedimentology and lithofacies

Microfacies analysis of the Jurassic karstified limestones 
and debris, derived from the walls of the main sinkhole (de-
posit no. 1), has revealed a predominantly wackestone mi-
crostructure. The studied rocks contain fragments of oyster 
shells and serpulid worm tubes (Fig. 5A), which are typical 

Fig. 3.	 A photograph and the drawn section of the main karst sinkhole in the Owadów-Brzezinki Quarry. The deposits of the sinkhole 
are: 1 – karstified, yellow-brownish, uppermost Jurassic limestones; 2 – reddish brown residual clay layer; 3 – a pocket, filled with yel-
low-brown, calcareous deposits of silty fraction; 4 – coaly clay layer; 5 – brittle white to white grey, microcrystalline siliceous sinter;  
6 – light grey and light brown silty clays with sand admixture; 7 – dark grey, partially silty clays; 8 – white yellow quartz sands. 
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of the lithology of the uppermost unit IV (serpulite) of the 
Owadów-Brzezinki section of the Kcynia Formation (cf. 
Matyja and Wierzbowski, 2016; Wierzbowski et al., 2016). 

SEM analysis showed that the reddish brown residual 
clay layer (deposit no. 2) consists of a dense clay mineral 
matrix, mixed with various proportions of iron hydroxides/
oxides and individual quartz grains. In places, individu-
al clay mineral grains show a foliated, plate morphology  
(Fig. 5B). The reddish brown colours of the clay are linked 
to variable amounts of iron compounds. 

The unstructured, yellow-brown, loose calcareous deposit  
of the silt fraction (deposit no. 3), which occurs in a pocket 
between the karstified Jurassic limestones and the reddish 
brown clay, is composed of rhombohedral calcite crystals, 
a few tens of micrometres in diameter, as revealed by SEM 
studies (Fig. 5C). The crystals show euhedral or subhedral 
forms or form aggregates. Their crystal faces are slightly 
corroded and/or possess secondary calcite and clay mineral 
overgrowths and coatings (Fig. 5D). 

SEM studies of the dark and opaque, coaly clay depos-
its (deposit no. 4) have revealed their compact clay fabric; 
organic matter particles are not visible on broken surfaces,  
probably because of the clay mineral coating (Fig. 5E).  
Chemical analyses of selected spot areas have shown varia-
ble non-carbonate carbon content, ranging from 3.3 to 45.8 
wt.% (mean 15.1 wt.%). Elemental mapping revealed some 

areas, enriched in carbon and sulphur, which may represent 
organic particles embedded in clay.

The brittle, white-whitish grey siliceous sinter (deposit  
no. 5) consists of almost pure silica with traces of Al in the 
external parts, as revealed by EDS analyses, and has a po-
rous internal structure (Fig. 5F). Particular quartz micro-
crystals of the rock are barely discernible in thin sections. 
However, its microcrystalline texture can be easily observed 
on the broken surfaces of the rock particles, using the SEM 
technique. The siliceous sinter consists of a mosaic of blad-
ed, euhedral quartz microcrystals with sharp edges, form-
ing a kind of net with regular empty spaces between them  
(Fig. 6A, B). Spherical chalcedony/silica agglomerates are 
visible in some places in thin sections (Fig. 6C). Some quartz 
crystals are partially etched or show irregular surfaces.  
The entire porosity and brittleness of the studied rock are re-
lated to specific microcrystal alignments with empty spaces 
between them. Investigation of a thick pebble of the sili-
ceous sinter (Fig. 7), derived from the proximity of the main 
sinkhole, revealed similar microstructure and chemical 
composition. Its external parts consist, however, of a mo-
saic of bladed quartz microcrystals overgrown by spherical 
agglomerates of fine, granular chalcedony/silica (Fig. 6D). 

The massive, light-grey to light brown, silty clays (deposit  
no. 6) in the central parts of the karst sinkholes consist of 
microscopic layers and lenses of silty deposits with mi-
nor sandy admixtures, which are embedded in finely lay-
ered zones of clay minerals, as revealed in the microscopic  
analysis of thin sections (Fig. 6E). The detrital rock compo-
nents, including quartz grains and a subordinate admixture 
of feldspars, muscovite, foliated clay minerals and heavy 
minerals (rutile, ilmenite, galena), can be easily observed 
in the back scattered electron mode of SEM (Fig. 6F). 
Fine-grained clay parts are unstructured and contain small 
detrital grains. A small lens of opaque, coaly deposits was 
observed in one thin section, prepared from the silty clays. 
The massive, light-grey, silty clays (deposits no. 6) and  
especially the overlying dark bluish grey silty clays (deposit 
no. 7) yielded marine micro- and macrofossils. These de-
posits show strong lithological affinities to the marine dark 
clays of the Wierzchosławice Member of the Włocławek 
Formation, known in the Tomaszów Mazowiecki Syncline 
(Witkowski, 1969; Raczyńska, 1979; Marek, 1997). 

The white yellow sands, being the youngest sinkhole 
deposits (deposit no. 8), consist of fine aggregates of clay 
minerals and quartz grains (Fig. 8A). Their yellow-coloured 
parts show admixtures of iron compounds. The well-sorted 
lithology and common pale colours of the sands closely re-
semble the Upper Hauterivian(?)–Middle Albian deposits of 
the Biała Góra Formation, particularly the thick Potok Sand 
Member, belonging to the middle part of formation (Poręba 
1987; Poręba et al., 2018).

It is noteworthy that dark clays and sandy deposits con-
stitute the dominant part of the Lower Cretaceous sedi-
mentary complex of the internal part of the Tomaszów 
Mazowiecki Syncline, which presently occurs north-west 
of the Owadów-Brzezinki Quarry (e.g. Witkowski, 1969; 
Marcinowski and Rudowski, 1980; Poręba, 1987; Poręba 
et al., 2018). The depositional succession of the studied 
karst sinkholes, including the coaly clay and overlying 

Fig. 4.	 A photo of the small karst cavity. The deposits of  
the sinkhole are: 1 – karstified uppermost Jurassic limestones;  
2 – white, micritic calcite deposit; 3 – redeposited grey clays;  
4 – yellow Quaternary sands.
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white yellow sand layers, also resembles the position of 
white, sand beds, overlying the Miocene coal layer in the 
karst sinkhole at Sulejów, and the lithological section of 
presumed karst deposits in the Modrzew borehole, both 
of which occur in the external parts of the Tomaszów Ma-
zowiecki Syncline (cf. Barczyk, 1961; Głazek and Szynkie-
wicz, 1980a; Szałamacha, 1992). 

Additional SEM studies of white micritic calcite deposit,  
discovered in a small karst cavity on the continuation of 
the tectonic zone, have shown its pure calcium carbonate 
mineralogy and micritic fabric (mean grain size of 1–2 μm; 
Fig. 8B). The calcite grains in some places form compact, 
medium-sized aggregates or porous higher-order aggregates 
(Fig. 8C). 

Fig. 5.	 Microstructure of studied rocks. A. Karstified uppermost Jurassic of predominant wackestone rock microfacies, containing 
detritus of oyster shells and serpulid tubes. Thin section, optical microscope image, polarized light. B. Dense clay mineral fabric of the 
reddish brown residuum. Single foliate clay mineral grains are visible on the surface of the dense clay matrix. SEM image, BSE mode.  
C. Rhombohedral calcite crystals from yellow-brown, loose calcareous deposits. SEM image, mixed BSE/SE mode. D. Secondary cal-
cite and clay mineral overgrowths/coating on the surfaces of rhombohedral calcite crystals from the loose calcareous deposits. SEM image, 
mixed BSE/SE mode. E. Black coaly clay of compact internal structure. SEM image, mixed BSE/SE mode. F. The brittle white to whitish 
grey siliceous sinter, showing pure silica mineralogy and a porous internal structure. Thin section, optical microscope image, polarized light. 
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Fig. 6.	 Microstructure of studied rocks (continued). A, B. Euhedral quartz microcrystal fabric of the brittle white-whitish grey sili-
ceous sinter. SEM images, BSE and SE mode, respectively. C. Spherical chalcedony/silica agglomerates in the brittle white whitish grey 
siliceous sinter. Thin section, SEM image, BSE mode. D. A mosaic of bladed quartz microcrystals overgrown by spherical aggregates of 
microgranular chalcedony/silica in a large pebble of the siliceous sinter from the proximity of the main karst sinkhole. SEM image, mixed 
BSE/SE mode. E. Layers and lenses of silty deposits with subordinate sandy admixtures embedded in fine-grained clay zones from light 
grey to light brown silty clays. Thin section, optical microscope image, polarized light. F. Detrital rock components of the light grey and 
light brown silty clays consisting of quartz grains with subordinate admixture of feldspars, muscovite, foliate clay minerals and heavy 
minerals. Thin section, SEM image, BSE mode. 

Cretaceous faunal assemblage 

A few fragmentarily preserved ammonites collected 
from the massive dark bluish grey silty clay (deposit no. 7)  
belong to the genus Dichotomites (Fig. 9). They show 
moderate evolute coiling and massive, widely-spaced ribs, 

possibly with bidichotomous subdivision, which suggests 
an affinity to Dichotomites evolutus Kemper. This species 
is indicative of the Crassus Zone of the Upper Valanginian 
(Kemper, 1978). The assemblage of ammonites  of the genus  
Dichotomites, including D. evolutus and D. cf. krausei,  
diagnostic of the Crassus Zone, has been described from the 
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Fig. 7.	 A large pebble of the siliceous sinter from the proximity of the main karst sinkhole.

Fig. 8.	 Microstructure of studied rocks (continued). A. Fine 
clay mineral aggregates of the white yellow sands from the outer-
most part of the main sinkhole. SEM image, mixed BSE/SE mode. 
B. Micrite fabric of the white, micritic calcite deposit with sin-
gle calcite grains, predominantly 1–2 μm in size, collected from 
a small karst cavity, located on the continuation of the zone of 
karstified Jurassic limestones. SEM image, mixed BSE/SE mode. 
C. The calcite grains of the white, micritic calcite deposit from  
the small karst cavity, forming compact medium size aggregates 
and porous higher-order aggregates. SEM image, mixed SE mode.

Dichotomites beds at Wąwał, on the north-eastern limb of 
the Tomaszów Mazowiecki Syncline (Kemper, 1978; Kutek 
and Marcinowski, 1996; see also Witkowski, 1969). 

The other marine molluscs consist of a few highly 
coiled, but indeterminable gastropod shells and heterodont 
bivalves.

Miocene palynomorphs

The first coaly clay sample (deposit no. 4) yielded  
a rich assemblage of well-preserved palynomorphs (Tab. 1;  
Fig. 10). Within it, over 800 pollen grains, 18 plant spores, 
and 13 algal remains were identified. In the second sample, 
the same taxa were found, but the frequency of palyno-
morphs was distinctly lower. A total of 71 fossil-species of 
sporomorphs (including 5 species of plant spores, 19 species 
of gymnosperm pollen, and 47 species of angiosperm pol-
len) were identified. Corroded, unidentifiable pollen grains 
average 3%. Non-pollen palynomorphs are represented 
mainly by the freshwater algae Pediastrum and Botryococ-
cus braunii; only four fungal spores were recorded. 

Rare spores of ferns (fossil-genera Laevigatosporites, 
Leiotriletes and Neogenisporis) and lycopods (Retitriletes) 
make up about 2% of the spore-pollen spectrum. Gymno-
sperm pollen grains make up about 40% and among them, 
pollen of the Cupressaceae family, including Taxodium/
Glyptostrobus, Sequoia/Sequoiadendron/Metasequoia and 
Cupressus (fossil-genera Inaperturopollenites, Sequoia-
pollenites and Cupressacites) and pollen of the Pinaceae 
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family (mainly Pinuspollenites) are the most common. 
Other conifers are represented by rare pollen grains of  
Sciadopitys. Angiosperms are more numerous (almost 60% 
of the spore-pollen spectrum) and taxonomically more di-
verse (Tab. 1). Among the pollen grains of angiosperms, 
the most common are Quercus (Quercoidites henricii and 
Quercopollenites), fossil-species Tricolporopollenites pseu-
docingulum, Ulmus, Myrica, Fagus, Fraxinus, Alnus, Tilio- 
ideae, Acer, Zelkova, Carya, Betula, and Cercidiphyllum. 
Pollen grains of Engelhardioideae (Momipites), fossil-spe-
cies Tricolporopollenites dolium, Nyssa (Nyssapollenites), 
Mastixiaceae (Cornaceaepollis satzveyensis), Oleaceae,  
Vitaceae (mainly Vitispollenites), Arceuthobium, Cyrillace-
ae/Clethraceae, Ilex, Salix, Celtis, and Liquidambar are 
less common. In addition, single pollen grains of Carpinus, 
Ericaceae, Hedera, Platanus, Pterocarya, Sapotaceae, and 
Symplocos, were recorded. Herbs are represented only by 
single specimens of the pollen of Cyperaceae.

The composition of the studied sporomorph association 
shows an apparent predominance of “Arctotertiary” and 
“Palaeotropical/warm-temperate” palaeofloristic elements. 
“Palaeotropical” (including “tropical” and “subtropical”) 
taxa are represented by Leiotriletes sp., Neogenisporis 
sp., Cornaceaepollis satzveyensis, Cyrillaceaepollenites 
megaexactus, Ilexpollenites margaritatus, Momipites sp., 
Sapotaceoidaepollenites sp., and Symplocoipollenites mio-
caenicus (Tab. 1).

Macroscopic plant remains

Articulated plant organs, especially disseminules, are 
good indicators of the local environment, but are rarely 
described from sinkhole infills (Mai, 2008). However, the 
coaly clay examined (deposit no. 4) did not yield macro-
scopic fossil plant remains. A small fossil wood fragment, 
found in the debris pile, suggests that the sinkhole infills 

Fig. 9.	 Ammonite fauna collected. A–D. Dichotomites sp. ammonites distinctive for the Crassus Zone of the Upper Valanginian, col-
lected from the grey clay in the middle part of the main sinkhole section. One scale bar refers to all photographs.
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Fig. 10.	 Pollen grains and freshwater algae from Middle Miocene coal deposits; A–G. Pollen grains of gymnosperms; A – Inaper-
turopollenites concedipites (Wodehouse) Krutzsch; B – Inaperturopollenites verrupapillatus Trevisan; C – Sequoiapollenites rotundus 
Krutzsch; D – Sequoiapollenites sp.; E – Sciadopityspollenites verticillatiformis (Zauer) Krutzsch; F – Cathayapollis erdtmanii (Sivak) 
Ziembińska-Tworzydło; G – Pinuspollenites labdacus (Potonié) Raatz. H–V. Pollen grains of angiosperms; H – Alnipollenites verus  
(Potonié) Potonié; I – Trivestibulopollenites betuloides Pflug; J – Myricipites sp.; K – Polyatriopollenites stellatus (Potonié) Pflug;  
L – Caryapollenites simplex (Potonié) Raatz; M – Ulmipollenites maculosus Nagy; N – Symplocoipollenites miocaenicus Grabowska;  
O – Aceripollenites striatus (Pflug) Thiele-Pfeiffer; P, Q – Quercopollenites rubroides Kohlman-Adamska & Ziembińska-Tworzydło;  
R – Quercoidites henricii (Potonié) Potonié, Thomson & Thiergart; S – Ilexpollenites margaritatus (Potonié) Thiergart; T – Araliaceoi-
pollenites reticuloides Thiele-Pfeiffer; U – Tricolporopollenites pseudocingulum (Potonié) Thomson & Pflug; V – Intratriporopollenites 
parainstructus Krutzsch. W1–W3. Alga, Pediastrum sp., with different contrast. One scale bar refers to all photographs.
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Table 1

Spores, pollen grains, and non-pollen palynomorphs recorded in the palynological sample from Middle Miocene coal 
deposits of the sinkhole in the Owadów-Brzezinki Quarry. The taxonomy and botanical affinity of the specimens were 

determined according to Stuchlik et al. (2001, 2002, 2009, 2014). The following palaeofloristic elements have been distin-
guished: “Palaeotropical” (P), including “tropical” (P1) and “subtropical” (P2); “Arctotertiary” (A), including  

“warm-temperate” (A1) and “temperate” (A2); and cosmopolitan (P/A). X – palaeofloristic element unassigned.

Fossil taxon Botanical affinity Element Number  
of specimens

Spores of plants

Laevigatosporites sp. Polypodiaceae, Davalliaceae, and other ferns P/A 9

Leiotriletes sp. Lygodiaceae and other ferns P 2

Neogenisporis sp. Gleicheniaceae, Cyatheaceae P1 1

Retitriletes pseudoclavatus Krutzsch + Retitriletes sp. Lycopodiaceae: Lycopodium A 6

Pollen grains of gymnosperms

Abiespollenites sp. Pinaceae: Abies A 3

Cathayapollis erdtmanii (Sivak) Ziembińska-Tworzydło 
+ Cathayapollis sp. Pinaceae: Cathaya A1 2

Cupressacites bockwitzensis Krutzsch + Cupressacites 
sp. + Inaperturopollenites concedipites (Wodehouse) 
Krutzsch + I. verrupapillatus Trevisan

Cupressaceae: incl. Cupressus, Taxodium, 
Glyptostrobus A1, P2/A1 126

Keteleeriapollenites dubius (Khlonova) Słodkowska Pinaceae: Keteleeria A1 2

Piceapollenites alatus Potonié + Piceapollis  
praemarianus Krutzsch + Piceapollis sp. Pinaceae: Picea A 17

Pinuspollenites labdacus (Potonié) Raatz  
+ Pinuspollenites sp. Pinaceae: Pinus sylvestris type A 101

Sciadopityspollenites verticillatiformis (Zauer) Krutzsch 
+ Sciadopityspollenites sp. Sciadopityaceae: Sciadopitys A1 3

Sequoiapollenites polyformosus Thiergart + S. rotundus 
Krutzsch + S. rugulus Krutzsch + Sequoiapollenites sp.

Cupressaceae: incl. Sequoia, Sequoiadendron, 
Metasequoia A1 79

Pollen grains of angiosperms 

Aceripollenites striatus (Pflug) Thiele-Pfeiffer  
+ Aceripollenites sp. Sapindaceae: Acer A1 18

Alnipollenites verus (Potonié) Potonié Betulaceae: Alnus P2/A 20

Araliaceoipollenites reticuloides Thiele-Pfeiffer Araliaceae: Hedera A1 1

Carpinipites carpinoides (Pflug) Nagy Betulaceae: Carpinus P2/A1 1

Caryapollenites simplex (Potonié) Raatz Juglandaceae: Carya A1 15

Celtipollenites sp. Ulmaceae: Celtis P/A1 2

Cercidiphyllites minimireticulatus (Trevisan)  
Ziembińska-Tworzydło Cercidiphyllaceae: Cercidiphyllum A1 11

Cornaceaepollis satzveyensis (Pflug)  
Ziembińska-Tworzydło Mastixiaceae P1 7

Cyperaceaepollis neogenicus Krutzsch Cyperaceae P/A 5

Cyrillaceaepollenites megaexactus (Potonié) Potonié Cyrillaceae, Clethraceae P 3

Ericipites sp. Ericaceae A 1

Faguspollenites sp. Fagaceae: Fagus A 21
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Fossil taxon Botanical affinity Element Number  
of specimens

Fraxinipollis oblatus Słodkowska  
+ Fraxinipollis sp. Oleaceae: Fraxinus P/A 21

Ilexpollenites iliacus (Potonié) Thiergart Aquifoliaceae: Ilex P/A1 1

Ilexpollenites margaritatus (Potonié) Thiergart Aquifoliaceae: Ilex P2 2

Intratriporopollenites parainstructus Krutzsch  
+ Intratriporopollenites sp. Malvaceae: Tilioideae P/A1 20

Momipites sp. Juglandaceae: Engelhardia, Alfaroa,  
Oreomunnea P2 9

Myricipites bituitus (Potonié) Nagy + M. coryphaeus 
(Potonié) Potonié + Myricipites sp. Myricaceae: Myrica P2/A1 39

Nyssapollenites contortus (Pflug & Thompson) Nagy  
+ Nyssapollenites sp. Nyssaceae: Nyssa P2/A1 8

Oleoidearumpollenites sp. Oleaceae P2/A1 6

Parthenopollenites marcodurensis (Pflug & Thomson) 
Traverse Vitaceae P/A1 1

Periporopollenites sp. Altingiaceae: Liquidambar A1 2

Platanipollis ipelensis (Pacltová) Grabowska Platanaceae: Platanus P/A1 1

Polyatriopollenites stellatus (Potonié) Pflug Juglandaceae: Pterocarya A1 1

Quercoidites henricii (Potonié) Potonié, Thomson  
& Thiergart Fagaceae: Quercus P2/A1 31

Quercopollenites asper (Pflug & Thomson)  
Kohlman-Adamska & Ziembińska-Tworzydło  
+ Q. rubroides Kohlman-Adamska  
& Ziembińska-Tworzydło + Quercopollenites sp.

Fagaceae: Quercus A1 56

Salixipollenites sp. Salicaceae: Salix A 3

Sapotaceoidaepollenites sp. Sapotaceae P 1

Spinulaepollis arceuthobioides Krutzsch Santalaceae: Arceuthobium P2/A1 3

Symplocoipollenites miocaenicus Grabowska Symplocaceae: Symplocos P 1

Tricolporopollenites dolium (Potonié) Thomson & Pflug Fagaceae? unknown 9

Tricolporopollenites pseudocingulum (Potonié) Thomson 
& Pflug Fagaceae?, Styracaceae? P/A1 54

Trivestibulopollenites betuloides Pflug Betulaceae: Betula A 14

Ulmipollenites stillatus Nagy Ulmaceae: Ulmus A 1

Ulmipollenites maculosus Nagy + Ulmipollenites sp. Ulmaceae: Ulmus A2 56

Vitispollenites tener Thiele-Pfeiffer Vitaceae: Vitis P2/A1 4

Zelkovaepollenites potoniei Nagy + Zelkovaepollenites 
sp. Ulmaceae: Zelkova A1 16

corroded pollen grains unknown unknown 26

Total 842

Selected non-pollen palynomorphs

Botryococcus braunii Kützing Dictyosphaeriaceae: Botryococcus braunii 
Kützing X 2

Pediastrum sp. Chlorophyta: Pediastrum sp. X 11

Spores of fungi Fungi X 4

Total 859
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contain some plant macrofossils. This fossil wood was iden-
tified tentatively as Coniferae (?Juniperoxylon sp.). It may 
represent the autochthonous flora of the study area. The level  
of taxonomic identification of the wood fragment cannot 
provide important stratigraphical or palaeobotanical data.  
It should be noted only that the fossil wood reveals growth 
rings, indicating climate seasonality. 

DISCUSSION
Late Valanginian biostratigraphy 

and palaeobiogeography

The ammonite assemblages, collected from the grey 
clays, point to their assignment to the Upper Valanginian 
Crassus Zone. The ammonite fauna shows strict similarity 
to the Dichotomites beds of the upper part of the Wąwał sec-
tion of the north-eastern limb of the Tomaszów Mazowiecki 
Syncline (see Kutek et al., 1989). All the ammonites are of 
Boreal affinity. 

The lack of the older Dichotomites fauna in the dark 
clays of the sinkhole infill suggests the presence of an orig-
inal stratigraphic discontinuity, similar to that observed at 
the base of the Dichotomites beds at Wąwał (Kutek and 
Marcinowski, 1996). It may be related to the early Late  
Valanginian marine transgression, described from the 
Wąwał section, which brought a north-western European 
assemblage of Dichotomites ammonites, replacing an older 
one of the Tethyan origin, typical of the verrucosum horizon 
of the Verrucosum Zone of the earliest Late Valanginian. 
The older Tethyan assemblage possibly also was absent 
in the Owadów-Brzezinki area. This may point to tecton-
ic control of Valanginian sedimentation in the Tomaszów  
Mazowiecki Syncline, which resulted in the periodical  
uplift of its lateral parts and the presence of stratigraphic 
gaps (cf. Witkowski, 1969; Poręba, 1987). 

It is noteworthy that the results of micropalaeontologi-
cal studies of the dark clays in the same sinkhole showed 
the presence of a diversified dinocyst assemblage in 
the light grey to dark grey clays, including Muderongia  
extensa, Pseudoceratium pelliferum, Spiniferites ramusus, 
Dichadogonyaulax bensonii and Kleithriasphaeridium 
fasciatum, taxa diagnostic of the Valanginian as well as  
a relatively poorly differentiated assemblage of benthic  
foraminifera, represented by nine genera (Haplophrag-
moides, Verneuilinoides, Bulbobaculites, Ammobaculites, 
Kutsevella, Ammodiscus, Glomospirella, Trochammina, 
Patellovalvulina), which are typical of the Valanginian–
Hauterivian interval (Chrząstowska et al., 2025). The dino-
flagellate cyst assemblage contains both Boreal and Teth-
yan forms, which points to water exchange between both  
oceanic domains. 

Miocene vegetation and palaeoenvironment

The taxonomic composition of the palynological assem-
blage from the coaly deposits (Fig. 10) and the good state 
of preservation of most sporomorphs and algae suggest that 
their occurrence is in situ. The presence of freshwater plank-
tonic algae (Pediastrum and Botryococcus) indicates the 

existence of an open freshwater pool. Pediastrum is found, 
nowadays, in a variety of habitats, including lakes, ponds, 
oxbow lakes, rivers, peat bogs and lagoons (Komárek and 
Jankovská, 2001). Botryococcus is one of the most common 
algae in freshwater bogs, temporary water pools, ponds, and 
lakes (Batten and Grenfell, 1996). Both algae previously 
were found in the Miocene sediments, filling karst palaeo-
sinkholes in the Opole region, SW Poland (Worobiec, 2011, 
2014a, b).

The water body (pond?) was surrounded by wetland and 
mesophytic vegetation. Cyperaceae probably grew on the 
shores of this water body. Swamp forests, composed of Tax-
odium and/or Glyptostrobus, Nyssa, and presumably Alnus, 
Acer and others, might have overgrown the neighbouring 
area with a higher groundwater level or the marginal zone 
of the water body. Nowadays, swamp forests with Taxodi-
um ascendens, Nyssa sylvatica var. biflora and Acer rubrum 
occur in the South Atlantic coastal plain of the USA (Chris-
tensen, 2000). In wetlands, probably periodically flooded, 
grew Ulmus, Myrica, Fraxinus, Acer, Zelkova, Carya, Betu-
la, Vitis, Cyrillaceae and/or Clethraceae, Ilex, Salix, Liquid-
ambar, Pterocarya, and others. Sequoia might also have oc-
curred in these wetlands (Kovar-Eder et al., 2001; Worobiec 
et al., 2021). In the vicinity, there were mesophytic forests, 
composed of Quercus (also thermophilous trees, producing 
pollen of the fossil-species Quercoidites henricii), Fagus, 
Cercidiphyllum, Engelhardioideae, Mastixiaceae, Tilioideae 
as well as Carpinus, Sapotaceae, Symplocos, and conifers. 
The parasitic Arceuthobium probably grew on Pinus trees.

 The climate during sedimentation of the coaly clay was 
warm temperate and humid. This is indicated by a signifi-
cant proportion of taxa, representing “warm temperate” and 
“Palaeotropical/warm-temperate” palaeofloristical elements 
of the palynoflora. “Palaeotropical” plants with higher cli-
matic requirements, such as Mastixiaceae, Sapotaceae, 
Symplocaceae and thermophilous ferns, constitute a small 
proportion of the plant communities.

Age of palynoflora 

The palynoflora studied is similar to well-known Mio-
cene spore-pollen assemblages. Numerous Miocene palyno- 
floras were described from the Polish Lowlands, with  
a particularly large number of data coming from lignite de-
posits (Stuchlik et al., 2001, 2002, 2009, 2014). Miocene 
spore-pollen spectra are rich in Quercoidites henricii, Tri-
colporopollenites pseudocingulum, Sequoiapollenites and 
other taxa that are present in the material studied (Piwocki 
and Ziembińska-Tworzydło, 1997; Kasiński and Słodkows-
ka, 2016). In particular, the Taxodium/Glyptostrobus–Nyssa 
swamp forests were widespread in Europe during the Oli-
gocene–Pliocene period, being typical of peat-forming veg-
etation (Mai, 1981). In the Polish Lowlands, these forests 
had the most favourable conditions in the Early and Middle 
Miocene (Piwocki and Ziembińska-Tworzydło, 1997). 

The absence of small tricolporate pollen grains of Faga- 
ceae (i.e. Fususpollenites fusus, Quercoidites microhenricii 
and others) and palms indicates that the examined sediments 
are not older than Middle Miocene. On the other hand, the 
composition of the palynoflora, almost devoid of the pollen 
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of herbaceous plants, rather excludes a Late Miocene or 
lesser age of the examined sediments. This allows defini-
tion, with a high probability, of the age of the examined  
deposits as Middle Miocene.

The climate of the Middle Miocene favoured the de-
velopment of peat-forming vegetation (Mosbrugger et al., 
2005; Bruch et al., 2007; Ivanov and Worobiec, 2017).  
In the Polish Lowlands, there are common Middle Miocene 
lignites of the 2nd Lusatian and 1st Mid-Polish seam groups 
(Piwocki and Ziembińska-Tworzydło, 1997; Kasiński and 
Słodkowska, 2016), comprising a thick coal series of the 
nearby Kleszczów Graben, which are exploited in the Beł-
chatów open-pit mine (Ciuk and Piwocki, 1980; Stuchlik  
et al., 1990; Widera, 2024a, b). The discovered palynoflo-
ra is similar to spore-pollen spectra from the seam groups, 
described from various localities in Poland (Kasiński et al., 
2010; Worobiec et al., 2022), including the Middle Miocene 
palynofloras of the Kleszczów Graben (Stuchlik et al., 1990) 
and that found in a palaeosinkhole at Tarnów Opolski, in 
the Opole region of southern Poland (Worobiec and Szulc, 
2010a; Worobiec, 2011).

Karstification processes

The erosion of the uppermost Jurassic–lowermost Creta-
ceous deposits during the Early Cretaceous Neo-Cimmerian 
tectonic event resulted in the formation of a peneplain with 
outcropping Upper Jurassic limestones (Głazek and Szyn- 
kiewicz, 1980b). Minor limestone karstification at that time 
might have been manifested in karst breccias and a reddish 
brown residue, filling fissures and forming a thin limestone 
cover (Głazek and Szynkiewicz, 1980b; Głazek, 1989; 
Głazek et al., 1992). The Neo-Cimmerian tectonic event 
is reflected in the hiatus, developed at the Jurassic–Creta-
ceous boundary in the Tomaszów Mazowiecki Syncline, 
and by the presence of a basal conglomerate with pebbles of  
lowermost Cretaceous rocks, which began the deposition of 
a new package of Lower Cretaceous deposits (Witkowski, 
1969). Redeposited fragments of the Lower Cretaceous  
deposits, devoid of distinct karst features, are recognized 
in rubble breccia only in the northernmost part of the  
Owadów-Brzezinki Quarry. However, these deposits may 
have been displaced during the Paleogene–Neogene.

Karstification of the Jurassic limestones and the forma-
tion of karst sinkholes in the Owadów-Brzezinki Quarry 
should be related to a multi-phase process, which occurred 
after the post-Laramide inversion of the former Mid-Polish 
Trough and uplift of the area of the south Polish Uplands 
(Głazek and Szynkiewicz, 1980b; Głazek et al., 1992). The 
karstification culminated during the Oligocene–Early Mio-
cene in the formation of abundant caves and sinkholes in 
south-central Poland, some of which are documented on 
the north-eastern and southern margins of the Tomaszów  
Mazowiecki Syncline or their immediate vicinity (Lewin-
ski, 1922; Różycki, 1946; Barczyk, 1961; Głazek and Szyn- 
kiewicz 1980a; Głazek, 1989; Szałamacha, 1992). 

The development of the studied sinkholes in the Owa- 
dów-Brzezinki Quarry was probably affected by tecton-
ic phenomena. The latest Oligocene–Early Miocene tec-
tonic processes resulted in the extensional deformation of 

the Mesozoic cover of south-central Poland, formation or 
the re-activation of faults with an E–W trend, and tectonic  
grabens, including the nearby Kleszczów Graben (e.g.,  
Ciuk, 1980; Jarosiński et al., 2009). A fault, developed in 
the central part of the Owadów-Brzezinki Quarry, likely  
belongs to the tectonic zone, which stretches in a WNW–
ESE direction in the southern part of the Laramide Toma- 
szów Mazowiecki Syncline, obliquely to its axis (see a map 
of Szałamacha, 1989, 1992, where a narrow valley, filled 
with clays, is seen in a cross-section of this area). Similar 
WNW–ESE arrangements of karst forms, corresponding to 
fault zones, are documented from the vicinity of Paradyż, 
located a few kilometres south of the Owadów-Brzezinki 
Quarry (cf. Różycki, 1946).

The tectonic zone, recognized at Owadów-Brzezinki, 
possibly developed during the Oligocene–Early Miocene. It 
may have become a place of infiltration of meteoric waters, 
which resulted in strong karstification of the Upper Juras-
sic limestones of the Kcynia Formation, overlain and un-
derlain by impermeable deposits of the Lower Cretaceous 
Włocławek Fm. (Upper Valanginian) and the Upper Jurassic 
Pałuki Fm. (Late Kimmeridgian to Early Tithonian), respec-
tively (Fig. 11). 

Formation of the sinkhole deposits

The reddish brown clay residuum that covers the karsti-
fied Upper Jurassic limestones resembles terra rossa pa- 
laeosols, which are widely developed on the Upper Jurassic 
limestones of the south Polish Uplands. They are interpret-
ed as being a result of intensive chemical weathering under 
conditions of a seasonally wet subtropical climate during 
the Late Oligocene–Miocene (Liszkowski, 1996). 

The yellow-brown, loose calcite silt, which occurs in  
a pocket between the karstified Jurassic limestones and the 
reddish brown clay, is probably an autochthonous karst de-
posit. It is composed of rhombohedral calcite grains, which 
show secondary dissolution and coatings/overgrowth by 
carbonate and clay minerals or form grain aggregates of  
various sizes. This deposit may have been formed as a result 
of the disaggregation of crystalline calcite speleothems in 
karst aquifers and the secondary sorting of suspended sed-
iments of the silty fraction by the water flow, induced by 
periodic heavy rains (cf. Toran et al., 2006; Herman et al., 
2007). In such a case, it may be treated as a genetic ana- 
logue of the disintegrated “sandy” limestones, which are  
a rare product of limestone dissolution by percolating fluids, 
similar to karst corrasion (cf. Dżułyński and Kubicz, 1971; 
Dżułyński and Rudnicki, 1986).

It is less likely that the calcite silt was precipitated from 
an oversaturated calcium carbonate solution in a karst  
environment, as such precipitates, which include large va-
riety of calcite aggregates and crystallographic forms (cf. 
Durakiewicz et al., 1995), are usually formed, when calci-
um carbonate-saturated water freezes in ice caves (cf. Žak  
et al., 2004, 2018). In addition, the suspended calcite grains 
of subtropical or warm-temperate karst systems mostly con-
sist of broken detrital grains of irregular morphologies and 
rarely contain rhombohedral calcite crystals, precipitated 
from a water solution (cf. Herman et al., 2007; Nannoni  
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Fig. 11.	 The development scheme of the karst sinkholes and their infilling deposits in  
the Owadów-Brzezinki Quarry.

et al., 2021). The diagenetic processes are probably res- 
ponsible for the yellow-brown colouration of calcite 
silt, related to the admixture of iron compounds and clay  
mineral coatings. Such colouration and the presence of 
clay minerals is often observed in karstic deposits, e.g., in  
the “moulding sands”, widely distributed in karstic forms 
in the south Polish Uplands (Gradziński, 1977; Bosák et al., 
1978). It is noteworthy that the predominant yellow-brown 

colour of the “moulding sands” of presumed Paleogene or 
Early Oligocene–Early Miocene age was related to wea- 
thering processes that occurred under a seasonally wet and 
hot subtropical climate (Gradziński, 1977; Bosák et al., 
1978; Liszkowski, 1996). 

The Middle Miocene coaly clay yielded diversified spo-
romorphs and fresh-water algae, which suggests the exis 
tence of a body of freshwater in the close neighbourhood 
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of the outcrop. It is probable that the water body developed 
over the karstified tectonic zone on the substrate of Early 
Cretaceous (Valanginian) silty clays (Fig. 11). The warm 
temperate and humid climate of the Middle Miocene fa-
voured peat-forming vegetation and the accumulation of 
brown coal (lignite), forming the large 2nd Lusatian coal 
seam in the nearby Kleszczów Graben, which is dated as 
early Middle Miocene (Ciuk and Piwocki, 1980; Stuchlik et 
al., 1990; Widera, 2024a, b). It also may have been a period 
of pronounced development of karst processes and enlarge-
ment of the sinkhole, which corresponded to the final period 
of tectonic subsidence of the Kleszczów Graben (Widera, 
2024a, b).

The siliceous sinter band cannot be older than the Middle 
Miocene, as it rests on coal deposits of that age. Laterally, it 
may have overlain parts of the light grey to light brown silty 
clays, although its original position in strongly deformed 
zones of the sinkholes is difficult to reconstruct. The sili-
ceous sinter may have formed as a result of rapid, abiotic 
silica precipitation from a hot spring, circulating throughout 
the karst sinkhole. The precipitation from a solution is sub-
stantiated by the presence of well-formed, euhedral, often 
blade-like microcrystals and spherical agglomerates with  
a porous internal structure, which makes them very suscep-
tible to recrystallization. 

The chemical purity and mineralogical characteristics 
of the siliceous sinter are completely different from those 
of the silcrete rocks, found in the near-surface environ-
ment (cf. Nash and Ullyott, 2007; Thiry and Milnes, 2017).  
The silcretes are composed mostly of opal, cryptocrystal-
line silica or microcrystalline quartz grains, which form as 
a result of silica encrustation or cementation of host rocks 
and occur in their association. They show massive, nodu-
lar, blocky to granular structure and often preserve relicts 
of the host rocks, detrital grains or impurities. In addition, 
the pre-Lower Oligocene to Upper Miocene silcrete rocks 
of the Polish Uplands include pedogenic siliceous crusts 
as well as siliceous crusts and concretions precipitated 
from groundwaters, all of which are contaminated with 
iron hydroxides/oxides and clay minerals (cf. Liszkowski, 
1996) They differ markedly, in both form and colour, from 
the siliceous sinter, found in the Owadów-Brzezinki karst 
sinkhole.

The precipitation of siliceous sinter may be related to 
the circulation of waters of elevated temperatures along 
the deep-rooted tectonic zone with a WNW–ESE trend, 
developed in the Owadów-Brzezinki Quarry. The precipi-
tation of silica is commonly observed around geysers and 
hot springs (cf. Campbell et al., 2015; Hamilton et al., 2019; 
Jones, 2021). The formation of authigenic quartz grains with 
blade-like microcrystals is, however, unusual and needs 
conditions of stable precipitation. 

To date, no siliceous sinter has been documented from 
the Tomaszów Mazowiecki Syncline or its vicinity. The 
thermal karst phenomena, including round forms of caves, 
specific solution cavities, limestone silicification and sili-
ceous flowstones, were, however, reported from the Wieluń 
Upland and the northern part of the Kraków-Częstochowa 
Upland as well as the Lower Silesia area of Poland, being 
tentatively dated as Palaeogene or Middle–Late Miocene as 

well as Late Miocene, respectively (Galewski and Głazek, 
1973; Głazek et al., 1977; Głazek and Szynkiewicz, 1980b; 
Gradziński et al., 2011). The epigenetic silicification of  
Upper Jurassic limestones in the form of late diagenetic 
crusts on chert nodules, irregular nests within host rocks 
and void fillings, associated with sulphides, is additionally 
reported from the Kraków-Częstochowa Upland (Matysz- 
kiewicz, 1987; Matyszkiewicz et al., 2015; Kochman et al.,  
2020). It is manifested by microcrystalline quartz, sil-
ica or rarely euhedral quartz forms. The main process of 
low-temperature hydrothermal silica precipitation in the 
Kraków-Częstochowa Upland occurred during the Ceno-
zoic tectonic activity postdating the process of pedogenic 
silcrete formation (Matyszkiewicz et al., 2015; Kochman  
et al., 2020). 

It should also be noted that a large complex of silici-
fied Middle Callovian – Middle Oxfordian(?) carbonate 
rocks, referred to as “chalcedonies” in the regional Eng-
lish-language literature, is present on the SE margin of 
the Inowłódz anticline at its western boundary with the 
Tomaszów Mazowiecki Syncline (Różycki, 1947; Gągol, 
1979; Gągol et al., 1986; Deręgowski, 1988; Matyja, 1991; 
Feldman-Olszewska and Iwańczuk, 2014; Matyja and  
Wierzbowski, 2014). The closest “chalcedonies” occur-
rences are documented at about 8 km northeast of the 
Owadów-Brzezinki Quarry, near Kraśnica village (Szała-
macha, 1989). The origin of “chalcedonies|” is unclear. 
Although they often are considered as an effect of the late 
diagenetic silicification of Jurassic limestones under a hot 
and seasonally dry, possibly Miocene, climate (cf. Róży-
cki, 1947; Matyja, 1991) the mineralogical data do not in-
dicate their epigenetic origin (Gągol, 1979; Gągol et al., 
1986; Deręgowski, 1988). Dissolution of the skeletons of 
siliceous sponges, which are common in the Upper Call-
ovian–Middle Oxfordian, usually is thought to have been  
a primary silica source. However, the specific geostructur-
al position of “chalcedonies” above the deep-rooted Grójec 
(also called Tomaszów Mazowiecki-Grójec) Fault Zone, 
passing through the SE part of the Tomaszów Mazowiecki 
Syncline and the Inowłódz Anticline (cf. Dadlez, 1998; 
Matyja and Wierzbowski, 2014), may suggest their link to 
deep fluid circulation, which resulted in secondary re-dis-
tribution of silica. To that scenario also points the presence 
of deeply-buried, partially silicified, Oxfordian–Callovian 
limestone-dolomitic rocks or Callovian marly-dolomitic 
rocks, which were found in the southern limb (Mniszków 
IG 1 borehole) and the north-eastern limb (Tomaszów GT 
1 borehole) of the Tomaszów Mazowiecki Syncline (Wag-
ner et al., 2020; Złonkiewicz, 2021) respectively. This may 
substantiate widespread circulation of hydrothermal fluids 
in the study area.

A white, micritic calcite deposit, discovered in a small 
karst cavity, located on the continuation of the zone of 
karstified Jurassic limestones, may have been formed 
at a similar time as the calcite silt or the siliceous sinter.  
It is probably composed of endogenetic micrite that formed 
through the destruction of older carbonate deposits in a karst 
environment, but calcification by microbes or its direct pre-
cipitation in lateral parts of the karstified zone cannot be 
excluded (cf. Jones and Kahle, 1995). It is worth noting 
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that some modern calcareous tufas are composed of calcite 
micrograins of similar fabric (Gruszczyński and Mastella, 
1986; Pedley, 1990).

Deposition of the bedded, light grey to light brown silty 
clays from the central part of the sinkhole should be relat-
ed to the periodic delivery of large amounts of argillaceous 
Lower Cretaceous material (Fig. 11). The clays are slightly 
contaminated with coal and sand from the ancient deposit 
cover. They probably represent the marine Upper Valan- 
ginian dark clays of the Wierzchosławice Member of the 
Włocławek Formation. The massive white yellow quartz 
sands from the outermost parts of karst forms probably fell 
into the sinkholes during their final collapse. They likely 
represent Upper Hauterivian(?) – Middle Albian sands of 
the Biała Góra Formation. A similar infill of karst forms 
was encountered in the fault zones of the nearby Mio-
cene Kleszczów Graben (e.g. Biernat, 1971; Ciuk, 1980). 
Multi-generation, fine-grained uppermost Oligocene– 
Miocene infillings of karst forms, containing loose blocks 
of Santonian marls in reversed stratigraphic position, 
are also documented from the southernmost part of the 
Kraków-Częstochowa Upland (Gradziński, 1962; Felisi-
ak, 1992). They may be linked to the similar, multi-phase  
process of karstification.

The final infilling of the studied karst sinkholes, consist-
ing of older Cretaceous deposits, may have been formed as 
a result of the rapid progress of karstification, followed by 
general subsidence of the study area, which is documented 
in southern Poland by the mid-late Middle Miocene ma-
rine transgression (Głazek and Szynkiewicz, 1980b, 1987; 
Głazek, 1989; Głazek et al., 1992; Górka, 2019). It is re-
markable that no younger deposits are found in the sink-
holes of the Owadów-Brzezinki Quarry. Such deposits, if 
originally present in the Tomaszów Mazowiecki Syncline, 
might have been removed by subsequent erosion, for ex-
ample, related to the Late Miocene regression and Plio-
cene uplift, which resulted in the exhumation of older karst 
structures in the south Polish Uplands, and the inversion 
of major tectonic grabens (cf. Głazek, 1989; Głazek et al., 
1992; Jarosiński et al., 2009).

Although the Lower Cretaceous deposits are known 
only from the sinkholes at Owadów-Brzezinki, they pro-
vide important information on the poorly studied Early 
Cretaceous succession of the south-eastern part of the 
Tomaszów Mazowiecki Syncline (cf. Witkowski, 1969). 
Silty clays, yielding Dichotomites ammonites, indicate 
the presence of the Upper Valanginian Dichotomites beds 
of the Wierzchosławice Member. Younger, white yellow 
quartz sands of the shallow-marine Biała Góra Forma-
tion mark the beginning of a new sedimentary cycle. The 
partial record of the Lower Cretaceous deposits in the 
sinkholes points to their incomplete development in the 
south-eastern part of the Tomaszów Mazowiecki Syncline, 
which is in agreement with available geological data (cf. 
Witkowski, 1969; Poręba, 1987). The incomplete Lower 
Cretaceous succession of the south-eastern part of the To-
maszów Mazowiecki Syncline and the thickness reduction 
of the Upper Jurassic in this area are interpreted as a re-
sult of synsedimentary tectonic activity of the Grójec fault 
zone (Matyja and Wierzbowski, 2014).

CONCLUSIONS

 Detailed, palaeontological, stratigraphical and sedi-
mentological studies of sinkhole deposits of the Owadów- 
Brzezinki Quarry, which accumulated on the substrate of 
Upper Jurassic limestones on the south-eastern part of the 
Tomaszów Mazowiecki syncline, have revealed a multi- 
phase lithological succession. It consists of:

Karstified lowermost Upper Tithonian limestones of “ser-
pulite” type, covered by a reddish brown clay residuum of 
terra rossa type.

A pocket, filled with a yellow-brown loose calcareous  
deposits, consisting of calcite crystals of silt size. Although 
these deposits are interpreted as having been derived from 
disaggregation of speleothems, they underwent partial dis-
solution and impregnation by iron hydroxides/oxides and 
clay minerals, possibly in a seasonally wet climate. 

A black coaly clay layer, which yielded an abundant Mid-
dle Miocene palynoflora, freshwater algae and fossil wood 
debris, indicative of the humid warm temperate climate. 
This points to peat formation in bogs or temporary water 
bodies.

White-whitish grey crystalline siliceous sinter, which 
probably precipitated rapidly from the waters of a hot 
spring. The hot springs may have been associated with  
a local tectonic zone, developed in the central part of 
the Owadów-Brzezinki Quarry. A white, micritic calcite  
deposit, observed in the continuation of the tectonic zone, 
probably formed through the destruction of limestones in  
a karst environment. 

Massive infillings of the sinkhole that consist of light to 
dark grey partly silty clays and white yellow quartz sands 
of Early Cretaceous age. The former yielded marine micro- 
and macrofossils, including Upper Valanginian ammonites;  
the latter are assigned to sandy deposits of the Upper 
Hauterivian(?)–Middle Albian age. Both infillings are  
regarded as an effect of the final collapse of the cave and  
the sudden displacement of the overlying Early Creta-
ceous deposits into the open karst sinkhole. This probably  
occurred as a result of the acceleration of karstification of 
the Tithonian limestones during the Middle–Late Miocene. 

The results of the current study are important for deci-
phering of the poorly-known karstification processes, which 
developed in the north-western margin of the Holy Cross 
Mts. (central Poland), the reconstruction of the Middle 
Miocene vegetation and climate, the documentation of the 
presumed circulation of thermal water through the karst 
aquifers, the dating and description of palaeontological 
assemblages of the Upper Valanginian deposits, as well as 
the reconstruction of the original sedimentary cover of the 
south-eastern part of the Tomaszów Mazowiecki Syncline, 
which had been removed by erosion. 
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