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Abstract: The Dynéw Marls occur in the lower part of the Menilite Beds throughout the Carpathian Arc. These siliceous
marls record decreasing salinity, anoxic bottom conditions, and pronounced endemism during the Lower Oligocene age
(Nannozone NP 23), referred to as the Solenovian Event (loss of connection of the Paratethys with the world ocean).
Until recently, these beds, and the rest of the Menilite Beds in the Outer Carpathians, were considered to be a product of
deep-water sedimentation, rather than shallow-water sedimentation as interpreted, for example, in Austria and the Czech
Republic. To explain this discrepancy, detailed sedimentological studies of the Dynéw Marls were undertaken in the
south-eastern part of the Silesian Nappe of the Polish Outer Carpathians, in three selected sections: A — in Gorlice;
B — Zborowice; and C — Jabtonica Polska. Six facies are identified: F1 — Black mudstone (Menilite shale); F2 — Chert;
F3 — Stratified marls; F4 — Sandy—pebbly marls; F5 — Marly-mudstone heterolithics; and F6 — Stratified and laminated
sandstone. The facies are grouped into three facies associations that confirm deposition of the Dynéw Marls in shallow-
water rather than deepwater environments. Interpretation of the facies and their associations suggests conditions typical
of a shallow lake or fresh to brackish shelf that was significantly influenced by tides and wave action. In addition to
carbonate deposition, siliceous material was supplied by terrestrial rivers but partly produced in situ. Periodic tsunami-
type events also occurred and can be traced over considerable distances. Section A at Gorlice provides clear evidence
of a facies succession characteristic of deposition in shallow water. These facies exhibit cyclic repetitions that reflect
fluctuations in relative sea level, i.e., in the depth of the shallow-water sedimentary basin. This interpretation is supported
by the presence of tidal rhythmites, attributed to spring-neap tidal cycles. Moreover, the succession of facies across
the Menilite Beds profile indicates both fluctuations in basin depth and a progressive deepening of the shallow shelf.
A shallow deltaic system (Magdalena Sandstone), located above the Dynow Matrls, has also been documented in this area.
The proposed shallow-water interpretation of the study strata does not preclude the existence of deep-water deposits
elsewhere in the Paratethys sedimentary basin during the Lower Oligocene. The evidence for tides in the studied
lacustrine or shelf succession sections likely reflects the basin’s connection to the open ocean in this area. The discovery
and documentation of these shallow-water features mark an important advancement in understanding the paleoenviron-
mental evolution of the Carpathians. It also contributes significantly to knowledge of the depositional conditions of
the Menilite Beds. The results support and refine previous interpretations and paleogeographic reconstructions.
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tidal flat deposits, tsunamite

Introduction

The Dynéw Marls (Dynéw Member; Kotlarczyk 1966) are of
particular interest in the Western and Central Paratethys (e.g.,
Kotlarczyk & Le$niak 1990; Schulz et al. 2004, 2005;
Sachsenhofer et al. 2018; Jirman et al. 2019, 2020). They rep-
resent an outgrowth event associated with the isolation of
the Paratethys from the world ocean and a decrease in salinity
(12-14 %), anoxic conditions of the bottom sediment and
strong endemism (with a uniform small-size (1-2 cm) of
bivalves fauna) that occurred during the Lower Oligocene
(calcareous nannoplankton Zone NP 23; Solenovian Event)
(Rogl 1999; Schulz et al. 2004; Sachsenhofer et al. 2018).
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Despite the large amount of data collected, studies conducted,
and scientific articles published, the discussion on the sedi-
mentary environment of these deposits is still ongoing (e.g.,
Kotlarczyk et al. 2006; Popov & Studencka 2015; Studencka
et al. 2016; Jirman et al. 2019, 2020).

The debate concerns the interpretation of the depositional
environment of the Dynéw Marls, despite robust indicators
based on geochemical studies, e.g., those developed for the
Czech part of the Silesian Unit (Jirman et al. 2019), studies of
endemic fauna (Popov & Studencka 2015; Studencka et al.
2016) in the Polish part of the Silesian Unit or of evident simi-
larities with modern subaqueous muddy shelf deltas showing
clear influence of waves and tides (Steel et al. 2024).

The discrepancy in interpretation concerns the assumed
deep-water conditions of their deposition (e.g., Kotlarczyk et
al. 2006; Gorniak 2011; Czapkowicz 2012; Pastucha 2013;
Studencka et al. 2016) as opposed to a shallow-water shelf
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setting (Dziadzio et al. 2016; Jirman et al. 2019; Dziadzio &
Matyasik 2021). These may be due to the fact that they were
studied in different tectonic units, with differing deposition
conditions, of the Silesian or Skole, and which were originally
located in different positions in the Carpathian basins. This
paper presents the sedimentological characteristics of the
Dynoéw Marls (siliceous marls) occurring in the succession of
the Menilite Beds of the Polish part of the Silesian Unit (in
three sections) and an interpretation of their depositional envi-
ronment. The study provides the most complete sedimentary
record to date of the Lower Oligocene sedimentary environ-
ment that had wave and tidal influence.

General geology

The study area is located in the Polish part of the Outer
Carpathians (Fig. 1A and B), an accretionary prism traditio-
nally divided into five tectono-lithofacial units called nappes
(Koszarski et al. 1974; Ksiazkiewicz 1975; Slaczka &
Kaminski 1998), each of which comprises the fill of a separate
basin with changing tectonic setting over time (e.g., Roca et al.
1995; Nemcok et al. 2000; Gagata et al. 2012).
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From south to north, these are the Magura, Dukla, Silesian,
Sub-Silesian and Skole units (Fig. 1B). However, the Carpa-
thians should also be divided vertically (tectono-stratigra-
phically) into two units: (A) the lower (older), allochthonous
Upper Cretaceous—Eocene accretionary prism, obducted from
the basement as a result of subduction; (B) the upper (youn-
ger), Oligo—Miocene, para-autochthonous (wedge-top fore-
land basins) with Menilite and Krosno Beds deposited in
a residual sedimentary basin, which prograded eastwards into
present-day Ukraine (Dziadzio et al. 2019; Dziadzio &
Matyasik 2021). The formation of the para-autochthonous is
associated with the Paratethys Basin, usually dated to around
the Eocene/Oligocene boundary, when a drop in sea level
combined with the effects of the Alpine orogeny caused the
separation and freshening of the Paratethys from the Medi-
terranean (Rogl 1999; Allen & Armstrong 2008).

Stratigraphic position of the Dynow Marls
The Dynow Marls lie within the Menilite Beds and are also

known as the Dynow Member. Their stratotype was first
described by Kotlarczyk (1966) from the Skole Unit. At its
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Fig. 1. A — General geological map of the Carpathians. B— Location of the investigated sections in the area of the Polish part of the Silesian
Unit against the background of the geological structure of the Carpathians. Section A — Gorlice fold in the Sekowka riverbed in Gorlice),
[49°38°51.77"N 21°10°41.58” E], Section B — Cigzkowice—Biecz—Osobnica—Bobrka fold (in the Biata riverbed in Zborowice), [49°45°34.24”N
20°57°42.40”E] and Section C — Turze Pole—Zmiennica fold (in Jabtonica Polska), [49°42°39.96”N 21°54°6.43”E].
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base are the Subchert Shale Member and the Kotow Cherts
Member (Fig. 2). At the top there is the Rudawka Tractionites
Member (with intercalations of the Tylawa Limestone) and
other members within the Upper Menilite shale (Futoma
Diatomite, Borek Nowy and Krepak Members; see: Kotlarczyk
& Lesniak 1990; Kotlarczyk et al. 2006). They are assigned to
the lowermost Rupelian (lower part of the NP23 nanoplankton
zone, Fig. 2), (Kotlarczyk et al. 2006; Popov & Studencka
2015; Studencka et al. 2016).

In the Czech Republic, both the Silesian Unit (Jirman et al.
2019) and the Sub-Silesian Unit (Jirman et al. 2020), accor-
ding to the results of stratigraphic studies, also correspond to
the NP23 zone (Fig. 2). In the Silesian Unit, the Dynow Marls
are underlain by the Subchert Member, and the Sitbotice
Member is distinguished above the Dynow Marls (Jirman et
al. 2019).

In Austria, the Dynéw Marls occur in the Waschberg Unit
in Lower Austria (a westward extension of the Zdanice Unit),
as well as in the area of occurrence of the Upper Austrian
Molasse Basin (Krhovsky et al. 2001; Schulz et al. 2004).
The equivalent of the Dynéw Marls are also found in the
Alpine Molasse area, the entire Carpathian Arc and the Tran-
sylvanian Basin (Krhovsky 1981; Krhovsky et al. 1992), and
even from the Caspian Sea area, and are all related to the
Solenovian Event and the isolation of the Paratethys from the
world ocean (Rogl 1999; Krhovsky et al. 2001; Schulz et al.
2004; Svabenicka et al. 2007; Popov & Studencka 2015;
Sachsenhofer et al. 2018; Jirman et al. 2019). For all three
studied sections, the age of the Dyndéw Marls falls within
the NP23 zone (Popov & Studencka 2015; Dziadzio et al.
2016; Studencka et al. 2016; Dziadzio 2018).

Sedimentary environment of the Dynow Marls based on
previous studies

The succession of Menilite Beds in the Polish part of the
Outer Carpathians has been considered by many authors to be
a product of deep-water sedimentation (e.g., Ksigzkiewicz
1975; Unrug 1980; Kotlarczyk & Lesniak 1990; Kotlarczyk et
al. 2006). However, based on recent studies (Schulz et al.
2004, 2005; Dziadzio et al. 2016, 2025; Jirman et al. 2019,
2020; Dziadzio & Matyasik 2021), this view should be re-
examined.

Data from the tops and bottoms of many Dynéw Marls
successions in the Carpathian Arc (including those in Austria
and the Czech Republic) provide marked evidence for shallow-
water (shelfal water depth) conditions (Schulz et al. 2004,
2005; Jirman et al. 2019, 2020).

In Poland, both biostratigraphic data (calcareous nanoplank-
ton), and geochemical data from section A suggest the sedi-
mentary environment of the Dynéw Marls should be defined
as very shallow (shelf water depths), brackish (at the base) and
very shallow, brackish with an eutrophic nature at the top
(Dziadzio et al. 2016). The deposits most likely formed at
times in an isolated lake-type basin, where laminated algal
mats thrived (Dziadzio & Matyasik 2021). An alternative,
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Fig. 2. Stratigraphic position of the Dynow Marls in Poland and the
Czech Republic. Based on: Kotlarczyk et al. (2000); Studencka et al.
(2016); Jirman et al. (2019) — modified.

as discussed below, is a delta-driven, fresh-water to brackish,
hyperpycnal inner to mid shelf setting, to explain the marked
sub-tidal rhythmites. The Dynoéw Matrls in section C have also
been interpreted in terms of the sedimentary environment,
partly based on studies of calcareous nanoplankton and
bivalves (Studencka et al. 2016). These conditions ranged
from lacustrine (freshwater) to more stable marine conditions,
with the average salinity of surface waters of mesohaline
nature (Studencka et al. 2016). The described bivalve fauna
is characteristic of the Solenovian Event, where mainly ende-
mic taxa belonging to euryhaline bivalve families dominated.
It should be noted that such salinity tolerance controls the
zonal distribution of animals intidally influenced environ-
ments, with euryhaline species being particularly abundant
in the supratidal zone (Newell 1979; Desjardins et al. 2012).
At the same time, Studencka et al. (2016) write that the occur-
rence of Paleogene mollusc fauna in the Polish part of the
Outer Carpathians is rare and limited to deep-sea sediments
such asdebris flows or of olistoliths), similar to studies on fish
(Kotlarczyk et al. 2006) and coprolites of teleost fish (Bajdek
& Bienkowska-Wasiluk 2020; Kotlarczyk & Lesniak 1990;
Kotlarczyk et al. 2006; Studencka et al. 2016). There is there-
fore a basic disagreement as to whether the sediments reflect
deep-water (bathyal) conditions or shallow-water conditions.

Materials and methods

The data for the study come from three measured sections of
the Dyndéw Marls. They are located in the central-eastern
Polish part of the Silesian Unit within three fold structures,
(Fig. 1B).
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All sections of the Dynoéw Marls were described from the
sedimentological point of view and six main facies were distin-
guished within them (Table 1). For support of the interpretation
twenty-nine samples were analysed for basic geochemistry
from sections A, B and C using Rock-Eval-6 (nine samples each
from sections A and B and 11 samples from section C). Thirteen
detailed investigations of organic matter were also performed,
including biomarker analyses using GC-MS Polaris Q (Thermo).
Petrographic studies on six rock samples from sections B and C
documented lithology, the main, secondary and accessory com-
ponents, the degree of grain rounding, the occurrence of skeletal
elements (and their degree of preservation), the type of cement
and its genesis (primary or secondary), and diagenetic pro-
cesses. These results were published by Dziadzio et al. (2025).
To determine the stratigraphic position of the studied sections,
data previously developed by Birecki (1964), Slaczka &
Kaminski (1998), Dziadzio et al. (2016), Studencka et al. (2016),
and Dziadzio (2018) were used.

Section A

Section A of the Dynéw Marls (here called siliceous marls,
Swidzinski 1947) (Figs. 1B, 3, 4) is located in the lowest part
of the Menilite Beds exposed on the southern limb of the
Gorlice fold in the Segkowka riverbed. The thickness of the
Menilite Beds here is about 150 to 200 m, though almost com-
pletely occupied by the coeval Magdalena Sandstone in this
part of the Carpathians (e.g., Szymakowska 1979; Karnkowski
1999; Dziadzio et al. 2006, 2016; Dziadzio 2015a,b; Dziadzio
& Matyasik 2021). The siliceous marl section is approxi-
mately 6.5 m thick, has not been described in detail and has
not been identified previously as the Dynéw Marls, except by
Dziadzio & Matyasik (2021).

Section B

Section B is located in the lowest part of the Menilite Beds,
in the Biala riverbed near Zborowice, on the southern limb of
the Ciezkowice fold (Figs. 1B, 5). The thickness of the
Menilite Beds is about 45 m and of the marls about 13 m
(Fig. 5). However, Birecki (1964) distinguished a total of
about 20 m of Menilite Beds and siliceous marls, dividing
them into three levels: lower — subcherts, middle — cherts with
accompanying marls, and upper — Menilite shales with lenses
of Kliwa Sandstone. Such a tripartite division is not visible in
the present section, which is now almost completely sub-
merged. The author documented that in the upper part of
the subchert beds there is a large quantity of well-preserved
mollusc fauna and that in many places in the adjacent profiles
within the Menilite Beds there are light, porous siliceous rocks
— diatomites, which accompany the chert beds.

Section C

Section C is located in Jabtonica Polska on the southern
limb of the Turze Pole-Zmiennica fold (Figs. 1B, 6, 7) and
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the Menilite Beds are about 8 to 70 m thick there (Wasiluk
2016). As described by Studencka et al. (2016), the Dynow
Marls occur between the Kotow Cherts at the bottom and
the Rudawka Tractionites with intercalations of the Tylawa
Limestones at the top (Kotlarczyk et al. 2006). Near Jabtonica
Polska, the marls are about 11 m thick (Fig. 7).

Results
Facies
Facies F1: Black mudstone (Menilite shale)

This facies (F1), (Table 1) is characterised by a clear shale
separation when the mudstone fraction dominates, or a more
massive texture without clear separation when the clay frac-
tion dominates (Fig. 8). It contains little or no carbonate.
However, it contains characteristic diverse and rather high
amounts of organic matter (cf. Dziadzio et al. 2016, 2025) and
notably lacks bioturbation.

Within this facies there are very thin layers, laminae or
lenses (Fig. 8) of siltstones or very fine-grained sandstones
that can have a horizontal, wavy (often symmetrical, Fig. 8) or
lenticular lamination, showing continuity over a significant
distance and allowing separation of the mudstone to occur at
various thickness scales. This facies varies in colour from
black to light brown, and on the weathered surface it ranges
from white to light yellowish grey. A characteristic feature is
the presence of sulphur efflorescences on the surface of the
separation, which accentuate its yellow colour. The thickness
of this facies varies from a few millimetres to several metres.
It occurs together with facies F2, F3, and F5. Usually its
contact with facies F3 is sharp (Figs. 3, 4, 5 and 8). This facies
is widespread in the Lower Oligocene deposits of the Car-
pathian Arc.

Facies F2: Chert

Facies F2 (Table 1) occurs as isolated beds, several to 20 cm
thick within facies F1, F3, F4 and as units several metres thick
of parallel and wavy bedded cherts, often internally separated
by very thin laminae of brown non-calcareous mudstones of
facies F1 (Figs. 5 and 9). The cherts appear massive but can
show subtle horizontal lamination, sometimes with additional
primary sedimentary structures such as ripple cross-lamina-
tions, suggesting that they were originally siltstone and sand-
stones. The cherts are often interbedded with less silicified
mudstones and weather to a pale yellowish-grey colour. Within
the cherts, in addition to the Menilite shales, there are thin
layers of sandstone, often lenticular in shape, both more sili-
ceous and more like sandy mudstones. Their internal lamina-
tions are distinctly symmetrical ripples. These structures are
clearly visible in the lower interval of section C, classified as
the Kotow Cherts (Figs. 6 and 7).
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Fig. 3. Exposure of Dynéw marls in the Sgkowka riverbed (left bank) in Gorlice (section A). State of preservation of the exposure in 2015.
Arrows indicate the bottom (on the right) and the top (on the left) of the studied section.

Facies F3: Stratified marls

Facies F3 (Table 1) is very well stratified with individual
beds 0.2 cm to several tens of cm. thick (Fig. 10). The beds
also have alternating different proportions of marl to marly
mudstone, (from submillimetres to several centimetres).
The colour of the marl is brown to dark brown. The marls are
highly calcareous, in places slightly silicified (Fig. 10), or con-
tain very thin layers or lenses of chert.

The marls of this facies do not exhibit any obvious internal
sedimentary structures, and these may have been erased by
diagenetic processes. However, subtle, irregular, cyclic hori-
zontal laminations suggested by colour changes and lamina-
tions with a ?lenticular appearance are occasionally present.
The marls show irregular, nested or layered silicification, and
sometimes the marls are strongly silicified. For this reason
they are often called cherts or siliceous marls (Swidzinski
1947; Birecki 1964). Fish fragments are often found in the
beds (e.g. section B). Some thin laminae or beds are limestone.
This facies occurs in all three sections examined. Its thickness
varies from tens of centimetres to several metres. It occurs
together with facies F1, F2, and F4 (mainly in sections B
and C). Petrographic studies of this facies show that the marls
are composed of very fine-grained micrite, with dispersed clay
minerals and detrital grains, mainly quartz, glauconite, pyrite
and metamorphic rock (diameter 0.05-0.25 mm), as well as
fine plant and organodetrital detritus and limonite which
emphasise lamination. No bioturbation is observed. Contacts
between marls and cherts are not sharp, but there are gradual
transitions between them, and silica infiltrates irregularly into
the mudstone/marlstone (Dziadzio et al. 2025).
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Facies F4: Sandy-pebbly maristone

Facies F4 (Table 1) occurs in sections, B and C (Figs. 5, 6,
and 7), and is characterised by amalgamated beds or is
thick-bedded. Where there is a clear bedded stratification,
there are flat or lenticular beds on a large scale (Fig. 11).
Internally, there are scattered grains with well-rounded quartz
or other lithic components, in grain sizes up to 0.5 cm.
There are also fragmented and well-preserved molluscs (cf.
Studencka et al. 2016) varying in size from a few millimetres
to 1 cm, with sporadic thick-shelled bivalves up to several
centimetres in size. Marls of this facies can therefore be
referred to fine-grained conglomerates. The colour varies
from grey-brown to dark brown, and yellow-brown. Facies
F4, usually has a sharp bottom and top and is about 1.3—1.5 m
thick (Figs. 5 and 7). In section C, extensive inclined strata and
lenticular strata are visible, strongly suggesting hummocky
stratification (HCS) composed mainly of very fine-grained
marl. The amplitude of the HCS domes is about 20-30 cm
and the wavelength varies between 90 and 100 cm (Fig. 11).
In some places there is a faintly visible horizontal bedding.

Petrography of those deposits are similar in both sections B
and C. Within this facies, there are also poorly visible soft
deformation structures which, in places, are silicified. They
are sandy mudstones with a micritic carbonate matrix. They
contain poorly rounded detrital grains of quartz, feldspar,
metamorphic rock and detrital glauconite, as well as heavily
damaged organodetrital fragments. There is also fine plant
detritus, limonite, and fine grains of pyrite and hematite
(Dziadzio et al. 2025). Also, no bioturbation is observed.
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the work of Dziadzio et al. (2016). Location: the southern limb of the Gorlice fold in Gorlice.
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For the legend see Fig. 4.
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Facies F5: Marly-mudstone heterolithics

Facies F5 (Table 1) occurs only in section A. It is about
1.5 m thick and alternates with facies F3 (Fig. 4). It consists of
two components:

(1)horizontally and wavily fine-laminated marl packages,
without mudstones, from a few to tens of centimetres thick
(Fig. 12) and

(2) mudstones and very fine-grained sandstones rich in organic
matter (from 1 millimetre to several centimetres), with len-
ticular, flaser and wavy lamination (Fig. 13).

Type 1 is less common within facies F5 and is usually inter-
bedded with thin, organic-rich, continuous laminations of
unstructured mudstones ranging in thickness from a few milli-
metres to a centimetre.

Type 2 is characterised by alternating thin and very thin
laminae and marl beds (also internally laminated) and calca-
reous, organic-rich mudstones/sandstones which, in addition
to thin laminae and highly continuous beds, form lenses, often
symmetrical, and beds with flaser lamination. The thin lami-
nae and lenses of the mudstones are not lithified and break up
into small scales or sand, while the surrounding marls are hard
(partly silicified). The proportions of marls, mudstones and
sandstones are variable and the facies is marl-dominated
heterolithics. The marly parts, which weather white and light
grey, more resistant to weathering, are carbonate and slightly
silicified in places. Their colour on the fresh surface is brown.
The light brown weathering parts are more mudstone and
sandstone, poorly compacted, crumbling in scales (similar to
Menilite shales), not carbonate. They are more susceptible to
weathering, are not compacted and retain a similar colour on
both the fresh and weathered surfaces. Mudstones and very
fine-grained sandstones form symmetrical-ripple lenses and
are covered by a thin marl lamina or a thicker interval of lami-
nated marl. Marl laminae also occur within mudstone lenses
as flaser lamination (Fig. 13). The marls are arranged in thin
horizontal or wavy symmetrical layers with a wavelength of
10-20 cm (most commonly 10 c¢cm). Within the mudstones/
sandstones there are also small symmetrical ripples of low
amplitude Facies F5 is interbedded with facies F3.

Facies Fo: Stratified and laminated sandstone

The sandstones that make up this facies (Table 1) range in
thickness from 1 mm to 10 cm. The sandstones contain hori-
zontal, wavy, flaser and lenticular laminations (in places
deformed horizontal or ripple laminations) as well as clim-
bing, symmetrical ripple laminations and bimodal cross lami-
nations and some laminae interfingering with mud deposits.
In both types, no bioturbation is observed. Both types of
deposit are interbedded with facies F3.

Sandstones interstratify with mud as heterolithics (Figs. 14-18).
No bioturbation within this facies is observed. Mudstone and
mudstone—sandstone intervals are rich in micas, organic mat-
ter, both plant and fish remains, and faecal pellets (fish cop-
rolites) (Figs. 19 and 20). Their presence can be seen on
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Fig. 6. Exposure of the Dynow Marls in Jabtonica Polska (section C). The state of preservation of the exposure in 2024. The arrow on the right
indicates the bottom of the marl bed. The arrow on the left side of the photo indicates a tectonic zone that changes the angle of inclination of
the beds and runs in the upper part of the Dynow Marls. A vertical scale (2 metres) is shown in the centre of the photo.

the surfaces of separation and in the perpendicular section.
The sandstones are interbedded with thin marls, 0.2 to 2 cm
thick, with sharp tops and bottoms, and some gradations of
laminated sandstones/mudstones, which are well defined
within the sandstones, but only after cutting.

In addition, within the finely laminated sandstones and
mudstones, and less frequently marls, there are quite charac-
teristic lighter and darker laminae, some of which can be inter-
preted as double mud drapes. Within the crossbedding there
are mud drapes and reactivation surfaces (Fig. 17). They are
composed of the same material, differing only in the degree of
organic matter in the lamina. There are also alternating sand-
stone laminae and silt/clay laminae (Figs. 14, 15, 16, 17, 18,
19 and 20) and ripple marks with bimodal laminae (Fig. 18)
and some laminae interfingering with mud deposits. This type
of deposit is also found in the upper part of the Menilite Beds
profile (Magdalena Sandstone), similar to the bimodal cross-
lamination and interfingering of lamina sets with the surroun-
ding mudstone sediments (Dziadzio 2018).

Sandstone—mudstone interbedding forms quite characte-
ristic successions of sedimentary structures Fig. 21. The most
common are from bottom to top: (1) mudstones or very
fine-grained sandstones with lenticular and flaser lamination;
(2) sandstones or mudstones, wavy laminated, horizontally
laminated and again wavy laminated, lenticular and flaser
laminated (Figs. 14 and 21); (3) horizontally and wavy lami-
nated mudstones or very fine-grained sandstones; cross
laminated, lenticular and flaser laminated sandstones, and suc-
cessively wavy and horizontally laminated mudstones or very
fine-grained sandstones (Figs. 15 and 21); (4.1) cross lami-
nated, lenticular and flaser laminated (Figs. 17 and 21); (4.2)
horizontally laminated mudstones or sandstones (Figs. 20 and
21). All these facies successions are bounded below and above
by massive or very finely laminated marls of varying thick-
ness. They also often pass into the next succession like the one

below (Fig. 14). The facies successions are clearly cyclic
(Figs. 14 and 22). Facies F6 is interbedded with facies F3,
which varies in thickness from 0.5 to 10 cm (Figs. 4 and 22),
and in the lower part of the section also with facies FS.
Together they form an interval of about 4 m thickness in the
middle and upper part of the Dynow Marl in section A (Fig. 4).
Towards the top of the section, the proportion of sandstones
and their thickness gradually increase.

In addition to laminated sandstones, this facies includes
massive, structureless, multi-grained sandstones of brown or
grey-brown colour, sometimes horizontally bedded and some-
times finely and subtly striated (weakly visible ripple lamina-
tion) with dispersed glauconite grains and large amounts of
dispersed organic matter. They occur mainly in section B, in
its lowest part. Their thickness is about 1 m. They were also
previously described by Birecki (1964).

Facies association
Facies association FAI: Facies F1 and F2

This association is often found within the Menilite Beds.
It is most abundant in the lower part of the Dynow Marls
(although not exclusively, cf. Section B, Fig. 5). It is important
because of its wider context and position, as well as the occur-
rence of this association within the Dynéw Marls. A characte-
ristic feature of this association is the heterolithic character or
cyclic repetition of facies within it.

Facies association FAII: Facies F3 and F4 (with subordi-
nate F1 and F2)

This association, typical of the Dynow Marls (Figs. 5 and 7),
contains mainly horizontally bedded marls (F3), often sepa-
rated by submillimetre-thick claystones or mudstones of F1,

GEOLOGICA CARPATHICA, 2025, 76, 5, 313-336
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Fig. 7. Section C of the Menilite Beds and Dynéw Marls with the
interpretation of facies and facies associations on the southern limb of
the Turze Pole—Zmiennica fold in Jablonica Polska. For the legend
see Fig. 4.
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Fig. 8. Facies F1. The lower part of the Dynéw Marls (siliceous
marls). Visible facies contrast of weathered white marls — upper part
of the photo, and brown Menilite shales (mudstones) — middle part of
the photo, and more argillaceous — lower part of the photo (above the
hammerhead). Within the shales a symmetrical wavy bedding is visi-
ble. Section A, location: Figs. 1, 2 and 3; scale: hammerhead 18 cm.

Fig. 9. Facies F2. Parallel stratified cherts. The upper part of the
photo shows a gradual transition to Menilite shales (facies F1).
Symmetrical wave and lenticular sedimentary structures are present
in the shales. The actual dip angle of the beds is about 85° (photo is
rotated). Outcrop in Jabtonica Polska (Kotow Cherts). Section C,
locality: Figs. 1B and 6; scale at bottom of photo: 1 m.

Fig. 10. Facies F3 Stratified marlstone. Subtle horizontal lamination
visible within thinly bedded brown marls. Outcrop in Jabtonica
Polska. Section C, location: Figs. 1 and 6. Hammerhead (18 cm) for
scale.



DEPOSITIONAL ENVIRONMENT OF THE POLISH OUTER CARPATHIAN MENILITE BEDS

Fig. 11. Facies F4. Massive and sandy-pebble marlstone. In the lower
part, an irregular erosional-depositional surface (black arrows).
In the upper part a large lenticular bed (HCS) is visible (red arrows).
The actual dip angle of the beds is about 85° (photo is rotated).
Section C, location: Fig. 1, photo 2, scale 50 cm.

Fig. 12. Facies F5. Heteroliths of finely laminated marls and horizon-
tally and wavily laminated mudstones with a gradual upward increase
of mudstones. Lower part of the Dynéw Marls in section A. Location:
Fig. 2. Hammerhead (18 cm) for scale.

Fig. 13. Facies F5. Heteroliths of marls and laminated mudstones.
Lighter beds are marls, darker beds are organic mudstones and very
fine-grained sandstones of the Menilite shale type. In the lower part of
the photo, the mudstones show a slightly wavy horizontal lamination
with a wavelength of about 20 cm. In the middle and upper part of
the photo, there are marls with lenticular and flaser lamination within
mudstones and sandstones. Location: Fig. 1. Hammerhead (18 cm)
for scale.
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and cherts (F2), which are subordinate thin beds and lenses
within the association. In places the marls are silicified.
In silicified marls there are irregularly distributed, often dif-
fuse, concentrations of silica. Apart from subtle horizontal
laminations, the marls themselves show no distinctive fea-
tures. This association contains also structureless, sandy con-
glomeratic marls with shallow-water fauna and shell fragments
(facies F4), as well as soft-sediment deformed beds. More
importantly, however, FAIl contains hummocky? and swaley
strata (Fig. 7).

Facies association FAIIl: Facies F3, F5 and F6

The facies succession in the third association, which occurs
only in section A, should be considered in continuity and ver-
tical succession (Fig. 4), because within it there are changes
related to different proportions and types of facies, as well as
changes in grain size and thickness upwards. The association
consists of three facies, which gradually replace each other
towards the top of the Dynow Marls section. In the lowest part
of the association there are slightly silicified and well-bedded
marls (F3). Higher up in the section there are bedded lami-
nated marls of heterolithic type (F5), which pass into cycli-
cally interbedded marls of facies F3 and sandstones of facies
F6. In the upper part of section A (Fig. 4), the proportion of
sandstones and mudstones gradually increases.

Discussion

It should be noted that the various facies and facies associa-
tions (within the same age interval) record changes in litho-
logy and sedimentary structures. However, only some of these
features are environmentally diagnostic and can be reliably
used to interpret depositional environments. Despite this,
the analysed sedimentary record does not present significant
interpretive uncertainties. Other analytical methods, such as
biomarker studies, have proven effective in identifying the
genesis of non-diagnostic facies and in reconstructing deposi-
tional settings. This approach strongly supports environmental
interpretations, showing excellent correlation with sedimento-
logical data (Dziadzio et al. 2025).

Facies and facies association interpretation
Facies association FAI: Facies F1 and F2

Facies Association FAI comprises Facies F1 and F2 (see
Table 1 and Figs. 5 and 7). These facies coexist and are gene-
tically related.

Facies F1 formed mainly through the deposition of fine-
grained material from hypopycnal suspension. Some of the
organic-rich mud layers may also have originated from river-
generated, hyperpycnal underflows that become muddy on
the mid to outer shelf (Zavala et al. 2021).
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Fig. 14. Three successive sandstone beds of facies F5 separated by
thin marls layers. There is a similar sequence of sedimentary struc-
tures in the lower and upper beds (Sq. 1). These are flaser and lentic-
ular laminations formed during the period of the more energetic
spring tides and, in their central part, horizontal and slightly wavy
laminations formed during the period of the less energetic neap tides.
Such cycles are often bounded at the top and bottom by a bed or lam-
ina of marl, or merge into the next sequence (upper sequence, and
upper right part of the photo). The thin middle cycle is bounded by
very thin marl laminae with lenticular lamination in the sandier parts
and represents 4.1 type sequence (Sq. 4.1). Upper part of the section A.
Location: Fig. 1.

Fig. 15. Facies F6. Wavy, flaser and lenticular laminated and locally
deformed glauconitic sandstones. Horizontally laminated marls in
the lower and upper parts of the picture. The cycle has the nature of
sequence 3 (Fig. 21). The lower and upper parts may correspond to
sediments deposited during neap tides, and the middle part to the
period of more energetic spring tides. Such a vertical sequence may
represent a record of a cycle deposited during a synodic month,
Fig. 5, (cf. Tessier 1993; Kvale et al. 1995; Tessier et al. 1995).
The upper part of section A. Location: Fig. 1. Scale: lens cup 5 cm.

The frequent occurrence of subtle, thin laminae within
Facies F1 may be due river-flood across the shelf and to accu-
mulation that was interrupted by the transport of silt or larger
grains along the bottom (Lazar et al. 2012, 2015). Unrug
(1980) suggested the presence of sand and silt laminae within
the Menilite Beds of Skole Unit as contourites resulting from
deep-sea traction currents travelling along the deepwater slopes.

GEOLOGICA CARPATHICA, 2025, 76, 5, 313-336

DZIADZIO

Fig. 16. Facies F6. The lower and upper parts show horizontal and
slightly wavy laminae formed during the period of less energetic neap
tides. Each of the thin laminae may represent a single tidal episode.
In the central part of the image there is flaser lamination formed
during the period of more energetic spring tides (case (3), Fig. 5). Itis
probably a record of a single cycle deposited during a synodic month.
Upper part of section A. Location: Fig. 1.

Fig. 17. Facies F6. In the lower part of the picture is a flaser lami-
nation, in the upper part is a symmetrical lamination. The lower
arrow indicates double laminae characteristic of tidal phenomena.
The upper arrow indicates the reactivation surface. In the central part
of the image are horizontally laminated mudstone and sandstone,
passing into structureless and normally graded marl (case of sequence
4.1, Fig. 5). Central part of section A. Location: Fig. 1.

Fig. 18. Rhythmite-type deposits represent sequence (2), Fig. 21.
Bimodal (herring bone type) lamination in the lower and upper parts
and some laminae interfingering with mud deposits.

These laminae are sometimes cross-bedded or ripple-laminated
and occur in the form of lenses, as seen in facies F1 (Fig. 8).
Facies F1 also commonly exhibits low-amplitude, wavy,
symmetrical and lenticular beds of various wavelengths. These
structures, resemble hummocky cross-stratification, which is
most commonly associated with storm processes and may
have formed through complex or oscillatory flows (e.g., Dott
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& Bourgeois 1982; Arnott & Southard 1990; Yang et al. 2006;
Cummings et al. 2009; Tinterri 2011). Hummocky cross strata
is common along shoreface areas but also extends far out on
the shelf (Dott & Bourgeois 1982). However, it cannot form
below storm wave base, i.e., up to 30—50m of water depth on
the shelf. It is described from many modern and ancient sub-
aqueous deltas that transit across modern shelves (Patruno et
al. 2015; Rossi & Steel 2016; Rossi et al. 2017).

They can also be associated with the development of intra-
basinal gravity waves, occurring at different depths depending
on the position of the pycnocline (including its seasonality)
within the sedimentary basin (Morsilli & Pomar 2012), but
this is difficult to prove.

The interpretation of this facies is supported by the results of
biomarker studies, which provide reliable indicators of the
depositional environment. According to the obtained data,
the depositional environment was anoxic, freshwater or
brackish, and of a lake-type. The setting could possibly also
represent inner to mid-shelf zones that are dominated by
fresh-water river outflow, sometimes for some 10s of kms
basinward from the marine shorelines (Zavala et al. 2021).
The environment was episodically supplied with both terres-
trial and marine organic matter (Dziadzio & Matyasik 2021;
Dziadzio et al. 2025). Small gypsum crystals were also found
within this facies (Dziadzio et al. 2016), further suggesting
periodic evaporation possibly during times of low eustatic sea
level. This type of deposit can also accumulate in areas that
are periodically isolated, such as bays, estuaries, lagoons, and
coastal lakes, where low-amplitude, symmetrical, wavy bed-
ding is present (Tinterri 2011).

Finally, the collected data suggest that this facies was depo-
sited in an isolated, shallow-water (lacustrine or freshwater
inner shelf), partly brackish, periodically high-energy, eva-
poritic sedimentary basin (or within a coastal lake, bay or
lagoon).

While the genesis of facies F1 is most likely as outlined
above that of facies F2 is more difficult to interpret. Cherts
(facies F2) have traditionally been interpreted as the result of
marine deposition in a deep-water environment (Pisciotto &
Garrison 1981; Pisera 1991; lijima 1994). Their sedimentation
is also associated with shallow-water carbonate environments
or associated environments (e.g., Tucker 1991; Einsele 1992;
Sugitani et al. 1998; Bustillo et al. 2002). However, chert
deposits are commonly also formed by secondary diagenetic
processes (e.g., Hesse 1989; Einsele 1992; Sugitani et al. 1998;
Maisano et al. 2020, 2021). Bedded cherts can also be the
result of compaction and recrystallisation of silica-rich bio-
genic sediments composed of unicellular organisms (radio-
laria and diatoms or sponge needles) in both marine and
lacustrine sedimentary environments.

In interpreting facies F2, it should be noted that the sedi-
mentation of Menilite shales and cherts in the Oligocene is
related to the period of isolation and freshening of the Para-
tethys. The climate at that time characterised by seasonality,
with cool, wet winters and warm, dry summers (Mosbrugger
& Utescher 2005; Mosbrugger et al. 2005). This may favour
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chert occurrence, according to recent interpretations, that
some of the siliceous sediments were accumulated in specific
shallow depositional environments (Gammon et al. 2000;
Ehrenberg et al. 2001). Their formation is associated with
sedimentation on a ramp-like shelf under cold water condi-
tions (Gates et al. 2004). To determine whether such a process
was possible in the case of facies F2, detailed paleoclimatic
studies would be required.

In the study area there are no cherts in section A, but sili-
cified marls of facies F3 are present (see interpretation of
facies F3). In section B, facies F2 occurs (also with silicified
marls), which may indicate a change in depositional condi-
tions, or even a different zone (possibly slightly deeper or
closed). In section C, symmetrical wavy and hummocky
cross-stratification-like structures are preserved in the cherts,
which likely indicate shelf-storm induced depositional condi-
tions and influence of oscillatory flow (e.g., Tinterri 2011).

Undoubtedly, the main factor in this case was the supply of
silica, most likely resulting from mass blooms of diatoms and
the long-term deposition of diatomite associated with low
salinity (due to the influx of fresh water), climatic cooling,
and increased seasonality (Krhovsky 1981). Other studies
(Kotlarczyk 1966; Kotlarczyk et al. 1986; Kotlarczyk &
Kaczmarska 1987; Kotlarczyk & Lesniak 1990; Pupp et al.
2018) also indicate their presence in the profiles of the Meni-
lite Beds.

The coincidence of basin phenomena (shallow but mor-
phologically very diverse sedimentary basin or basins), as well
as climatic, biological (diatoms prefer colder climates —
Wikipedia entry on diatom) and physicochemical (evaporation
processes and salinity changes) conditions could, on the one
hand, lead to the production of organic silica, of basin origin
and its delivery to shallow environments, but also to its pro-
duction in shallow, often freshwater or brackish zones (both
stenohaline and euryhaline species occur in many diatomite
horizons, Kotlarczyk & Kaczmarska 1987).

Diagenetic processes associated with evaporation could
also have led to the dissolution and reprecipitation of silica
(Einsele 1992; Sugitani et al. 1998). Under favourable condi-
tions silica could have been dissolved and precipitated as
chert, or it could have migrated and silicified the surrounding
rocks, as observed in silicified marls. This phenomenon is
evident also in cherts with sedimentary structures, such as
the silica impregnation of primary sediments (see Dziadzio et
al. 2025).

No biomarker studies were performed on the cherts. How-
ever, the interpretation was supported by the results of studies
by Jirman et al. (2019, 2020). Regarding the chert deposits
underlying the Dynéw Marls in the Czech Republic, Jirman et
al. (2019, 2020) suggest that they are associated with a mass
bloom of diatoms (see also Schulz et al. 2004) that inhabit
shallow brackish and freshwater environments (evidenced
by the presence of red algae and the absence of significant
terrestrial input). Facies F1 occurs alongside facies F2 (facies
association FAI), this could suggest that both formed in similar
shallow-water lacustrine or shelf conditions, with additional
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Fig. 19. Facies F6. Surface of separation from the sandstone-domi-
nated interval. Visible large accumulation of fish remains, skeletal
fragments, fins and scattered lighter submillimetre faecal pellets.
Central part of section A. Location: Fig. 4.

Fig. 20. Facies F6. Subtly laminated marly sandstone. The lumpy
structure in the lower part of the picture is caused by the presence of
fish fragments (darker, flat streaks) and faecal pellets (lighter, lenti-
cular and oval). In the upper part of the image there are sets of double
mud laminae. Middle part of section A. Location: Fig. 4.

DZIADZIO

evidence of the ingress of freshwater and diatom blooms. Such
conditions can also be present within a coastal lake, bay or
lagoon, but there is no indications of subaerial exposure in
the stratal succession.

Facies association FAII: Facies F3 and F4 (subordinate F'1
and F2)

Facies Association FAII (see Table 1 and Figs. 5 and 7) com-
prises two, and occasionally three or four facies (F3 and F4,
and locally F1 and F2) in alternations.

Rhythmic alternations of limestones and marls/mudstones
(shales) are known from a variety of depositional environ-
ments, from coastal to distal shelf zones (e.g., Einsele et al.
1991; Pittet et al. 2000; Walker et al. 2002; Arzani 2006).
They include well-stratified to nodular successions with rela-
tively high carbonate content (limestone) and relatively low
carbonate content (marl). Despite the importance of these for-
mations, it is still not well understood how they are formed
(Nohl et al. 2019). A similar situation occurs in the case of
limestone/marl and mudstone and marl, as well as cycles with
chert and requires an interdisciplinary approach, especially
a look at modern shelves, to explain their genesis. Therefore,
the whole sedimentary succession and the facies diversity
occurring within it should be studied in order not to exclude
various genetic factors (Hallam 1986).

A number of studies have been carried out to interpret
the origin of rhythmic alternations of limestones/marlstones
and marlstones/mudstones, including not only sedimentolo-
gical, geochemical and isotopic studies (Bottjer et al. 1986;
Eicher & Diner 1991), but also astrochronological studies
(e.g., Berger et al. 1984; Bellanca et al. 1996), although these
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Fig. 21. Sequences within cycles, probably related to different periods of the synodic month (29.5 days). (1) A sequence within which, from the
bottom, there are spring tide deposits (corresponding to the new moon), neap tides (corresponding to the first quarter), and again spring tide
deposits (corresponding to the full moon), and then the last quarter. This sequence represents a complete synodic cycle. The sedimentation of
the marl deposits probably also occurred during neap tides. (2) The first sequence type (1), does not end with a marl layer. Instead, it reappears
as wavy, horizontal, lenticular and flaser lamination at the beginning of the next sequence. (3) A case in which the neap tide of the first quarter
may not be noticeable. (4.1 and 4.2). Cases of incomplete synodic cycles (neap or spring tides) that are missing various sequence elements,

most likely due to erosion.
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have been inconclusive (Hallam 1986; Bathurst
1987; Westphal 2006; Li et al. 2018). These stu-
dies have also often assumed that depositional
records are related to Milankovitch cycles, which
must be treated with great caution (Hallam 1986;
Arzani 2006).

There is also some debate about the origin and
mineralogy of the dissolved carbonate phase, the
timing and burial stages at which carbonate is
redistributed, and the influence of primary sedi-
mentary properties on the diagenetic redistribu-
tion of carbonate (e.g., Nohl et al. 2019; Westphal
2006; Westphal et al. 2008). Two models are pro-
posed to explain their origin: (1) via redistribu-
tion of carbonates as a result of late diagenetic
dissolution under pressure, or (2) via early diage-
netic dissolution of aragonite and reprecipitation
of calcite (differential diagenesis model).

Both models may imply different interpreta-
tions of paleoenvironmental conditions. Identifi-
cation of the formation process is therefore
essential. From many cases studied, it appears
that most stratified limestones and marls are
formed at the stage of early diagenesis (i.e. car-
bonate redistribution), i.e. aragonite dissolution
and reprecipitation as calcite (Nohl et al. 2019).

In case of facies F3 (also with thin intercala-
tions of facies F2) lack clear sedimentary indica-
tors of their sedimentary environment.

Depositional processes consisted of the supply
or production of large amounts of organic mud,
and it should be noted that the discharge of most
rivers reaching the coastline consists of at least
80 % terrestrially derived mud, often organic
rich. Coccolith mud (the main component of the
Dynoéw Marls, see Haczewski 1989) and diatom
mud are also a source of silica.

Their presence is the result of the mass bloom
of algae (Pupp et al. 2018) and their deposition
and diagenesis, at a low sedimentation rate (for
the sedimentation of Menilite Beds, the rate is
considered to be relatively low, 25-35 m/Myr, Malata &
Poprawa 2006) may favour suggest the differential diagenesis
model.

It is likely that the dissolution of siliceous skeletal elements
and their precipitation under hypersaline conditions, such as
may exist in lagoons, coastal lakes — periodically cut off from
water supply or periodically supplied with water — may be
the cause of the dissolution of opal skeletal elements and sub-
sequent precipitation of silica within the still poorly diagenetic
marly sediment (Einsele et al. 1991; Einsele 1992; Sugitani
et al. 1998). The occurrence of irregular, scattered silica
impregnations and silica horizons interbedded with marls, as
well as their relationships, likely indicate a post-depositional
genesis (Dziadzio et al. 2025), for example late diagenetic dis-
solution under pressure — the first type of origin.
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Fig. 22. Interbedded marls of facies F3 and sandstones of facies F6, forming charac-
teristic cycles that repeat one after the other. These cycles are probably related to
tidal processes. S — Deposit formed as a result of spring tides (or synodic cycles),
N — Deposit formed as a result of neap tides (end of synodic cycles, or formed as
a result of isolation of the basin from the influence of tidal processes and deposition
from suspension). Location: Fig. 4.

The presence of characteristic biomarkers of saturated and
aromatic fractions indicates both freshwater and saline condi-
tion and some of them indicate evaporation.

The presence of algal substances also suggests that this
facies was deposited in a closed or periodically closed basin
with fluctuating salinity, most likely due to variations in the
supply and evaporation of freshwater (Dziadzio et al. 2025).
Floodwater influx alternating with even small rises of sea
level will cause such salinity alternations on the shelf, with
evaporation on the innermost shelf during lowstands of sea
level. In Icehouse periods such as during some of Oligocene,
40-60m sea level changes occurred with high frequency
(80-150Ky) (Miller et al. 2020; Haq & Ogg 2024).

Facies F3, based on the facies context and current know-
ledge, may have been deposited in a shallow-water (freshwater
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to brackish) lake-type basin with periodic hypersaline condi-
tions. An alternative explanation would be on the freshwater to
brackish reaches (seaward of the shoreline) of a shelf that suf-
fered extensive freshwater river output alternating with marine
transgressions. Many modern shelves are like this as evi-
denced by the repeated, very low-angle (0.5 degree) advan-
cement of upward-coarsening clinothems (20-50m high)
creating muddy subaqueous delta lobes, in alternation with
intervals of open marine flooding (Denommee et al. 2016).

From an interpretative point of view, facies F4 has
a rather complex set of sedimentary characteristics. These
include a massive nature; sharp bottom-to-top and intra-bed
boundaries; a lack of bedding or lamination; and the presence
of large-scale HCS-like structures. The facies contains a scat-
tered lithic component of various sizes and shallow-water
bivalve fauna including large individuals with rounded shell
edges. The general nature of this facies is similar to storm- or
tsunami-type deposits that are common on open marine,
wave-dominated shelves and form in water depths down to
storm wave base (commonly 40 m).

Many examples and interpretations of such deposits have
been described in the literature, mainly from clastic succes-
sions, (e.g., Dam & Surlyk 1993; Myrow & Southard 1996;
Bondevik et al. 1997; Dawson & Smith 2000; Fujiwara et al.
2000; Myrow 2005; Bourrouilh-Le et al. 2007; Morales et al.
2011; Morales 2022).-

When this layer is found on the coast, it can easily be con-
fused with storm layers, although in confined environments
and sheltered bays, such as lagoons, deltas, estuaries or mud-
flats, it is easily recognisable as different from the muddy sedi-
ments normally deposited in these environments, and storm
sediments do not extend as far landwards (Morales 2022).
However, storm beds are often deposited on top of the muddy
embayment strata during minor transgressions (Cattaneo &
Steel 2003). In this setting they are characterised by a fining-
upward facies succession (caused by upward deepening of
the water) with sharp-based shell lag deposits and shells and
shell fragments irregularly distributed in a sandy—muddy
matrix and granular sediment with an erosional base, often
ending with a bioturbated layer. An important feature of such
a transgressive unit is the large number of molluscs, including
open sea species mixed with others typical of wave-protected
environments (typical of inland systems, including euryhaline
bivalves). These deposits are also rich in microfaunal assem-
blages, especially diatoms and ostracods. Sometimes such
beds are cross-laminated. There are also examples of struc-
tureless tsunamite beds consisting of a clay-mud matrix and
various rock fragments of different sizes and types, often con-
taining fragments of marine organisms from isolated areas
(Morales et al. 2011; Morales 2022). Tsunamites can also
form complex lithotypes that are repeated in the profile and
show no bedding or only very subtle lamination (Bondevik et
al. 1997).

They all have erosional bases (wave ravinement surfaces)
and extend for tens of kilometres along the coastline in envi-
ronments previously characterised by wave energy, low slope,
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muddy shores and abundant fine-grained sediments, such as
those found on deltaic plains or mudflats. In all cases, these
sediments show a characteristic accumulation of heavy metals
(Pb, Cu, Ni, Fe and/or Cr) (Whelan & Kelletat 2005).

Sometimes such beds are cross-laminated and contain well-
developed HCS-type bedding and other structures associated
with wave-storm processes as result of combined flow in
the zone above the storm wave base (Dott & Bourgeois 1982;
Duke et al. 1991; Dam & Surlyk 1993), (cf. facies interpreta-
tion F1) and also from tidal flat environments (Yang et al.
2006; Tinterri 2011). In this zone, the wavelength of these
structures can be smaller than in the outer shelf zone. This is
due to the presence of a wide, shallow subaqueous platform
where wave development is limited (i.e. wave height is limited
by depth). The maximum size of the HCS may increase with
decreasing water depth from the shelf break to the inner shelf
and then may decrease landward from this point because wave
size is limited by depth (Yang et al. 2006).

In facies F4 almost all of these features are present. The HCS-
like structures found in section C have the characteristics of
structures formed by sediment-laden and wave-induced oscil-
latory flows and can be deposited in a coastal, shoreline envi-
ronment (see Tinterri 2011). During transgressions they can
also occur in an environment previously dominated by river-
dominated hyperpycnal flows in the lower coastal zone (e.g.,
Jelby et al. 2020), but the facies context suggests a relatively
shallow zone.

Biomarkers from this facies originate from various deposi-
tional environments but consistently indicate anoxic, brackish-
to-freshwater conditions as would be expected in coastal and
inner-shelf zones. Some also suggest a cold climate (Dziadzio
et al. 2025).

The massive and sandy—pebble marlstone of this facies
could have formed as a result of transgression during tsunami-
related processes induced by deeper-water thrust-tectonic acti-
vity in the Lower Oligocene (Dziadzio et al. 2016, 2019).
Another important fact is that this facies occurs and is petro-
graphically similar in sections B and C (e.g., the same type of
the deposits and presence of detrital glauconite grains,
Dziadzio et al. 2025), which are about 70 km apart, with the
original distance between the depositional zones reaching up
to 100 km. Most probably, the two tsunamite levels occuring
in both sections are the same, Figs. 4, 6 and 23).

The context of the facies suggests deposition in a shal-
low-water (lacustrine or inner shelf) environment, most likely
a shallow-ramp-type basin where the seaward-dipping clino-
thems have very low angles (up to 0.5 degree; Patruno et al.
2015). This environment could well have been periodically
isolated from the influence of the ocean, though not during
time periods showing tidal rhythmites. This isolation could
have preserved the deposits, which are interpreted to be the
result of a tsunami (see, for example, Morales et al. 2011;
Morales 2022). This interpretation is consistent with paleo-
geographic reconstructions, which indicate a reduced size and
salinity of the Paratethys during this period, as well as with
tectonic activity in the Lower Oligocene that could have
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Over 170 metres
of the Magdalena Sandstone
(not to scale)

Early Oligocene |

Magura Basin
Cannibalized transient shelf

Magura Fm.

Glauconithic Magura

FI Beds

Silesian Cordillera

Silesian Basin

—— Dynéw Marls

Menilite Beds
Sea level

Older deposits (Cretaceous-Paleocene-Eocene)

Fig. 23. A schematic, hypothetical model (not to scale) of early Oligocene sedimentation on the northern flanks of the emerging Silesian
Cordillera (between the Magura and Silesian basins) for the Dynéw Marls. A — Simplified facies association correlation between sections A,
B and C. In section A, the Magdalena Sandstone, which is schematically drawn, developed on the Dynow Marls and represents a shallow-water
deltaic complex (see Dziadzio 2015a,b for details). B — The model illustrates the positions of sections A, B and C, taking into account the
genetic interpretation of facies and their associations. The shallow-water deposits of sections A, B and C are preserved by burial when the shelf
eventually founders, separating the Silesian Basin from the Skole Basin by another blind thrust anticlinal cordillera (based on Dziadzio et al.

2016). This is especially visible in the area of section A.

triggered tsunamis and deposited diverse material in shallow
environments.

This association may have been deposited in a large, shal-
low, lake-like basin, or in the coastal zone of a paleomorpho-
logically diverse lake, or alternatively on a shelf that at times
was dominated by freshwater river outflow and at other times
by rising relative sea level and transgressive deposits such as
the sandy HCS beds.

Facies association FAIIl: Facies F3, F'5 and F6

Facies Association FAIII (see Table 1 and Fig. 4) is present
only in Section A and comprises three facies: F3, F5 and F6
facies (see Fig. 4). The facies F3 sharply overlies the Menilite
shales (facies F1), reflecting a rapid change in basin condi-
tions, likely due to the influx of river freshwater and nanno-
plankton blooms. Above the lower interval dominated by
facies F3, the heterolithic deposits of facies F5 gradually tran-
sition to cyclically interbedded marls of facies F3 and F5.

Facies F5 is characterised by two types of sediment: (1) hori-
zontally and wavily fine-laminated marl packages, without
mudstones, from a few to tens of centimetres thick (2) mud-
stones and very fine-grained sandstones rich in organic matter
(from 1 millimetre to several centimetres), with lenticular,
flaser and wavy lamination which provide support for the
interpretation of the facies.

The environment in which these types of sedimentary struc-
tures were deposited can be deduced from well-documented
modern sedimentary environments, such as the Bay of Mont-
Saint-Michel in Normandy (Tessier 1993; Tessier et al. 1995);
from the beaches of the barrier island of Schiermonnikoog
(North Sea, Netherlands) (Kremer et al. 2008) and Paso Seco
in Argentina (Maisano et al. 2020, 2021), as well as past envi-
ronments, such as those described by Gerdes (2007), Kremer
et al. (2008), Cuadrado (2020) and Maisano et al. (2020).

The Bay of Mont-Saint-Michel (Tessier 1993; Tessier et al.
1995) is one of the most representative examples of a macro-
tidal coastal environment. In this setting, laminated, very fine
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sandy or silty sediments are deposited during spring tides, and
when tidal energy decreases (during neap tides), the settling of
clay and silt from weaker tidal currents and suspension during
the slack water phase. These muddier sediments cover the rip-
ple-laminated spring-tide structures.

A more directly relevant modern example comes from the
high-tide clastic flats of Paso Seco in northern Patagonia
(Maisano et al. 2020, 2021). Here, carbonate laminae form
continuously within microbial mats, providing analogues for
the finely laminated marl packages of Type (1) and stabilising
ripple marks to promote their preservation as an analogue for
Type (2).

A geobiological model proposed by Maisano et al. (2020,
2021) explains how lenticular and flaser laminations — com-
mon in tidal environments — can form and be preserved
through microbial influence. In present-day upper sub-tidal
and intertidal zones, coarser, organic-rich sediment is supplied
primarily from land by rivers. This material is reworked by
tides, forming sedimentary structures that are later stabilised
by microbial biofilms during periods of calm. Tidal inundation
regularly floods the sedimentation basin, creating shallow,
stagnant pools that persist for days or weeks. As evaporation
progresses, CaCO; supersaturation is achieved, especially
where algal mats restrict permeability and allow gradual water
loss. The mats facilitate the precipitation of micritic calcite,
which forms a protective layer over the sediment, enhancing
its preservation against erosion. This model can be applied to
the described case.

Similar, at Schiermonnikoog (North Sea, Netherlands), cal-
cium carbonate precipitation occurs due to mat evaporation
and the degradation of cyanobacterial biomass, releasing car-
bonate into the sediment. This process contributes to the
cementation and stabilisation of intertidal clastic sediments
(Kremer et al. 2008).

It is also possible that, as in the example from Tessier (1993),
a thin diatomaceous film could have formed during emersion
periods, aiding in the preservation of fragile sediment and con-
tributing silica for later diagenetic silicification.

These structures have also been documented in ancient
environments (e.g., Visser 1980; Alexander et al. 1998;
Longhitano et al. 2012) and interpreted as tidal rhythmites (see
also Van den Berg et al. 2007; Desjardins et al. 2012). It is
important to note that tidal rhythmites are especially common
in subtidal settings on the shelf. In such cases, the spring-neap
tidal bundling of the rhythmites occurs in 10 s of m of water
on the seaward dipping shallow clinothems of muddy sub-
aqueous deltas. The rise and fall of tidal water on the shelf
causes hyperpycnal muddy gravity flows on the platform not
only to slide down the subaqueous delta foresets but also to be
markedly tide modulated, causing the rhythmites. The rhyth-
mites are therefore not directly generated by tidal currents but
are tide-modulated gravity flows. The rhythmite gravity flows
impart the visibly spectacular repeated thin bed appearance
that gradually become finer downslope. The freshwater con-
tent trapped in the hyperpycnal flows causes them to be
unbioturbated.
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Observations from modern settings provide valuable ana-
logues for the interpretation of both sediment types in facies
FS5, indicating that ripple marks and mud layers may be pre-
served beneath successive carbonate laminae formed by algal
mats. These laminae can repeat cyclically, creating laminated
complexes. The structures preserved in the Dyndéw Marls sug-
gest deposition in an upper tidal or upper intertidal environ-
ment, likely within a periodically isolated basin receiving
substantial organic input from the mainland.

Additional support of this interpretation is biomarker analy-
ses which confirm also a predominance of terrestrial organic
matter (present in mudstone lenses of Type (2) deposit from
this facies), accompanied by smaller contributions from algal
and bacterial sources and dominance of algal and bacterial
input preserved in marly laminae draping ripples. These com-
ponents were likely deposited in a low-oxygen, but photic
zone (Dziadzio et al. 2025).

In summary, facies F5 most likely developed in a tidally
influenced environment subject to periodic shifts in depth and
energy, ranging from the upper intertidal zone (finely lami-
nated marls, Type 1) to the high-energy portions of the tidal
flat (mudstones and laminated sandstones, Type 2).

The depositional setting may have oscillated between an
open basin shelf, bay, or lagoon, with varying degrees of bio-
genic input and also organic matter from the mainland.

Additionally, the cyclicity observed within this facies likely
records the alternation between spring tides (facies F5) and
neap tides (non-laminated marl sediments of facies F3), with
which F5 is interbedded (see also interpretation of facies F6).
The alternation of facies BS and F3 is logical and significant
for the interpretation.

In the uppermost part of facies association FIII, Facies F6 is
present. A characteristic feature of this facies is the presence of
stratification characteristic of mixed high and low-energy
environments (wave, flaser and lenticular lamination, horizon-
tal lamination, massive or normal grading). In this facies also
bidirectional ripple lamination (Fig. 18) and interfingering of
marly laminae within the muddy deposits suggests that the mud
drapes covering landward-directed ripple-laminae were deposi-
ted during the slack-water period just after the flood half-cycle.

Unrug (1980) interpreted similar sedimentary structures as
contourites or tractionites. However, these differ in that they
do not create the cyclical, repeated facies successions docu-
mented in facies F6 (cf. facies interpretation F1).

Within the horizontally laminated sandstones and mud-
stones there are several thin intervals with a large accumula-
tion of fish fragments and faecal pellets, also suggesting a high
energy environment in which they were fragmented and
transported. These are intervals likely document large storms
or even tsunamis that influenced this upper level of FAIlIL
The presence of these storm wave deposits together with the
presence of double mud drapes tidal rhythmites and mud
drapes within the ripple laminae all provide good evidence
that FAIII reflects time intervals of relatively proximal coastal
and inner-shelf environments, i.e. levels in the study succes-
sion that prograded farthest into the basin.
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An important feature described from the F6 facies is the
occurrence of lithotype successions (cases (1)—(4), Fig. 21).
They indicate changes in the flow regime, probably controlled
by tidal processes during the synodal month (see also Brown
et al. 1990; Kvale et al. 1995; Coughenour et al. 2009). There
is also an increase in the proportion of sandstones and mud-
stones towards the top of the section (Fig. 4) and cyclic inter-
bedding of facies F6 with facies F3 (Fig. 22).

All of these features indicate that this facies formed in
a tidal environment and was recorded as a tidal controlled
by the cyclicity of spring and neap tides. The marly intervals
of facies F3 that separate them can be interpreted as the effect
of both the sedimentation associated with the neap tidal peri-
ods that divide the synodal cycles and the periods of cut-off
sedimentary basin from the influence of tidal processes and
the dominance of deposition by suspension with a simultane-
ous high degree of evaporation. The basin periodically flooded
and during it the deposition of tidal rhythmites and then
evaporated, resulting in the deposition of facies F6 and F3,
respectively. It cannot be ruled out that such cyclicity is caused
by changes in the seasons (see Mosbrugger & Utescher 2005;
Mosbrugger et al. 2005).

Biomarkers in F3 indicate an anoxic, hypersaline environ-
ment during marl deposition, formed by evaporation during
slack water periods. This cyclicity, as well as that within
the F5 facies, may reflect periods of connection with the open
ocean. Spring-neap tidal indicators reflect periodic fluctua-
tions in water depth, which may have been influenced by
storm activity. The abundance of fish remains in these layers
may indicate mass mortality events linked to dinoflagellate
blooms (their presence has been confirmed by biomarkers).

These blooms produce toxins during periodic population
explosions (see, for example, Kdoster et al. 1998; Dziadzio et
al. 2025 and the Britannica entry on dinoflagellates).

No bioturbation was observed within the analysed asso-
ciations. The absence of bioturbation in dark, organic-rich
shales is usually caused by seafloor anoxia (see, for example,
MacEachern et al. 2007), although insufficient sediment con-
trast can also obscure intense bioturbation (see, for example,
Dashtgard et al. 2015). In this case, however, it is more likely
to be the result of anoxia and periodic hypersalinity, as evi-
denced by geochemical data (Dziadzio et al. 2025), or extreme
ecological conditions, for example changes between fresh-
water and brackish and hypersaline. This topic is not discussed
in this paper.

Implications for the paleogeography of the Menilite Beds

Facies association FAIII is interpreted to show a gradual
retrogradation of the shoreline in the basin, indicating an
upward deepening trend in the section. It is also important
to note that the Magdalena Sandstone (Fig. 4), which overlies
the Dynow Marls in stratigraphic continuity, represents a del-
taic system with distal and proximal mouth bars (Dziadzio
2015a,b). Tide indicators are also observed in the Magdalena
Sandstone (e.g., tidal channels, see Dziadzio 2018).
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The succession at section A clearly documents a transition
from shallow-water, carbonate-rich facies with tidal influence
up to a sand-dominated deltaic facies. Similar facies types
occur in the southern part of the Silesian Unit, mainly in
the Magdalena Sandstone occurrence zone (cf. Dziadzio et al.
2006, 2016; Dziadzio 2015a,b, 2018), extending over 30 km.

Therefore, the whole sequence of Menilite Beds with
Dynéw Marls and Magdalena Sandstone was formed by the
periodic growth growth of a shelf, which underwent a tectonic
collapse after the deposition of these deposits, and there was
no cannibalisation of the shallow-water deposits formed at the
basin margin (Dziadzio 2015a; Dziadzio et al. 2016) (Fig. 23A
and B).

No such trend of changes has been observed in the FAI and
FAII associations.

Additionally, these three facies associations can be corre-
lated between each other, despite some facies change (e.g.,
between section A and B-C).

The diverse facies types of the Dynéw Marls between sec-
tions A, B, and C suggest that the basin gradually deepened
towards the north (Fig. 23A).

The presence of tidal deposits in the southern part of the
Silesian Unit, near the margin of the Silesian Cordillera,
may be the result of a marine connection that could have been
periodically blocked.

The proposed and well-documented shallow-water inter-
pretation of the study area does not preclude the existence
of deep-water regions elsewhere in the Paratethys sedimentary
basin during the Lower Oligocene.

This interpretation of the Dynéw Marls’ genesis, integrating
multidisciplinary data and facies context, contrasts signifi-
cantly with previous deep-water submarine fan models
(Kotlarczyk 1985; Kotlarczyk & Lesniak 1990; Czapkowicz
2012; Pastucha 2013; Studencka et al. 2016). It is also sup-
ported by findings from other parts of the Carpathians, includ-
ing in the Czech Republic and Austria, although it does not
yet resolve the relative depth of the Silesian Basin. Overall,
the data from the three sections of the southern Silesian Unit
suggest that the Dynow Marls were likely deposited in shal-
low, (ramp-type) lacustrine or shelf environments with vari-
able salinity, influenced by diverse depositional processes.

Conclusions

The history of research on the Dynéw Marls has primarily
focused on identifying its components. The conditions of its
deposition have not previously been considered and analysed
in detail, except for general interpretations (mainly from the
Skole Unit) suggesting that the Dynow Marls are the result of
carbonate sediment deposition in a submarine fan system
(Kotlarczyk & Lesniak 1990; Czapkowicz 2012; Pastucha
2013).

This interpretation differs from others in the same time
interval based on detailed sedimentological and geochemical
studies from the Czech Republic and Austria, where the
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Dynoéw Marls are interpreted as the result of increased car-
bonate productivity caused by mass blooms of calcareous
nanoplankton and their deposition in the shallow photic zone,
accompanied by high organic carbon emplacement in an envi-
ronment of low salinity or even freshwater and oxygen deple-
tion (Schulz et al. 2004, 2005; Sachsenhofer et al. 2018;
Jirman et al. 2019, 2020).

The nanoplankton species, which are the main components
of the Dynoéw Marls, are endemic. Their presence confirms
extreme ecological conditions, characterised by very low
salinity and/or high nutrient content. Additionally, the Dynow
Marls contain uniform and also endemic (euryhaline) types of
shallow-water bivalve fauna (Studencka et al. 2016). This
deposit is perhaps related to the Solenovian Event in the eas-
tern Paratethys, during which the sedimentary basin became
fresh. A similar process of shallowing of the sedimentary basin
occurred throughout the Carpathian Arc, where the Menilite
Beds and various other accompanying formations, such as
the Dynoéw Marls, were deposited.

Facies analysis of the Dynéw Marls, conducted across three
stratigraphic sections in the Polish sector of the Outer
Carpathians, reveals a shallow-water depositional environ-
ment, in contrast to previous work. In the central-eastern part
of the Silesian Unit, six sedimentary facies (F1-F6) and three
facies associations (FAI-FAIII) were identified.

The integration of these facies interpretations with organic
geochemistry results provides a more comprehensive under-
standing of the sedimentary processes and genesis of the
Dynoéw Marls. The evidence indicates that the marls formed
periodically under shallow-water (lacustrine or fresh to bra-
ckish water-dominated shelf) conditions and were influenced
by tides, waves and a tsunami.

In the southern part of the Silesian Unit, facies F3, F5 and
F6 indicate significant tidal influence that waned over time.
Bacterial-algal mats occur in facies F5 and the sedimentary
structures within facies F6, as well as their arrangement in
characteristic facies successions also indicate tidal dynamics.
These sequences also reflect cyclicity corresponding to
spring and neap tides, and possibly longer periods (synodal
months).

FAI association is associated with a diverse paleogeomor-
phology in a shallow-water sedimentary lake or shelf setting
as suggested by previous reconstructed paleogeography (e.g.
Rogl 1999), as well as the results of organic geochemistry
studies for three different sections (A, B, C).

FAII association indicates shallow water deposition in the
lake or tidal shelf that was periodically cut off from the sea.
Tsunami-like deposits are recorded in the central part of
the Silesian Unit.

FAIII association also reflects shallow water conditions but
also records of a gradual deepening of the sedimentary basin
confirmed by deposits interpreted as tidal rhythmites with
a record of spring and neap tides. This indicates periodic fluc-
tuations in the depth of the sedimentary basin with a tendency
towards its deepening where Menilte shale pass up into the
deltaic deposits of Magdalena Sandstone (Dziadzio 2015a,b).
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The period of sedimentation of the Menilite Beds coincides
with major tectonic events in the Carpathians, especially in
the Late Eocene, when the Magura Unit was thrust over the
Dukla and Silesian units (Roca et al. 2005; Dziadzio et al.
2016). These movements led to the uplift of the Silesian
Cordillera (Ksigzkiewicz 1962, 1965; Unrug 1968, 1979),
creating the conditions for the development of a tide-influen-
ced shallow water sedimentary basin. In the northern edge of
the Silesian Cordillera, a shallow depositional basin formed,
where tidal indicators were preserved in the Dynow Marls
(Fig. 23A and B). The tides could have been caused by a con-
nection of this part of the Paratethys with the world ocean.

This study presents the first fully documented and conti-
nuous stratigraphic record of a Lower Oligocene shallow-
water environment in the Silesian Unit. It challenges the
long-standing interpretation of deep-marine deposition within
a submarine fan context and significantly advances the under-
standing of paleoenvironmental conditions during the Meni-
lite Beds’ sedimentation in the Carpathians.

Understanding the sedimentation conditions of the Dynow
Marls requires further stratigraphic, sedimentological and
geochemical studies, which the author intends to conduct.
The next stage will be to study the succession of the Dynow
Marls in the Skole Unit. Initial geochemical studies conducted
within this unit (Dziadzio et al. 2025) indicate different sedi-
mentary conditions and a more marine nature of sedimenta-
tion. This suggests a complex and diverse sedimentary basin
(or basins) system in the Lower Oligocene.
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