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Abstract. Stratigraphy of non-marine sections and dynamics of marine transgressions in the deep geological past are important, yet challeng-
ing issues. Here we discuss results obtained from the Triassic—Jurassic (T—J) boundary interval of the Niektan PIG drillcore section (Holy Cross
Mountains or HCM, SE Poland). The core represents an expanded record of continental to marginal-marine facies, deposited within the axial
part of the Polish Basin. The section is dated based on an integrated approach, utilizing palynologic proxies, stable carbon isotope correlations,
and astronomical tuning of the section. Palacoenvironment and its evolution is established by means of high-resolution sedimentology, clay
mineral assemblages, and geochemical weathering indices (chemical index of alteration, CIA). The early to mid-Rhaetian was seasonal and
progressively warmer and more humid, culminating with a hot and humid climate in the late Rhaetian; the earliest Jurassic was slightly cooler,
yet still warm and humid, with year-round rainfall. Characteristic for the T/J boundary is the occurrence of two fern spikes (uppermost Rhaetian
and lowermost Hettangian), which are associated with vegetation crises; this interval is also marked by wildfire indicators. Recognition of short
eccentricity (~100 kyr) cycles enables calculation of sedimentation rates as well as temporal interpretation of the early Rhaetian marine inunda-
tion onto coastal plains of the Polish Basin. To begin with, over a period of ~200 kyr, a base-level rise led in the HCM region to a shift from
fluvial to lacustrine depositional systems, while the final flooding marked by the onset of marine facies took another ~350 kyr. Additionally,
observations allow inference of the magnitude of the early Hettangian relative sea-level rise, estimated herein to have been about 55 m.

PREFACE record of the uppermost Rhaetian—lower Hettangian of the

Niektan core encouraged him to gather a team of researchers

The current paper is the last research manuscript to  from various fields of geology in order to provide a detailed
which Grzegorz Pienkowski devoted his time. Well-pre-  stratigraphic calibration of this terrestrial succession. The pre-
served, complete and — most of all — an almost continuous  liminary results were obtained and underwent a discussion
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amongst the group of co-authors soon before Grzegorz’s
passing. Now, almost two years after this heart-breaking
moment, the research has been finalized so that it can be
shared with scientific community.

INTRODUCTION

The Triassic/Jurassic (T/J) boundary constitutes one of
the major Phanerozoic biotic turnovers, which in many re-
spects was foundational for modern flora, fauna and the
Earth system (i.e., Deenen et al., 2010). The end-Triassic
extinction (ETE), a key element of the T/J transition, repre-
sents one of the five great mass extinction events in the
Phanerozoic (besides the current one). The ETE is attributed
to magmatism in the Central Atlantic Magmatic Province
(CAMP) and associated outgassing of greenhouse gases, al-
though other sources and feedbacks such as methane hy-
drates may also be taken into account (e.g., Palfy et al.,
2001; Hesselbo et al., 2002). These processes resulted in
long-term increase of temperature, rapid sea-level fluctua-
tions and abrupt reduction in biological diversity (McElwain
et al., 1999; Palfy et al., 2001; Hesselbo et al., 2002; Guex
et al., 2004; Marzoli et al., 2004; Whiteside et al., 2007,
2011; Hautmann et al, 2008; Ruhl et al., 2009, 2020;
Schaller et al.,2011,2012; Sha et al., 2011, 2015; Steinthors-
dottir et al., 2011; Greene et al., 2012; Pienkowski et al.,
2012, 2014, 2020; Heimdal et al., 2020). Extensive environ-
mental perturbations affected also the broader carbon cycle,
as evidenced by a pattern of subsequent carbon isotope ex-
cursions (CIEs; i.e., Korte ef al., 2009; Ruhl et al., 2020).
Ultimately, the beginning of the Jurassic was marked by
a rapid marine transgressin, regarded as one of the fastest
non-glacial marine inundations during the Mesozoic (Hal-
lam, 1997).

Palaeoenvironmental conditions across the Triassic—Ju-
rassic boundary have been studied worldwide; however, the
majority of papers concern marine deposits (e.g., Palfy
et al., 2001; Hesselbo et al., 2002; Guex et al., 2004; Mar-
zoli et al., 2004; Whiteside et al., 2007; Hautmann et al.,
2008; Ruhl et al., 2009, 2020; Greene et al., 2012), while
more limited data come from terrestrial successions (e.g.,
Hesselbo et al., 2002; Pienkowski, 2004a; Sha ef al., 2011,
2015; Pienkowski et al., 2012, 2014, 2020; Li et al., 2017).
Consequently, chronostratigraphic correlation between ma-
rine and continental sections remains unlcear (Lindstrom,
2021; Bos et al., 2024); this, in turn, impairs the proper un-
derstanding of critical processes that took place during the
latest Triassic—earliest Jurassic transition.

In this context, particularly important are complete and
expanded terrestrial sections, which offer the possibility of
cyclostratigraphic analysis. This study concerns the upper-

most Triassic—basal Jurassic of the Niektan PIG borehole,
which provides an extended record of the uppermost Rhae-
tian—lower Hettangian developed in predominantly terrestri-
al clastic facies. Integration of detailed sedimentological
analysis with palynology, geochemistry (stable carbon iso-
topes, clay mineral and elemental geochemistry analyses),
and high-resolution petromagnetic investigations not only
enable interpretation of the T/J environmental conditions in
the Polish Basin, but also can be used for astronomical cali-
bration of the section. Accordingly, the main aim of this re-
search is to utilize the orbital timeframe of the Niektan PIG
core sediments in order to assess the pace of marine flooding
on the continental plains of the Polish Basin during the early
Hettangian (‘Planorbis’) transgression.

GEOLOGICAL SETTING
POLISH BASIN

During the Rhaetian—early Hettangian times, the Polish
Basin (with its depocentre called the Mid-Polish Trough,
MPT) was located at the northern subtropical latitude (about
4045 degrees; Fig. 1). Running generally along the Teis-
seyre—Tornquist Zone (TTZ) and the Trans-European Suture
Zone (TESZ), the MPT is the largest, with a length of more
than 700 km. Due to its facial development (fluvial, lacus-
trine- to nearshore facies), definition of the T/J boundary
with respect to the Hettangian GSSP (first occurrence of the
ammonite Psiloceras spelae tirolicum; Hillebrandt et al.,
2013) cannot be successfully applied. Consequently, the Tri-
assic—Jurassic boundary in the Polish Basin is typically
identified by palynomorphs: megaspores (Marcinkiewicz,
1962, 1971) or spores and pollen (Pienkowski et al., 2020).
Insofar FO of the pollen grain Cerebropollenites thiergartii
falls close to the base of the Jurassic (Hillebrandt et al.,
2013), stratigraphic utility of his marker is restricted to the
narrow T/J boundary interval. Consequently, studies fo-
cused on regional and supra-regional correlations exploit
also other methods, such as sequence stratigraphy (Pien-
kowski, 2004a; Pienkowski et al., 2020) and chemostrati-
graphy (stable carbon isotopes; Pienkowski et al., 2020).
Noteworthy, sequence stratigraphy approach enables ap-
proximation of the Hettangian to the entire Jurassic se-
quence [; this, in turn, is additionally subdivided into
parasequences A—K.

In the Holy Cross Mountains (HCM) segment of the Po-
lish Basin, the Triassic—Jurassic transition accounts for
stratigraphically reduced and incomplete uppermost Triassic
(Zbaszynek and Parszow beds claystones, upper Norian and
Rhaetian respectively) followed by more expanded and rela-
tively complete Hettangian. The Triassic/Jurassic boundary
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Fig. 1. Geological setting and localization of the Niektar PIG borehole

A. Central Europe paleogeography during the Hettangian (modified after Blakey, 2020). B. Triassic/Jurassic transition in the Polish Basin (modified after
Pierikowski, 2004a and Pieflkowski et al., 2014). C. Location of the Polish Basin relative to CAMP (Central Atlantic Magmatic Province)

is marked by the onset of relatively expanded sequences of
claystones and sandstones of the Zagaje Fm (cf. uppermost
Rhaetian—mid-Hettangian). The following, typically sand-
stone-dominated beds of the mid-Hettangian are included
into the Sktoby Fm. Ultimately, the upper Hettangian ac-
counts for siderite-bearing mudstones, claystones and sand-
stones of the Przysucha ore-bearing Fm (Pienkowski, 2004a,
2009; Pienkowski et al., 2014).

Niektan PIG is a 200 m deep research borehole located
in the northern part of the HCM (51°09°50.00”N;
20°38’55.00”E; SE Poland; Figs. 1, 2), within the so-called
Mesozoic margin of the HCM. A complete core record cov-
ering the uppermost Triassic-lowermost Jurassic beds
(Branski, 2014; Pienkowski ef al., 2014) enables a variety of
detailed investigations, including sedimentology, bio- and
chemostratigraphy, as well as astrochronology. Accordingly,
the Rhaetian of the Niektan core is thinner than in central
Poland (see i.e. Kaszewy section in Pienkowski et al., 2020;
Fig. 3) and contains several unconformities, whilst the Het-
tangian is relatively expanded. In turn, comparing to other

HCM sections (e.g., Huta, Mitkow-Szewna; see Pienkowski,
2004a), the Niektan section provides relatively complete re-
cord of the Triassic—Jurassic boundary and the lowermost
Hettangian (Pienkowski et al., 2014). Other T-J sections
from the Polish Basin are either stratigraphically incomplete
(Kamien Pomorski; Pienkowski ef al., 2012) or consist of
thick sandstones (Mechowo, Kaszewy; Pienkowski 2004a;
Pienkowski et al., 2020), which impairs resolution and qual-
ity of clay mineral and palynological data.

BRISTOL CHANNEL BASIN — AUXILIARY SECTIONS

The Triassic—Jurassic transition in the area of the Bristol
Channel Basin (SW UK) documents a series of major-scale
sedimentary turnovers, most likely related to fluctuations in
relative sea level (Hallam, Wignall, 1999; Hesselbo et al.,
2004; Warrington et al., 2008; Wignall, Bond, 2008), which
manifest in lithostratigraphic division of the area. Accord-
ingly, the Raetian interval is dominated by mudstones and
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Fig. 2. Geological log of the Niektan PIG core

Stratigraphy of the section based on Pierikowski et al. (2014), supplemented with this study developments. 1 — chronostratigraphy; 2 — lithostratigraphy;
3 —sequence stratigraphy (parasequences); 4 — environmental interpretation; 5-8 — lithology, sedimentology and depth.
Explanations (column 4): S — nearshore and open brackish marineshelf basin; B — barrier; LK — lacustrine; A/M — anastomosing / meandering rivers

<
<

shales, (and subordinate limestones) of the Blue Anchor Fm,
Westbury Fm and Lilstock Fm (with the latter being subdi-
vided into Cotham and Langport members); these are fol-
lowed by the uppermost Rhaetian—lower Jurassic limestones
and mudstones of the Blue Lias Fm. This sedimentary suc-
cession, in particular the Blue Lias Fm. has been subject to
wide range of bio-, chrono-, and chemostratigraphic studies
(i.e., Weedon et al. 1999, 2019; Deconinck et al., 2003;
Hounslow et al., 2004; Korte et al., 2009).

This research relies on correlation with two sections lo-
cated on the opposite side of the Bristol Channel: St Audrie’s
Bay (England) and Lavernock (Wales) (Fig. 1A). St Audrie’s
Bay section, a former proposal for the GSSP of the Hettan-
gian (Warrington et al., 2008), covers the Rhaetian—lower
Sinemurian interval. The Hettangian is ~72 m thick and con-
tains ammonites from Planorbis and Angulata zones (i.e.,
Whittaker, Green, 1983). An independent astronomical cali-
bration of the section, utilizing different methods and data-
sets, was provided by Ruhl et al. (2010; 8'3C, CaCOj, total
organic carbon) and Weedon et al. (2019; magnetic susceptibil-
ity). The Lavernock Point section is ca. 45 m thick and ranges
from the topmost Rhaetian up to lower part of the Angulata
Zone (upper Hettangian); however, astronomical calibration
is available only for the Tilmanni, Planorbis and the lower
part of the Liasicus Zone (Weedon et al., 2019). It is worth
noting, that in the UK the precise position of base of the Het-
tangian stage (Tilmanni Zone) is uncertain due the fact that
the index taxon does not occur there and its FO is approxi-
mated via 8'3C stratigraphy (i.e., Hillebrandt et al., 2013).

MATERIALS AND METHODS
SEDIMENTOLOGY

Sedimentologic observations were performed directly on
core in the geological warehouse; the entire available core
was studied. Macroscopic observations were focused on
lithologic changes, identification of disconformities, and
recognition of different sedimentary features. Amongst the
latter, special attention was paid to the type of bedding (i.e.,
cross-beddings, hummocky cross stratification, ripple marks),
occurrence of plant material and trace fossils. Collected ob-
servations were subsequently interpreted in terms of five
main depositional environments: 1) playa; 2) anastomosing /
meandering river; 3) lacustrine; 4) barrier facies; 5)
nearshore / open brackish marine shelf. Major lithological

and environmental changes were also the base for sequence
stratigraphy interpretation (parasequences).

PALYNOLOGY

Palynological residues from claystones from the interval
166.7-156.8 m (17 samples) were checked for presence of
palynomorphs. Standard decarbonation techniques (Halbrit-
ter et al., 2018) were used to remove all inorganic carbon
from macrofossil plant material samples in the palynologi-
cal laboratory of the Polish Geological Institute — National
Research Institute (PGI-NRI). The samples were crushed to
a fine homogeneous powder and then treated with two
rounds of hydrochloric acid at room temperature, leaving
24 hours after the addition of hydrochloric acid; after that
they were washed with deionised water and dried.

CARBON ISOTOPES

This study utilizes the organic carbon isotope record de-
rived from wood particles (3'3Cy;o0p), Which is more use-
ful than more typical 613CORG due to greater homogeneity
of the analysed organic material. Fifty-eight phytoclast sam-
ples from 16775 m interval were manually separated from
kerogen at the PGI-NRI. Approximately 30-50 mg of bulk
rock was crushed and then underwent two rounds of acid
digestion, first using cold 30% hydrochloric acid then using
38% hydrofluoric acid. The samples were then washed with
a water and hydrogen iodide solution. Cadmium iodide and
potassium iodide salt solutions were used to separate out
heavy minerals; subsequently the samples were washed with
distilled water until neutra. Woody phytoclast particles of
the same appearance (to minimise §'3C variability caused
by compositional changes) were hand-picked with a needle
from the palynological residues, using an optical micro-
scope. All picked woody phytoclasts from each sample were
placed in a tin capsule and then analysed for carbon isotope
values at the British Geological Survey Stable Isotope Facil-
ity using the Carlo Erba 1500 on-line to a VG TripleTrap
(plus secondary cryogenic trap in the mass spectrometer for
very low carbon content samples) and Optima dual-inlet mass
spectrometer, with §'3C values calculated to the VPDB scale
using a within-run laboratory standard (BROC1) calibrated
against NBS-19 and NBS-22. Replicate analysis of well-
mixed samples indicated a precision of + <0.1%o (1 SD).
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CLAY MINERALS

A set of 76 samples was taken from the entire depth of
the Niektan PIG core in order to analyse the clay mineralo-
gy; some of the results were already discussed by Branski
(2014) and Pienkowski et al. (2014). All samples were stud-
ied at the PGI-NRI laboratories. Each rock sample was
coarsely crushed in a Fritsch crusher, dried at a temperature
of 110°C, and ground to obtain a fine, homogeneous powder
of the bulk rock with particles <63 um. Bulk rock composi-
tions and clay minerals were identified by X-ray diffraction
(XRD) using a Phillips PW 3020 X’Pert diffractometer with
CuK radiation. The bulk-rock mineralogy was determined
on XRD patterns of powder samples. The ICDD (Interna-
tional Centre for Diffraction Data) database was used for
qualitative determination of minerals. The Reference Inten-
sity Ratio method, embedded in control software, was ap-
plied for semi-quantitative phase analysis. Clay minerals
were identified by XRD on oriented mounts of non-calcare-
ous clay-sized particles, separated from suspension by dif-
ferential settling according to Stokes” Law. The calcareous
samples were treated with 10% acetic acid for removal of
carbonates. Oriented specimens were prepared by smearing
a paste of the <2 micron fraction onto a glass slide. For each
sample, three X-ray analyses were performed: after air-dry-
ing, ethylene-glycol solvent, and heating at 550°C. The indi-
vidual clay minerals were identified using the position of the
series of basal reflections on the three X-ray diagrams
(Moore, Reynolds, 1997; Srodon, 2006). Kaolinite was
identified using the reflection at ~7 A, illite at ~10 A and
chlorite at ~14 A (on the basis of X-ray diagrams of air-
dried and heated specimens). Additionally, the kaolinite-
chlorite doublet at 3.5 A was used to assess the proportion
of these minerals. Smectite and the rarely and locally ob-
served illite-smectite mixed-layers (mostly with >90% illite
content) were here determined on 15-17 A and 11-13 A
peaks, respectively. Semi-quantitative estimations of clay
mineral contents were based on the peak areas of basal re-
flections summed to 100%. SEM observations of selected
samples were also performed using a LEO 1430 scanning
electron microscope with an energy dispersive spectrometer
(EDS Oxford Instrument).

GEOCHEMISTRY

Geochemical analyses of major elements and organic
matter were performed on 34 bulk rock samples (either from
claystones and sandstones) in the Chemical Laboratory of
the Polish Geological Institute — National Research Insti-
tute; also in this case some data were partly published in

Branski (2014) and Pienkowski et al. (2014). Major ele-
ments were measured by X-ray fluorescence using a Phil-
lipsPW 2400 spectrometer. The lower detection limits of the
individual components ranged from 0.001 to 0.1% (usually
0.01%). Concentrations of several oxides (Si, Ti, Al, Fe,
Mn, Mg, Ca, Na, K, P, S) were determined and recalculated
to the means of their elemental content. Due to its limited
diagenetic mobility, aluminum is adopted here as the main
proxy for fine-grained lithogenic influx (e.g., Tribovillard
et al., 2006). Chemical Index of Alternation (CIA) was cal-
culated using the equation of Nesbitt and Young (1982),
where CaO* is the amount of CaO incorporated in the sili-
cate fraction of the rock, while silicate CaO is approximated
to the proportion of Na,O (e.g., McLennan, 1993).

ROCK MAGNETISM

The total of 1304 volumic magnetic susceptibility (MS)
measurements (with a mean step of 15 cm) were made di-
rectly on core using ZH Instruments SM30 Magnetic Sus-
ceptibility Meter. Further laboratory experiments were per-
formed in the Paleomagnetic Laboratory of the PGI-NRI
based on 70 rock samples; these were crushed into a homo-
genous fine-gravel fraction and packed in 8 cm? sample
boxes.

Laboratory investigations comprised mass-normalized
measurements of MS, NRM (natural remanent magnetiza-
tion) and laboratory induced isothermal (IRM) and anhys-
teretic (ARM) remanent magnetizations. MS measurements
were performed at two frequencies (976 and 15 616 Hz)
using an Agico MFK1-FB Kappabridge. IRM was applied
along the z-axis in a magnetic field of 100 mT (IRM100_ 1)
and then antiparallel in a magnetic field of 1 T (IRM,})
using a Magnetic Measurements MMPM Pulse Magnetizer.
ARM was produced in a Molspin ARM device with peak
alternating field of 100 mT and a steady field bias of 0.1 mT.
Both NRM and artificial magnetizations were measured us-
ing Agico JROA spinner magnetometer.

The S-ratio (-IRM, o,/ IRM, 1) was calculated to indi-
cate the relative proportions of low and high coercivity min-
erals (e.g., Opdyke, Channell, 1996). A dominance of the
low coercivity fraction (e.g., coarse-grained magnetite) is
reflected in high S-ratio values (above 0.6); as the S-ratio
declines, the contribution of high coercivity minerals, for in-
stance hematite and/or fine-grained magnetite, increases.
The ARM / IRM,; ratio is often used as a proxy for mag-
netic grain size or magnetite/hematite ratio (e.g., Opdyke,
Channell, 1996; Venuti et al., 2007).

All the measurements are provided in a tabular form
(Excel file) as an Appendix 1.
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SPECTRAL ANALYSIS

Prior to the spectral analyses, the volumic MS series ac-
quired with the SM30 (as well as literature datasets from
Weedon et al., 2019) was linearly interpolated to the median
sampling distance, i.c. every 0.1 m in case of the Niektan
section, and 0.04 m for Lavernock and St Audrie’s Bay. The
long-term trend of the MS series was calculated using the
LOWESS method (Cleveland, 1979) applying of coeffi-
cients of 0.5 (Niektan, Lavernock) and 0.2 (St Audrie’s
Bay). In a second step, the long-term trend in variance was
removed by calculating the instantaneous amplitude with
a Hilbert transform, calculating the long-term trend of this
instantaneous amplitude using LOWESS with a coefficient
of 0.5, and divide the residual MS signal by this smoothed
curve. This method of detrend ensures stationarity both in
average and amplitude and ensures the spectral powers at
frequencies near 0 has been sufficiently decreased without
impacting or creating spurious spectral peaks at higher fre-
quencies. Spectral analyses were made on the MS signal us-
ing the Multi-Taper Method applying three 2x tapers (Thom-
son, 1982, 1990). Confidence levels were calculated using
the Mann and Lees (1996) robust procedure. The spectral
background was calculated applying a moving median over
20% of the spectrum. Amplitude spectrograms were calcu-
lated using Time-Frequency Weighted Fast Fourier Trans-
forms, as described in Martinez et al. (2015), over 50-m
(Niektan) and 8-m (Lavernock, St Audrie’s Bay) width win-
dows.

RESULTS
LITHOFACIES AND SEDIMENTOLOGY

The Niektan section starts with red-variegated calca-
reous mudstones, subordinate siltstones and fine-grained
sandstones, and common calcareous nodules (200.0—-183.5 m;
Fig. 2; PL. 1). These strata belong to the informal regional
lithostratigraphic unit called Zbaszynek beds (equivalent of
Arnstadt Formation in Germany). Based on regional corre-
lation this interval is assigned to the Norian (Marek, Paj-
chlowa, 1997; Wagner, 2008).

The overlying variegated reddish gray mudstones differ
significantly from the Zbaszynek beds in several features:
they lack carbonates, but pedogenic horizons (represented
by oxidized plant roots) are common. These strata are re-
ferred as ‘variegated’ Parszow beds (Fig. 2; Pl. 1) — an
equivalent of the lower Wielichowo beds and Exter Forma-
tion in Germany. The lower bounding surface (a significant
lithologic contrast at 183.5 m depth) is regarded as a major
unconformity and sedimentary hiatus; similarly, the upper

boundary (167.0 m) is constituted by hiatus or unconform-
ity.

The overlying pale gray claystones represent the ‘gray’
Parszow beds (167.0-162.1 m; PIs. 1, 2; equivalent of the
upper Wielichowo beds or upper Triletes beds, upper Rhae-
tian). These homogenous strata contain no pedogenic hori-
zons and are regarded as strongly kaolinized weathering col-
luvium, observed in many places in the Polish Basin (Marek,
Pajchlowa, 1997).

The main subject of this paper is the superposed Zagaje
Formation. The formation starts from an erosional boundary
at the depth 162.1 m (Fig. 2; Pls. 2, 3) and is represented by
continental coal-bearing facies (sandstones and mudstones
with coals) of the uppermost Rhaetian and lower Hettangian
(Pienkowski, 2004a). Based on general lithologic appear-
ance, the formation can be divided into two very thick
parasequences (IA and IB). The lower one (162.2-104.2 m;
parasequence IA) is characterized by common fluvial depos-
its (cross-bedded sandstones) with subordinate lacustrine fa-
cies (coal-bearing olive-gray mudstones and claystones).
The lower part of the parasequence (cf. 162.1-137.5 m) is
dominated by olive-gray mudstones and claystones with
thin coal seams, thus it represents fluvial plain and lacus-
trine deposits; characteristic for its basal part (~162.1—
155.0 m) are also numerous erosional surfaces and frequent
charcoal particles (Fig. 2). Above (137.2-104.2 m) the most
common are sandstones with characteristic fining-upward
cycles (one to few meters thick) representing fluvial chan-
nels, and coarsening-upward cycles most likely representing
crevasse splays. Such record points to deposition in an anas-
tomosing and/or meandering river environments; however,
lacustrine mudstones dominate also 117.2—108.1 m interval.
Horizons with abundant small siderite concretions (‘siderite
sphaerulites’) represent characteristic, early diagenetic prod-
uct of pedogenic processes in permanently water-saturated
soil. Shallow water tables occurring in backswamps or ox-
bow lakes might have created favourable conditions for de-
position and preservation of plant debris, typical for the
Gleysol type of palacosol (Arndorft, 1993). Presence of bi-
valve burrows and conchostracans point to intermittent
aquatic conditions. A multitude of coalified plant roots
points to in-situ vegetation, and drifted plant fossils are also
very common.

The upper parasequence (IB; 104.2-32.8 m) is clearly
dominated by dark-gray-olive claystones and mudstones, lo-
cally coaly or sideritic. These laminated or massive beds are
interpreted as of lacustrine origin (Fig. 2). Sandstone inter-
calations are rare; one significant (~ 5 m thick) bed at 50.4—
45.2 m represents a fluvial channel. Few other sandy inter-
calations might reflect progradation of small lake deltas, as
indicated by coarsening-upward cycles. Drifted plant fossils
are common, but plant roots are rare, which points to perma-
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nent aquatic conditions. Only the uppermost part of the pa-
rasequence (claystones at 42.4-33.0 m) show proliferation
of plant roots and coal seams; in one place coal horizon is
almost 1 m thick.

The topmost part of the Niektan section (33.8-3.0 m) is
constituted by pale-gray mudstones and pale-yellow sand-
stones of the Skloby Formation. The formation starts with
another major bounding surface represented by a sharp con-
tact between claystone with plant roots (Zagaje/Sktoby for-
mational boundary) and the following sandstone bed with
hummocky cross-stratification (HCS). The sandstone is
overlain by 1.4 m of bioturbated heteroliths and 9.8 m of
cross-bedded sandstones (with HCS and tabular cross-bed-
ding). The occurrence of relatively common locomotion
trails and feeding burrows, as well as bivalve resting tracks,
account for permanently aquatic conditions. In turn, scarcity
of floral remains along with the occurrence of HCS suggests
deposition in nearshore and/or brackish marine environ-
ment. Characteristic is also a recurring pattern of thick mud-
stone-sandstone couplets, what enables recognition of three
parasequences: IC, ID and IE (Fig. 2).

PALYNOLOGY

Diversified spore and pollen grain assemblages (33 spore
taxa and 21 pollen grain taxa plus non-discriminated saccate
pollen grains) characterize the Triassic—Jurassic boundary
interval (163.7-156.8m) (Fig. 2). The older beds are barren
of palynomorphs, probably due to oxidizing conditions dur-
ing sedimentation and early diagenesis. The colours of
spores point to a low thermal alteration (Thermal Alteration
Index, TAI = 2-3), typical for the Polish Basin (Pienkowski,
Waksmundzka, 2009).

The lowest two samples (161.1 and 160.7 m) contain
few spore or pollen grains, except for numerous fern-de-
rived spores Cyathidites minor and Concavisporites. Above,
exceptionally abundant spores (total of 173 specimens), rep-
resented chiefly by fern-derived Baculatisporites, Concav-
isporites, Cyathidites and Krauselisporites (127 spores),
characterize a 30 cm thick bed, at 160.3—160.0 m. This hori-
zon is interpreted as a “fern spike” level; however, determi-
nable pollen grains are few, with most destroyed, corroded
and most probably redeposited.

Higher in the section (158.9 m) an important palynologi-
cal turnover is observed. The assemblage becomes rich in
Aratrisporites minimus (lycopod microspore) and Pinuspol-
lenites minimus (Pinaceae-Podocarpaceae pollen grain).
Mass occurrence of the pollen grain Classopollis sp. (Cheir-
olepidiaceae) is also characteristic of this turnover. Moreo-
ver, slightly above, at 158 m, there is the first occurrence
(FO) of the pollen grain Cerebropollenites thiergartii Schulz

1967. A second level dominated by spores (82 spores, most-
ly Concavisporites and Cyathidites minor) is documented at
the depth 156.8 m; pollen grains are almost absent. This
level is interpreted as a second “fern spike”.

Above, the palynomorph assemblage is rather uniform,
with sixty-three taxa of spores and pollen grains typical for
the Jurassic, including pollen grains: Classopollis, Pinuspol-
lenites, Vitreisporites, Monosulcites, Chasmatosporites, Pe-
rinopollenites, and spores Aratrisporites minimus and Con-
cavisporites (Ziaja, 2006).

ORGANIC CARBON ISOTOPES

The record begins with strongly negative values (—26.9
to —27.7%0 VPDB) in the upper Rhaetian (166.0-163.5 m).
The Rhaetian/Hettangian boundary interval (161.0-157.5 m)
is marked by elevated 8'3Cy,oop (ca. —26.5 %o VPDB).
Above (157.5-148.0 m) the section accounts for generally
decreasing, yet bed-by-bed variable isotopic signatures,
starting with a maximum of —25.4 %o, pronounced peak
(—25.6 %0 VPDB) at 153.4 m, and a minimum of —28.7 %o
VPDB at 148 m. Ultimately, an increasing 613CWOOD trend,
up to —26.2 %o VPDB, occurs over the 148.0-143.3 m inter-
val. The overlying beds have lower sampling resolution, but
two local peaks can be observed at 126.1 and 87.6 m (-25.8
and —24.7 %o VPDB, respectively) (Fig. 4).

CLAY MINERALOGY

The base of the section (200.0-183.5 m: Zbaszynek
beds, Norian) is characterized by preponderance of smectite,
with subordinate content of kaolinite and chlorite (Fig. 4). In
contrast, the following ‘variegated’ Parszow beds (= lower
Wielichowo beds, lower—middle Rhaetian; 183.5-167.0 m)
are characterized by the domination of kaolinite and fair il-
lite admixture. The successive ‘gray’ Parszow beds (= upper
Wielichowo beds, middle—upper Rhaetian; 167.0-162.1 m)
accounts for maximum share of kaolinite-and associated il-
lite admixture (Fig. 4).

Ultimately, the Zagaje Formation (162.1-33.8 m, upper-
most Rhaetian—lower Hettangian) is characterized by kao-
linite-smectite-chlorite association, with fluctuating kao-
linite and smectite content and generally decreasing chlorite.
In the lowermost part of the Zagaje Fm (162.1-150.0 m)
smectite is relatively less abundant, while kaolinite and
chlorite contents are relatively slightly higher. Kaolinite di-
minishes gradually from 162.1 to a depth of c¢. 145 m and
then rises again between 145 and 108.5 m. Above 108.5 m
kaolinite content is generally stable (Fig. 4). Ultimately, the
top of the section (Sktoby Formation; 33.0-3.0 m) depicts
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slightly elevated share of kaolinite, relative to the underly-
ing strata.

ELEMENTAL GEOCHEMISTRY

An upwards decrease in calcium (Ca) content, from 4%
to ~0.1-0.2%, is observed in Niektan core between 200 and
160 m; above, up to the top of the section, Ca content re-
mains usually below 0.1% (Fig. 4). Aluminum (Al), in turn,
shows an increase from ~7% to almost 15% from the base of
the core (200 m) up to 150 m. Contributions ranging be-
tween 10-15% are characteristic of 150-35 m interval,
whilst the topmost part of the core manifests decreasing
trend of Al content (Fig. 4). Similar observations apply to
the Fe curve but without a clear initial increase in the lower-
most part of the section (Fig. 4). The characteristics for the
Ca/Al curve are: 1) a significant decrease at the base of the
section, from >1 to near-zero (200-150 m; Norian—basal
Hettangian); and 2) slightly elevated (an increasing) values
within the upper part of the section (above 75 m; Appen-
dix 1).

The minimum CIA values (< 80%) are observed within
the Norian part of the section (200-190 m; Fig. 4). Above,
data are available only for the Rhaetian/Hettangian transi-
tion interval. There, the uppermost Rhaetian beds manifest

extraordinary high CIA (97%, 162.2 m), which progressive-
ly declines up in the Hettangian, to 86% at 112.5 m. Similar
values (85-90%) are observed also in the upper part of the
section (above 100 m; Fig. 4).

ROCK MAGNETISM

Comparison of laboratory (Fig. 5) and field-measured
MS (Fig. 6A) allowed compilation of a reliable high-resolu-
tion curve with noticeable cyclicity. Laboratory data does
not reveal any clear MS trends, except generally decreasing
MS through the Hettangian, in particular its upper part (up-
permost Zagaje-Skloby Fm), from the mean of ca.
1 x 107 m3/kg at 150 m, to ca. 0.25 x 10~7 m3/kg at the top
of the core. When consider high-resolution field MS, one
may notice variable (apparently cyclic) and relatively ele-
vated (mean ca. 0.2 x 103 SI) MS of the 200-50 m interval,
followed by a decreasing values above (uppermost Zagaje—
Sktoby Fm). Predominantly low values (0-0.2 x 10® Am?%/
kg) throughout almost the entire log are characteristic of
NRM; only the basal part of the section (below 165 m) ac-
counts for single extraordinary high measurements (Fig. 5).
Both IRM,; and IRM, ..t rTeémain stable through most of
the core; however, an important increase in IRM, (from
~0.2 up to 1.9 x 103 Am%/kg) is observed below 165 m.
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Explanations and abbreviations as on Figure 4

Also, ARM remains relatively low and stable through most
of the log (usually below 0.5 x 10> Am?%/kg); minor peaks
are observed only within the 170-140 m interval (Fig. 5).

The entire 165-3 m interval shows S-ratio values of
~0.75-0.80 (single point with decrease to below 0.3 occurs
at 41.8 m). Below, the S-ratio significantly decreases to as
low as below 0.1, however single horizons with higher va-
lues are also observed (Fig. 5). To some extent, the ARM/
IRM, curve is similar — elevated values characterize the
165-3 m interval, whereas in the lowermost part of the core
the ratio is significantly lowered. Besides, higher values in
the ARM/IRM . are noted between 90 and 80 m, whilst
a decreasing trend is observed above (Fig. 5).

Very good correlation between the Fe content and MS
(Pearson correlation coefficient, r = 0.90) allow the infer-
ence that magnetic minerals are the main carrier of Fe. Fur-
thermore, similar trends are observed also in both Fe and Al,
except the lowermost interval (200-160 m; Fig. 4); this sug-
gests predominantly detrital origins of magnetic minerals.
This interpretation gains reliability considering that neither
Al nor MS vary significantly within the 160-50 m interval
and that they both show decreasing trends above (compare
Figs. 4, 5). Nevertheless, it should be noted, that the state-
ment above is not clearly supported by statistics (Ry;q/4; =
0.54); this is thought to result from relatively low — in com-
parison to MS data — coverage of the Niektan IG 1 core by
geochemical datapoints.

SPECTRAL ANALYSIS
Niekfan

The 2a-MTM spectrum of the MS series acquired with
the SM-30 shows prominent cycles at 22 m and 10 m,
largely exceeding the 99% confidence level (CL) (Fig. 6C).
Other cycles exceeding the 99% CL are observed at 8.1,
6.3, 4.3, 3.3 and 2.1 m. The amplitude spectrogram of the
series shows that the 22-m band is continuous throughout
the studied interval. The record of this band starts in the
Rhaetian in which the spectrogram shows several modes at
various frequencies (Fig. 6D). This can be related to the
multiple hiati recorded in the sedimentary pattern (see sec-
tion Lithofacies And Sedimentology; see also Meyers,
Sageman, 2004). The band then show periods around 30 m
between depth 160 to 130 m before decreasing to ~20 m
from 100 m depth upwards. Other peaks have more scat-
tered expression. The 10-m peak is expressed with high
amplitudes around 110 m and near the top of the series.
The 8-m peak is expressed in the Rhaetian only, and possi-
bly corresponds to the local expression of the 10-m peak in
an interval showing reduced sedimentation rates compared
to the base of the Hettangian. The 6-m peak is expressed
near a depth of 50 m, the 4.3-m peak has locally high am-
plitudes in the Rhaetian, and around depths of 120 and
60 m. The 3.3-m peak is evident from 160 to 110 m depths.
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Explanations and abbreviations as on Figure 4

The peak of 2.1 m is visible from depth 90 to 60 m. The
peak of ~20 m is the only one that has stratigraphic conti-
nuity throughout the series.

Lavernock and St Audrie’s Bay (UK) — a reassessment

In order to provide a precise astrochronologic calibration
of the Hettangian of the Niektan section, this study relies on
correlation with high-resolution MS data from Lavernock
and St Audrie’s Bay (SW UK; Weedon ef al., 2019). How-
ever, as the age model adopted by the authors remains ques-
tionable, this research attempts to reassess the cyclostrati-
graphic interpretation of the lower Hettangian interval of
those localities.

In case of the Lavernock section, the spectral analyses
show two main spectral peaks at 4 and 0.8 m, attributed to
the 100-kyr eccentricity cycle and the precession cycle re-
spectively (Fig. 7D). In the amplitude spectrogram, both cy-
cles are continuously recorded. The 4-m cycle has nonethe-
less periods ranging from 3.2 m at level 6 m to 5.7 m at level
15 m (Fig. 7C).

The spectrum from first 28 m of the MS record of
St Audrie’s Bay shows a peak of 3.1 m and another peak of
high amplitude at 0.94 m (Fig. 7H). On the amplitude spec-
trogram, the cycle of 3.1 m shows periods around 4 m from
the base of the series to level 8 m, and then decreases to
~2.5 m up to the top of the studied interval (Fig. 7I). Fur-
thermore, also the peak of 0.94 m is found throughout the
series.
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INTERPRETATION AND DISCUSSION

STRATIGRAPHY OF THE NIEKLAN SECTION
Palynostratigraphy

A characteristic feature of the Rhaetian—Hettangian tran-
sition in the Niektan core is mass occurrence of the pollen
grain Classopollis sp. (Cheirolepidiaceae) at the 158.9 m
level (second “fern spike”). In the Holy Cross Mountains,
a proliferation of Cheirolepidiaceae is indicated by the com-
mon occurrences of shoots as well as male and female cones
of Hirmeriella muensteri conifer, with Classopollis found
in situ in the male cones of Hirmeriella muensteri (Reyma-
néwna, 1992; Ziaja, 2006; Barbacka ef al., 2010). These
trees formed forest canopy and represent a common element
of the earliest Hettangian floral assemblage, known from the
Soltykow outcrop located 4 km SW from Niektan (Pien-
kowski, 2004b), which approximately corresponds to the
157-140 m depth interval of the Niektan section (Pienkowski
et al., 2014). In Sottykow the bennettitalean Pterophyllum
alinae also occurs, the other element of the Hettangian floral
assemblage (Barbacka et al., 2010). Ultimately, a wide-
spread proliferation of Cheirolepidiacean conifers and high
abundances of Classopollis are known in the lowermost Ju-
rassic successions worldwide (Olsen ef al., 2002; Whiteside
etal.,2007; Gotz et al., 2009; Larsson, 2009; van de Schoot-
brugge et al., 2009; Bonis et al., 2009, 2010; Pienkowski
etal.,2012; Vajda et al., 2013; Li et al., 2017).

Furthermore, the Rhaetian—Hettangian boundary in the
Niektan core can be successfully approximated with the FO
of Cerebropollenites thiergartii Schulz (1967), the only
post-Triassic miospore with its first occurrence close to the
base of the Jurassic (Hillebrandt et al., 2013; Gravendyck
et al., 2023). Noteworthy, the lower part of the Sottykow
section is characterized by the occurrence of conchostracans
Bulbilimnadia kilianorum, which points to the earliest Het-
tangian age (Niedzwiedzki, 2011; see also Weems, Lucas,
2015).

Altogether, the position of the Triassic—Jurassic boundary
in Niektan is well-constrained in terms of palynostratigraphy,
being additionally supported by conchostracan findings.

Carbon isotope stratigraphy

Carbon-isotope excursions are important for chemo-
stratigraphic correlation between biostratigraphically-con-
strained marine deposits and terrestrial sediments, where
biostratigraphic constraints (mainly palynomorphs) are of
poorer resolution (Pienkowski et al., 2020). A sharp nega-
tive carbon-isotope excursion (CIE), named ‘initial’ CIE

(Hesselbo et al., 2002) located just below the Triassic—Ju-
rassic boundary was first reported by Ward et al. (2001); it
has been interpreted to have resulted from CO, outgassing
associated with the CAMP, or gas hydrate release (Hesselbo
et al., 2000, 2002, 2007; Palfy et al., 2001; Beerling, Berner,
2002; Ruhl, Kiirschner, 2011; Ruhl et al., 2020) in a similar
manner to the later and much broader early Hettangian neg-
ative CIE (often referred to as the ‘main’ CIE). The ‘initial’
CIE coincided with both the onset of volcanic activity in the
CAMP area, and floral and faunal turnovers on land and in
the ocean (Hesselbo et al., 2002). Fox et al. (2021) cast
some doubt on the global significance of the ‘initial” CIE
and attributed its origin to the C-isotope fractionation asso-
ciated with a local organic matter source, related to regional
sea-level change. However, this CIE is recorded in other
sections worldwide, both in marine (Ruhl et al., 2020) and
in continental deposits (Hesselbo et al., 2002; Whiteside
et al., 2011; Pienkowski et al., 2020), which strongly sug-
gests that this CIE reflects a real global carbon cycle distur-
bance. The two negative excursions are separated by a posi-
tive excursion, within which there is a secondary negative
CIE (e.g. in St Audrie’s Bay, Southern UK, Korte et al.,
2009; Prees 2C core, central UK, Hesselbo et al., 2023;
Ruhl, Kiirschner, 2011; the New York Canyon, Bartolini
et al., 2012; or in the Neuquén Basin, Ruhl et al., 2020; see
also Fig. 8), that coincides with the first occurrence of the
oldest Jurassic ammonites, Psiloceras spelae and Psiloceras
tilmanni, concomitant with the beginning of the ammonite
recovery, and defining the beginning of the Jurassic (Hille-
brandt ef al., 2013).

Unfortunately, the upper Rhaetian of the Niektan not
only lacks a high-resolution isotopic data, but also is not
complete due to a hiatus at the transition from °‘gray’
Parszow beds to the Zagaje Fm (Fig. 2). Due to that, a nega-
tive peak in 8'3Cy;o0p at 164-163 m can be correlated ei-
ther with the ‘initial” CIE (uppermost Rhaetian) or the pre-
ceding ‘precursor’ CIE (Fig. 8). Nevertheless, the base of
the Zagaje Fm. is characterized by elevated isotopic signa-
tures (162—159 m), characteristic of the Rhaetian/Hettan-
gian boundary all over the world (Fig. 8); that being said the
base of the Hettangian in the Niektan core is placed at
159 m, slightly below the FO of C. thiergartii (158 m). Con-
sequently, a stepwise decrease in carbon isotopic signatures
observed above, around 150 m, is thought to correspond to
the onset of the ‘main’ CIE. Characteristic are also slightly
elevated and variable 813CWOOD at 130-120 m; these are
correlated with variable 613C0RG in the lower part of the
Planorbis Zone of Prees 2C core (Fig. 8; Hesselbo ef al.,
2023) and St Audrie’s Bay (Hesselbo ef al., 2002; Ruhl
et al., 2010). Ultimately, relatively high (highest in the en-
tire dataset) isotopic signatures around 85 m are thought to
reflect a mid-Planorbis positive excursion of the Prees 2C core
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(Fig. 8) and St Audrie’s Bay section (see also Ruhl ef al.,
2010).

Astronomical calibration

Combination of detailed §'3C record of the Rhaetian/
Hettangian boundary interval along with periodicity ob-
served in the high-resolution MS data from the Nicktan core
can be used for stratigraphic calibration of the Hettangian of
the Polish Basin.

In this context, recent years have brought an intense de-
bate on the issue of duration of the Hettangian, ranging from
<2 up to >4 Myr (see Storm et al., 2020 and references
therein). The lowermost Hettangian Tilmanni Zone was esti-
mated to cover ~150 kyr according to Ruhl ez al. (2010) and
ca. 0.5 Myr based on Weedon et al. (2019); similarly, the
following Planorbis Zone was estimated as ~250 kyr (Ruhl
et al., 2010) and 1.2 Myr (Weedon et al., op. cit.). Recent
calibration of the Sinemurian and Pliensbachian stages
(Ruhl et al., 2016; Leu et al., 2024) together with radiomet-
ric ages available near the Triassic—Jurassic boundary and
the Hettangian—Sinemurian boundary (Schaltegger et al.,
2008; Schoene et al., 2010) rather point to a short duration
of the Hettangian Stage.

Correlating the 813CWOOD of the Niektan core to other
records dated with ammonite biostratigraphy (Fig. 8) sug-
gest that the minimum in the 613CWOOD curve at 147 m
depth in Niektan core corresponds stratigraphically with the
Tilmanni Zone, while the maximum in the 813CWOOD curve
at 87 m depth is equivalent to the upper part of the Planorbis
Zone. This interval represents approximately 250 kyr from
the astrochronology of Ruhl et al. (2010). The same interval
in Niektan core encompasses approximately 2.5 repetitions of
~20 m cycles, which would then correspond to the 100-kyr
eccentricity cycle.

However, precise correlation with St Audrie’s Bay sec-
tion of Ruhl ef al. (2010) is hampered due to relatively low
resolution of the data from the lower Hettangian interval.
Consequently, this research reassess the high-resolution MS
data (measured at even distance of 0.04 m) from the Laver-
nock and St Audrie’s Bay (both SW UK) of Weedon et al.
(2019) in order to fit them to short-Hettangian age model
(Fig. 7).

In British sections, alike in Niektan, the first cycle is
bounded at the base of the Hettangian, therefore the maxima
of the filter of the 100-kyr cycles are used to sequence the
series. By extrapolating and correlating theses cycles to the
Niektan core, the Tilmanni and Planorbis zones should be
approximated to the lower ~80 m of the Zagaje Fm of the
Niektan core (~77-159 m; Fig. 7A). In the Polish Basin the
Planorbis/Liasicus boundary is typically correlated with

transgressive system tract of parasequences IC-F (Pien-
kowski, 2004a; Barth ef al., 2018); in case of the Niektan
PIG core this is the base of the Sktoby Fm (33 m). However,
the above correlations indicate that the Tilmanni/Planorbis
zonal boundary should be placed within the upper part of par-
asequence IA (~125 m), while the Planorbis/Liasicus bound-
ary is located in mid part of parasequence IB (~77 m).

PALEOENVIRONMENTAL INTERPRETATION

Biotic response for the end-Triassic extinction

The Niektan core shows evidence for two fern spikes,
one marking the uppermost Rhaetian and the other already
within the basal Hettangian. Such a record corresponds not
only with the Pomeranian succession of the Polish Basin
(NW Poland; Pienkowski ef al., 2012, 2014), but also with
phenomena documented in other parts of the world (Deenen
et al., 2010; Whiteside et al., 2011; Blackburn et al., 2013).
Occurrence of ferns and lack or scarcity of pollen produced
by Cheirolepidiaceae point to significant vegetation crises,
most likely connected with volcanic volatiles, acid rain, soil
loss, defoliation and possibly transient cooling (Ganino,
Arndt, 2009, van de Schootbrugge et al., 2009, 2020; Schal-
ler et al., 2012; Bos et al., 2024). These crises may indicate
end-Triassic extinction, which possibly took place in more
than one phase (Pienkowski et al., 2014; Wignall, Atkinson,
2020; Lindstrom, 2021).

Paleoclimate conditions

Clay mineral and geochemical (CIA) data collected for
this study allow interpretation of the paleoclimate condi-
tions prevailing the area of the Polish Basin during the Tri-
assic—Jurassic transition (see also Branski, 2014; Pienkowski
et al., 2014). Abundant smectite and low kaolinite, together
with low CIA (Fig. 4), suggest hot dry to semi-dry seasonal
palacoclimate for the Norian—earliest Rhaetian (playa-type
deposits; 200.0-183.5 m), typical for this part of Europe
(Feist-Burkhardt et al., 2008; Preto et al., 2010; Branski,
2014). Later on, the early—middle Rhaetian brought seasonal
and gradually more humid conditions, as manifested by a ka-
olinite-illite association with general domination of kaolinite
and numerous pedogenic horizons (183.5-167.0 m). Domi-
nance of kaolinite (up to 100%) and maximum CIA values
within the 167.0-162.1 m indicate intense hydrolysis under
the warm and humid climate of the late Rhaetian; important-
ly, similar conditions were documented along the eastern
margin of the Central European Basin (Ahlberg et al., 2003).
The climate changed along with the Rhaetian/Hettangian
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(T-J) transition, when transient cooling (see above) was fol-
lowed by climate aridization, as evidenced by lowered share
of kaolinite (to below 40% at 150—125 m), decreasing CIA,
and frequent charcoal particles (= wildfires; 162.1-155.0 m).
Nonetheless, the later stages of the Hettangian were most
likely milder, as evidenced by slightly higher kaolinite con-
tent (40—50%) and the lack of wildfire indicators. Ultimate-
ly, elevated kaolinite within 33—3 m interval (Sktoby Forma-
tion) is interpreted as a result of epigenetic weathering,
which occurred after inversion of the Mid-Polish Trough
during the ?latest Cretaceous—Paleogene (Branski, 2006).

EARLY HETTANGIAN MARINE TRANSGRESSION
IN THE POLISH BASIN

Timing and duration of the ‘Planorbis’ transgression

Rapid sea-level rise during the Planorbis Zone was in-
ferred already by Bloos (1976), who noted that in Bavaria
the Rhaetian strata are cut and overlain by fluviatile lower-
most Hettangian and the following marine shales of Planor-
bis Zone. This case resembles the situation in the Polish Ba-
sin, where early Hettangian transgression and sedimentation
was preceded by erosion of Rhaetian deposits connected
with late Rhaetian lowstand (Pienkowski, 2004a; see also
Hallam, 1997, 2001; Coe, Hesselbo, 2000; Haq, 2017,
2018).

Accordingly, the first major sedimentary turnover within
the Hettangian at Niektan is observed at 104 m, where flu-
vial deposits are replaced by typically lacustrine facies (par-
asequence [A/IB boundary, Zagaje Fm; Fig. 2). This phe-
nomenon is well-known also from other HCM sections,
where it is associated with a fast rise of base-level during the
Planorbis marine transgression (Pienkowski, 2004a). Later
on, progressive increase of base-level led to marine flood-
ing, as manifested by the onset of nearshore/marine facies at
the base of the Sktoby Fm (33 m; Fig. 2) and increase in Ca
content (Fig. 4), as well as lowered ARM/IRM, (Fig. 5),
most likely reflecting fining of grain size (i.e., Opdyke,
Channell, 1996; Jovane et al., 2007; Venuti et al., 2007).
When considering astrochronologic calibration, parasequence
IA covers the el—e2 cycles and the basal half of e3 cycle,
~200 kyr in total; in turn, parasequence IB correlates with
the upper part of e3 cycle, e4d—e5 cycles and the lower part
of e6 cycle, or a total of ~350 kyr (Fig. 6). Here it should be
also noted, that even though terrestrial (predominantly flu-
vial and lacustrine) facies of the Niektan section account for
common stratigraphic gaps, cyclostratigraphic (Fig. 7) and
813C (Fig. 8) correlations allow to infer that none 100-kyr
cycles was removed from the record. Nevertheless, some
significant contrasts in MS signal (i.e. around 120-115 m or

80-75 m; Fig. 6) are most likely associated with the occur-
rence of erosional gaps, as evidenced also by sedimentolog-
ic observations (Fig. 2).

Astrochronological constraints and carbon isotope cor-
relation between Poland (this study) and the UK (Figs. 7, 8)
allow an estimate of the timing of marine encroachment
through the Polish Basin, from North-Western Poland (Po-
merania), through central Poland (Kaszewy), and to the
HCM (Fig. 3). In NW Poland (Mechowo IG 1 borehole;
Pienkowski, 1991, 2004a) the first deposits which can be at-
tributed as ‘marine’ are found at the base of parasequence 1B
(Fig. 3; Pienkowski, 2004a). According to estimated time
covered by the parasequence IA in Nieklan, the marine
flooding in NW Poland post-dated the beginning of the Ju-
rassic by ~200 kyr and the marine transgression in SW UK
for some ~300 kyr (St Audrie’s Bay latest Rhaetian, cf. base
of the Blue Lias Fm; see Ruhl ef al., 2010). In the Holy
Cross Mountains (Niektan section, SE Poland) marine
flooding is marked by the onset of sandstones of parase-
quence IC (base of the Sktoby Fm). Astronomical calibra-
tion indicates that those were deposited ~600 kyr after the
beginning of the Jurassic, arriving to Niektan already during
the Liassicus Zone (Fig. 3; see also Hesselbo ef al., 2002,
2004; Pienkowski, 2004a; Barth et al., 2018). Consequently,
relative to NW Poland, it took another ~400 kyr until the
brackish-marine transgression flooded the HCM region,
some 600 km towards the south-east.

Magnitude of the ‘Planorbis’ transgression

Based on the orbital timeframe from the present study,
one can attempt to estimate sedimentation rates, develop-
ment of accommodation space, and scale of related sea-level
rise. Characteristic is much different thickness of eccentrici-
ty cycle el compared to cycles e2—e7 (Fig. 6). The relatively
thick el cycle translates into sedimentation rate of about
0.31 m/kyr. In turn, the succeeding cycles e3—e7 manifest
comparable thicknesses (e2: ~20.8 m; e3: 18.4 m; e4:
~14.9 m; e5: ~24.2 m; e6: ~18.3 m; ¢7: ~19.0 m) and depo-
sition rates (0.15-0.24 m/kyr; mean: ~0.17 m/kyr).

Assuming that the sediment thickness and accommoda-
tion space in the ‘lacustrine’ e4 cycle was mostly created by
subsidence, and that subsidence did not change significantly
in time (Branski, 2006, 2014), the e4 cycle (the one with the
lowest thickness) can be considered as reflecting a ‘refe-
rence’ of subsidence rate (~15 m / 100 kyr) during the Het-
tangian in the HCM sector of the Polish Basin. In that way
one can attribute ‘extra’ accommodation space during other
cycles mainly to global sea-level rise and associated rise of
the base-level (Pienkowski, 2004a). On that basis, an addi-
tional 16 m thickness of el cycle is thought reflect the mag-
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nitude of sea-level rise; for cycles e2—e6 that would be an-
other ~21 m. This gives a total ‘excess’ accommodation
space of ~37 m. If rather limited burial of Hettangian in the
HCM region (approximated here to ~1000 m; see Remin
et al., 2022) and compaction factor of 1.5 (for mix of sand-
stones and shales; see Lee et al., 2020) is also taken in ac-
count, early Hettangian transgression would result in sea-
level rise of ca. 55 m, that is slightly more than previously
estimated by Haq (2018; ~30-40 m). Noteworthy, in this
case the subsidence rate calculation approach consumes also
the issue of sediment loading factor, which mostly decreased
during the Hettangian. That is because the early Hettangian
climate aridization (relative to ‘wet’ late Rhaetian) most
likely resulted in lowered rates of continental weathering,
thus riverine input as well. This is also in agreement with
mean sedimentation rates calculated for parasequences 1A
and IB, where parasequence IA is 55 m thick and covers two
short eccentricity cycles (~0.275 m/kyr), while parase-
quence IB is 70 m thick and corresponds to four short ec-
centricity cycles (~0.175 m/kyr). Ultimately, the above cal-
culations are not (or only limitedly) affected by ‘missing’
rock volume; erosional gaps in Niektan PIG core result from
syn-sedimentary processes, so that any additional accommo-
dation from erosion space was likely filled soon after.

CONCLUSIONS

The base of the Hettangian in the Niektan borehole is ap-
proximated by the FO of C. thiergartii (158 m). Palynologi-
cal records provide evidence for two fern spikes, first in the
uppermost Rhaetian and the second already within the Het-
tangian. These are interpreted as a manifestation of the step-
wise (?bipartite) end-Triassic extinction. Carbon isotope
(613CWOOD) data from the uppermost Rhaetian—lower Het-
tangian of the Niektan borehole enables detailed correlation
with the ‘main’ CIE at the T-J boundary interval; this, in
turn, allows to set the base of the Hettangian at 159 m of the
section. Clay mineral assemblages, additionally supported
by elemental geochemistry (CIA), sedimentologic observa-
tions and palynologic data allow inference of weathering re-
gime and paleoclimate, that is: 1) seasonal and gradually
more and more humid early—mid Rhaetian; 2) warm and hu-
mid late Rhaetian; 3) transient cooling at the T/J boundary;
4) arid earliest Hettangian; and 5) generally mild Hettan-
gian. Astronomical calibration of the MS signal enabled re-
cognition of seven 100 kyr short eccentricity cycles (el—7),
which cover the interval of transition from fluvial to marine
facies (so-called Planorbis marine transgression). The delay
in marine flooding onto the HCM is approximated to
~700 kyr relative to SW Britain and ~400 kyr relative to
NW Poland. Calculated sedimentation rates and subsidence

estimations suggest that Planorbis transgression resulted in
~55 m rise of a sea-level, most of which occurred during the
first 200 kyr of the Hettangian.
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Plates



PLATE 1

Core photographs from the lowermost part of the Nieklan PIG core
Box 186 (186—185 m): playa deposits of the Norian Zbgszynek beds
Box 184 (184-183 m): Norian/Rhaetian boundary (boundary between Zbaszynek beds and the ‘variegated’ Parszow beds)
Box 174 (174-173 m): fluvial mudstones of the ‘variegated’ Parszoéw beds (Rhaetian)

Box 164 (164—-163 m): weathered colluvium of the ‘gray’ Parszow beds (upper Rhaetian)
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PLATE 2

Core photographs from lower and middle part of the Nieklan PIG core
Box 162 (162—-161 m): boundary between the ‘gray’ Parszéw beds and the Zagaje Formation (uppermost Rhaetian)
Box 119 (119-118 m): fluvial deposits of the Zagaje Fm (lower Hettangian, parasequence 1A)

Box 97 (97-98 m): lacustrine mudstones of the Zagaje Fm (lower Hettangian, parasequence IB)
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PLATE 3

Core photographs from upper part of the Nieklan PIG core

Box 57 (57-56 m): lacustrine sandstones and mudstones of the Zagaje Fm (middle Hettangian, parasequence 1B)

Box 31 (31-30 m): boundary between the Zagaje Fm. and the Sktoby Fm (middle Hettangian, boundary between
parasequences IB and IC)

Box 18 (18—17 m): marine mudstones of the Sktoby Fm (middle Hettangian, parasequence ID)
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