www.czasopisma.pan.pl P N www.journals.pan.pl
NN

Acta Geologica Polonica, Vol. 73 (2023), No. 4, pp. 741-772—" ~—"

DOI: 10.24425/agp.2023.145629

Tracing the latest Jurassic—earliest Cretaceous
paleoenvironment evolution in swell carbonate facies:
a case study of the High-Tatric succession (Central Western
Carpathians, Tatra Mts, Poland)

DAMIAN GERARD LODOWSKI! 2 and JACEK GRABOWSKI?

! University of Warsaw, Faculty of Geology, Zwirki i Wigury 93, 02-089 Warszawa, Poland;
e-mail: damian.lodowski@uw.edu.pl
2 Polish Geological Institute-National Research Institute, Rakowiecka 4, 00-975 Warszawa, Poland;
e-mails: damian.lodowski@pgi.gov.pl; jacek.grabowski@pgi.gov.pl

ABSTRACT:

Lodowski, D.G. and Grabowski, J. 2023. Tracing the latest Jurassic—earliest Cretaceous paleoenvironment
evolution in swell carbonate facies: a case study of the High-Tatric succession (Central Western Carpathians,
Tatra Mts, Poland). Acta Geologica Polonica, 73 (4), 741-772. Warszawa.

This paper presents an interpretation of sedimentologic, paleomagnetic, and geochemical data collected in the
Upper Kimmeridgian—Valanginian carbonates of the Giewont series (Giewont and Maty Giewont sections,
High-Tatric succession, Western Tatra Mountains, Poland). The studied succession provides insight into the
sedimentary conditions prevailing in the South Tatric Ridge (Tatricum), a submarine elevation located between
the Zliechov Basin (Fatricum) and the Vahic (=South Penninic) Ocean. The sedimentary sequence includes
micrites, pseudonodular limestones, cyanoid packstones, lithoclastic packstone, and encrinites. The results are
discussed with regards to their significance for detrital input, paleoclimate, and paleoproductivity, which in
turn are considered in the context of both local and regional paleoenvironmental trends and events. The greatest
depositional depths during the latest Kimmeridgian—earliest Tithonian are documented by the occurrence of
pseudonodular limestones. A Tithonian shallowing trend is demonstrated via the increasing size and roundness
of cyanoids, while the final (?)emergence and erosion in the South Tatric Ridge is documented by earliest
Cretaceous disconformities. This process might have been related to both falling sea-level during the major
eustatic regressive cycle and tectonic uplift caused by the mutually related (re)activation in the Neotethyan
Collision Belt and rifting in the Ligurian-Penninic-Vahic Oceans. The highest lithogenic influx (although still
low; max 0.5% of Al content) during the Late Kimmeridgian is considered as associated with relatively humid
climate conditions, whereas a subsequent decreasing trend is thought to result from aridification during the
latest Kimmeridgian—earliest Tithonian. Ultimately, deposition in the High-Tatric zone was affected by both
large-scale environmental perturbations characteristic of the latest Jurassic (climate changes, variations in sea-
water pH, monsoonal upwelling, lithogenic input, etc.), as well as local sedimentary controls, predominantly
the oxygenation state of bottom waters and tectonic movements.

Key words: Microfacies; Geochemistry; Rock magnetism; Lithogenic input; Paleoclimate;
Monsoonal upwelling; Hypoxia; Paleoproductivity; Central Western Carpathians.

INTRODUCTION mental perturbations, which manifest in both facies
development (for instance, in the switch from radi-
The latest Jurassic—earliest Cretaceous interval olarite- to carbonate-dominated deposition or sub-

constitutes a period with considerable paleoenviron- sequent drastic limitation of the Ammonitico Rosso
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facies; e.g., Cecca et al. 1992; Jach and Rehakova
2019) and paleoecologic processes (for instance, sev-
eral nannofossil calcification events, radiolarian to
calpionellid-dominated depositional turnover, and
the waning of Saccocoma-dominated carbonates;
Casellato 2009; Grabowski et al. 2019; Jach and
Rehakova 2019; Casellato and Erba 2021; Lodowski
et al. 2022a). These disturbances likely resulted from
the interplay of numerous factors, such as biotic
productivity, water column pH and redox state (e.g.,
Weissert and Mohr 1996, Weissert and Erba 2004,
Weissert et al. 1998) climatic changes (Abbink et al.
2001, Hesselbo et al. 2009, Follmi 2012, Bover-Arnal
and Strasser 2013), eustasy (Hardenbol et al. 1998;
Haq 2014, 2018), oceanographic phenomena (e.g., De
Wever et al. 2014) and/or tectonics (e.g., Stampfli and
Hochard 2009; Missoni and Gawlick 2011; Plasienka
2018). When attempting to prepare consistent paleo-
environment interpretations and models it is cru-
cial to determine whether, and to what extent, these
mechanisms manifest in different tectonic units.

In this context, insight into both typical pelagic
and considerably shallower sedimentary zones is pro-
vided by the sections in the Tatra Mts (Central Western
Carpathians, e.g., Jach et al. 2014; Pszczotkowski et al.
2016, Pszczotkowski 2018). During the Late Jurassic—
Early Cretaceous, the Central Western Carpathians
were located between the Alpine Atlantic (Ligu-
rian-Penninic-Vahic Oceans) to the north and the
Neo-Tethys Ocean to the south (Text-fig. 1D and E).
Although intermittent, the record of the Jurassic/
Cretaceous transition in relatively shallow facies can
be traced on the northern slopes of Mt. Giewont (High-
Tatric succession, Poland; Lodowski ez al. 2022b). This
study attempts to reconstruct the late Kimmeridgian to
Valanginian history of the High-Tatric Giewont series
based on detailed microfacies analysis and high-res-
olution geochemical and rock-magnetic data bas-
ing on the stratigraphic research of Lodowski et al.
(2022b). The results are discussed in the context of
both local and regional paleoenvironmental trends and
events, providing new data on correlation between the
Western Tethyan and Subboreal domains, with special
focus on the paleoclimate evolution.

GEOLOGICAL SETTING AND PREVIOUS
STUDIES

The Tatra Mountains are located in the northern-
most Central Western Carpathians (CWC), part of the
vast Alpine-Carpathian-Dinaric orogen (Text-fig. 1).
The Tatras are composed of a crystalline core and a lat-

est Paleozoic—Mesozoic sedimentary cover. The crys-
talline basement consists of the granitoids of the High
Tatra Mts, as well as granitoid and metamorphic rocks
of the Western Tatra Mts, whereas the sedimentary
cover consists of: 1) High-Tatric autochthonous cover
and nappes; and 2) Sub-Tatric nappes (see Jurewicz,
2005 and references therein for further details). The
High-Tatric succession records the deposition on the
(South) Tatric Ridge, facing the Vahic Ocean to the
north and the Zliechov Basin to the south (e.g., Héusler
et al. 1993; Plasienka 2018 and references therein;
Text-fig. 1E).

The study area is located within the Giewont
Unit, one of the High-Tatric allochthonous units, pro-
viding a record of its Early Triassic—Late Cretaceous
evolution (e.g., Kotanski 1959, 1961; Lefeld 1968;
Lefeld et al. 1985). The upper Jurassic consists of the
Raptawicka Turnia Limestone Formation (RTL Fm).
The RTL Fm may be subdivided into three informal
members: 1) pinkish pelitic limestones, with ammo-
nites, of the lower member (Callovian—Oxfordian;
Lefeld et al. 1985); 2) light gray Saccocoma-cyanoid
limestones of the middle member (Oxfordian—Lower
Tithonian; Lefeld et al. 1985; Lodowski et al. 2022b);
and 3) nearly black cyanoid limestones of the upper
member (Tithonian; Lodowski ef al. 2022b; “black
Valanginian limestones” of Lefeld et al. 1985).
According to Lodowski ef al. (2022b), the top of the
RTL Fm in the Giewont section is erosively cut by
a latest Tithonian—Early (?Late) Berriasian discon-
formity. The succession continues with, limited in
thickness, Upper Berriasian—Lower Valanginian
lithoclastic limestone, which is followed by another
(approximately late Early—early Late Valanginian)
lacuna and Late Valanginian (?and Hautervian) en-
crinites (both Wysoka Turnia Limestone Formation,
WTL Fm; Lefeld 1968; Lodowski et al. 2022b).
Interestingly, in the vicinity of the Osobita massif
(westernmost Tatra Mts; Text-fig. 1B), the Upper
Valanginian of the WTL Fm is separated from the
Tithonian RTL Fm by an eruptive series of limburg-
ites and tuffites, estimated as Tithonian—Berriasian
in age (Kotanski and Radwanski 1959; Staniszewska
and Ciborowski 2000; Madzin et al. 2014; Lodowski
et al. 2022b). Madzin et al. (2014) provided also an
evidence for a latest Tithonian—?Early Valanginian
age of the volcanism, with an emplacement climax
during the Late Berriasian—?Early Valanginian.

Section descriptions

This research considers data obtained during
fieldwork conducted in two closely-spaced locali-
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Text-fig. 1. Geological setting of the study area. (A) Location of the Tatra Mountains in Europe; Abbreviations: AU — Austria; SK — Slovakia.

(B) Geological map of the Tatra Mts (modified after Nem¢ok et al. 1994 and Jurewicz 2005). (C) Localities of the studied sections. (D)

Simplified paleogeographic map of the circum Carpathian region during the Berriasian; modified after Stampfli and Hochard (2009) and

Grabowski ez al. (2019). Abbreviations: AA — Austro Alpine; ACP — Adriatic Carbonate Platform; CWC — Central Western Carpathians;

NCB — Neotethyan Collision Belt; Bri — Brianconnais; CzR — Czorsztyn Ridge (Pieniny Klippen Belt); Helv. — Helvetic units; Moe — Moesian

Platform; Rho — Rhodopes; T — Tisia; TR — Transdanubian Range; VK — Velykyi Kamianets (Pieniny Klippen Belt). (E) Conceptual paleogeo-
graphic reconstruction of the Tatricum and adjacent area during the latest Jurassic; with respect to Plasienka (1995).

ties: the Maly Giewont (49°15°09” N; 19°55’30” E)
and the Giewont (49°15°15” N; 19°55°52” E) sections
(Text-figs 1-2). These were previously described
by Pszczotkowski et al. (2016) and Lodowski et al.
(2022b), and correlated by Lodowski et al. (2022b);
therefore, only the most characteristic stratigraphic

and microfacies features of the Jurassic/Cretaceous
transition in the Giewont series are outlined below.
The studied part of the Giewont series provides
a record of c. 80 m thick upper Kimmeridgian—up-
per Valanginian strata, covering the transition from
the RTL Fm to the WTL Fm (Text-fig. 2). The stra-
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Text-fig. 2. Microfacies and cyanoid morphometry of the Giewont and Maty Giewont sections. Microfacies succession and correlation between

sections after Lodowski ef al. (2022b). Gaps in morphometric logs correspond to intervals barren in cyanoids. Mean x is adopted as a size proxy,

whilst x/y ratio as a sphericity indicator; see text for further discussion. Blue — Giewont section; gray — Maly Giewont section. Abbreviations:
U.B.-L.V. — Upper Berriasian-Lower Valanginian; VAL. — Valanginian; WTL Fm — Wysoka Turnia Limestone Formation; Bor. — Borzai.

tigraphy of the interval is based on calcareous di-
nocysts and calpionellids (Pszczotkowski et al.
2016, Lodowski et al. 2022b; following the scheme
of Rehakova 2000), and Kimmeridgian ammonites
(Pszczotkowski et al. 2016). The lowermost part of
the succession is characterized by cyanoid- (e.g.,
Riding 1983; see also Pszczotkowski 2018) and
peloid-bearing wackestones (microfacies IA; MF 1A;
Text-fig. 3A) and packstones (MF IB; Text-fig. 3B) of
the middle member of the RTL Fm (acme Parvula—
Moluccana dinocyst Zones). The Kimmeridgian/
Tithonian boundary interval (upper Moluccana to
lower Tithonica—Pulla dinocyst Zones) is marked by
pseudonodular limestones (patches of wackestones
and Saccocoma-dominated packstones; MF II; Text-
fig. 3C). Above, the rocks gradually pass into wacke-
stones and packstones of the lower Tithonian (MF 111;

upper part of the Tithonica—Pulla dinocyst Zone to
the lower part of the Chitinoidella calpionellid Zone;
Text-fig. 3D—E). Within the Chitinoidella Zone, the
record becomes dominated by cyanoids (cyanoid
packstone; MF 1V; Text-fig. 3F), which characterize
the upper member of the RTL Fm (uppermost Lower—
Upper Tithonian). The cyanoid packstones are cut by
the latest Tithonian—Early (?Late) Berriasian discon-
formity, and followed by Upper Berriasian—Lower
Valanginian lithoclastic packstones (MF V; lower
beds of the Giewont Member of the WTL Fm; Text-
fig. 3G). Another, presumably late Early—early Late
Valanginian disconformity occurs above; the succes-
sion continues in the Upper Valanginian encrinites
of the upper beds of the Giewont Member (crinoidal
packstones; MF VI; Text-fig. 3H), which can be com-
pared to the Valanginian Spisz Limestone Fm of the

Text-fig. 3. Microfacies of the Upper Kimmeridgian—Upper Valanginian of the Giewont series. MG — Maly Giewont samples; G — Giewont —»

samples; A — MF IA, sample MG60; B — MF IB, sample MG78 ; C — MF 11, sample MG84; D — MF III, sample MG101; E — MF III, sample
G16; F — MF 1V, sample G28.9; G — MF V, sample G29.4; H— MG VI, sample G38. Abbreviations: A — ammonite; C — cyanoid; Co — cortoid;
Cr — crinoid; GA — Globochaete alpina; L — lithoclast; O — ostracod; P — peloid; R — radiolarian; S — Saccocoma skeletal element.
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Pieniny Klippen Belt (Birkenmajer 1977) (see also
Text-fig. 2; Lodowski ef al. 2022b).

MATERIALS AND METHODS

All the data generated and processed during the
current study are available from the correspond-
ing author upon request as Supplementary Online
Material 1 (SOM 1).

Cyanoid morphometry

A total of 79 thin sections from the Giewont sec-
tion, and 66 from the Maly Giewont section — the
same ones as used in the microfacies analysis of
Lodowski et al. (2022b) — were subjected to cyanoid
morphometric analysis. Basic observations were
performed using a Nikon ECLIPSE LV100POL mi-
croscope (Optical Microscopy Lab of the Faculty of
Geology, University of Warsaw); images were taken
in natural light using Nikon NIS software. The larg-
est and smallest axis of each cyanoid was measured
(x-axis: largest; y-axis: smallest); a total number of
3915 measurements were performed, of which 2010
came from the Giewont and 1905 from the Maty
Giewont section. These measurements were later
used for calculations of mean cyanoid size (= mean
value of the x-axis) and roundness (= x-axis / y-axis).

Sedimentation rates estimations

Although depositional rates in the Giewont se-
ries cannot be precisely calculated, due to the lack
of magnetostratigraphic control and/or the limited
resolution of biostratigraphic data, an attempt to esti-
mate minimum sedimentation rates of the following
intervals is possible: 1) Upper Kimmeridgian (MF
IA-IB); 2) the Kimmeridgian/Tithonian transition
(MF 1I); 3) Lower Tithonian (MF III); and 4) the up-
permost Lower—Upper Tithonian (MF 1V). The idea
is based on the fact, that in the Tithonian—Berriasian
calpionellids and calcareous dinocysts are calibrated
with the magnetostratigraphy (Grabowski et al. 2019;
Casellato and Erba 2021), which enables estimations
of biozonal time durations. Numeric ages are adopted
from Ogg (2020), whereas stratigraphic correlation is
from Lodowski ez al. (2022b).

Magnetic susceptibility and rock magnetism

Field magnetic susceptibility (MS) measurements
and some of rock magnetic investigations (isothermal

remanent magnetization, IRM; anhysteretic rema-
nent magnetization, ARM) discussed further in this
study were performed by Lodowski et al. (2022b);
herein they are interpreted in terms of their paleo-
environmental significance. Consequently, there are
presented here only the methods applied in previ-
ously unpublished investigations.

Multi-frequency measurements of MS are consi-
dered herein with regards to the presence of super-
paramagnetic (SP; ultra-fine grained) magnetite and/
or maghemite. This method relies on the fact that,
with increasing frequency of an applied magnetic
field, SP grains depict lower MS (Dearing et al. 1996).
Consequently, a relative loss of frequency dependent
MS (xep) calculated from subtraction of high-frequ-
ency MS ()5 616 1) from low-frequency MS (Y976 1,)
is indicative of the occurrence of SP grains. Mass-
normalized MS measurements were performed using
an Agico MFKI1-FB kappabridge (Polish Geological
Institute-National Research Institute, PGI-NRI).

To identify magnetic minerals, cylindrical sam-
ples were subjected to stepwise acquisition of the IRM
(in a maximum field of 1.4 T in the z-axis) and subse-
quent thermal demagnetization of the three-axis IRM
acquired in 1.4 T (z-axis), 0.4 T (y-axis), and 0.1 T
(x-axis) fields (see Lowrie 1990). These experiments
were performed at the Geophysical Laboratory of the
European Center of Geological Education (ECEG)
in Checiny, Poland (University of Warsaw) using a
Magnetic Measurements MMPM 10 pulse magne-
tizer, a Magnetic Measurements TD80 oven, and
an Agico JR6OA spinner magnetometer. Three sam-
ples were subjected to temperature-dependent MS
measurements (Magnetic Measurements TD1 oven,
Agico KLY2 kappabridge; PGI-NRI) to address the
potential presence of pyrite (e.g., Li and Zhang 2005).

Frequency-dependent MS measurements were
controlled using Agico Safyr7 software, whereas
IRM measurements were processed using Agico
Rema6 software.

Gamma-ray spectrometry (GRS) and elemental
geochemistry

This study considers the paleoenvironmental sig-
nificance of the field GRS and laboratory ICP-MS
(MA250 method, Bureau Veritas Minerals Schedule
of Service & Fees 2020) measurements which were
partly published and utilized for stratigraphic pur-
poses by Lodowski et al. (2022b). These are supple-
mented with the results of measurements of numerous
other elements of paleoenvironmental importance, as
well as 7 new samples from the Valanginian interval.



www.czasopisma.pan.pl N www journals.pan.pl
=

JURASSIC/CRETACEOUS TRANSITION IN THE HIGH-TATRIC SUCCESSION 747

Amongst various geochemical proxies indic-
ative of different sedimentary and weathering pro-
cesses here the following are examined: Ca/Al (to
reflect relative clasticity), Zr/Al (grain size proxy;
e.g., Schnetger et al. 2000); Zr/Rb (to reflect general
changes in siliciclastic grain size; e.g., Bassetti et al.
2016) as well as Chemical Index of Alteration (CIA;
Nesbitt and Young 1982), Ti/K and Al/K (both related
to humidity of paleoclimate, e.g., Wei et al. 2003,
2006; Tian et al. 2011). CIA, which is indicative of in-
tensity of climate-related removal of mobile elements,
was calculated with respect to the following formula:

ALO,
ALO, + CaO* + Na,0 + K,

CIA=] O] x 100%
where CaO* is the amount of CaO incorporated in
the silicate fraction of the rock. To do that, elemental
concentrations of given elements were stoichiomet-
rically converted to their oxide equivalents, whereas
silicate CaO is approximated to the proportion of
Na,O (i.e., McLennan 2001). Due to moderate cor-
relation between Na and Al (PCC = 0.75), the detrital
fraction of Na was approximated by a subtraction
of Nagxcgss (see below) from NagaypLp. However,
it must be noted, that even in the same stratigraphic
horizons, the content of Na systematically differs
between the Giewont and Maty Giewont c. 3 times
(see SOM 1). Consequently, the Kimmeridgian CIA,
which is ensured only by the data from the Maty
Giewont section, should be regarded as not very re-
liable.

To investigate whether the sediments were sub-
jected to oxygen depletion, both GRS and labora-
tory uranium concentrations have been recalculated
with respect to the authigenic U formula of Jones and
Manning (1994):

Authigenic U = Ug,\pLg — (ThSA%)
Additionally, the U/Th (e.g., Jones and Manning
1994) and Fe/Al (Algeo and Liu 2020) ratios were cal-
culated. To evaluate the paleoredox signal recorded
in Mo and V (e.g., Algeo and Li 2020; Algeo and Liu
2020) their enrichment factors (EF) were calculated,
following the formula of Li and Schoonmaker (2003):

XSAMPLE /AISAMPLE

EFx X AvERAGE SHALE /AlAVERAGE SHALE
where X is the element considered.

Phosphorus, Ba, and Zn are well known from
their nutrient-type distribution and, in the case of P
and Zn, from their importance for living organisms
(e.g., Tribovillard et al. 2006; Robbins et al. 2016).
In marine environments, they are readily bound by

plankton and/or adsorbed by organic particles, and
subsequently released within the water column or
sediment (i.e., remineralized) via taphonomic pro-
cesses. As a result, variations in their abundance
(or accumulation rates) may be interpreted either
in terms of paleoproductivity and its controls, or
disruption in their uptake processes (recycling in the
water column, cf. Falkowski 2012). To exclude detri-
tal contributions, their biological (‘excess’) concen-
trations have been calculated following the equation:
Xexcess = XsampLe — (Alsampri % D), where X is the
examined element while D is a “detrital” constant,
approximated as the lowest non-protruding X/Al ra-
tio in the entire dataset (Rutsch et al. 1995; Shen et
al. 2015; Grabowski et al. 2021b). This enables an
estimation of sea-surface fertilization while taking
into account the local characteristics of lithogenic
influx.

RESULTS
Sedimentologic observations
Cyanoid morphometry

Upper Kimmeridgian cyanoids are characte-
rized by small sizes and decreasing roundness,
until they ultimately disappear within the upper-
most Kimmeridgian Moluccana dinocyst Zone
(Text-fig. 2). Cyanoids reappear in the lowermost
Tithonian (7ithonica—Pulla dinocyst Zone, slightly
below the base of the Giewont section), from where
a trend of increasing sphericity continues to the top-
most Tithonian. In parallel, their mean size also in-
creases; however, this phenomenon becomes clear
only above the base of the upper member of the RTL
Fm (uppermost Lower Tithonian Chitinoidella calpi-
onellid Zone). Cyanoids reach their maximum size
(with mean slightly exceeding 0.4 mm), and round-
ness (mean x/y ratio below 1.2) within the Upper
Tithonian Crassicollaria calpionellid Zone. Above,
in the Upper Berriasian—Lower Valanginian litho-
clastic packstone (MF V), they are rare, relatively
small and elongated, and are totally absent within the
Late Valanginian encrinites (MF VI).

Sedimentation rates

On the basis of ammonite findings, Lodowski et
al. (2022b; see also Pszczotkowski et al. 2016) ascer-
tained that the base of the investigated Giewont series
falls very near to the Lower/Upper Kimmeridgian
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boundary; therefore, it is approximated here to the
base of magnetozone M24Ar (152.3 Ma). The pseud-
onodular limestone facies (MF II) appears in the
middle part of the Moluccana dinocyst Zone, which
enables a rough correlation with the base of mag-
netozone M23n (149.8 Ma; see also Grabowski et
al. 2019). When further comparison is made to the
Velykyi Kamianets section of the Pieniny Klippen
Belt (Grabowski et al. 2019; see also fig. 13 in
Lodowski et al. 2022b), the top of MF II may be
correlated with the end of the decreasing 8'3C trend,
hence near the M22n/M22r boundary (148.5 Ma). In
turn, the following MF III interval continues up to the
middle part of the Chitinoidella calpionellid Zone,
slightly below the Lower/Upper Tithonian bound-
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ary. Based on the usual range of the Chitinoidella
Zone (e.g., Casellato and Erba 2021), the top of MF
III is approximated here to the base of magnetozone
M20r (145.7 Ma). Finally, as the MF IV interval does
not reach the Tithonian/Berriasian boundary, its top
is arbitrary designated to fall within magnetozone
M19n (143.5 Ma).

Consequently, the approximated sedimentation
rates for the MF IA-IB interval are, at a minimum,
10 m/Ma. In the case of the MF II interval, these
were c¢. 8.5 m/Ma, whereas for the MF III and MF
IV intervals they were c. 7.5 and 6.5 m/Ma, respec-
tively. Such results point to a secular decline of the
depositional rate during the Late Kimmeridgian—
Tithonian.
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Text-fig. 4. Composite low-frequency (976 Hz) MS, frequency dependent MS (yFD), IRM;, IRM oo, ARM and S-ratio logs from the

Giewont series of the High-Tatric succession. IRM gt is presented in absolute values (modulus). Note inverse scale for yrp / %976 11, 10g-
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Rock magnetism
Magnetic susceptibility

The MS log of the Giewont series (Text-fig. 4)
may be divided in five intervals with clearly distinct
characteristics: 1) the Upper Kimmeridgian (MFI-
II), characterized by slightly increasing MS (015 x
10 m3/kg); 2) the Lower Tithonian, with elevated
MS values (MF III; up to 60 x 10 m3/kg, with mean
c. 20 x 10 m3/kg); 3) the uppermost Lower—Upper
Tithonian (MF 1V), with generally decreasing MS
(15-0 x 10 m3/kg); 4) the Upper Berriasian—Lower
Valanginian (MF V), with slightly elevated MS (c.
10 x 10 m%/kg); and 5) the Upper Valanginian (MF
VI), presenting near-zero (negative) MS.

Almost identical variations are observed within
the frequency-dependent MS log (Text-fig. 4). yrp
manifests positive values through most of the suc-
cession (besides the MF VI interval, where y976 1,
tends towards, and below, zero); the relative MS loss
(IeD / X976 1,/ %0) usually ranges between 15-20%, and
is higher only in the MF 1A / MF IB transition inter-
val and within the upper part of MF IV. When yzp
is plotted against Y976 11,, it may be observed that all
datapoints cluster along a single trend line, regardless
of the stratigraphic interval (Text-fig. 5A). In con-
trast, a crossplot of ygp and IRM;t distinguishes two
populations: 1) samples from the MF I-II and VI in-
tervals, with relatively stable yrp and variable IRM;;
and 2) those from the MF III-V interval, character-
ized by more, or less, proportional variations in both
parameters (Text-fig. 5B).

Thermal demagnetization of three-axis IRM
and MS variations during thermal treatment

Low coercivity fraction (0.1 T) characterized by
high and relatively narrow-ranged unblocking tem-
peratures (550—-575°C) is indicative of coarse-grained
magnetite (e.g., A, D, G on Text-fig. 6). In turn, me-
dium coercivity (0.4 T) particles which demagne-
tize within a wide range of moderate temperatures
(200-450°C; e.g., B, F, I on Text-fig. 6) are sugges-
tive of various minerals from a magnetite group, pre-
sumably fine-grained magnetite, yet also maghemite
and/or titanomagnetites cannot be excluded. The oc-
currence of fine-grained magnetite particles can be
unequivocally stated when 0.4 T fraction demagne-
tizes at, or near, 575°C (e.g., B, D, K on Text-fig. 6).
Within the hard magnetic fraction (1.4 T), three char-
acteristic ranges of unblocking temperatures were
observed: 80-120°C, 300-350°C and above 670°C.
These might be interpreted as a manifestation of
goethite (e.g., Text-fig. 6A, K), pyrrhotite (or pigmen-
tary hematite; e.g., Text-fig. 6D, L) and hematite (e.g.,
Text-fig. 6C, K), respectively.

The MS variations during thermal treatment (Text-
fig. 7) depict decreasing susceptibilities up to 450°C,
suggestive of inversion from maghemite to hematite
(e.g., Liu et al. 2005). Above 450°C, a significant in-
crease in MS is observed in each examined sample,
which points to the presence of pyrite (e.g., Li and
Zhang 2005). It is noteworthy that the MS have higher
initial values and increases considerably more in sam-
ple MG99 (40.8 m) than in (the stratigraphically lower)
samples MG96 (36 m) and MG71 (12.1 m).
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Text-fig. 6. Thermal demagnetization of the three-axis IRM and stepwise IRM acquisition curves of selected specimens from the Giewont
series. Left Y-axis scale for three-axis IRM test curves, right Y-axis scale for IRM acquisition curve. Characteristic thermal demagnetization

paths of selected minerals are indicated by arrows.
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Text-fig. 7. Results of MS thermal dependence measurements. Note that the same Y-axis scale is used for each sample.
COEFFICIENTS OF DETERMINATION (R?)
Zr Th Mn Na Mg Zn Ba Ni Co v Cu P V) Ca
g 0.62 056 0.27 025 0.22 006 0.06 0.05 0.05 0.00 0.04 0.21 Al
5 0.61 049 028 0.24 020 0.05 0.04 0.04 0.04 000 0.04 0.18 K
ﬁ 060 045 0.23 0.22 019 0.04 0.04 0.04 003 0.00 0.06 0.19 Rb 8
2 057 054 031 022 020 005 0.05 0.08 004 0.03 0.01 0.16 Ti m
g 061 045 0.23 026 025 003 0.02 0.02 002 0.00 0.04 016 Ga g
o 053 047 025 026 025 007 0.05 006 005 0.01 0.01 0.22 Zr m
h 054 044 024 020 029 005 004 0.03 004 000 0.05 020 Th 5
8 Mn 078 078 0.77 075 0.78 0.73 0.73 036 0.27 026 014 012 010 0.08 010 000 0.00 010 Mn W
2 Na 075 0.70 067 0.74 0.67 068 0.67 0.60 056 0.29 0.10 012 0.7 0.11 0.10 0.00 0.01 0.02 Na 2
g Mg 052 053 048 055 048 050 049 052 0.75 0.22 002 008 011 012 006 006 012 0.03 Mg g
S Zn 0.50 049 047 047 051 051 045 051 054 047 0.28 0.10 0.08 0.02 0.09 0.00 0.02 0.09 Zn :
|:-|=-' Ba 047 044 044 044 050 050 054 038 032 015 053 0.04 0.01 0.00 0.03 0.00 0.00 0.16 Ba o
(-4 Ni 025 021 020 023 018 0.26 023 035 034 027 032 0.20 0.75 . 0.00 0.31 0.04 Ni s
8 Co 024 021 020 023 014 022 021 032 042 033 029 0.11 0.80 0.00 0.30 0.01 Co ]Z>
2 \' 0.22 021 019 028 013 025 018 0.28 033 035 013 0.03 0.76 0.10 0.46 0.00 Vv =
8 Cu 022 019 0.17 021 013 021 021 032 031 024 030 0.18 0.00 0.29 0.04 Cu g
E P 0.00 0.00 -0.02 0.17 0.05 0.09 -0.06 0.05 0.00 0.25 -0.02 -0.06 0.02 0.00 0.32 0.04 0.26 0.02 P ;
E V) -0.20 -0.20 -0.24 -0.11 -0.20 -0.11 -0.22 -0.03 0.09 0.34 0.13 -0.07 055 055 0.68 0.54 0.51 0.12 V) >
Ca -046 -042 -043 -040 -0.40 -046 -045 -0.31 -0.14 0.18 -0.29 -0.40 -0.19 -0.12 -0.05 -0.20 0.14 0.35 Ca
Al K Rb Ti Ga Zr Th Mn Na Mg Zn Ba Ni Co Vv Cu P V) Ca

PEARSON CORRELATION COEFFICIENTS (PCC)

- 0.65-0.8 0.5-0.65

Table 1. Pearson correlation coefficients (PCC) and coefficients of determination (R2) for selected main and trace elements for

combined

Giewont and Maty Giewont sections.

Elemental geochemistry
Detrital input proxies

Due to its very limited diagenetic mobility, alu-
minum is adopted here as the main proxy for fine-
grained lithogenic influx (see e.g., Tribovillard et al.
2006; van der Weijden ef al. 2006). In order to eval-
uate the mutual relations between concentrations of
selected main and trace elements, their Pearson cor-
relation coefficients (PCCs) and coefficients of deter-
mination (R?) have been calculated (Table 1). Based
on their excellent correlation with Al, the elements K,

Rb, Ti, Ga, Zr, and Th are regarded herein as detrital
elements (see also e.g., Grabowski and Sobien 2015;
Grabowski et al. 2021a); in addition, amongst the
studied samples also Mn and Na have considerable
detrital connotations.

Aluminum displays generally increasing concen-
trations through the Upper Kimmeridgian. It reaches
its maximum content within the Moluccana dino-
cyst Zone (0.5%), followed by a decreasing upper-
most Kimmeridgian—Upper Valanginian trend to,
ultimately, less than 0.1%. Corresponding trends are
observed in other — mentioned above — lithogenic
elements (Text-fig. §).
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Text-fig. 8. Magnetic susceptibility (field and laboratory measured), Al, Th, Ti, K, and Rb laboratory-measured concentrations in the Upper
Kimmeridgian—Upper Valanginian of the Giewont series. Abbreviations as on Text-fig. 4.

Redox proxies

Uranium concentrations do not correlate (or show
even slightly negative correlation) with Al (Table 1),
hence it is considered here as predominantly re-
lated to authigenic processes and carbonate fraction.
In general, the studied sections are uranium-depleted
(SOM 1). Consequently, almost no authigenic U is
observed within the entire Kimmeridgian (Text-
fig. 9). A major peak (to c. 3 ppm) characterizes the
lowermost Tithonian beds (7ithonica—Pulla dino-
flagellate Zone); above this peak, authigenic U de-
creases to slightly positive values, usually near or
below 0.5 ppm. From the Upper Tithonian upwards
an increasing trend is observed, which reaches its
maximum (c. 3 ppm) within the Upper Berriasian—
Lower Valanginian lithoclastic packstone (MF V);
however, elevated values are also observed within
the overlying Upper Valanginian encrinites (MF VI).

Corresponding trends are observed for the U/Th
ratio, as well as in the Fe/Al ratio and the EF’s of
Mo and V (Text-fig. 9). Nonetheless, the lowermost
Tithonian peak of U/Th is much less pronounced than
in the case of authigenic U, while EF Mo depicts an
interval of elevated values rather than a single peak.
Interestingly, significant for redox interpretations
may be also a cluster of elements with excellent mu-
tual correlations (Ni, Co, V, Cu; Table 1). These are
characterized by limited- to relatively-good correla-
tion with U, while their EF’s manifest similar trends
as those described above, in particular the lowermost
Tithonian peak (SOM 1).

Nutrient-type trace metals
Phosphorus does not reveal any statistical correla-

tion with Al (and is relatively prone to U), whereas Ba
and Zn correlate with the detrital fraction only limit-
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edly (Table 1). Nonetheless, only ‘excess’ concentra-
tions of these elements are considered herein (Text-
fig. 10; see also SOM 1). Pgpxcgpss content largely
decreases through the Upper Kimmeridgian, is
slightly elevated within the Lower Tithonian, and sig-
nificantly increases in the Upper Berriasian—Lower
Valanginian lithoclastic packstone (MF V) and
Upper Valanginian encrinites (MF VI). Bagycgsg de-
creases slightly across the Kimmeridgian and depicts
significantly increased concentrations above, within
the lowermost Tithonian Tithonica—Pulla dinocyst
Zone. In the overlying beds, Bagxcpss decreases to
c. 4 ppm and remains stable above; however, another
interval of — this time only slightly — elevated values
is observed within the Upper Tithonian. Zngxcgss
trends largely correspond to those of Bagxcgss, yet
Zngxcgss reaches its minimum a bit lower, already

within the Upper Kimmeridgian Moluccana dinocyst
Zone.

Paleoclimate proxies

It may be observed that Zr/Al slightly incre-
ases across the Upper Kimmeridgian—lowermost
Tithonian, and manifests a predominantly decreas-
ing trend above; beyond these stratigraphic trends,
perceptibly elevated values are observed within the
Crassicollaria calpionellid Zone and within the lower
part of MF VI (upper beds of the Giewont Member,
upper Valanginian). The AI/K, in turn, decreases
through the Upper Kimmeridgian, whereas a slightly
increasing trend characterizes the Lower Tithonian. It
is worth noting that significantly lowered Al/K is ob-
served within the Upper Tithonian and the lower part
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of the Upper Valanginian (MF VI), while elevated
ratios prevail in the MF V interval and the topmost
part of the succession studied. The Chemical Index of
Alteration (CIA) manifests comparable trends to those
of AI/K, however its Upper Kimmeridgian part is not
considered in this study due to the ambiguous record
of Na concentrations (see SOM 1). Accordingly, rela-
tively low CIA is characteristic of the middle part of
the Tithonica—Pulla Zone (lowermost Tithonian); then
it increases towards the Malmica dinocyst Zone and
remains elevated up to the top of the Lower Tithonian.
A sharp decline is observed within the Crassicollaria
Zone, whereas elevated values are characteristic of
the Upper Berriasian—Lower Valanginian (MF V).
Finally, an abrupt drop (to ca 45%) accounts for the
lower part of the MF VI interval (Upper Valanginian),
whilst the top of the section is marked by equal abrupt

rise of the CIA to elevated values. Ti/K shows pre-
dominantly decreasing values through the Upper
Kimmeridgian—lowermost Tithonian, a trend which is
terminated by a local positive peak in the lower part of
the Malmica Zone. Above this peak, it remains stable
up to the Crassicollaria Zone, yet within the topmost
Tithonian beds an interval of lowered Ti/K may be
noted; besides, Ti/K is characterized by a major peak
in the MF V interval, lowered values in the lower part
of the Upper Valanginian, and a significant increase at
the top of the section, what corresponds well to CIA
and AI/K. Intriguingly, Z1/Rb remain relatively stable
through most of the section. However, local peaks are
observed within the middle part of the MF IV and
MF V intervals, whereas the lowest Zr/Rb are charac-
teristic of the top of the section. Finally, Ti/Al shows
some similarities to the Zr/Al curve: a local maximum



JURASSIC/CRETACEOUS TRANSITION IN THE HIGH-TATRIC SUCCESSION

www.czasopisma.pan.pl P N www journals.pan.pl
N
S~

755
mEAR
wl oy, 2 n'c
o leslegies aa Ti/K Al/K /Al Ti/ Al
2E2 = [%] n n — o~ o0 n n
218 E5 S| & =] no~ N o o o N o~
HE RS S 0o 1 © 1n 02 O = o o S & © n S © o «
@ 502 RO _© R R S S S S S+ oo 40 S SO < _NO_ S S _o_o
=g (m] - L1 ooa ?HUMID>6 S : S | @
e |5t = I | I | ] I I I I I
&' & |- 2 o 1 I I 1 1 1
o |sol s 75 h 1 1 1
> x“;: 1 | 1 1 @
gﬁ 1 1 1
= o -T - — — | oy =T —
B-LV.|> 70 — — I B [Z | — — [ 1 =
I . I
o 65 | ?ARID ‘ (a)
w ... I 1 1
g |25 w i I ‘
= o=]
SEEIE l : S l
1 [ : | s :
S5 55 : : ?RELATIVELYdHUMID i
5_-9 : : (?SE‘MI-ARID) :
50 I I I 1 I
< I I I I I
-g g | | | | I
e|lc| E| - 1 1 1 1 1
; g g E 45 I I I I I
HHEE : — || € :
g b 40 1 1 1 1 1 1
S| 1 1 1 1 1 1
E S o ! 0 ! ?RELATIVELY ARID ! @
g 535 35 | | (=intervalof paleoenvironmental perturbations on Fig. :
EQ-_ I I I I I I ; I
'g i— I I I I I I I I
2 o = |*° St l l A l
g | E 1 F:"\ 1 1 1 1 1 1
Ll 25 1 © 5! 1 1 1 1 1
H S 1 i 1 1 1 1 1 1
b (=]
5 S — N S 1 1 1 1 1
© =1 I <ip | 1 1 1 1 1
|5 20 Q@ I I I I I
= S|a LB 1 1 1 1 1
wi w €130 ! ! ?ARIDIZATION !
& — = | 15 1 Qig | I I [ I I
> = | | | | |
L:“ L wig I I I I I
s 10 1@ I I I I I I
& - | | > |
E E 130 1 1 1 1 1
o E 5 1 1 1 1 1 1 1 1
- | IO : | ZRELATIVELYHUMID : ®
0 - + — + — + — + — + — +
detrital admixture K-leachin, K-leachin, K-leachin, detrital grain size  detrital grain size
(clasticity) (humidity (humidity (humidity (eolian transport)  (riverin input)

Text-fig. 11. Selected detrital- and weathering-related paleoenvironmental proxies in the upper Kimmeridgian—upper Valanginian of the Giewont
series and their interpretation (color background). Note reverse logarithmic scale for Ca/Al. Gray arrows indicate trends. Abbreviations as on
Text-fig. 4.

is observed within the middle part of the Malmica
Zone, whereas a decreasing trend occurs above and
continues up to the Chitinoidella/Crassicollaria zonal
boundary. Within the Upper Tithonian a slightly in-
creasing trend can be noted, whilst elevated values
characterize the MF V interval (single peak) and
lower part of the Upper Valanginian (Text-fig. 11).

INTERPRETATION
Sedimentary trends and events
Microfacies succession
Pszczoétkowski et al. (2016) and Pszczotkowski

(2018) discussed the autochthonous vs. allochtho-
nous origin of the High-Tatric cyanoids and peloids,

rejecting the latter solution (contrary to Lefeld and
Radwanski 1960). This implies that depths of sedi-
mentation were constrained within the photic zone:
that is, no more than 200 m below sea level (e.g.,
Sutton 2013), and most probably at “tens of meters”
(Jenkyns 1972). This study adopts the above interpre-
tation (Pszczotkowski 2018) and corroborates it with
additional data.

Three major sedimentary trends/events are ob-
served within the Upper Kimmeridgian—Valanginian
microfacies succession of the Giewont series.
Stratigraphically, these are: 1) the gradual disappear-
ance of cyanoids through the Upper Kimmeridgian
(MF IA-IB) and the onset of the pseudonodular lime-
stone (note the lack of cyanoids) at the Kimmeridgian/
Tithonian boundary interval (MF II); 2) the reappear-
ance and dominance of cyanoids within the Tithonian
(MF III-1V); and 3) the formation of an erosional
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Text-fig. 12. Contact between the uppermost Tithonian cyanoid

packstone (MF 1V, lower) and the (?)Upper Berriasian—Lower

Valanginian lithoclastic limestone (MF V, upper) in sample G29

(thin section) of the Giewont section. The cutting surface and a mi-
crobial crust are indicated by arrows.

gap on top of the Upper Tithonian cyanoid pack-
stones (MF 1V), covered by the (?)Upper Berriasian—
Lower Valanginian lithoclastic packstone (MF V)
and Upper Valanginian encrinites (MF VI; Text-figs
2 and 12). Here it is considered that the shallower the
depth of the sea bottom, the higher the light penetra-
tion (understood here as the amount of light reaching
the seafloor) and — putatively — the higher the envi-
ronment energy (due to, for instance, wave energy).
As a result, increasing light penetration is thought
to favor the growth of cyanobacteria (therefore cy-
anoids; see also Murphy and Haugen 1985), while
more turbulent environments should have resulted in
upward rounding of coated grains. Consequently, in
shallowing successions cyanoids should have trended
towards progressively larger, more spherical shapes.
As there is no literature data explaining morphologic
variability of such small cyanoids as documented
herein (all of them fall in the Type 1 grains of Védrine
et al. 2007), the appearance of tangential internal
structures and increasing grain sizes may document
increasing energy of the environment, similarly to
their closest analogue — ooids (e.g., Fliigel 2010; Diaz
and Eberli 2018; compare Text-fig. 3E and F).
Lodowski ef al. (2022b) interpreted abundant dis-
solution seams and stylolites as indicative of an early-
diagenetic (see Jenkyns 1974) origin of the pseud-
onodular texture (MF II) and estimated the latest
Kimmeridgian—earliest Tithonian paleobathymetric
setting of the Giewont series as deeper than 200 m,
considerably beneath the base of the photic zone.
Consequently, the gradual disappearance of cyanoids

and onset of the pseudonodular limestone is consid-
ered to reflect the relative deepening of the Giewont
series during the Late Kimmeridgian. Lodowski ef
al. (2022b) interpreted this phenomenon as resulting
from a combination of vertical tectonic movements
and eustasy; however, a possible relation between in-
tensified clastic input (leading to cloudier water and
a shallower photic zone) and the temporal vanishing
of cyanoids was also noticed. Interestingly, although
the model of Jenkyns (1974) requires very low sedi-
mentation rates to form nodular structures, the sedi-
mentation rates estimated in this study do not support
occurrence of such conditions. Consequently, it is
assumed that the conditions described by Jenkyns
(1974) might have been only met to a limited extent,
leading to superficial dissolution and the appearance
of a pseudonodular texture, but not the development
of a fully nodular structure.

Conversely, the disappearance of the pseud-
onodular limestone (MF II) within the lowermost
Tithonian, coinciding with the reappearance and
further ascendancy of cyanoids (MF III-IV), is in-
terpreted as a manifestation of a shallowing trend
(Lodowski et al. 2022b). Ultimately, the uppermost
Tithonian—(?)Upper Berriasian erosional gap is
thought to result from wave erosion and/or emersion
(Lodowski et al. 2022b), and is thus indicative of a
very shallow, or even (?temporarily) terrestrial pa-
leoenvironment. Since such a dramatic paleobathy-
metric change (from more than 200 m during the
earliest Tithonian to possible several meters during
the Berriasian) could not have been related to the
Tithonian—Berriasian regressive cycle alone (see
Hardenbol et al. 1998; Hallam 2001, Haq 2014, 2018;
Ray et al. 2019), Lodowski ef al. (2022b), it can be
suggested that tectonic uplift may have had a consid-
erable influence.

The paleobathymetric interpretation of Lodowski
et al. (2022b) can be additionally supported by the
cyanoid morphometric results (Text-fig. 2), assum-
ing the mechanism controlling their sizes and shapes
proposed above. The Kimmeridgian trend of increas-
ing depositional depth is evidenced by decreasing
cyanoid abundance (= decreasing light penetration)
and roundness (= decreasing environment energy)
(MF TA-IB on Text-fig. 2). Conversely, the reappear-
ance of cyanoids within the lowermost Tithonian
(MF III) and the subsequent trend of increasing
size and roundness (MF III-1V; Text-fig. 2) might
point towards decreasing depths of the sea bottom
(cf. Védrine et al. 2007). Even though a turbulent
seafloor is not necessarily connected with shallow
environments (e.g., Pomar et al. 2012) the trend of
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shallowing seems undisputable (Lodowski et al.
2022b). Consequently, increasing roundness of cy-
anoids (note quite abrupt change in x/y ratio within
the upper Lower Tithonian; Text-fig. 2) is consid-
ered herein as connected with decreasing depths of
deposition, which enabled, eventually, storm waves
to reach the seafloor. An additional factor that might
have contributed to increasing cyanoid size (besides
the shallowing-related increase in light penetra-
tion), was the decreased sedimentation rates during
the Early—Late Tithonian. As microbial crusts grow
slowly (e.g., Leinfelder et al. 1993), decelerated accu-
mulation rates could have resulted in a thinner layer
of mud covering coated grains (thus relatively better
availability of the sunlight), which ensured prolonged
growth and drove an increase in their average size.
The disconformity cutting the cyanoid packstone
(MF IV / MF V boundary, Text-fig. 12) is covered by
a thin “microbial crust”. Subsequently, with the ad-
vent of open-marine conditions (either due to tectonic
drowning and/or eustatic sea level rise), the lithoclas-
tic packstones of MF V were deposited (Text-figs 2
and 3G). Nevertheless, another break in deposition
likely occurred before the onset of Late Valanginian
calcarenite sedimentation, as suggested by contrast-
ing microfacies, rock magnetic perturbations, and a
sudden drop in §'®0 values (Lodowski et al. 2022b).

Rock magnetism

In most cases, MS in carbonate rocks may be in-
terpreted as a proxy of terrigenous admixture (e.g., Da
Silva et al. 2015; Grabowski et al. 2017). Nevertheless,
in the Giewont series a correlation between MS and
the contribution of the clastic fraction is not obvi-
ous; for the entire studied succession, the PCC of Al
and MS (laboratory measured) is only 0.3. However,
when the succession is subdivided into five intervals
of characteristic rock magnetic and/or detrital trends,
that is: 1) an interval of increasing MS within MF I—-
II; 2) an interval of rock magnetic perturbations and
elevated MS of MF III; 3) decreasing MS in MF 1V;
4) elevated MS of the MF V interval; and 5) predom-
inantly diamagnetic MF VI interval, their PCCs are
0.59, 0.09, 0.54, 1 (cf., only two datapoints), and 0.83,
respectively. Consequently, the detrital connotations
of MS are clearest in the Upper Kimmeridgian (MF I—
II) and the Lower Cretaceous (MF V-VI) beds. Even
if, to some extent, related to terrigenous input (PCC =
0.54), the decreasing MS within MF IV (Text-fig. 4) is
considered as resulting from decreasing contribution
of authigenic MS carriers, which clearly dominated
the MF III interval below.

Accordingly, this phenomenon might relate to the
appearance of superparamagnetic (ultra-fine grained)
magnetite/maghemite. SP particles were found to oc-
cur within nearly the entire studied succession, and
the relative loss of MS (% ygp) is rather stable, with
mean 16% for the 15-60 m interval (the % ypp in
the underlying and overlying intervals may be er-
roneous due to near-zero MS values) (Text-fig. 4).
Noteworthy, MF I-II samples manifest an elevated
ferromagnetic component, as document by increased
values of IRM;, coinciding with low yrp. The oppo-
site characterizes the MF III-1V interval (Text-fig. 4
and 5) — suggestive of predominantly superparamag-
netic (= authigenic, see below) contribution to ‘ex-
cess’ MS.

As a consequence of the three-axis IRM experi-
ments (Text-fig. 6), the decrease in the S-ratio within
the basal Tithonian (lower part of MF I11) is attributed
to a relative increase in the contribution of medium-
coercivity magnetite-type minerals, rather than hard
fraction (hematite/goethite) abundance. Besides,
the declining trend in S-ratio (Text-fig. 4) coincides
with a sudden increase in the SP grains contribution.
Consequently, the mineralogical change between MF
II and MF III presumably resulted from the occur-
rence of the SP fraction and, the related, appearance
of fine-grained (pseudo single-domain and/or single-
domain) magnetite grains.

Additional data for rock magnetic interpreta-
tions come from the results of MS temperature de-
pendence experiments. Pyrite is known to transform
into magnetite and/or pyrrhotite above 450°C (e.g.,
van Velzen 1992; Li and Zhang 2005; Waters et al.
2008), causing a significant rise in MS above this
temperature. This phenomenon is, indeed, observed
within the Giewont series (Text-fig. 7); moreover, MS
in the Lower Tithonian sample MG99 (meter 40.6;
Text-fig. 7C) increases much more than in the Upper
Kimmeridgian sample MG71 (meter 12.1; Text-
fig. 7A), which suggests that the amount of pyrite also
increases. Although there is no continuous record of
pyrite presence, it is noteworthy that the occurrence
of this sulfide coincides well with redox proxies (e.g.,
EF Mo and authigenic U, Text-fig. 9), which point
towards an interval of oxygen depletion initiating
at the very same stratigraphic horizon — lowermost
part of MF III interval (see chapter Paleoredox and
paleoproductivity proxies).

Taking the above into consideration, it is con-
cluded that the MS in the Upper Kimmeridgian is
largely driven by lithogenic input, while the mag-
netic mineralogy of the MF III-1V interval was more
strongly affected by diagenetic processes. Grabowski
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et al. (2009) suggested that SP magnetite in the
Valanginian of the Zliechov succession in the Strazov
Mts (CWC, Slovakia) may have been derived from
a late diagenetic (synthrusting) oxidation of pyrite
and subsequent precipitation of magnetite; such an
interpretation may also be applicable for the Giewont
series. The maghemite documented from the MF I11—
IV interval (Text-fig. 6) also might have originated
during the late-diagenetic oxidation of magnetite
(Sidhu et al. 1977; Jackson and Swanson-Hysell
2012). Finally, late diagenetic processes affected the
Tithonian portion of the succession to a much greater
extent than in the Upper Kimmeridgian. This phe-
nomenon might be related either to the availability
of pyrite (i.e., the subject of oxidation) and/or the
microfacies succession.

Lithogenic input and sedimentation rates

Low observed concentrations of detrital elements
(AL, Th, K, and Rb on Text-fig. 8) confirm that the
Giewont series was exposed to a very limited supply of
fine-grained siliciclastic sediments. Raw geochemical
data distinguish two intervals with distinct lithogenic
influx trends: 1) the Upper Kimmeridgian, charac-
terized by increasing detrital element concentrations;
and 2) the Tithonian—Upper Valanginian, where a sec-
ular decline in detrital element content is observed.
However, the entire Upper Kimmeridgian—Tithonian
interval is characterized by most probably decreas-
ing sedimentation rates (from c. 10 m/My in MF I
to 6.5 m/My in MF 1V — see chapter Sedimentation
rates), which must have inevitably resulted in an ap-
parent enrichment of the detrital fraction. This as-
sumption is based on the fact, that — in geological re-
cord — the combination of stable lithogenic influx and
decelerating rates of deposition (= carbonate accu-
mulation) manifests in a trend of increasing clasticity
(i.e., increasing Al content). Consequently, the Late
Kimmeridgian is interpreted as a time of relatively
stable or, at most, only slightly intensifying lithogenic
influx, whereas the actual decrease in terrigenous
input during the Tithonian was likely stronger than
suggested by the raw geochemical record.

Paleoredox conditions vs. deposition of nutrient-style
trace metals

The redox proxies examined in this study are char-
acterized by positive peaks of their values in the low-
ermost Tithonian and elevated (relative to the Upper
Kimmeridgian) values above (Text-fig. 9). Even
though authigenic U and U/Th have relatively low

values (compare Text-fig. 9 with Jones and Manning
1994), Algeo and Liu (2020) assert that the redox
framework of Jones and Manning (1994) should not
be directly applied to other formations without taking
into account local sedimentary factors. Accordingly,
the occurrence of pyrite (Text-fig. 7) in association
with extraordinarily high EF Mo and Fe/Al (Text-
fig. 9) may indicate that, during the Tithonian, the
sediment-water interface in the study area was sub-
ject to reducing conditions (see also see also Berner
1984 and Algeo and Liu 2020).

It is of considerable importance to determine
whether fluctuations in micronutrient contributions
actually reflect changes in surface (paleo)produc-
tivity, or rather result from other sedimentary and/
or oceanographic processes. Accordingly, the upper
Kimmeridgian is characterized by relatively low
and declining Bagycpss and Zngxcgss (Text-fig. 10),
which could be interpreted as corresponding to effi-
cient uptake of micronutrients — hence relatively high
surface productivity, or as depicting rather low (and
decreasing) productivity, if it is assumed that produc-
tive elements were predominantly subjected to burial
processes (e.g., due to stratification). In this context,
the positive trends observed in detrital element con-
centrations (Al, Th, Ti, K, and Rb on Text-fig. 8) are
suggestive of intensifying lithogenic influx — hence,
an increasing nutrient supply. Consequently, irre-
spective of the state of the water column (mixed vs.
stratified), relatively high clastic input should result
in enhanced surface productivity.

In addition, the discovery of an oxygen-defi-
cient interval within the Tithonian (c. 34-39 m of the
Giewont composite section; see above) has profound
consequences for the interpretation of trace metal
concentrations. The sudden increase in Bagycggs and
Zngxcrss (and, to some extent, Prpycpss; Text-fig. 10)
in the lowermost Tithonian correlates well with ma-
jor redox proxy peaks (Text-fig. 9). Moreover, as
the entire upper Kimmeridgian—Tithonian exhibits
continuously decreasing sedimentation rates, the ex-
ceptional concentrations of both paleoredox proxies
and trace metals are thought to represent an actual
increase in their burial rates (i.e., their peak contri-
butions most likely do not result from relative con-
densation). As no increase in lithogenic element con-
centrations is observed within the interval (compare
Text-figs 8-10), this phenomenon must have been
related to perturbations in the local/regional marine
circulation system. This, in turn, might have led not
only to (?)partial stratification, limited vertical trans-
portation of dissolved O,, and — eventually — benthic
oxygen deficiency (as suggested by redox proxies),
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but also to increased burial fluxes of P, Ba, and Zn,
which were no longer subjected to biologic recycling
due to reduced water column mixing and the slow-
down of the nutrient shuttle (cf. Falkowski 2012).

Both Bagxcrss and Zngycgss decrease immedi-
ately above their lowermost Tithonian peaks; how-
ever, they remain slightly elevated in relation to the
Upper Kimmeridgian beds, as do the redox proxies.
Another increase in their concentrations is observed
within the Upper Tithonian, yet another interval in
which various redox proxies depict relatively high
values (compare Text-figs 9 and 10); these might have
been driven by comparable mechanisms of fixation
and enrichment as during the earliest Tithonian. As
the Tithonian is characterized by increasing cyanoid
abundance (Text-fig. 2), at least limited water cir-
culation must have taken place (during storms, for
instance), such that rotation of coated grains was en-
sured.

Finally, although the Upper Kimmeridgian-Titho-
nian Pgycpgg exhibits more ambiguous trends than
Bagxcess and Zngycpss, some similarities are pres-
ent: in particular, a decreasing trend within the Upper
Kimmeridgian and elevated values in the Lower
Tithonian (Text-fig. 10). The absence of a well pro-
nounced peak in the lowermost Tithonian may result
from oxygen depletion and related P-escape processes
(i.e., via diffusion of bacterially regenerated POi'to
the water column; e.g., Tribovillard ez al. 2006).

Paleoclimate proxies

Interpretation of the K-related paleoclimate prox-
ies (CIA, Al/K, Ti/K) is not straightforward and must
be taken with caution, since relative variations in K
content might be connected either with the kaolinite/
illite proportions (where an increase in Al/K indi-
cates a relative increase in kaolinite, thus strength-
ened chemical weathering and humid paleoclimate;
e.g., Schneider et al. 1997; Calvert and Pedersen 2007,
Tian et al. 2011), or with the illite/smectite ratio (where
low K suggests the presence of smectite, hence arid
conditions; e.g., Diester-Haass et al. 1993; Niebuhr
2005). Considering that K-depletion indicates chemi-
cal weathering, variations in K-related proxies (CIA,
Ti/K, AI/K on Text-fig. 11) could be interpreted as
resulting from: 1) humid early Late Kimmeridgian;
2) arid earliest Tithonian; 3) Early/Late Tithonian hu-
midification; 4) Late Tithonian aridization; 5) humid
(?)Late Berriasian—Early Valanginian; 6) arid early
Late Valanginian; and 7) humid Late Valanginian (see
Text-fig. 11). Besides, second-order climate fluctua-
tions might also have occurred, as evidenced i.e., by

minor elevation of Ti/K and Al/K within the lower part
of the Malmica dinocyst zone, and/or their variations
near the Chitinoidella/Crasicollaria zonal boundary.
The reverse scenario, starting with an arid early Late
Kimmeridgian and humid Kimmeridgian/Tithonian
transition, should be applied when considering the
smectite-related concept (Diester-Haass et al. 1993;
Niebuhr 2005). Both interpretative frameworks are
discussed below, with special attention paid to their
implications for correlations over regions.

DISCUSSION

Relative variation of K content — indications
of humid/arid conditions?

Integration of geochemical data (stable carbon
and oxygen isotope ratios, 8’Sr/%0Sr), changes in nan-
noplankton communities and sea-level variations al-
lowed Price et al. (2016) to provide an outline of the
western Tethyan climate evolution during the latest
Jurassic—earliest Cretaceous. The authors come to
the conclusion, that from the Late Kimmeridgian on-
wards the climate began to gain in aridity, with a cli-
max of this process during the Tithonian/Berriasian
transition, whereas a consecutive trend of humidifica-
tion characterized the Berriasian—Early Valanginian
(i.e., Abbink et al. 2001; Rameil 2005; Bover-Arnal
and Strasser 2013; Morales et al. 2013). Nonetheless,
these general trends appear to have been disrupted by
other, second-order climate perturbations.

In this context, the lowermost Tithonian Titho-
nica—Pulla dinocyst Zones can be compared with the
Hudlestoni ammonite Zone of northern Europe. This
assumption relies on the fact that the Tithonica—Pulla
dinocyst zones roughly correspond to the M22n mag-
netozone, as do the Hybonotum—Semiforme Tethyan
ammonite Zones (Grabowski et al. 2019; fig. 12 in
Lodowski et al. 2022b). Within their stratigraphic
range, in turn, falls the Hudlestoni ammonite Zone
of the Sub-Boreal realm (Wierzbowski et al. 2017,
Turner 2018). Consequently, both the lowermost
Tithonian minimum in Al/K and CIA, and maxi-
mum in Zr/Al (Text-fig. 11) can be stratigraphically
correlated with the arid ‘Hudlestoni event’ of north-
ern Europe (e.g., Abbink et al. 2001; Hesselbo ef al.
2009; Turner and Huggett 2019). It may be noted, that
the Kimmeridgian/Tithonian minimum in Al/K cor-
relates with the lowermost Tithonian peaks in redox
proxies (compare Text-figs 9 and 11), which point to
the state of the bottom waters hypoxia. This suggests
stratification of water masses, associated herein with
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the onset of an arid climate mode, with respect to
the mechanism in which weakened monsoonal at-
mospheric circulation (= arid type) reduces the ef-
ficiency of Ekman transport, limiting the mixing
of the water column. Consequently, the lowermost
Tithonian (elevated redox proxies on Text-fig. 9) is
expected to have been deposited under arid climate
conditions. Additionally, the corresponding trends
in AI/K and Zr/Al also point to progressive aridiza-
tion during the Kimmeridgian/Tithonian transition
(Hesselbo et al. 2009; van der Hoeven 2022). Due
to that, the scenario of chemical weathering driven
K-depletion is favoured here as best explaining the
relative variations in K content. Here it must be also
emphasized, that the relation between climate change
and paleoredox conditions discussed in this study is
different to, and cannot be compared to, conditions
driving the Mesozoic anoxic events (i.e., Jenkyns
1999). Basically, sediments considered herein were
subjected only to oxygen depletion, but definitely
not to strongly reducing (anoxic/euxinic) conditions.
Based on it, the mechanism of greenhouse driven
OAE’s (Jenkyns 1999) should not be applied in this
case; instead, all observations can be explained by
the alternative model of aridification-related strati-
fication of the water column and seafloor hypoxia.

Somewhat problematic is the issue of the subse-
quent mid-Tithonian humidification, which is man-
ifested by increasing Al/K and CIA, as well as de-
creasing Z1/Al within the Chitinoidella dinocyst Zone
(Text-fig. 11). So far, humid pulses during the mid-
Tithonian have been recognized only in northwest
France (Deconinck et al. 1983), England (Hesselbo
et al. 2009), and the Polish Basin (Grabowski et al.
2021a), but their correlation is not well constrained.
In the case of the western Tethyan sections, traces
of mid-Tithonian humidification might be followed
in the Lokut succession of the Transdanubian Range
(Grabowski et al. 2017). There, a sharp increase in
the relative abundances of the genus Watznaueria
near the base of magnetozone M20n, combined with
the temporal disappearance of Nannoconus, may
point to increased fertility of surface waters, hence
a better mixed water column (e.g., due to monsoonal
upwelling; see also Erba 1994, Giraud et al. 2016).

A relatively short-lasting arid phase character-
ized the early Late Valanginian; the climate became
more balanced soon after, at the transition between
the Verrucosum and Peregrinus ammonite Zones
(Duchamp-Alphonse et al. 2011; Kujau et al. 2013;
Westerman et al. 2013). Importantly, a paleoclimate
interpretation based on the K-leaching mechanism
corresponds well with the scenario described above

(Text-fig. 11). It might be correlated to the “arid
phase” (6) in the lower part of the Upper Valanginian
of the Giewont series. The overlying sediments in-
dicating “humid phase” (7) might correspond to a
phase of seasonal climate (Duchamp-Alphonse et al.
2011; Charbonnier et al. 2020) in the Peregrinus and
Furcillata zones of the Upper Valanginian. It must be
noted, that although the geochemical data obtained
from the MF V interval may be biased by the geo-
chemistry of lithoclasts, it is considered that these
are younger than the top of MF IV, and therefore
may provide reliable data on the paleoenvironmental
evolution since the Late Tithonian. This assumption
relies on the fact, that the lithoclasts do not resem-
ble any of the studied substrate rocks, hence they
are thought to represent reworked material from the
Lower (?and partly Upper) Berriasian, which is now
missing (Lodowski et al. 2022b).

Lithogenic influx and its controls

As discussed in the subchapter Lithogenic input,
the High-Tatric area was subjected to a relatively
weak, and presumably slightly increasing, lithogenic
influx during the Late Kimmeridgian and a continu-
ous decrease in clastic supply during the Tithonian.
Among the Late Jurassic environmental trends and
events that could have resulted in such a record, cli-
mate change (i.e., progressive aridization) is consid-
ered to be the most comprehensive solution, however,
the possible effects of eurybatic variations and Late
Jurassic tectonic activity must also be treated (see
below).

One of the important sedimentary trends ob-
served within the Giewont series is the decreasing
contribution of the terrigenous fraction through the
Tithonian. It is intriguing to note that a decline in
lithogenic influx is observed within the Tithonian of
numerous Western Tethyan successions, for exam-
ple in the Lower Sub-Tatric (Grabowski et al. 2013),
the Pieniny Klippen Belt (Grabowski et al. 2019; cf.
Michalik et al. 2016), and the Transdanubian Range
(Grabowski et al. 2017; Lodowski et al. 2022a), as
well as in southern England (cf. Morgans-Bell et
al. 2001) and in the Polish Basin (Grabowski et al.
2021a) (Text-fig. 13). Climate aridization was put
forth to explain decreasing clastic supply in all of
these localities; it was additionally supported by clay
mineral analysis (e.g., Hesselbo et al. 2009). These
observations render the decline in siliciclastic input
of supra-regional importance, supporting the Late
Kimmeridgian—Early Berriasian climate perturba-
tions as a key factor affecting lithogenic influx in
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Text-fig. 13. Correlation of lithogenic influx proxies between the Giewont (High-Tatric, this study), Posrednie I1I (Lower Sub-Tatric, Grabowski

et al. 2013), Velykyi Kamianets (Pieniny Klippen Belt, Grabowski et al. 2019), and Harskut (Transdanubian Range, Lodowski et al. 2022)

sections. Approximated range of the uppermost Tithonian—lower Berriasian erosional gap in the High-Tatric succession (grayed out area) is in-

dicated. Abbreviations: K. — Kimmeridgian; VAL. — Valanginian.; U.B.—L.V. — Upper Berriasian—Lower Valanginian; L. — Lower; U. — Upper;
Tith.—Pull. — Tithonica—Pulla; Bor. — Borzai; Chit. — Chitinoidella; Cras. — Crassicollaria.

both Tethyan and Boreal Europe. In this scenario, the
general trend of aridization might have been inter-
rupted by minor periods of humidification, such as
the mid-Tithonian one (Text-fig. 11).

Nevertheless, it must be remembered that the
above-mentioned climatic effect might have been ad-
ditionally strengthened by other important controls.
For instance, a common correlation between decreas-
ing clasticity and a major global regression (Hardenbol
et al. 1998; Haq 2014) is observed both in western
Tethyan (e.g., Grabowski et al. 2013, 2017, 2019,
2021a; Michalik et al. 2016; Lodowski et al. 2022a)
and Boreal (Morgans-Bell et al. 2001) successions. In
turn, even though multiple tectonic processes related
to the progressive closure of the western parts of the
Neotethys Ocean influenced the structure of western
Neotethyan basins and resultant Late Jurassic—Early
Cretaceous sedimentation patterns (e.g., Gawlick et
al. 1999; Csontos and Voros 2004; Schmid et al. 2008

and references therein), it seems that none of the tec-
tonic phenomena controlled the Late Kimmeridgian—
Tithonian lithogenic input to the South Tatric Ridge.
One of the pivotal tectonic events was the formation
of the Neotethyan Collision Belt (NCB), a chain of
accretionary wedges and ophiolites ranging from the
Hellenides to the Western Carpathians (Text-fig. 1;
e.g., Missoni and Gawlick 2011). In the Western
Carpathians, traces of the NCB can be followed in the
flysch and mélange facies of the Meliaticum. While
accretionary wedges already began to develop there
during the late Middle Jurassic (Plasienka 2018; Putis§
et al. 2019), there is no precise stratigraphic data on
its latest Jurassic evolution. Gawlick et al. (2015)
concluded that in the Northern Calcareous Alps ero-
sion of an obducted ophiolite stack started during the
Early Kimmeridgian, whereas Steiner et al. (2021)
discussed the Late Kimmeridgian—Early Tithonian
unroofing of the NCB. This tectonism may have re-
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sulted in elevated rates of erosion, driving increased
lithogenic input to neighboring sedimentary basins,
as observed in the upper Kimmeridgian of the High-
Tatric zone. However, the distribution of siliciclastic
detritus was restricted by the development of nearby
carbonate platforms (located to the N/NW from the
collision zone, e.g., Plassen Carbonate Platform;
Gawlick and Schlagintweit 2006); these did not ul-
timately drown until the late Berriasian. The rather
limited uplift of the NCB may have not been enough
to directly affect the High-Tatric depositional zone;
if present, this effect likely was very restricted. In
addition, Tatricum was located much further to the
NE (in relation to the Plassen Platform), whereas the
South Tatric Ridge was additionally separated from
the “NCB zone’ by the Zliechov Basin, which received
a significant portion of its lithogenic input from the
NCB during the Tithonian (2—-3% of Al, Grabowski et
al. 2013). As such, it is considered that the lithogenic
supply to the Giewont series might have been largely
contributed by eolian transport.

Tracing Late Kimmeridgian—Valanginian
sedimentary controls in the High-Tatric
succession

The Late Kimmeridgian—earliest Tithonian:
a “monsoonal upwelling” control?

Numerous studies point to a possible link be-
tween upwelling, climate, and facies distribution in
the Jurassic and Cretaceous of the Western Tethys
(e.g., Golonka and Krobicki 2001; Hotinski and
Toggweiler 2003; Muttoni et al. 2005; Rais et al.
2007; De Wever et al. 2014; Michalik et al. 2017,
Bak and Bak 2018). Since the abundance of radio-
larians is linked with nutrient-rich surface waters,
increased sedimentation of their silicious tests should
result from elevated nutrient supply (e.g., De Wever
et al. 2001, 2014; Baumgartner 2013). According to
De Wever et al. (2014), a key mechanism controlling
the surface productivity of Mesozoic and Cenozoic
oceans was monsoon-driven upwelling. Golonka
and Krobicki (2001) discussed the possibility of an
upwelling regime in the Pieniny Klippen Belt; they
concluded that the prevailing wind direction during
the Late Jurassic and Early Cretaceous was parallel
to the axis of the Czorsztyn Ridge (from southwest
to northeast; Alpine/Atlantic Tethys), and therefore
might have been favorable for the induction of up-
welling on its southern rim. Since the South Tatric
Ridge was presumably parallel to the Czorsztyn
Ridge (Text-fig. 1), here it is assumed that the model

of Golonka and Krobicki (2001) can also be adopted
for the neighboring High-Tatric deposition zone.

The Upper Kimmeridgian of the Giewont series is
characterized by slightly decreasing concentrations of
nutrient-style trace metals and stable (or only slightly
increasing) lithogenic influx (Text-fig. 14). This re-
cord corresponds well with the sedimentary turnover
that took place in the Zliechov Basin, that is a switch
from siliceous to carbonate dominated deposition.
Although radiolarites do not occur in the Jurassic of
the High-Tatric succession (High-Tatric sensu stricto,
see Plasienka and Ozvoldova 1996 and compare with
Lefeld et al. 1985), they are typical of the Middle—
Upper Jurassic deposits of the Zliechov Basin. There,
they disappear within the Upper Kimmeridgian, over-
lain by uppermost Kimmeridgian—Tithonian carbon-
ates (Jach er al. 2012, 2014; Jach and Rehékova 2019).
This process was roughly coeval with both the begin-
ning of the climate aridization interval (see above)
and the start of the general trend of decreasing 6'3C
signatures (Cramer and Jarvis 2021). As the onset of
the arid climate was concurrent with oxygen deple-
tion at the seafloor, it is presumed that a diminished
monsoon weakened the mechanism of monsoonal up-
welling, resulting in reduced water column mixing
and stratification. Accordingly, a decreasing supply
of nutrients due to progressively weakening upwelling
might have been an important factor driving the radi-
olarian decline during the latest Jurassic (see also dis-
cussion in DeWever et al. 2014; for discussion on the
Late Jurassic radiolarites from the Zliechov Basin see
Jach and Rehakova 2019). Such a correlation allows
the presumption, that changes in the efficiency of
monsoonal upwelling might have controlled trophic
conditions prevailing in the High-Tatric deposition
zone (see also Michalik et al. 2017). Here, the ‘river
plumes’ mechanism of Baumgartner (2013) is un-
likely to apply due to the fact, that increased concen-
trations of nutrient-style trace metals do not correlate
with lithogenic proxies (compare Text-figs 8 and 10).

Weissert and Channell (1989) discussed the pos-
sibility that general climate aridization during the
Tithonian might have decreased the amount of ma-
terial transferred from continents to oceans, thus
decelerating marine productivity, reducing marine
organic matter burial rates (i.e., organic carbon) and,
eventually, causing lighter §'3C signatures. A signifi-
cant decrease in 3'3C (by c. 1% VPDB) within the up-
permost Kimmeridgian—lowermost Tithonian of the
Giewont series (Text-figs 9 and 14), is thought to doc-
ument a corresponding scenario, yet with aridization
driving the stratification and progressive weakening
of the nutrient shuttle system.



www.czasopisma.pan.pl P N www journals.pan.pl

TN
JURASSIC/CRETACEOUS TRANSITION IN THE HIGH-TATRIC SUCCESSION 763
w |8 .
w| O 'aw ] . .
olg gn- Sedimentation 3 Depth Lithogenic Surface Oxidation s"c
<|5 ,23 rate = of deposition & inlfux productivity (bottom waters)
0= |- + % 3— +— - - +
"z|e|z ?
d<|e|x ?
134 E 5 s
40 _—
1s43] |
2 EE E R O D E D
S|z
e B ? I ? ? ?
S 5 ¥ - .
138 = w
=
4=z|3
139 Z
140 & F—
£ E R (0 D E D
141 = & E
w8
143 =
144 N
n >
3 w
1us4 21— =
< ||
42
146 g B
wHE|Z|E
Flg|=
148 =
149 = =
=
150 —
w |en
= |=2=
151 < —
o
152 =
- +— +— +— +— +— +

Text-fig. 14. Generalized sedimentary trends during the Late Kimmeridgian—Valanginian, as interpreted for the High-Tatric deposition zone.
Abbreviations: KIMM. — Kimmeridgian.

Tithonian: regional trends vs. local sedimentary
controls

As suggested by Weissert and Erba (2004; see also
discussion above), carbon cycling during the Tithonian
resulted from a long-term evolution of the paleoenvi-
ronment, which eventually led to relatively high wa-
ter pH (relative to the Oxfordian—Kimmeridgian) and
low organic to carbonate carbon burial ratios (Copg/
Ccarp): conditions favoring biocalcification. This is in
agreement with observations in the sedimentary suc-
cessions of the Western Carpathians, that is the entirely
carbonate Tithonian of the High-Tatric, Krizna, and
Pieniny Klippen Belt successions (e.g., Birkenmajer
1963, 1975). However, there are some — apparently
insignificant — differences in the stable carbon isotope
records that they yield.

The Tithonian of the Giewont series records
relatively low and stable 8'3C values (Text-fig. 9),

whereas a progressive decrease is usually observed
in other western Tethyan successions (e.g., fig. 13
in Lodowski et al. 2022b, see also Cramer and
Jarvis 2020). Consequently, it is assumed that in the
High-Tatric deposition zone, carbon cycling during
the Tithonian was dependent not only on regional
(?global) oceanographic conditions, but also on local
sedimentary controls, the most likely being depth of
deposition (Text-fig. 14). In this case, the abundance
of cyanobacteria (i.e., cyanoids), in conjunction with
relatively poorly mixed water column during the
Tithonian, might have resulted in a local seawater
deficit in '2C, shifting §'3C to relatively heavier val-
ues than in more basinal areas. Additionally, cya-
nobacteria are thought to be the primary drivers of
Corg export, driving the conditions limiting biocal-
cification (note the decelerated sedimentation rates
during the Late Tithonian; Text-fig. 14) and favoring
oxygen depletion at the seafloor (Text-figs 9 and 14).
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When considering paleodepths of the South
Tatric Ridge it must be noted, that besides eustatic
sea-level changes, these might have been affected
also by block-tilting. The Jurassic—Cretaceous tran-
sition in the Osobita massif (Western Tatra Mts,
Slovakia) is characterized by the occurrence of vol-
canic rocks and carbonate breccia (Lefeld et al. 1985;
Staniszewska and Ciborowski 2000; Madzin et al.
2014). According to Madzin et al. (2014), volcanism
(interpreted by the authors as connected with rifting
and opening of the North Penninic-Magura Ocean)
was already evident during the Late Tithonian, lend-
ing credibility to the assumption that the paleoba-
thymetry of the High-Tatric area was related to both
the Tithonian regression and local tectonics.

Late Berriasian—Valanginian sedimentary controls

Volcanic activity in the Osobita massif increased,
reaching its maximum during the Late Berriasian—
?Early Valanginian (Madzin et al. 2014). This drove
the uplift of the South Tatric Ridge, eventually lead-
ing to the (?)emergence and erosion of the youngest
strata, as manifest in the Giewont series in the upper-
most Tithonian—Berriasian disconformity (see also
Lodowski et al. 2022b). It is intriguing that a similar
phenomenon has also been reported not only from
the High-Tatric autochthonous sedimentary cover
(Grabowski et al. 2022), but also from the Manin Unit
(Michalik and Vasicek 1987; Michalik et al. 2005;
Michalik et al. 2012), which is usually interpreted as
having originated on the southern slopes of the South
Tatric Ridge (e.g., Plasienka 2019). Finally, traces of
the South Tatric Ridge erosion can be followed in the
Zliechov and Hlboc sections (both deposited in the
Zliechov Basin), in which Berriasian breccias were
described by Michalik et al. (1995, see also Michalik
2007).

The timing of uplift in the High-Tatric area cor-
responds well with the late Berriasian tectonic reacti-
vation in the Neotethyan Collision Belt (Missoni and
Gawlick 2011). Outside of the Northern Calcareous
Alps, this event is expressed by increased lithogenic
supply in the CWC (Grabowski and Sobien 2015),
Southern Alps (Gorican et al. 2018), Transdanubian
Range (Fodor et al. 2013; Lodowski et al. 2022a),
Western Balkans (Grabowski et al. 2016, 2021b), and

— to some extent — the Northern Apennines (increas-
ing magnetic susceptibility, Satolli and Turtu 2016).
Also the facies development (including hiatuses)
and brachiopod fauna of the Pieniny Klippen Belt
document Tithonian—Berriasian uplift (Birkenmajer
1986; Krobicki 1994), however there it is associated
with rifting and opening of the North Penninic-
Magura Ocean during the Walentowa rifting phase
(Berriasian—Hauterivian; PlaSienka 2012; see also
Oszczypko et al. 2012). Related also to the tectonic
extension interpretation are the plate basalts of the
Belice succession (Sotak et al. 1993; Plasienka 2003),
the Osobita massif basanites (Madzin ez al. 2014),
and the volcanic rocks of the Mecsek Mts (Tisza
Mega-Unit; see Haas and Pér6 2004; Szederkényi et
al. 2013). Consequently, the uplift of the High-Tatric
can be considered as connected with both the subduc-
tion in the NCB and rifting in the Penninic oceans,
supporting the idea of a geodynamic connection be-
tween these two processes (see Plasienka, 2003).

A massive (?)Upper Berriasian—Lower Valanginian
Prxcrss peak (MF V; c. 20 times higher in concen-
tration than in the underlying beds; Text-fig. 10) is
interpreted here as associated with upwelling-related
accumulation of phosphates. The predominantly hu-
mid Late Berriasian—Early Valanginian climate (e.g.,
Follmi 2012; Morales et al. 2013; Westermann et al.
2013) favored monsoonal upwelling, which conceiv-
ably provided an efficient P-supply from deeper parts
of the basin (compare with Brandano et al. 2016).
Elevated values of redox proxies within both the
Upper Berriasian—-Lower Valanginian and the Upper
Valanginian beds (Text-fig. 9) point to oxygen deple-
tion at the seafloor. This phenomenon may be related
to the decreased solubility of oxygen in warmer wa-
ter, as has been proposed for Late Devonian Upper
Kellwasser event (e.g., Bond et al. 2013). The Upper
Valanginian redox peaks might have resulted from an-
other interval of arid climate and related stratification
(compare Text-figs 9 and 11), what is in concordance
with literature data (e.g., Follmi 2012; Westermann et
al. 2013). That being said, a cause and effect relation-
ship between climate mode (arid, characterized by pre-
sumably low atmospheric energy vs. humid, monsoon
type), state of the water column (stratified or mixed,
respectively) and accumulation of nutrient-style trace
metals can be used to explain sedimentary conditions

Text-fig. 15. Schematic reconstruction of the major High-Tatric events during the Kimmeridgian—Valanginian. Stratigraphic framework as in —»

Lodowski et al. (2022b; modified). Timescale after Ogg (2020). Major and 2nd order eustatic cycles with respect to Hardenbol et al. (1998)

and Haq (2014, 2018). Climate reconstruction for the Giewont series is based on this study, supplemented by Abbink et al. (2001), Hesselbo

et al. (2009), Follmi (2012), Grabowski et al. (2017; 2021b). Paleobathymetry of the Giewont series is approximate. Abbreviations: Praetin. —

Praetintinnopsella; Moluc. — Moluccana; K, — Late Kimmeridgian; T; — Early Tithonian; T, — Late Tithonian; B, — Late Berriasian; V, — Late
Valanginian. Climate log: green—humid; yellow — arid.
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prevailing the High-Tatric deposition zone not only
during the Late Kimmeridgian—Tithonian, but also the
earliest Cretaceous.

CONCLUSIONS

This study presents the results of sedimentologic,
rock magnetic, and geochemical investigations in
the Upper Kimmeridgian—Upper Valanginian of the
Giewont series. The collected data was interpreted in
terms of their paleoenvironmental significance and
discussed with regards to local and regional paleo-
climate, paleoecology, and the tectonic framework.
The High-Tatric deposition zone is presumed to have
been affected by numerous latest Jurassic—earliest
Cretaceous paleoenvironmental perturbations recog-
nized in the western Tethyan and Subboreal realms.
Nevertheless, its isolated paleogeographic setting, in
conjunction with the impact of local tectonic con-
trols, resulted in clearly distinct sedimentary condi-
tions and evolution relative to neighboring succes-
sions (see also Text-fig. 15).

A significant increase in the terrigenous contri-
bution during the Late Kimmeridgian (Al, Th, Ti,
K, and Rb on Text-fig. 8) is interpreted as being
only apparent, depicting in fact relatively stable (or
slightly increasing?) lithogenic influx under decreas-
ing sedimentation rates (Text-fig. 14). In turn, the
Tithonian trend of decreasing clastic supply is cor-
related with similar phenomena observed in western
Tethyan and northern Europe successions (Text-fig.
13); it is thought to result from a switch to an arid
climate mode during the latest Kimmeridgian—Early
Tithonian, which eventually led to lowered rates of
continental erosion. Beyond these observations, this
study supports the utility of the MS as a convenient
and valuable proxy for estimating clastic input, even
in paleogeographically isolated areas such as the
High-Tatric. However, special attention must be paid
to potential diagenetic overprints as observed, for
instance, within the Lower Tithonian beds, where
late-diagenetic oxidation resulted in significant
changes in magnetic mineralogy, the appearance of
superparamagnetic minerals, and disruption of the
detrital-associated MS record (Text-fig. 8).

The results of cyanoid morphometry (size and
roundness measurements) suggest the applicability
of this method for considerations of paleodepths.
The greatest depositional depths in the High-Tatric
succession are expressed through the occurrence of
the pseudonodular limestones of the Kimmeridgian—
Tithonian boundary interval. Tectonic uplift, com-

bined with sea-level fall, resulted in the Tithonian
shallowing trend, as evidenced by the microfacies
succession and cyanoid morphometry (their big-
ger size and more spherical shape; Text-fig. 2).
Progressive shallowing eventually led to wave ero-
sion (or even emersion?), as shown by the discon-
formity spanning the uppermost Tithonian—(?)Upper
Berriasian (Text-fig. 12). The stratigraphic range of
this hiatus corresponds well with both the beginning
of the Walentowa rifting phase and the tectonic reac-
tivation in the Neotethyan Collision Belt, which sup-
ports Plasienka’s (2003) model for the geodynamic
relation between subduction in the Meliata Ocean
and rifting in the Penninic Realm.

Although somehow ambiguous, the paleoclimate
proxy record (CIA, Al/K, Ti/K, Zr/Al; Text-fig. 11)
documented from the Giewont series is in agreement
with data both from other western Tethyan succes-
sions and from northwest Europe. This suggests a
supra-regional significance of these latest Jurassic—
earliest Cretaceous climate changes, that is that the
common (at least to some extent) scenario of paleo-
climate evolution might have affected the vast part
of Europe, ranging from southern England and the
Polish Basin to the north and the Vocontian Basin
and the Central Western Carpathians to the south.
Of particular importance is the temporal Early
Tithonian arid period known from northwest Europe
(the “Hudlestoni event”) and a similar phenomenon
documented in the High-Tatric succession.

The association between intervals character-
ized by exceptionally high oxygen depletion and
increased trace metal concentrations (lowermost
Tithonian, Upper Tithonian, cf. lower part of the
Upper Valanginian) is interpreted as resulting from
enhanced burial of these elements during periods of
water stratification. Such conditions occurred during
arid climate modes — then monsoons were dimin-
ished, limiting the induction of monsoonal upwell-
ings, hence restricting mixing of the water column
(Text-fig. 15).
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