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Abstract: The Jenkyns Event or Toarcian Oceanic Anoxic Event was an episode of severe environmental perturbations reflected in carbon
isotope and other geochemical anomalies. Although well studied in the epicontinental basins in NW Europe, its effects are less understood
in open marine environments. Here we present new geochemical (carbon isotope, CaCO3, [Mn]) and nannofossil biostratigraphic data
from the Tolgyhat and Kisgerecse sections in the Gerecse Hills (Hungary). These sections record pelagic carbonate sedimentation near the
margin of the Tethys Ocean. A negative carbon isotope excursion of c. 6%ois observed in the Tolgyhat section, in a condensed clay and
black shale layer where the CaCOs content drops in association with the Jenkyns Event. At Kisgerecse, bio- and chemostratigraphic data
suggest a gap in the lower Toarcian. The presence of an uppermost Pliensbachian hardground, the absence of the lowermost Toarcian
Tenuicostatum ammonite zone and the condensed record of the Jenkyns Event at Tolgyhat, together with a condensed Tenuicostatum
Zone and the missing negative carbon isotope anomaly at Kisgerecse, imply arrested carbonate sedimentation. A calcification crisis and
sea-level rise together led to a decrease in carbonate production and terrigenous input, suggesting that volcanogenic CO2-driven global
warming may have been their common cause.Supplementary material: Geochemical data obtained from Tolgyhat and Kisgerecse sections,
and mineralogical data from T6lgyhat are available at https://doi.org/10.6084/m39.figshare.c.5355342

In the Early Jurassic, a series of severe environmental perturbations such as global warming (Suan et al.
2010), a second-order mass extinction (Caruthers et al. 2014), ocean anoxia (Pearce et al. 2008) and

a calcification crisis (Trecalli et al. 2012) happened in the early Toarcian (c. 183 Ma), collectively

referred to as Toarcian Oceanic Anoxic Event (T-OAE) (Jenkyns 1988; Jenkyns 2010) or recently

coined as the Jenkyns Event (Muller et al. 2017; Reolid et al. 2020). This time interval was characterized

by enhanced marine primary production leading to the appearance of organic-rich sediments in

marine and lacustrine settings under anoxic—euxinic conditions (Jenkyns 1988; Xu et al. 2017). However, some
other authors point to a high primary production occurring before the event and to a phytoplankton blackout
concomitant with it (Bucefalo Palliani et al. 2002; Mattioli et al. 2009). The Jenkyns Event is coincident with a
characteristic negative carbon isotope excursion (CIE) with a magnitude of c. 5%. (Hesselbo et al. 2000;
Hermoso et al. 2009; Suan et al. 2015). This negative CIE is present in different substrates, e.g. marine biogenic
carbonate and micrite, and in marine and terrestrial organic matter, implying a major perturbation of the
carbon cycle affecting the exogenic carbon reservoirs (Suan et al. 2008a; Hermoso et al. 2009; Bodin et al.
2010; Suan et al. 2010; Hesselbo and Pienkowski 2011; Mdiller et al. 2020b). Furthermore, this carbon

isotope anomaly can be also traced at multiple localities around the world, suggesting a global extent of

this event (Caruthers et al. 2011; Grocke et al. 2011; Suan et al. 2011; Izumi et al. 2012; Al-Suwaidi et al.
2016). A second-order mass extinction is also associated with the Jenkyns Event severely affecting

the biosphere (Caswell et al. 2009; Danise et al. 2013; Caruthers et al. 2014), with a remarkable temporal
coincidence with the emplacements of the Karoo—Ferrar large igneous province (LIP) (Palfy and Smith 2000).
The large amount of 12C that triggered the negative CIE has been hypothesized to have originated from
volcanic degassing of CO2 from the Karoo—Ferrar LIP and/or thermogenic methane release from coal
sediments in the Karoo Basin owing to sill emplacements (McElwain et al. 2005; Svensen et al. 2007).
Alternatively, methanehydrate dissociation from marine sediments (Hesselbo et al. 2000; Kemp et al. 2005),
methane release from terrestrial wetlands and/or from permafrost (Them et al. 2017; Krencker et al. 2019;
Ruebsam et al. 2019) and upwelling of 12C-rich bottom water and stratification of the water column (Kispert
1982; Schouten et al. 2000) have been suggested as causes. The negative CIE and CO2 release are also
coincident with global warming and a rapid temperature rise of c. 7°C (Bailey et al. 2003; Suan et al. 2010). The
globally elevated temperature resulted in the acceleration of the hydrological cycle, increased continental
runoff and nutrient input into the ocean, further increasing primary productivity (Cohen et al. 2004; Jenkyns
2010; Percival et al. 2016; Kemp et al. 2020). This high primary productivity led to oxygen depletion of the
seawater, resulting in the development of anoxic or euxinic water masses, occasionally even spreading to the
photic



zone (van de Schootbrugge et al. 2005; Pearce et al. 2008; Ruebsam et al. 2018). Thallium isotope
studies revealed that seawater oxygen levels had started to drop gradually at the Pliensbachian/Toarcian
boundary and reached euxinic conditions during the Jenkyns Event (Them et al. 2018). This is coherent
with enhanced primary productivity occurring from the base of the Toarcian, followed by enhanced
thermohaline stratification promoting anoxia at the core of the event (Bucefalo Palliani et al. 2002; Mattioli
et al. 2009). A biocalcification crisis simultaneous with the Jenkyns Event severely affected both
carbonate platforms and pelagic carbonate factories (Mattioli et al. 2009; Trecalli et al. 2012; Krencker
et al. 2020; Muller et al. 2020b; Ettinger et al. 2021). Brachiopod 611B—pH data imply that seawater
pH started to drop in multiple steps immediately after the Pliensbachian/Toarcian boundary,
reaching the minimum (c. 7.2; a total drop of 0.4-0.5 in pH values) immediately before and during
the Jenkyns Event, which suggests a significant global lowering of seawater pH. A remarkable,
rapid rise in pH at the onset of the Jenkyns Event indicates that organic carbon production and burial
increased the withdrawal of atmospheric CO2 simultaneously with the start of the negative CIE. Carbonate
system modelling revealed that the pH decrease was also accompanied by a substantial drop in seawater
carbonate saturation (Q,1) (Muller et al. 2020a).

In order to better assess the global extent of this chain of environmental perturbations related to the
Jenkyns Event oceanic records would be necessary but little oceanic crust of Toarcian age is preserved.
Therefore, pelagic successions with a depositional setting close to the open ocean have key importance (Suan
et al. 2018). So far, only a handful of such sections have been studied from the sedimentary record of the
Panthalassan margin in Japan and Canada (Caruthers et al. 2011; Grocke et al. 2011) and from the NW Tethyan
margin from European sections (Jenkyns et al. 1991; Vet6et al. 1997; Kafousia et al. 2011; Neumeister et al.
2015; Polgdri et al. 2016; Arabas et al. 2017; Miiller et al. 2017, 2020b; Suan et al. 2018).

To augment this dataset and to improve our understanding of the local and regional differences
in the processes and expression of the Jenkyns Event, here we present new high-resolution carbon
isotope, CaCO3 and [Mn] geochemical data, nannofossil biostratigraphy and mineralogical information
from two sections, Télgyhat and Kisgerecse, from the Gerecse Hills in north-central Hungary. These
sections are biostratigraphically well constrained Géczy 1984; 1985; Kovacs 2012) and exhibit lithological
variations that reflect the early Toarcian environmental and biotic changes. Palaeogeographically,
they represent condensed, pelagic records of the early Toarcian in an ocean-facing setting with proximity
to the open Tethys Ocean (Fig. 1). Our study aims to characterize the changes in pelagic carbonate
sedimentation and their relation to a possible ocean acidification and calcification crisis that, compared
with the extent and effects of anoxia, is a lesser known component of the Jenkyns Event.

Geological background and stratigraphy

The Gerecse Hills are located in north-central Hungary, 50 km NW of Budapest, in the northeastern part of the
Transdanubian Range (Fig. 2a). In the Late Triassic, this area was located at the margin of the Tethys Ocean
where the depositional environment was dominated by the extensive Dachstein carbonate platform. Regional
rifting started in the latest Triassic and earliest Jurassic and later, in the Middle Jurassic, led to the opening of
the Penninic Ocean. As a result, the platform was dissected and differential subsidence throughout the Early
Jurassic created a depositional environment with small local basins and intervening elevated submarine highs
(Csaszar et al. 1998). The Hettangian strata in the Gerecse Hills are assigned to the Pisznice Limestone

Fm. The lower part of this unit is pink, thick-bedded limestone (Fig. 2b, c) that contains intraclasts and
bioclasts including brachiopods and crinoids, suggesting a high-energy, shallow marine depositional
environment. The upper part of the Pisznice Fm.is Sinemurian—early Pliensbachian in age and consists of more
thinly bedded, red nodular pelagic limestones of ammonitico rosso facies with a rich brachiopod fauna (Dulai
1998; Csaszar et al.1998). The thickness of the Pisznice Fm. varies locally between 20 and 55 m and reflects the
articulated palaeotopography. Another Sinemurian formation in the Gerecse is the Hierlatz Limestone Fm. that
appears as crinoid- and brachiopod-rich talus breccia or infill of neptunian dykes in older formations
(i.e.(a)(b)the Dachstein Limestone and the Pisznice Limestone).The upper part of the Pliensbachian belongs to
the Torokbikk Limestone Fm. that does not exceed a few metres in thickness and shows similar facies and
depositional conditions to the Pisznice Fm. but contains abundant manganiferous nodules and intraclasts with
Mn coating and is locally crinoidal (Csaszar et al. 1998; Sasvari et al. 2009; Budai et al. 2018). Alternatively, this
unit was assigned to the Tlzkévesarok Fm. that is also characterized by ammonitico rosso-type lithofacies but
is more widespread further west in the Transdanubian Range, in the Bakony Mts. The late Pliensbachian
ammonite Fuciniceras was reported from this unit from the intensively studied section at Tata (Fil6p1976).
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Fig. 1. (a) Palaeogeographic map of Europe and the NW Tethys during the Early Jurassic (modified from Thierry
and Barrier 2000). Supposed positions of the NW Tethyan tectonic units (TRU, Transdanubian Range Unit,
Austro-Alpine Units; WCU, Western Carpathian Units and Tisza Unit) are marked with dashed line. Modified from
Hausler et al. (1993) and Haas (2012). (b) Close-up view of the NW Tethyan margin during the Early Jurassic.

The Pliensbachian—Toarcian boundary is commonly marked by an uneven, 1-2 cm thick Fe—-Mn-bearing
hardground or a distinct sedimentary gap at different localities. In the Bakony Mts, the Urkdt Manganese Ore
Fm. forms a c. 40 m thick, economically significant manganese ore deposit with organic-rich black shale
intercalations. This unit is considered to represent the Jenkyns Event, expressed in peculiar, temporally and



spatially restricted ore-forming processes (Haas 2012; Polgari et al. 2016; Suan et al. 2016). In the Gerecse Hills
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Fig. 2. (a) Locations of the studied sections and map of sedimentary facies of the Toarcian deposits in the
Transdanubian Range (after Vords and Galacz 1998). (b) Upper Pliensbachian and lower Toarcian pelagic succession
exposed in an abandoned quarry at Télgyhat. (c) Uppermost Pliensbachian beds of the Térokbiikk Fm. from the
Kisgerecse section. (d) Trench exploring the lower Toarcian Kisgerecse Fm. at the Kisgerecse section



the Urkuat Fm. is only present in the Télgyhat quarry section, where it is limited to a 10-30 cm thick bed (Fig.
2b; Konda 1988; Sasvari et al. 2009). Although ammonites do not occur in the Urkdt Fm. in the Gerecse Hills,
on the basis of facies similarities with the Urkut locality an early Toarcian age, equivalent to that of the
Tenuicostatum and Serpentinum zones, is assumed (Csaszar et al. 1998). From the Urkut Fm. at the Tolgyhat
Quarry, Polgari et al. (2000) reported a single total organic carbon measurement of 2.68 wt%. This unit is
locally divided into two lithofacies. The lower half is a yellowish, thin layered clayey marl with manganese
nodules, whereas the upper half is a thin-layered organic-rich black shale. Above this unit and elsewhere in the
Gerecse Hills the lower Toarcian is represented by the c. 3 m thick Kisgerecse Marl Fm. This formation
consists of thin-bedded red nodular pelagic marl and marly limestone (Fig. 2b, d) with a rich ammonoid fauna
that indicates the presence of the Serpentinum and Bifrons zones, proven in the studied sections by

the occurrence of subzonal index taxa Harpoceras serpentinum, H. falciferum and Hildoceras sublevisoni
(Géczy 1985; Kovacs 2012). At only one locality, in the Kisgerecse section, a single 5 cm thick limestone layer
immediately overlying the top of the Pliensbachian Torokbiikk Fm. yielded Fontanelliceras cf. fontanellense.
This ammonoid species was considered diagnostic of the Tenuicostatum Zone (Géczy 1984, 1985; Kovacs
2012), but it is now thought to have a narrow range straddling the Pliensbachian/Toarcian boundary, from the
upper Emaciatum/Spinatum to lowermost Tenuicostatum zones (Meister et al. 2017). Nevertheless, with the
possible exception of the Kisgerecse locality, the Tenuicostatum Zone has not been identified in any

other section in the Gerecse Hills, and Toarcian successions commonly start in the Serpentinum Zone (Kovacs
2012), indicative of a hiatus. A detailed biostratigraphic study at nearby Nagy—Pisznice Hill documented that
the upper part of the Kisgerecse Fm. belongs to the Gradatus Zone and the topmost bed of the formation
represents the base of the overlying late Toarcian Thouarsense Zone, revealed by the occurrence of zonal
index species Merlaites gradatus and Grammoceras thouarsense, respectively (Galacz et al. 2010). On top of
the Kisgerecse Fm.after a distinct albeit gradual facies shift, deposition of the red nodular, ammonitico rosso-
type pelagic limestone returns with some marly intercalations in the Tolgyhat Limestone Fm. that continues up
to the Bajocian (Csdszar et al. 1998; Budai et al. 2018). The relationships of these Jurassic lithostratigraphic
units of the study area in the Gerecse and adjacent parts of the Transdanubian Range are summarized in
Figure 3. In this study we have investigated a 2.2 m interval in the Tolgyhat Quarry section (Figs 2b and 4)
(47°43' 22.0" N; 18°30' 46.7" E), covering the uppermost Pliensbachian part of the Térokbikk Fm., the 24 cm
thick Urkat Fm. separated by a 1-5 cm thick hardground from the underlying Térékbiikk Fm. and the lower
part of the Kisgerecse Fm. that reaches up to the middle Toarcian Bifrons Zone. The Tolgyhat quarry exposes
the most complete and expanded Jurassic section that is thought to represent a local basinal setting (Budai et
al. 2018). In addition, a 2.3 m thick interval section excavated above the Kisgerecse quarry (Figs 2c, d and 5;
47°41' 22.6"N; 18°29’ 36.8"E) was investigated, covering the uppermost c. 30 cm of the Térokbikk Fm. and the
lower c. 2 m of the Kisgerecse Fm., reaching the Bifrons Zone as well. Short accounts of

these two sections, only 4 km apart, were provided by Konda (1986, 1988), whereas detailed stratigraphic
results of a recently completed geological mapping project are found in Budai et al. (2018).

Methods

At both the Tolgyhat and Kisgerecse sections high-resolution sampling was carried out after detailed
measurements of the target intervals of 2.2 and 2.3 m thickness, respectively. A cordless drill with

hardened steel drill bit was used to obtain rock powder for carbon and oxygen isotope ratio measurements
and major- and minor-element inductively coupled plasma atomic emission spectrometry (ICP-AES) analyses. A
total of 58 samples were collected from the Toélgyhat and 49 from the Kisgerecse sections. Sample spacing was
2 cm at the lowermost 1 m of the sections and 10 cm higher up. In addition, during a subsequent sampling
campaign, 17 bulk samples were collected from the Tolgyhat section for mineral composition and X-ray
powder diffraction (XRD) analyses, covering the interval between c. 0.3 and 1.3 m. In order to improve the
biostratigraphic control, 18 bulk rock samples were taken from the Télgyhat section for nannofossil analyses.
Carbon and oxygen isotope and ICP-AES elemental analyses were carried out at the geochemical laboratory of
the University of Plymouth (UK). Samples of 200—500 g of carbonate were reacted with 100% phosphoric acid
and stable isotope data were generated on a VG Optima mass spectrometer with a Gilson autosampler.
Carbon and oxygen isotope ratios are expressed in the internationally accepted per mil (%) standard notation
relative to the Vienna PeeDee belemnite. Isotopic results were calibrated against the NBS-19 international
standard. Reproducibility for both 6180 and §13C was better than 0.2%o., based upon multiple sample
analyses. ICP-AES element (Ca, Mg, Sr, Fe, Mn) analyses were carried out on a Varian 725-ES spectrometer.
During the preparation procedure, subsamples 0f100—200 mg were dissolved in 4% nitric acid. Based upon



SW  Transdanubian Range Unit  NE

Bakony Mts Vertes Gerecse

Series
Stage

Urkat
Manganese
Ore Fm.

-Tlzkovesarok
Lst. Fm.

Toarcian

hiatus

hiatus
=M

hiatus

A Lol

Lower Jurassic

Hieratz
Lst. Fm.

Sinemurian Pliensbachia

,_
i H e} atz

Hetta-
nglan
g u

Upper
Triassic

Rhaetian

Carbonate platform | Sublittoral and carbonate platform

Open shelf Bathyal

Fig. 3. Litho- and chronostratigraphic chart of the uppermost Triassic and Lower Jurassic formations in the Gerecse
Hills and adjacent areas in the Transdanubian Range Unit, along a SW to NE transect. Colours approximate the
appearance of these rocks in the field. The chart and inferred depositional environments are adapted from Fozy (2012)
and Budai et al. (2018). Lst., Limestone.

analysis of duplicate samples, reproducibility was better than 4% of the measured concentration of each
element. X-ray powder diffraction measurements were carried out in the laboratories of the Institute of
Mineralogy and Geology at the University of Miskolc (Hungary) using a Bruker D8 Advance diffractometer,
applying Cu-Ka radiation, 40 mA tube current and 40 kV accelerating voltage, parallel beam geometry obtained
with Gébel mirror in reflection geometry, Vantec-1 position-sensitive detector with 1°detector window
opening and 0.007° 26/14 s Bakony Mts Vértes Gerecse SW Transdanubian Range Unit NE Hills and adjacent
areas in the Transdanubian Range Unit, along a SW to NE transect. Colours approximate the appearance of
these rocks in the field. The chart and inferred depositional environments are adapted from F&zy (2012) and
Budai et al. (2018). Lst., Limestone. goniometer speed. Identification of crystalline phases was done by the
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Fig. 4. Lithological log and geochemical data obtained from the Télgyhdt section. Ammonite biostratigraphy after
Géczy (1984, 1985). Nannofossil biostratigraphy is from this study. Lst., Limestone; Bif., Bifrons Zone.

Search/Match algorithm(Marquart et al. 1979) in the DiffracPlus EVA on the ICDD PDF2 (2005) database.
Rietveld refinement (Bish and Post 1993) was performed using the TOPAS4 software with empirical instrument
parameterization on the NIST SRM640d Si standard. Crystal structure data for calculations were obtained from
the AMCSD [22] database. The 2 um grainsize fraction was separated for oriented XRD measurements by
gravitational separation in a distilled water column, where the settling time was determined using Stokes’ Law.
From every sample, two oriented specimens were prepared and both were measured in air-dry conditions. The
first sample was measured after heating to 350 and 550°C, in order to observe structural collapse. The other
sample was treated with ethylene glycol using the vapour method (Brunton 1955) to determine the swelling.
Microscope slides for calcareous nannofossilanalysis were made from 18 samples.Asmall amount

of powdered rock was mixed with water before spreading onto a cover slide as homogeneously as

possible (Bown and Young 1998). Cover slides were mounted onto microscope slides by Rhodopass were then
studied using a Leica DM750P polarized microscope at 1000x magnification. As the slides revealed a very poor
nannofossil content, a minimum of three traverses per sample were analysed (c. 2 mm2). The preservation
state of the nannofossils was estimated based on the degree of etching and overgrowth, according to Roth
(1984). Calcareous nannofossil slides are curated at the Collections de Géologie de Lyon with an FSL number.
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Subzone.
Results
Calcareous nannofossil biostratigraphy The nannofossil preservation is rather poor in the samples from the
Tolgyhat section. Five samples are completely barren, and four others only contain Schizosphaerella spp., a
taxon with uncertain affinities and no biostratigraphic value. Based on the presence of Lotharingius
crucicentralis in the sample TH5, the NJT5b subzone of Ferreira et al. (2019) is identified at 0.65 m (Fig. 2;
Table 2). The overlying interval spanning the Urkat Fm. is barren, but from 1.2 m stratigraphically upwards
calcareous nannofossils are present again. Significantly, the last occurrence of Mitrolithus jansae is recorded at
1.60 m. This disappearance event has been recently proposed by Ferreira et al. (2019) to define the base of the
NJT6b subzone, which in several sections correlates with the aftermath of the Jenkyns Event. The following
nannofossil event is the first occurrence of Discorhabdus striatus, which is considered as the marker of the
NJ7, NJT7 and NJT7a zones (Bown and Cooper 1998; Mattioli and Erba 1999; Ferreira et al. 2019, respectively).
This nannofossil zone correlates with the upper part of early Toarcian. Stable isotope and elemental
geochemistry Bulk carbonate §'3C values from both the Télgyhat and the Kisgerecse sections show a distinct
pattern. At Tolgyhat, in the Torékbiikk Fm., values are gently oscillating between -1 and 2%o. (Figs 4 and
5). In the Urkat Fm., in an interval not dated by nannofossils, a sharp negative CIE of c. 6.5%o occurs



Table 1. Pearson correlation values (r) of 8°C, "0 and Sr/Ca ratios and their statistical significance (p) by
sections and formations

3'°C and "0 8'*C and Sr/Ca 3'%0 and Sr/Ca
Pearson (r) p-Value Pearson (r) p-Value Pearson (r) p-Value

Kisgerecse

Torokbiikk Limestone Fm. 0.03 0.39 —0.46 0.075 —0.32 0.18
Kisgerecse Marl Fm. 0.51 0.0038 —0.35 0.051 —0.05 0.38
Talgyhdt

Torokbiikk Limestone Fm. 0.60 0.00051 —0.25 0.147 —0.38 0.04
Urkiat Marl Fm. 0.87 0.0026 0.08 0.374 0.22 0.32
Kisgerecse Marl Fm. —0.50 0.072 —0.62 0.022 0.47 0.09

within 10 cm, coincident with the change in lithology from the yellow marl to the black shale layer. The most
negative value reaches —5.8%. (Fig. 4). Above this very negative value, within the black shale layer, five
samples did not yield a sufficient amount of carbonate for analyses. The next §'3C value obtained immediately
above the black shale near the base of the Kisgerecse Fm. captures the rebound phase of the negative CIE
(-1.5%o0). Above the negative CIE in the Kisgerecse Fm. the 8'3C curve remains nearly flat where values fall ina
narrow range between 3 and 3.5%o (Fig. 4).At Kisgerecse the §'3C record shows fluctuatingvalues between 2.1
and 2.9%o in the Pliensbachian part of the section (Fig. 5). Higher up, the §3C curve indicates a positive
excursion of ¢. 1.5%co in the Tenuicostatum Zone and the lower half of the Serpentinum Subzone (Kovacs 2012),
reaching 3.6%o. In the upper half of the Serpentinum Subzone and lower part of the Falciferum Subzone,
values fluctuate between 3 and 4.2%o, where the latter represents the most positive value (Fig. 5). Higher in
the Falciferum Subzone the 8%3C curve shows a slight negative trend up to the Bifrons Zone boundary,
declining from 3.1 to 2.6%o. In the Bifrons Zone the 6'3C curve becomes nearly flat with values between 2.6
and 2.9%o (Fig. 5). The 6180 data from the Tolgyhat section show alarge variability in the Térokbikk Fm. and
the UrkatFm., where the values range between -10.4 and-1.3%o. In the Kisgerecse Fm. 6180 values displayless
variability, within a range of 1%o, between-2.1 and -1.1%e.. In the Kisgerecse section the$180 record does not
show any clear trend; the valuesfluctuate between -1.6 and -2.6%o.Ca ICP-AES data from both the Tolgyhat
andKisgerecse sections were used to compute calcium carbonate content, considering carbonate minerals as
the prevailing phase that contains Ca. The CaCO3 content varies between 55 and 88 wt% in the Torékbikk Fm.
and subsequently drops sharply from 88 to 2.6 wt% in the Urkudt Fm., reaching the lowest values in the black
shale layer (Fig. 4). Above the black shale, CaCO3 rises abruptly to c.80 wt% and remains high, fluctuating
between c. 70 and c. 83 wt% (Fig. 4). In the Kisgerecse section,there is a general decreasing trend in the CaCO3
curve, where values decline from c. 88 to c. 50 wt% (Fig. 5).The Sr/Ca ratio of samples from both the Tolgyhat
and Kisgerecse sections is expressed in mmol/mol. Sr/Ca ratio values generally range between

0.13 and 0.44 mmol/mol in the Télgyhat sectionwith the exception of the black shale layer of the

Urkat Fm., where it increases suddenly to1.85 mmol/mol and decreases to 0.24 mmol/mol at the top of the
black shale layer (Fig. 6). Remarkably, the black shale layer also provided the lowest Ca (1.4 wt%) and Sr (34
ppm) concentrations. Atthe Kisgerecse section the Sr/Ca ratio does not show any clear pattern; values vary
between 0.18 and 0.33 mmol/mol.Manganese concentration data obtained from ICP-AES analyses show very
high variability within the Térokbiikk Fm. in the Télgyhat section where values are between 0.15 and 1 wt%.
Surprisingly,Mn concentration in the Urkat Fm. is the lowest within the entire section (0-0.3 wt%), reaching
very low values (67 ppm) in the black shale layer (Fig. 4). The only level where exceptionally high [Mn] can be
expected is the hardground layer at the base of the Urkat Fm., which was excluded from sampling because
samples were taken primarily for stable isotope analyses. Higher up in the KisgerecseFm. Mn concentration is
less variable; it remains between 0.15 and 0.27 wt% (Fig. 4). The [Mn] in the Kisgerecse section is generally
significantlylower than at Télgyhat, showing higher values in the Torokbikk Fm. (0.06—0.1 wt%) and
somewhatlower values in the Kisgerecse Fm. (0.03—-0.06 wt%; Fig. 5).

Mineral composition

In the Tolgyhat section, calcite content is high in the Torokbikk Fm. (84-97 wt%), drops significantly to

c. 50 wt% in the hardground layer that marks the base of the Urkut Fm., and reaches the lowest values

of 1-3 wt% in the yellow clay and the black shale. In the red marl at the base of the Kisgerecse Fm., calcite
content increases to c. 50 wt% and reaches evenhigher values of 85-96 wt% upsection. In the higher part of



the Kisgerecse Fm. calcite content drops again to 62—-66 wt% (Fig. 7). Detrital components such as quartz and
clay minerals (illite, kaolinite and randomly interstratified illite/smectite) occur in very low concentrations in
the Torokbiikk Fm.: the proportion of quartz ranges from 1 to 5 wt% and that of illite is 2—7 wt%. Kaolinite is
only present in the uppermost part of the formation, making up 2 wt%. In the Urkat Fm., the abundance of
both quartz and illite increases significantly to c. 30 andc. 33—41 wt%, respectively, whereas kaolinite
remains subordinate at c. 0.5—1 wt% (Fig. 7). At the base of the Kisgerecse Fm., quartz and illite concentrations
are high at c. 12 and c. 20 wt%, respectively,but they decrease higher up to 1-4 and 2-9 wt%. At the higher
part of the Kisgerecse Fm. their proportion increases again to c. 10 and ¢.20 wt% (Fig. 7). Other detrital
components make a negligible contribution to the total mineral composition.Randomly interstratified
illite/smectite andmicrocline make up 2-11 and 4-11 wt% of theUrkdt Fm., but they reappear in the higher
part ofthe Kisgerecse Fm. at only 1-3 wt%. Muscovite isonly present in the black shale layer of the Urkut Fm.
(c. 9 wt%). The hardground layer at the baseof the Urkat Fm. is distinguished by its very high proportion of
pyrolusite (51 wt%). Full details of the geochemical and mineralogical data are provided as Supplementary
Material in Table S1.

Discussion

Effect of diagenesis

Screening for potential diagenetic overprint is important before the evaluation and a comprehensive
palaeoenvironmental and palaeoclimatic interpretation of stable isotope data. An assessment of the
relationship between carbon and oxygen isotopes in marine carbonates is often applied in order to evaluate
the degree of diagenetic alteration (Brand and Veizer 1981). Generally, a positive correlation between the two
isotopic ratios is considered as a sign of the influence of meteoric water during diagenesis. However, such
correlation might not represent a secondary diagenetic effect if there is no sign of subaerial exposure of
sediments or the changes in §'3C and &80 both record major environmental perturbations and climate change
that are reflected in isotopic changes, such as the case during the Jenkyns Event (Hermoso et al. 2012; Ullmann
et al. 2014; Schobben et al. 2016). Additionally, lithological changes in marine carbonate successions may
display differential diagenetic alteration in 613C and 6180 (Rosales et al. 2001). Therefore, we testedthe
correlation between carbon and oxygen isotopes,considering als the distinct lithologies of the studiedsections
(Table 1). At the Kisgerecse section, §*3C and 880 values indicate no significant correlationin the Térékbuikk
Fm. (Pearson r = 0.03) and in the Kisgerecse Fm. (Pearson r = 0.51; Table 1)and the values fall in the field of
normal marine limestones (Knauth and Kennedy 2009; Fig. 6), whichsuggests good preservation of the primary
isotopicsignal in this section. In the Télgyhat section 6*3Cand 680 data show a higher correlation in the
Toérdkbiikk Fm. (Pearson r = 0.6; Table 1) and also alarger variation in 880 and a much lower one in 83C (Fig.
6), suggesting a secondary diageneticeffect and a water—rock interaction with a limited amount of meteoric
water, which generally has littleimpact on §13C (Lohmann 1988). The diagenetic effect on the Urkat Fm.
appears more significanton the basis of §!3C—5§'0 correlation (Pearson r =0.87; Table 1). Environmental
changes related tothe Jenkyns Event could lead to this strong correlation in the Urkiit Manganese Ore;
however, such negative 60 data (greater than —-7%o) suggests that the oxygen isotope composition was
probablyaffected by later diagenetic overprint to somedegree. Additionally, the most negative §*3C values (c.
-5—-6%o) are lower than in published early Toarcian bulk carbonate records (Hesselbo et al. 2007; Hermoso et
al. 2009; Bodin et al. 2016). Such low values are commonly related to organic matter remineralization and
precipitation of 3C-depleted carbonate in organic-rich mudstones, forming during early diagenesis under
anaerobic conditions when sulfate reduction takes place (Bodin et al. 2016; Wohlwend et al. 2016; Arabas et
al. 2017). Although this possibility cannot be excluded, the stratigraphic position (Fig. 3) and the facies
characteristics suggest that the negative CIE in the Urkiit ManganeseOre Fm. at Télgyhat represents the
Jenkyns Event. Regional correlation provides further support asthis formation is much thicker and particularly
manganese-rich in the Bakony Mts., where it yieldedorganic carbon isotope values between-32 and-34 %othat
are typical for the negative CIE (Polgari et al.2016). In the higher part of the section, in the Kisgerecse Fm., a
negative correlation between §'3C and 60 (Pearson r= -0.5) and a normal marine range of values (Fig. 6)
suggest good preservationof the isotopic signal.

Calcareous nannofossils of the Télgyhat section, where present, are poorly preserved with traces of
overgrowth (Table 2). This suggests some secondary diagenetic precipitation of calcite during burial (Adelseck
et al. 1973). Trace elements in carbonate, primarily Mn and Sr, and their ratios to Ca are also widely used as
tools for screening diagenetic alteration in carbonate sediments. The Mn concentration increaseswhereas Sr
decreases during dissolution and recrystallization of carbonates owing to interaction with meteoric water



(Brand et al. 2012a; 2012b; Schobben et al. 2016). In this case,
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however, Mn is not a reliable elemental indicator to use since the studied pelagic formations are particularly
rich in Mn oxides (Figs 4 and 5) and it is generally present as dispersed microscopic to macroscopic nodulesand
coating on bio- and intraclasts, which could not be avoided during sampling. The Sr content,on the other hand,
is not biased; therefore, the Sr/Ca ratio was additionally used for screening the diageneticoverprint (Fig. 6).
Neither §'3C nor 680 shows a significant positive correlation with Sr/Ca in any of the samples from both
sections and the different formations, which further supports the good preservation of the isotopic signals.

In summary, the carbon isotope records from the Kisgerecse and Tolgyhat sections indicate good

preservation of original environmental signals, whereas the oxygen isotope record is potentially

altered by diagenesis to a certain degree; thereforeit is not suitable for palaeoclimatic interpretation.
However, the §3C data from the Urkit Manganese Ore Fm. might have been affected by organic matter
remineralization to some extent.

Carbon isotope records and integrated stratigraphic correlation

Previously, Jenkyns and Clayton (1986) and Jenkyns et al. (1991) reported carbon isotope and stratigraphic
information from two localities of the Gerecse Hills (Kisgerecse and Banya-hegy) and investigated their
relationship with other Tethyan localities. Here, we constructed high-resolution geochemical records and



nannofossil biostratigraphy for the Télgyhat and Kisgerecse sections in order to further explore the impact of
the Jenkyns Event in the pelagic realm. A correlation between the two studied sections from the Gerecse Hills
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with the stratigraphically continuous and complete sedimentary record of the Peniche section from the
Lusitanian Basin (Portugal; Hesselbo et al. 2007; Rocha et al. 2016) has been carried out using the combination
of biostratigraphical and high-resolution carbon isotope data (Fig. 8). The comprehensively studied Peniche
section serves as the global boundary stratotype section and point for the Toarcian Stage (Rocha

et al. 2016), and as such, correlates with all other sections worldwide that record the Jenkyns Event.

The Pliensbachian part of the Torokbiikk Limestone of the Toélgyhat and Kisgerecse sections does not

show any significant §13C trends. Its latest Pliensbachian age (Jenkyns et al. 1991; Csaszar et al. 1998) is

also confirmed in the Tolgyhat section by the presence of the NJT5b nannofossil zone that spans the
Pliensbachian/Toarcian boundary (Ferreira et al. 2019). Together with 613C data, this suggests that the
deposition of this facies ended in the latest Pliensbachian before the Pliensbachian/Toarcian Event (Littler et
al. 2010; Ait-Itto et al. 2017). The Pliensbachian carbon isotope data from Toélgyhat varies within a similar range
compared with Peniche (between c. 0 and 1%o), whereas at Kisgerecse the values are slightly higher, between
2 and 3%o (Fig. 8). Considering the biostratigraphical uncertainties and the proximity to Télgyhat, this probably
suggests that the §13C record at Kisgerecse does not include the uppermost Pliensbachian. Such positive
values were reported from the Margaritatus Zone(Suan et al. 2010; Silva et al. 2011); however, the

absence of precise biostratigraphic constraints precludes an unambiguous correlation. The Pliensbachian/
Toarcian Event is probably associated withthe onset of greenhouse gas release from the Karoo—Ferrar LIP and
it is characterized by a distinct negative CIE in the lowest part of the Polymorphum Zone or its equivalent, the
Tenuicostatum Zone (Hesselbo et al. 2007; Littler et al. 2010; Ait-Itto et al. 2017) and the NJT5c nannofossil
zone (Ferreira et al. 2019). This negative CIE is well represented at Peniche (Hesselbo et al. 2007), but it is
stratigraphically not documented in the Gerecse sections. The Pliensbachian/Toarcian Event is followed by a
broad positive 613C excursion, probably related to enhanced organic production and carbon burial on a global
scale in the Polymorphum ( = Tenuicostatum) Zone preceding the pronounced negative CIE

at the T-OAE (Hesselbo et al. 2007; Hermoso et al. 2012; Miller et al. 2020b). This positive excursion

is also missing at both the Tolgyhat and Kisgerecse sections, only a highly condensed c. 5 cm thick

bed is assigned to the Tenuicostatum Zone (Géczy 1984; 1985; Kovacs 2012; Fig. 8). According to

the astrochronological record reported by Suan et al. (2008b) and confirmed by Huang and Hesselbo

(2014) for the Peniche section, a record of a c. 800 kyr interval with the Pliesbachian/Toarcian

Event and the subsequent positive excursion is missing from Tolgyhat, but is at least partly present in
Kisgerecse in the highly condensed Tenuicostatum Zone bed (Fig. 8). The hallmark of the Jenkyns

Event is a sharp negative CIE of c. 4—6%o. that commonly falls into the uppermost Tenuicostatum and

the lower Serpentinum (=Levisoni) Zones, that is globally recognized and is present in biogenic calcite,

micrite and organic matter as well (Hesselboet al. 2000; van Breugel et al. 2006; Hesselbo



et al. 2007; Hermoso et al. 2009; Suan et al. 2010; Caruthers et al. 2011; Grocke et al. 2011; lzumi
et al. 2012; Al-Suwaidi et al. 2016; Bodin et al. 2016). This CIE is a useful tool for stratigraphic
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are well represented at Peniche with a duration of c. 600-650 kyr (Suan et al. 2008b; Huang and Hesselbo
2014) but they are only recorded in the Tolgyhat section in the Gerecse Hills, in the upper half of

the Urkudt Fm. in a highly condensed c. 24 cm interval covering the upper half of the yellow marl and the
black shale layer (Fig. 8). The negative CIE is followedby another positive excursion (a rebound),

with an approximate duration of c. 480 kyr as determined in Peniche and at other localities (Huang and
Hesselbo 2014) where the sedimentation rate wasfairly constant, and the record continues in the upper
Levisoni Zone (Hesselbo et al. 2007; Suan et al. 2015; Xu et al. 2018; Ruebsam and Al-Husseini

2020) or upper NJT6a zone (Ferreira et al. 2019).This interval is at least partly recognized at both
Tolgyhat and Kisgerecse (Fig. 8).

Impact of environmental change on pelagic carbonate systems

Multiple studies have suggested a calcification crisis that spans the Jenkyns Event (Mattioli et al. 2009;
Trecalli et al. 2012; Ettinger et al. 2021), although brachiopod shell-based 611B—pH data and a carbonate
saturation model imply that the development oftriggering factors commenced earlier, with
thePliensbachian/Toarcian Event (Krencker et al. 2020; Muller et al. 2020a). Shallow-water carbonate
platforms, carbonate production in epicontinental basins and hemipelagic—pelagic settings open to

the Tethys Ocean were all severely affected (Mattioli et al. 2009; Trecalli et al. 2012; Suan et al. 2018;

Miller et al. 2020b). Several mechanisms have been postulated for interpreting this calcification crisis.

First, increasing global seawater temperature and associated acceleration of hydrological cycle and
eutrophication of the water column (Suan et al. 2008a), or alternatively, thermohaline stratification

of surface waters, triggered a decrease in nutrient levels of surface waters, adversely affecting the calcareous
phytoplankton (Mattioli et al. 2009). Second,a eustatic sea-level rise may have resulted in the drowning of
carbonate platforms and, as a consequence, also in carbonate shortage in epicontinental basinal settings
(Bodin et al. 2010; Léonide et al. 2012; Pittet et al. 2014), which could also explain the carbonate shortage in
hemipelagic—pelagic ocean-facing basins (Miiller et al. 2020b). Third, ocean acidification could have developed
owing to the input of excess CO2 into the ocean—atmosphere system, lowering both the seawater pH and
calcite saturation level (QQ,1; Trecalli et al. 2012; Mller et al. 2020a; Ettinger et al. 2021). Fourth, enhanced
continental weathering and an increase in siliciclastic supply may have led to carbonate factory shutdownin
shallow-water carbonate platforms (Krencker et al. 2020).

The results of chemostratigraphic correlation in combination with biostratigraphy of the continuous
and complete Peniche section with Télgyhat and Kisgerecse (Fig. 8) indicate significant condensationand
hiatuses at certain levels of these pelagic carbonatesuccessions in the western Tethys. The temporal



coincidence of these sedimentary features with the Pliensbachian/Toarcian Event and the Jenkyns Event
suggests that global warming and concomitant calcification crises substantially affected the pelagic carbonate
systems in the Gerecse. A major hiatus in these lower Toarcian sections occurs in the Tenuicostatum
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Zone, which is commonly associated with hardgrounds on the top of the upper PliensbachianTorokbiikk Fm.
(Csaszar et al. 1998; Kovacs2012). The absence of the Tenuicostatum Zone,with the exception of the
Kisgerecse section, and the sudden drop of CaCO3 from c. 80 to 3 wt%simultaneously with the negative CIE in
the Tolgyhatsection, suggest that adverse environmental conditionsleading to the shutdown of pelagic
carbonate production developed in the Gerecse basin around the Pliensbachian/Toarcian Event and persisted
during the Jenkyns Event. Elsewhere, brachiopod boron isotope-based pH reconstruction, carbonate
saturation state models and sedimentological evidence from shallow marine carbonate platforms previously
supported that low pH conditions indeed started to develop at the Pliensbachian/Toarcian Event and seawater
pH fluctuated, reaching its minimum immediately prior to and during the Jenkyns Event (Miiller et al. 20203;
Ettinger et al. 2021). Hardgrounds and gaps are often associated with the Pliensbachian/Toarcian boundary
and the lower Toarcian at other Tethyan localities as well (e.g. Léonide et al. 2012;Pittet et al. 2014; Arabas et
al. 2017; Fantasia et al. 2018; Rosales et al. 2018). The appearance of hardgrounds at the same stratigraphic
level in the Adriatic Carbonate Platform has been explained by submarine dissolution owing to shoaling of
carbonate compensation depth as a consequence ofCO2-rich, undersaturated bottom waters as a result of
massive CO2 input into the ocean—atmosphere system from the Karoo—Ferrar LIP (Ettinger et al.

2021). This scenario could potentially also be applicable for pelagic carbonate successions such as those

at Tolgyhat and Kisgerecse. Additionally, the marine transgression associated with the Jenkyns Event

(Hag 2018; Ruebsam et al. 2019) probably played a role in the drowning of nearby platforms (Léonide

et al. 2012), thereby reducing carbonate sediment supply into the basins and also moving the source

of detrital input further away. Taken together, these factors arrested the carbonate sedimentation and
resulted in a condensed record of the Jenkyns Event and contemporaneous gaps in the pelagic successions of
the Gerecse basin. Mineralogical composition of detrital components of the Tolgyhat section indicates high
illite and quartz content for the Urkat Fm., but negligible kaolinite, randomly interstratified illite/smectite and
microcline (Fig. 7). Kaolinite is often present in abundance in NW European sections where it has been
considered as an indicator for intense continental weathering with high water—rock ratio, owing to the global
warming and accelerated hydrological cycle during the Jenkyns Event(Raucsik and Varga 2008; Dera et al.
2009). The low kaolinite content in the Urkdt Fm. at Télgyhat suggests a very distal position of the Gerecse
basin, similar to the observations from the Lombardian Basin (Fantasia et al. 2018).

Conclusions



In this study, we present new high-resolution geochemical data from two upper Pliensbachian —

lower Toarcian pelagic sections from the Gerecse Hills (Hungary), Tolgyhat and Kisgerecse, complemented
by new nannofossil biostratigraphic data from Télgyhat. The deposition of the pelagic successions

that consist of limestone, marl and black shale in these sections took place in proximity to the open
Tethys Ocean near its northwestern shelf. The carbon isotope record of the Tolgyhat section shows

that the negative CIE related to the Jenkyns Event is only present in a 24 cm thick highly condensed black shale
layer, where bulk calcium carbonate and calcite content drop significantly from c. 80 to 3 wt%. In the
Kisgerecse section, this isotope anomaly is not recorded due to a stratigraphic gap. The

stratigraphic position of gaps, condensation and hardgrounds in these successions coincides with

the Pliensbachian/Toarcian Event and the Jenkyns Event, suggesting that the pelagic carbonate system
was severely affected by calcification crises, probably owing to large-scale CO; emission coincident

with these events. Additionally, a sea-level rise during the Jenkyns Event could significantly decrease
carbonate and siliclastic material input, facilitating sedimentary condensation and the development of
hiatuses. Our results add to a growing body of evidence that perturbations of the Jenkyns Event were
global in extent and severely affected different sedimentary environments, including pelagic carbonate
depositional systems.
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