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Anoxic Event in the Alpine-Mediterranean Tethys: the Sogno

Core pelagic record (Lombardy Basin, northern Italy)

Gambacorta, G. !, Cavalheiro, L. !, Brumsack, H.-J. 2, Dickson, A.J. 3, Jenkyns, H.C. 4,
Schnetger, B. 2, Wagner, T. 5, Erba E. !

! Dipartimento di Scienze della Terra, Universita degli Studi di Milano, Milan, Italy

2 Institute for Chemistry and Biology of the Marine Environment (ICBM), University of Oldenburg,
Oldenburg, Germany

3 Centre of Climate, Ocean and Atmosphere, Department of Earth Sciences, Royal Holloway
University of London, Egham, Surrey, TW20 0EX, U.K.

‘Department of Earth Sciences, University of Oxford, South Parks Road, Oxford, OX1 3AN, UK.

3 The Lyell Centre, Global Research Institute, Heriot-Watt University, Edinburgh, EHI14 44S, UK.

Corresponding author email: gabriele.gambacorta@guest.unimi.it, phone: +39 02503 15530

Keywords: Jurassic, OAEs, black shale, trace metals, biomarkers, Fish Level

ABSTRACT

The Sogno Core represent one of the deepest pelagic records of the Toarcian Oceanic Anoxic
Event (T-OAE) in the Alpine-Mediterranean Tethys. New sedimentological, elemental, Rock-
Eval, and biomarker data are presented here, with the aim of reconstructing the depositional

conditions that characterized the sedimentation of this succession during the broad positive carbon-
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isotope excursion of the T-OAE, and its negative isotopic anomaly (Jenkyns Event). Higher Mnys
concentrations, inversely correlated with the 'O curve, were observed starting slightly below the
onset level of the Jenkyns Event up to the lowermost part of the negative carbon-isotope anomaly,
reflecting a combination of a gradual warming and a progressive increase in fresh waters delivered
by runoff. Increased weathering intensity was accompanied by enhanced detrital input with higher
concentrations in lithogenic elements, and by a relative increase in palacoproductivity, consistently
with higher Sixs concentrations and changes in calcareous nannoplankton assemblages. The
enhanced fresh-water input favored water-column stratification, less efficient deep-water
circulation and oxygen depletion. Except for two discrete black shales characterized by anoxic
pore waters, redox conditions at Sogno turned at maximum suboxic, as indicated by rare to absent
bioturbation, limited enrichments in redox-sensitive elements, and molecular biomarkers. The
Sogno Core record shows that dominant oxic—suboxic conditions were present also at bathyal
depths in the Alpine-Mediterranean Tethys during the Jenkyns Event, thereby contrasting with the
anoxic—euxinic environments present both in the shallower water basins and sub-basins of
epicontinental northern Europe and, locally, in the relatively deep-water areas of the Alpine

Tethys.

1. INTRODUCTION

The Toarcian Oceanic Anoxic Event (T-OAE) was marked by globally distributed
deoxygenated waters associated with the accelerated accumulation of organic matter from pelagic
to coastal settings (Jenkyns, 1985, 1988, 2010). The T-OAE, originally identified based on the
widespread record of coeval lower Toarcian black shales (Jenkyns, 1985), is characterized by a

positive carbon-isotope excursion extending over much of the lower Toarcian (Jenkyns and
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Clayton, 1997; Jenkyns, 2003; Xu et al., 2018; Storm et al. 2020). This broad 3'3C positive
excursion is interrupted by an abrupt negative carbonate and organic carbon-isotope anomaly in
its central portion (Erba et al., 2022) globally observed both in shallow- and deep-marine record
as well as in continental archives (Xu et al., 2017; Baroni et al., 2018; Remirez and Algeo, 2020b;
Reolid et al., 2021; Silva et al., 2021a and references therein). Thermogenic methane associated
with metamorphism of organic-rich sediments (McElwain et al., 2005; Svensen et al., 2007),
dissociation of marine or terrestrial clathrates along continental margins and/or terrestrial
environments (Hesselbo et al., 2000; Palfy and Smith, 2000; McElwain et al., 2005; Svensen et
al., 2007; Percival et al., 2015; Them et al., 2017; Ruebsam et al., 2019), and volcanogenic CO»
related to the degassing of the Karoo—Ferrar large igneous province (Percival et al., 2015; Heimdal
et al., 2021) have been variously credited with causing the observed negative carbon-isotope
anomaly. The extensive broad positive carbon-isotope excursion is attributed to accelerated global
marine and lacustrine carbon burial (Jenkyns, 1988, 2010; Fantasia et al., 2018; Xu et al., 2018).
Anoxic conditions were accompanied by enhanced continental weathering (Jenkyns, 2003, 2010;
Cohen et al., 2004; Ullmann et al., 2013; Percival et al., 2016; Them et al., 2017; Jenkyns and
Macfarlane, 2021), increased nutrient input into the oceans (Cohen et al., 2004; Jenkyns, 2010;
Percival et al., 2016; Izumi et al., 2018; Kemp et al., 2020), extraordinary warmth (Bailey et al.,
2003; Dera et al., 2011; Korte and Hesselbo, 2011; Gomez et al., 2016; Ruebsam et al., 2020b)
and major marine transgression (Hallam, 1981; Haq et al., 1987; Hardenbol et al., 1998). These
processes would have also enhanced primary productivity (Erba, 2004; Jenkyns, 2010), triggered
a biocalcification crisis (Erba, 2004; Mattioli et al., 2004; Tremolada et al., 2005; Casellato and

Erba, 2015; Erba et al., 2019a; Reolid et al., 2020) and ocean acidification (Erba, 2004; Trecalli et
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al., 2012; Casellato and Erba, 2015; Posenato et al., 2018; Miiller et al., 2020a; Ettinger et al.,
2021).

The most widespread deoxygenated conditions were experienced in north European
epicontinental basins and sub-basins (e.g., Schouten et al., 2000; van Breugel et al., 2006;
McArthur et al., 2008; Hermoso et al., 2009a, 2013; Trabucho-Alexandre et al., 2012; Lézin et al.,
2013; Dickson et al., 2017; Houben et al., 2021) and, albeit to a lesser extent, in the ocean-facing
Tethyan continental margin bordering the NW European platform (Figs. 1A and 1B) (e.g., Suan et
al., 2016; 2018; Dickson, 2017; Ruebsam et al., 2018; Miiller et al., 2020b). Redox data from
Tethyan shallow-water locations indicate that anoxic conditions did not develop in the water
column in these areas (e.g., Reolid et al., 2012; Rodriguez-Tovar and Reolid, 2013; Fantasia et al.,
2019a; Ruebsam et al., 2020a; Silva et al., 2021b), although manganese-calcium and iodine-
calcium ratios in peri-Adriatic platform carbonates, in places accompanied by a change to more
clay-rich and chert-bearing facies, indicate loss of dissolved oxygen in relatively shallow waters
during the T-OAE (Woodfine et al., 2008; Sabatino et al., 2013; Lu et al., 2019). However, the
expression of the T-OAE in deeper, fully pelagic Alpine-Mediterranean Tethyan settings has been
documented only at some locations, such as sections from Austria (Neumeister et al., 2015; Suan
e al., 2016), southern Germany (EDbli et al., 1998), Hungary (Veto et al., 1997; Suan et al., 2016;
Miiller et al., 2021), and Italy (Jenkyns et al., 2001; Sabatino et al., 2009; Erba et al., 2022) with
TOC maximum values from ~2 up to ~13 %. The Sogno succession, deposited at an estimated
palacowater depth of 1500 m, as tentatively reconstructed in Erba et al. (2022), contains one of the
deepest T-OAE records (Figs. 1A and B) and is, therefore, an important archive for characterizing
long- and short-term variations in palacoenvironmental conditions during the T-OAE in deep-

water settings close to the relatively open Tethyan—Atlantic realm.
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Recently, there has been some debate as to the usage of the terms ‘T-OAE’ and ‘Jenkyns
Event’ (Reolid et al., 2021). The original definition of the Toarcian OAE, proposed by Jenkyns
(1988), later coined as T-OAE by van de Schootbrugge et al. (2005), described a phenomenon
based on globally distributed apparently coeval organic-rich black shales dated to the early
Toarcian falciferum Zone. This definition was then complemented by Jenkyns (2010), where the
T-OAE is associated with a broad positive carbon-isotope excursion (CIE) interrupted by an abrupt
negative “bite” in its central portion. Miiller et al. (2017) who first proposed the use of ‘Jenkyns
Event’, suggested the-use-of this term as a synonym of T-OAE. Subsequently, Reolid et al. (2020)
proposed using T-OAE when dealing with marine deposits with evidence of oxygen-depleted
conditions, and the term Jenkyns Event in a wider sense for the global changes that occurred during
the early Toarcian, thus including the negative CIE, the occurrence of oxygen-depleted conditions,
enhanced organic-carbon accumulation during the negative CIE, climatic changes, and associated
biotic crisis in marine and terrestrial ecosystems. The definition by Reolid et al. (2020)-i is not
unambiguously applicable because the above-mentioned global changes are not synchronous and
not always applicable to every basin. Moreover, a precise definition of the beginning and end of
the Jenkyns Event was not provided, thus hampering its unambiguous identification and
correlation on a regional, supra-regional and global scale. In this work we follow the original
definition of T-OAE proposed by Jenkyns (2010), while we identify as Jenkyns Event the
characteristic negative isotopic anomaly, as discussed in Erba et al. (2022). Accordingly,
stratigraphically we place the onset level of the T-OAE at the beginning of the positive excursion
and its end at where the maximum value is recorded (Fig. 1D).

The Jenkyns Event in the Sogno Core is expressed by a carbon-isotope negative excursion

of ~3 %o in carbonates and ~7 %o in organic matter and is associated, in its lowermost part, with
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the so-called Fish Level (Livello a Pesci), a dark grey to black marl with low CaCOj3 content and
relatively high TOC content up to ~2.5 % (Tintori, 1977; Gaetani and Poliani, 1978; Erba and
Casellato, 2010; Erba et al., 2019b, 2022). Detailed lithostratigraphy, carbon-isotope (both 8'*Ccars
and 8"°Corg), 6'%0, TOC, and CaCOs data for the Sogno Core can be found in Erba et al. (2022).
In this study we present new sedimentological, elemental, Rock-Eval, and biomarker data for the
Sogno Core, with the aim of: (1) identifying variations in the depositional conditions across the T-
OAE; (2) estimating variations in redox conditions; (3) reconstructing variations in primary
productivity during the T-OAE; and (4) proposing a coherent regional depositional model for the

organic-rich layers of the Fish Level.

2. GEOLOGICAL SETTING

The Lombardy Basin (northern Italy) was located in the Alpine-Mediterranean Tethys on
a relatively undeformed portion of the continental margin of the Adria microplate (Gaetani, 2010)
connected to the proto-Atlantic to the west and the greater Tethys to the east (Figs. 1A and 1B).
As a consequence of the initial rifting phase leading to the formation of the Atlantic and Ligurian-
Piedmont Oceans, during the latest Triassic—earliest Jurassic, a number of troughs, seamounts and
plateaus developed after the fragmentation and drowning of a series of Bahamian-type shallow-
water carbonate platforms (Bernoulli and Jenkyns, 1974; Gaetani, 1975, 2010; Winterer and
Bosellini, 1981; Jenkyns, 2020). Sedimentation was characteristically differentiated, with the
accumulation of thick successions in deeper zones and generally condensed, and commonly
stratigraphically incomplete deposits on structural highs (Gaetani, 1975, 2010). Slumps,
resedimented bodies, and, locally, megabreccias frequently accumulated along the flanks of these

submarine topographic features (Castellarin, 1972; Gaetani and Erba, 1990; Pasquini and Vercesi,
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2002; Gaetani, 2010). During the final steps of rifting in the Toarcian—Aalenian interval, the
Lombardy Basin continued to deepen, with a pelagic sedimentation strongly controlled by the
inherited horst-and-graben topography (Bernoulli and Jenkyns, 1974, 2009; Bosence et al., 2009;
Santantonio and Carminati, 2011) (Fig. 1C).

The uppermost Pliensbachian—lower Toarcian section recovered with the Sogno Core was
deposited on the pelagic Albenza Plateau within the Lombardy Basin (Gaetani and Erba, 1990;
Gaetani, 2010). The Sogno Core (45°47°20.5"" N, 9°28°30.0"" E) (Fig. 1D) (Erba et al., 2019b;
2022), was drilled next to the type-section of the Sogno Formation (Gaetani and Poliani, 1978;
Jenkyns and Clayton, 1986), along the road SP 179 on the northern slope of Monte Brughetto. The
lowermost part of the core recovered about a metre of the grey Domaro Limestone Formation,
overlain by about 24 metres of vari-coloured claystones, marlstones and marly limestones, locally
cherty, belonging to the Sogno Formation (Fig. 1D). Following Erba et al. (2022), the Jenkyns
Event is divided into two isotopic segments: a) a lower one, named J1 where, after a marked
decrease, the carbon-isotope curve remains at minimum values, and b) an upper isotopic segment,
J2, characterized by a gradual increase back to pre-anomaly values (Fig. 1D). The Fish Level
correlates with the base of the isotopic segment J1 and extends only to the very lowermost part of
segment J2 (Erba et al., 2022). In the Sogno Core, the Fish Level consists of 5 m of dark grey to
black marl, marked by a lower grey interval and an upper black interval (Erba et al., 2022) (Fig.
1D). Within the lower grey interval two lithological units (LU) are distinguished (Erba et al.,
2019b): a lower LU 7 characterized by grey, to very dark-grey and dark red marly limestones, and
a LU 6 consisting of grey to very dark-grey marly limestones with reddish to greyish spots. The
upper black interval, coincident with LU 5 (Erba et al. 2019b), is characterized by well-laminated

shale with common pyrite nodules. Two discrete occurrences of black shale were also observed
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about 60 cm above the Fish Level, within the lowermost part of the isotopic segment J2 (LU 4
sensu Erba et al., 2019b), in particular a 1 cm-thick lowermost black shale and a 2 cm-thick upper
black shale, here named BS 1 and BS 2, respectively. An earlier study has shown that the Fish
Level at Sogno is characterized by low calcium carbonate content, with average values of 23.5 %,
and total organic carbon (TOC) content progressively rising from ~ 0.2 % in the lowermost part

of LU 7 to ~1.4 %, with peaks up to 2.5 % in the uppermost part of LU 5 (Erba et al., 2022).

3. MATERIAL AND METHODS
3.1. Elemental data (XRF)

A total of 170 samples, collected approximately every 10 cm in stratigraphic depth within
the Fish Level and 20 cm in the intervals stratigraphically above and below, were analyzed for
elemental concentrations by X-ray fluorescence analysis (XRF) at the University of Oldenburg,
60 of which derived from the Fish Level interval. About 700 mg of sample powder were mixed
with 4200 mg lithium tetraborate, pre-oxidized in an oven at 500°C overnight with NH4NO; and
then fused to glass beads. The beads were analyzed by a wave-length dispersive X-ray fluorescence
(WD-XRF) spectrometer equipped with a rhodium tube (Axios Plus, Panalytical®). XRF
measurements are based on a calibration with 56 international reference samples covering a wide
range in sediment composition. Precision was checked by two in-house standards Peru-1 (fine-
grained sediment taken from the upwelling area of the Peruvian margin) and PS-S (Lower Jurassic
Posidonia Shale). Analytical precision is better than 1 % for Si, Ti, Al, Fe, Mg, Mn, Ca, K, P, Sr,
2 % for Ba, Cr, Cu, Mo, Ni, Rb, V, Zn, Zr, and better than 5% for Na and Y, except As, Co, Pb

(5-10 %).
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Elemental concentrations were normalized to Al in order to account for dilution effects.
Concentrations are compared relative to the reference average crustal rocks or average shale (AS)
element abundance of Wedepohl (1971, 1991) and expressed as element enrichment (elementgr).

Enrichment factors were computed using the following formula:

elementgr = (element/Al)samp/(element/Al)as (D

where (element/Al)samp is the ratio between the element and aluminium content in a sample, and
(element/Al)as is the ratio between the element and aluminum abundance in the average shale.
We consider an elementer > 3 as a detectable enrichment and an elementgr > 10 a moderate to
strong authigenic enrichment (e.g., Tribovillard et al., 2006; Algeo and Tribovillard, 2009).
Similarly, we interpret an elementer < 0.7 as a detectable depletion and an elementgr < 0.1 as a
moderate to strong authigenic depletion. Element concentrations above ‘“normal” detrital

background are expressed as element excess (elementys) using the following formula:

where (element/Al)pe was selected as the lowest element/Al ratio in the dataset (Brumsack, 2006;

Meinhardt et al., 2016). Element/Al background values used to estimate excess concentrations for

Zr, Si, and Mn are reported in Table S1 in the Supplementary material.

3.2. Pyrite and bioturbation distribution
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A rectangular shaped mask, with a length equal to the diameter of the Sogno Core and a
width of 2-cm was used to carry out semi-quantitative visual analysis of pyrite and bioturbation
distribution from about a metre above to about a metre below the Fish Level interval. The mask,
parallel to the bedding of the analysed sediment, was translated every 2 cm to achieve a (from
about 11.3 m to 18.3 m) continuous record (Appendix A, Figure S1). Presence and absence of
bioturbation, burrow maximum and minimum dimensions, and percentage abundance of burrows
were determined for each 2-cm interval. Abundance of burrows was expressed as a percentage of
the entire window following Bacelle and Bosellini (1965). The occurrence of pyrite was
determined by distinguishing three different classes: nodular pyrite (ovoid to spherical, locally
irregular, with sizes > 1 mm), powdery fine-grained pyrite dispersed within the matrix (with sizes

< 0.1 mm), and laminar pyrite (distributed as mm-thick continuous laminae).

3.3. Rock-Eval analysis

Rock-Eval Pyrolysis was performed using a Rock-Eval 6 analyzer (Behar et al., 2001) at
the Department of Earth Sciences at Oxford University on 79 samples, 60 of which derive from
the Fish Level. Samples were collected approximately every 5 to 10 cm in stratigraphic depth. The
in-house standard SAB134 (Blue Lias organic-rich marl) was regularly measured (every 8 to 10
samples). The standard deviation on TOC and HI of the in-house standard (SAB134) was 0.11 %

and £29.95 mgHC/g TOC, respectively.

3.4. Lipid biomarker measurements
Aliquots (~6 grams) from a sub-set of 14 samples (freeze-dried and ground), with a

sampling rate of approximately 50 cm in stratigraphic depth, were extracted with an Accelerated
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Solvent Extractor (DIONEX ASE 350 System), using a mixture of dichloromethane
(DCM)/methanol (MeOH) (5:1, v/v) at a temperature of 100 °C and a pressure of 69+£10 psi.
Sulfur-free extracts (desulfurization by acid-activated copper turnings) were purified by column
chromatography over self-packed silica gel (deactivated with 1 % ultrapure H2O) columns using
hexane, hexane:DCM (2:1, v/v), and MeOH as subsequent eluents. The hexane fraction (dissolved
in 50puL hexane) was analysed at the Lyell Centre (Heriot-Watt University) on a Thermo Scientific
Trace 1310 gas chromatograph (GC) fitted with a split splitless injector (at 280 °C) and linked to
a Single Quadrupole Mass Spectrometer using electron ionization (electron voltage 70eV, source
temperature 230 °C, quadrupole temperature 150 °C, multiplier voltage 1800V, interface
temperature 310 °C). Samples were investigated both in selected ion monitoring (SIM) and in full-
scan acquisition mode (50-600 amu/sec), using a thermo fused silica capillary column (60 m x
0.25 mm i.d) coated with 0.25 pm 5 % phenylmethylpolysiloxane phase. The GC temperature was
gradually (5 °C/min) increased from 50 to 310 °C, holding the final temperature for 10 minutes
and using helium as carrier gas (flow rate of 1 ml/min, initial inlet pressure of 50 kPa, split at 30
ml/min). Reproducibility was monitored using an in-house standard with all targeted compounds

and was better than 10 % for all reported biomarker ratios.

4. RESULTS
4.1. Elemental data (XRF)

Average major- and trace-element concentrations, element/Al, standard deviation (1 ¢) and
maximum values of all the analysed samples and separated for different stratigraphic intervals are
reported in Table S2 and Tables S3a —S3 in the Supplementary material, respectively. Enrichment

factors based on average shale (AS) (Wedepohl, 1971, 1991) or, when used, local background values
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(Appendix A, Table S1), separated for the various intervals, are plotted in Figure 2. Samples
stratigraphically below the Fish Level (Appendix A, Table S3a) are enriched in Ca (EF = 115.3),
Mn (EF = 13.5), Sr (EF = 7.3), and slightly enriched in Mg (EF = 3.3) and P (EF = 4.0). Samples
from LU 7 in the lowermost part of the Fish Level (Appendix A, Table S3b) are enriched in Ca (EF
= 9.4) and Mn (EF = 8.0), while they are depleted in Na (EF = 0.4), As (EF = 0.6), Ba (EF = 0.5),
U (EF = 0.7), and Zn (EF = 0.7). Samples from LU 6 within the Fish Level (Appendix A, Table
S3c) show a similar composition, being enriched in Ca (EF = 8.8), Co (EF = 7.9), Mn (EF = 49.7),
slightly enriched in P (EF = 3.2), and depleted in Na (EF = 0.4), Ba (EF = 0.5), U (EF = 0.5), and
Zn (EF = 0.7). The upper unit of the Fish Level (LU 5) (Appendix A, Table S3d) is enriched in Ca
(EF = 12.2), As (EF =3.8), Co (EF = 3.1), Mn (EF = 28.8), and Mo (EF = 4.8), and is depleted in
Na (EF = 0.5) and U (EF = 0.6). The interval above the Fish Level (Appendix A, Table S3e),
without considering the two discrete black shales BS 1 and BS 2, is characterized by enrichments
in Ca (EF = 41.5), Mn (EF = 10.9), Sr (EF = 3.8), and depletion in Na (EF = 0.6), Ba (EF = 0.6),
Mo (EF = 0.5), Ni (EF = 0.5), U (EF = 0.4). In comparison to AS, black shales BS 1 and BS 2
(Appendix A, Table S3f) are on average enriched in Ca (EF = 34.6), As (EF =19.1), Co (EF =10.4),

Mn (EF = 22.6), Mo (EF = 10.6), Ni (EF = 4.2), Pb (EF = 5.9), P (EF = 3.5), and Sr (EF = 4.7).

4.2. Pyrite and bioturbation distribution

Variations in bioturbation intensity per unit area and pyrite presence are reported for the
interval across the Fish Level (from about 18.3 m to 11.3 m) in Figure 3. Principal ichnotaxa
observed in the studied interval are represented by small varieties of Planolites and abundant
Chondrites, testifying to deposition at bathyal water depths (Seilacher, 1967) under oxygen-poor
conditions (Bromley and Ekdale, 1984). Bioturbation is very high below the Fish Level in the

reddish limestone of LU 8, in the range of 50-100 % per unit area, and sharply decreases in the
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lowermost part of the Fish level (at about 16.5 m) reaching average values of about 20 % up to the
top of LU 7. Discontinuous well-laminated black shales of LU 6 and LU 5 are characterized by
sporadic or absent bioturbation with average values of about 2 %. Above the Fish Level, the
bioturbation amount sharply increases to average values of 50 %.

Pyrite is visually identified exclusively within the upper part of the Fish level (LU 5) and
slightly above it. The distribution of nodular, powdery and laminar (maximum thickness 5 mm)
pyrite is reported separately in Figure 3. Nodular pyrite is the most common, with nodules with sizes
from ~1 mm up to ~50 mm and abundances of 1 to 7 nodules per unit area. Laminar pyrite is
generally rare, displaying discontinuous laminae with maximum lengths of 10—11 cm and maximum
thicknesses of 0.5 cm. Powdery pyrite is present and very abundant only in the topmost part of the

Fish Level and in BS 1.

4.3. Rock-Eval analysis

In the Sogno Core, HI ranges from 0—438 mgHC/gTOC (Fig. 3). Values close to zero are
recorded in samples from LU 8 and in the lowermost part of the Fish Level, whereas a clear
increasing trend is observed within LU 6 and LU 5. Above the Fish Level, values return close to
zero, returning to values > 200 mgHC/gTOC only in the two organic-rich BS 1 and BS 2 intervals
in LU 4. The highest HI values are obtained in the upper black interval of the Fish Level (LU 5),
with average values of 300 mgHC/gTOC and peaks up to 440 mgHC/gTOC. Tnax values range
between 426 and 439 °C in all samples, suggesting immature to marginal mature thermal overprint
(Figure 4). The Rock Eval data support a mixed marine-terrestrial composition of the kerogen,

with a gradual change to oxidized (inert) Type IV kerogen. Higher quality kerogen Type II-mixed
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II/IIT is noted for BS1 and BS2 (note, one sample only) and Fish Level Unit 5, with a gradual

transition to Kerogen Type III and IV in units 6 and 7, and sediments from above the Fish Level.

4.4. Lipid biomarker measurements

In this study, biomarker analysis focuses on thermal maturity, and palaco-environmental
conditions including organic-carbon sources, redox and water-column stratification assessment.
Results of biomarker measurements are reported stratigraphically in Figure 3.

Thermally unstable 173,21B(H)-hopanes are either absent or occur in trace amounts only.
170,21B(H) isomers are predominant compared to the more stable 17(3,21a(H) hopanes. In either
the a3 and Ba isomers, the more stable 22S epimers dominate over 22R, and distributions of the
C31-Css homohopanes show a stair-to-step regular pattern with a progressively decrease in peak
height and areas from C3i to Css. The C31 afy 22S/(22S+22R) homohopane isomerization ratio
(Farrimond et al., 1998), which is preferable to the C3; homologue, as it presents co-elution with
gammacerane in the screened samples, ranges between 0.25 and 0.42 (average 0.36) and it shows
no systematic trend upcore or when compared to TOC. Overall, a consistent distribution of the
regular (Ca7, Cag, Ca9)-steranes is identified in most samples; sterane isomerization, using the Cao
oo 20S/(20S+2-R) ratio (Farrimond et al., 1998) gives results in the range of 0.37 to 0.67, on
average 0.48.

The OC sources are assessed based on the relative abundances of chain lengths of n-
alkanes, which range from nCis to nCss. High molecular weight (HMW) nCas to nCss n-alkanes
shows no odd-over-even pre-dominance, i.e., the average carbon preference index CPl2s-34 from
Bray and Evans (1961) is ~1. The average chain-length ratio (ACL from Peters et. al., 2005) is

always <25.
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Ratios of pristane (Pr) and phytane (Ph) were used to explore the sources of OM and redox
conditions. Pristane and phytane were found in all samples analysed, with an overall predominance
of pristane over phytane. The pristane/phytane (Pr/Ph) ratios range between ~1 and 1.9, interrupted
only in the upper part of the Fish Level (at ~13 to 12.5 metres), where ratios of about 0.7-0.8 are
documented. All higher TOC samples within the Fish Level were screened for lycopane, the
occurrence of which is limited to anoxic bottom-water settings (Sinnighe Damsté et al., 2003), and
isorenieratene derivatives and related compounds indicative of photic-zone euxinia and a very
shallow chemocline (Koopmans et al., 1996). However, none of these compounds were detected

in any of the measured samples.

S. DISCUSSION
5.1. Sediment geochemistry

Abundances and stratigraphic distribution of lithogenic conservative elements can be used
as tracers of sediment erosion, transport, and depositional processes (Calvert and Pedersen, 2007).
Variations in quartz and/or biogenic silica, calcium carbonate mainly of biogenic origin, and clays,
the three major components of the studied sedimentary rocks, can be visualized on a triangular
diagram with axes Si0,, CaO, and ALLOs (Fig. 5) (Rachold and Brumsack, 2001). Most samples
plot on or close to the so-called ‘carbonate dilution line’ connecting the AS point to the pure
carbonate end-member, with only a subtle shift towards higher SiO> contents. Sample distribution
in this triangular diagram indicates a stable and homogenous background sedimentation dominated
by marly limestones and marlstones and biogenic silica. Samples from the Fish Level, due to their
lower calcium carbonate content (Erba et al., 2022), plot closer to AS values, indicating a lower

amount of dilution by carbonates and/or a higher contribution by clays.
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Estimates of grain-size changes in the detrital fraction are derived from Zr, Ti, Rb, and K
elemental data. Zr and Ti concentrations are proxies for the coarse- to medium-grained detrital
fraction (e.g. Cox et al., 1995; Schneider et al., 1997; Ganeshram et al., 1999; Sageman and Lyons,
2005), whereas Rb and K are considered indicative of the finer grained fraction, in particular
aluminosilicate minerals, K-feldspars and clay minerals (Heinrichs et al., 1980; Cox et al., 1995;
Calvert and Pedersen, 2007). Concentrations of TiO», KO, Rb, and Zr plotted versus Al,O3 are
close to AS values (Wedepohl, 1971, 1991) (Fig. 6; Appendix A, Tables S2 and S3a—S3f), thereby
indicating no significant enrichment or depletion in comparison to AS. However, in the SiO
versus AlbO; cross-plot (Fig. 6) most of the samples fall well above the AS line, indicating an
additional contribution apart from the background detrital flux, most likely from biogenic silica.
Observed variations in lithogenic elements suggest an essentially homogeneous detrital source
area through time in a low-energy distal depositional setting. The generally low detrital input likely
implies low to no dilution of the organic-matter fraction, as confirmed by TOC/Al variation that
is rather similar to the variation in the TOC itself (Fig. 3).

Even if most of the studied record reflects relatively stable background sedimentation, the
stratigraphic variations in lithogenic elements highlight some intervals characterized by a
relatively higher detrital input (Fig. 7). Higher Zrxs, Ti/Al, K/Al, Rb/Al values observed in the
sediment close to the Pliensbachian/Toarcian boundary from about 25.5 to 23.0 m (Fig. 7) suggest
greater amounts of siliciclastic input, consistent with the sedimentological description by Gaetani
and Poliani (1978). A similar trend was observed in coeval British Jurassic sections and interpreted
as the result of a global sea-level drop close to the Pliensbachian/Toarcian boundary (e.g.,
Hesselbo, 2008; Thibault et al., 2018). Detrital input also increased prior to the deposition of the

Fish Level, as indicated by higher siliciclastic contents from about 17.5 m reaching its maximum
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in correspondence with the base of the Fish Level (LU 7), followed by a progressive decrease back
to lower values above the Fish Level at about 11.4 m. The rise in Cr/Al at about 17.5 m (Fig. 8),
comparable to the trend observed in the lithogenic elements, likely testifies to an increase in
abundance of heavy minerals (i.e., chromite) related to detrital input rather than redox conditions.
A mainly fluvial origin of the siliciclastic input is here inferred based on the absence of grain-size
sorting typical of aeolian deposits (cf. Wang et al., 2017), with enrichments in Si/Al, Ti/Al and
Zr/Al ratios (Schnetger, 1992; Schnetger et al., 2000). In fact, the occurrence of similar trends
observed in Si, Zrxs, T1, Rb and K testifies to the combined transport of both the coarse- to medium-
grained fraction and the fine-grained components. However, a partial influx from an additional
aeolian source cannot be excluded. The observed high Zrys concentrations in BS 1 and BS 2, not
associated with enrichments in other detrital elements apart from a minor increase in the Ti/Al
ratios, suggest either a coarser grained input or low sedimentation rates with a poorer dilution of
the coarser fraction by fine-grained material. Winnowing can also be a potential process leading
to higher Zrys values due to increases in the proportion of heavy minerals linked to hydrodynamical
sorting during periods of increased current velocities. However, the lack of sedimentological
evidence for reworking by bottom-water currents seems to exclude such an interpretation. An
increase in weathering intensity coupled with higher detrital input, over the time interval registered
from about 17.5 m up to about 11.4 m, is inferred based on the observed trend in the K/Al ratio
(Fig. 7), used as a proxy for mobile versus immobile elements (Clift et al., 2008; Dickson et al.,
2010). Furthermore, a change in the clay fraction is deduced from the K/Rb ratio (Fig. 7) showing
elevated values in the uppermost part of the record, interpreted as a possible shift to higher illite

content (Rothwell et al., 2006) from 17.5 m upwards.
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Mn-rich carbonates have been observed in a number of deep-marine Alpine-Mediterranean
Tethyan sections of Toarcian age (e.g., Jenkyns et al., 1991; Veto et al., 1997; Ebli et al., 1998;
Bellanca et al., 1999; Hermoso et al., 2009b; Sabatino et al., 2011; Polgari et al., 2012a, b, 2016;
Suan et al., 2016); they were interpreted either as the result of microbially mediated accumulation
of Mn within or close to the oxygen minimum zone (Jenkyns et al. 1991, Sabatino et al. 2011), or
due to the advection of manganese-rich waters from both proximal and distal hydrothermal activity
related to the spreading ridges of the Alpine-Mediterranean Tethys (Polgari et al. 1991; Corbin et
al., 2000). However, higher Mn values observed from slightly below the Fish Level at ~17.5 m up
to the interval encompassing the entire Jenkyns Event, suggest the presence of an additional input
of Mn that added to the already relatively high background values. We speculate that, in this
interval, higher Mn concentrations were induced by enhanced riverine input (cf. Elderfield, 1976;
Aguilar-Islas and Bruland, 2006; Brumsack, 1991) that sourced additional Mn to the already
elevated Mn concentrations typical for pelagic settings. Increased fluvial input (Chester and
Jickells, 2012), probably coupled with higher fluxes of organic matter, can possibly explain the
observed rise in the Cu/Al ratio present slightly below the interval of the Jenkyns Event, similarly
to what is observed on the Mnys trend (Fig. 8). We point out that the general Mnys trend is inversely
correlated with the 8'%0 curve, with oxygen-isotope values decreasing while Mnys rises. We
speculate that observed variations in the oxygen-isotope curve might reflect a gradual warming
leading to an accelerated hydrological cycle and progressive increase in fresh water supply of Mn
at a time of extensional tectonic activity along the continental margin. Indeed, observed Mn
variations may also reflect variations in redox conditions that added to the enhanced Mn supply to
the basin. In fact, under reducing conditions Mn could have been more efficiently dissolved from

Mn-oxyhydroxides MnO> and MnOOH and, when not escaping back to the water column, fixed
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as Mn(Il) into authigenic carbonates (Hild and Brumsack, 1998; Calvert and Pedersen, 1993;
Brumsack, 2006; Tribovillard et al., 2006). Based on mass-balance considerations (Rachold and
Brumsack, 2001), the redistribution of Mn by redox changes during diagenesis cannot explain the
high Mn concentrations observed at Sogno. Therefore, an additional, most likely fluvial Mn source

1s indicated.

5.2. Redox conditions

Many elements accumulate in marine sediments as a result of adsorption or post-
depositional precipitation from bottom waters or from pore waters in response to specific redox
conditions (Brumsack, 1980; Algeo and Maynard, 2004; Brumsack, 2006; Lyons and Severmann,
2006; Tribovillard et al., 2006; Calvert and Pedersen, 2007; Piper and Calvert, 2009; Little et al.,
2015; Algeo and Li, 2020; Algeo and Liu, 2020). In this work we follow the classification of redox
facies proposed by Tyson and Pearson (1991), with oxic conditions associated with oxygen levels
> 2.0 ml/l, dysoxic conditions characterized by values between 2.0 and 0.2 ml/l, suboxic between
0.2 and 0 ml/l, anoxic when oxygen content is equal to 0 ml/l, and euxinic when the complete lack
of oxygen is accompanied by the presence of free H>S. Concentrations in redox-sensitive elements
are reported in Tables 2 and 3a—3fin the Supplementary material. Redox conditions, reconstructed
based on the redox-sensitive elements integrated with bioturbation intensity (Bromley, 1990;
Potter et al., 2005) and Pr/Ph ratio (Didyk et al., 1978; Peters et al., 2005), vary strongly within
the studied record (Figs. 3 and 8), as described below from bottom to top.

The Domaro Limestone Fm. and the lowermost marly limestones of the Sogno Fm. below

the Fish Level document a well-oxygenated depositional setting, as evidenced by the extensive
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presence of bioturbation and absence of enrichment in redox-sensitive elements (Figs. 2, 3 and §;
Appendix A, Table S3a).

The lowermost part of the Fish Level (LU 7) does not show enrichments or depletions in
redox-sensitive elements (Figs. 2, 3 and 8; Appendix A, Tables S3b), and has a Pr/Ph ratio of 1.1.
The progressive reduction in bioturbation intensity further testifies to a deterioration of the oxygen
levels in the surficial sediments. We interpret the basal part of the Fish Level (LU 7) as deposited
under dysoxic conditions at least within pore waters, if not at the sea floor.

The mid-grey to dark-grey marly limestones (LU 6) of the Fish Level mark a transitional
phase to higher TOC > 1 % (Erba et al., 2022). This unit shows slight relative enrichment only in
Co (Figs. 2, 3 and 8; Appendix A, Table S3c) and has an average Pr/Ph ratio of 1.3. The observed
enrichments in Co were likely controlled by Mn-shuttling as oxides and hydroxides rather than
being related to anoxic conditions (Calvert and Pedersen, 1996; Tribovillard et al., 2006).
However, the absence or extreme rarity of bioturbation testifies to a shift to more dysoxic
conditions at the seafloor.

The well-laminated black shales of the upper part of the Fish Level (LU 5), with TOC
content up to 2.5 % and highest HI values up to 440 mgHC/gTOC, are characterized by
minimal/absent bioturbation and common pyrite (Fig. 3) associated with moderate enrichments of
As, Co, and Mo (Figs. 2, 3 and 8; Appendix A, Table S3d). The higher Mn concentrations might
have played an important role in controlling the observed concentrations in redox-sensitive
elements. Observed enrichments in As and Co were likely induced due to their initial scavenging
by Mn-oxides and hydroxides and subsequent early diagenetic incorporation into iron sulfides
rather than ambient anoxic conditions (Calvert and Pedersen, 1996; Tribovillard et al., 2006). Also,

the observed moderate Mo enrichments are not necessarily related to anoxic/euxinic conditions.
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In fact, manganese oxides are usually very effective in removing Mo from seawater into sediments.
During the partial loss of Mn to the water column via porewater flux under suboxic conditions, the
liberated Mo is released and probably re-fixed as thiolated Mo species and/or in association with
organic matter (Neubert et al., 2008; Dahl et al., 2017). We do not observe significant enrichments
of other elements associated with reducing conditions, such as Fe, Cu, Ni, Zn, U, V, etc. Based on
redox-sensitive elemental associations (Crusius et al., 1996; Algeo and Maynard, 2004; Brumsack,
2006; Lyons and Severmann, 2006; Tribovillard et al., 2006) we interpret this interval as deposited
under prevailing suboxic conditions in pore waters. Relatively higher values in redox-sensitive
elements in correspondence with or stratigraphically close to the interval with the lowermost
values of the negative carbon-isotope anomaly suggests that the most extreme suboxic conditions
were probably recorded by this part of the sequence. Even if oxygen availablity was limited, as
suggested by lower Pr/Ph ratios down to values < 0.1 in the topmost part of the Fish Level, truly
anoxic conditions were never reached over longer time periods. This contention is further
confirmed by the absence of lycopane and isorenieratene derivatives and related compounds, thus
suggesting that neither bottom- nor shallow-water anoxia occurred. However, short-lived pulses
of more extreme redox conditions, not resolvable by the used proxies utilized and by sampling
resolution, cannot be excluded.

Above the Fish Level (LU 4), an abrupt increase in bioturbation (about 50 %) suggests a
recovery in oxygenation levels concurrent with a decrease in TOC (<1 %), further supported by
low concentrations in redox-sensitive elements (Figs. 2, 3 and 8; Appendix A, Table S3e) and a
Pr/Ph ratio of about 1.6.

Based on the observed enrichments in As, Co, Mo and Ni and on the slight enrichments in

Fe and Zn (Figs. 2, 3 and 8; Appendix A, Table S3f) we infer that the deposition of the two discrete
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black shales BS 1 and BS 2 above the Fish Level occurred under the influence of anoxic pore
waters. The absence of lycopene and isorenieratene derivatives and related compounds suggests
that, at least over longer time intervals, anoxia was limited to pore waters without reaching either
bottom waters or the photic zone. However, as indicated by the lack of bioturbation, short-lived
episodes of anoxia extending also to bottom waters cannot be excluded. Ni and Co, both
characterized by a weak euxinic affinity (Algeo and Maynard, 2004), under anoxic conditions tend
to be fixed into the insoluble sulfides (NiS and CoS) that can be taken up in solid solution with
authigenic pyrite (Huerta-Diaz and Morse, 1990, 1992; Morse and Luther, 1999; Tribovillard et
al., 2006). The higher Pr/Ph ratio of about 1.9 measured for BS 1, indicative of relatively oxidizing
conditions (Didyk et al., 1978; Peters et al., 2005), contradicts elemental data. However, as
described in Large and Gize (1996) and in agreement with the higher Zr concentrations, observed
Pr/Ph values can be related to enhanced, early diagenetic, anaerobic oxidation of the organic matter
associated with very low sedimentation rates.

The presence of diffused bioturbation and the lack of enrichment in redox-sensitive
elements in the uppermost marly limestones (LU 3 to LU 1) (Figs. 2, 3 and 8; Appendix A, Table
S3e) indicate that their deposition occurred under fully oxic conditions.

Sweere et al. (2016) proposed using the product of Mngr and Cogr to discriminate between
environments, with values exceeding 2 indicating sedimentation in a restricted basin, and values
lower than 0.5 indicating deposition in an upwelling setting. The Cogr X Mngr versus Al cross-
plot for samples from the Fish Level, BS 1 and BS 2 is shown in Figure 9. All analysed samples
from the Fish Level, BS 1 and BS 2 have values > 2, suggesting that their deposition occurred in

a stratified setting. In particular, values increase from the base (lowermost LU 7) to the top (LU 5)
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of the Fish Level, suggesting that local oxygen depletion gradually increased with less efficient

deep-water ventilation, thus favoring the burial of labile organic carbon.

5.3. Organic-matter properties: thermal maturity and organic-carbon sources

Tmax values ranging from about 426 to 439 °C indicate type II and type III kerogens (HI
~200-440) from immature to marginal mature. Incomplete homohopane and iso-sterane
isomerisation with average 22S Cs2 a3 hopane and 20S C29 aaa sterane values <0.5 and <0.6,
respectively, suggest that thermal maturity had limited impact on the biomarker compounds
(Peters et al., 2005; Farrimond et al., 1998). Therefore, CPI values of ~1 (Fig. 3) likely arise from
a stable organic matter type rather than indicating thermal maturity in all screened samples below,
within, and above the Fish Level. However, the Rock Eval data, in combination with ACL and
Pr/Ph ratios, tend to suggest minor fluctuations in the organic matter composition or quality,
indicated by the lower ACL and Pr/Ph values combined with a clear kerogen type II RockEval
signature in the more oxygen-depleted LUS. We speculate that this period has produced and
preserved the highest fraction of autochthonous marine organic matter in the succession
throughout the T-OAE.

We note that kerogen type III-IV in samples with low TOC (<0.5 %) and HI (<170
mgHC/gTOC) must be treated with caution (Peters et al., 2005). In fact, these samples come from
the lower part of the Fish level (LU 7 and LU 6), and/or below or above the Fish Level (Fig. 3),
and represent either a combination of well-oxygenated conditions and aerobic organic matter
decay (Peters et al., 2005) coupled with a remote terrestrial organic matter background, or a signal

of fully degraded labile marine organic matter. (Fig. 3).
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5.4. Productivity

Silica excess is frequently used as a reliable proxy for trophic conditions (e.g., Schmitz et
al., 1997; Turgeon and Brumsack, 2006; Hu et al., 2009), representing a rough estimate of opaline
silica. Stratigraphic variations in Sixs (Fig. 7) indicate a rise in opaline silica that predated the
deposition of the Fish Level from about 17.5 m, reaching the highest values in the upper part of
the Fish Level (uppermost part of LU 6 and then in the upper half of LU 5) in the lowermost part
of isotopic segment J2. Based on Sixs data, relatively high amounts of biogenic silica were
produced also after the end of deposition of the Fish level (middle of LU 4), prior to progressively
decline through isotopic segment J2. It should be noted that measured variations in Sixs are
consistent with the higher concentrations in radiolaria observed in microfacies from the upper part
of the Fish Level sampled at the Colle di Sogno outcrop (Casellato and Erba, 2015), suggesting
relatively higher trophic conditions favoring siliceous zooplankton during the deposition of the
upper black shale interval.

Although the palacoecological affinities of most Early Jurassic calcareous nannoplankton
are still not fully constrained, taxa sensitive to palacotemperature and palaeofertility have been
recognized (Casellato and Erba, 2015; Fraguas et al., 2021; Peti et al.,, 2021). Calcareous
nannofossils were quantitatively investigated in the Colle di Sogno outcrop and the inferred
palaeoceanographic changes during the late Early Toarcian can be compared to the geochemically
based environments reconstructed from the Sogno Core. During the latest Pliensbachian-earliest
Toarcian rather stable oligotrophic conditions promoted the proliferation of deep-dwellers. A
combination of higher fertility and disruption of surface-water stability triggered a rapid shift in
nannofossil assemblages. Specifically, the Fish Level is characterized by an increase in abundance

of Lotharingius and Biscutum suggesting mesotrophic conditions further corroborated by the drop
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in abundance of the presumed oligotrophic Schizosphaerella, although its crisis is possibly the
result also of ocean acidification (Erba, 2004; Casellato and Erba, 2015; Faucher et al., 2022).
However, differently from Sixs, mesotrophic calcareous nannoplankton assemblages exhibit a
more constant trend within the Fish Level without rising in abundance up-section. Thus, calcareous
nannoplankton changes are consistent with the geochemical palacoproductivity proxies: the Fish
Level deposited under enhanced fertility conditions that returned to the pre-Jenkyns Event regime

in the early part of the isotopic segment J2.

5.5. Depositional conditions and processes during the T-OAE in the Sogno Core

Inferred variations in the depositional conditions and processes during the T-OAE interval
of the Sogno Core are schematically summarized in Figure 10. Eight phases are identified and
labelled here for convenience from A to H. Our data indicate that no environmental changes were
associated with the onset of the T-OAE in terms of detrital input, primary productivity or reducing
conditions. Most of the interval defining the onset of the positive carbon-isotope excursion of the
T-OAE (A in Figs. 10 and 11a), was characterized by fully oxic bottom waters and relatively cool
temperatures. Slightly before the onset of the Jenkyns Event (B in Figs. 10 and 11a), and preceding
the deposition of the Fish Level, depositional conditions changed abruptly. A rise in temperature,
as illustrated by oxygen-isotope ratios in bulk carbonate, was accompanied by enhanced
weathering, higher runoff and increased detrital input with higher amounts of Mn, Zr and Si
delivered to the basin. The increased availability of nutrients favored a slightly higher productivity,
despite oxic conditions being present at the sea floor. The higher amounts of manganese delivered
to the basin were fixed both in Mn-carbonates and Mn-oxides and hydroxides. We point out that

the beginning of warming predates the onset of the negative isotopic excursion of the Jenkyns
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Event. During the deposition of the lowermost part of the Fish Level (C in Figs. 10 and 11a), i.e.
the lithostratigraphic expression of the Jenkyns Event, established relatively warmer conditions
were accompanied by greater detrital sediment transport to the basin. Higher nutrient loads
associated with this detrital flux favored a relative rise in primary productivity. The increased input
of fresh water coupled with warmer conditions resulted in the establishment of a pycnocline and a
less efficient vertical mixing. The subsequent decrease in oxygen content at the sea floor was
accompanied by a drastic reduction in the benthic fauna and the escape of Mn back to the water
column when not trapped in authigenic Mn-carbonates. The onset of the deposition of the Fish
Level is thus the lithological record of a threshold in the environmental conditions capable of
switching the sedimentation style from marly limestones, dark-red in colour, with sporadic greyish
spots to marly limestones, with variations in colour from grey, to very dark-grey and dark red
(Erbaetal., 2019a). During this stratigraphic interval, organic matter was either entirely dominated
by oxidized marine organic material, or represented by a mix of degraded marine organic matter
and continental organic matter brought to the basin by the relatively higher runoff. With the
deposition of LU 6 (D in Figs. 10 and 11a) progressively higher temperatures were accompanied
by higher runoff and increased organic matter fluxes to the sea floor. Bottom-water oxygen levels
further decreased, hindering sediment reworking by benthic organisms, and favoring Mn recycling
and fixation of Co in Mn carbonates. The warmest conditions were reached during the deposition
of the uppermost part of the Fish Level (LUS, E in Figs. 10 and 11b), characterized by the
accumulation of black shales with higher TOC up to 2.5 %. Increased runoff resulted in the most
intense water stratification and less efficient bottom-water renewal, with the establishment of
suboxic conditions that peaked in intensity during the latest part of isotopic segment J1. The

establishment of oxygen-poor conditions enhanced the preservation of the labile marine organic
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matter that either constituted the entirety of the preserved organic fraction, or represented an
additional contribution to the background terrestrial organic matter. Even if reducing conditions
were relatively more intense, the fixation of Mn occurred in greater amounts due to the higher rates
of fresh water input. Mn-scavenging favored the accumulation of As, Co, and Mo, together with
the formation within the sediments of pyrite favored by the degradation of organic matter and the
presence of free H»S in pore waters. Primary productivity, even if low to moderate, was generally
more intense during the deposition of the uppermost part of the Fish Level. The interval right above
the Fish Level (F in Fig. 10 and 11b) represents the beginning of the recovery after the most intense
deoxygenated conditions. Associated with a progressive cooling, runoff declined together with
primary productivity and detrital input. The end of the deposition of the Fish Level black shales
indicates a change in the environmental conditions from suboxic to fully oxic bottom waters. We
speculate that the relatively high amounts of Mnys in this interval represent a phase of more
efficient Mn accumulation due to the changed redox conditions rather than a signal of higher fresh
water input. In fact, with the re-establishment of oxic conditions Mn started to be more efficiently
fixed in Mn-oxides and hydroxides. Within this interval, the depositional conditions and processes
that controlled the sedimentation of black shales BS 1 and BS 2 are indeed enigmatic. Brief pulses
in runoff, as probably indicated by higher Zrxs concentrations and a minor increase in the Ti/Al
ratios, could have been behind the origin of short-lived intervals of deep-water anoxia. However,
an increase in runoff is indeed counterintuitive in a phase characterized by an overall decreasing
trend in temperature, weathering, and runoff. Indeed, sedimentation of the black shales occurred
under low primary productivity settings and reduced sedimentation rates, possibly pointing to a
degree of condensation resulting in concentrate organic matter. The succession deposited in the

last part of the Jenkyns Event (G in Fig. 10 and 11b) represents a transitional phase towards normal
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conditions (H in Fig. 10 and 11b). The late part of the T-OAE shows environmental conditions
comparable to those of the pre-T-OAE interval. No changes in surface or bottom waters mark the

end of the T-OAE, with stable conditions extending to the middle Toarcian.

5.6. The T-OAE in the Alpine-Mediterranean Tethys

We correlated the Sogno Core with other records from the Alpine-Mediterranean Tethys,
the north European epicontinental seaway, and the marginal proto-Atlantic (Tab. 1) characterized
by a high-resolution carbon-isotope chemostratigraphy accompanied by elemental and organic
geochemical data (Fig. 12). The lithological expression of the T-OAE varies significantly in the
various sections and cores considered here. As highlighted by the correlation in Figure 12,
deposition of black shale was clearly diachronous, with large differences in the onset and end of
organic-rich sedimentation. In all the considered sections no black shales occur before the Jenkyns
Event, while their deposition became widespread in correspondence of the interval close to the
lowest point in the trough of the negative carbon-isotope anomaly.

Changes in the detrital input in the various sections were recognized by means of lithogenic
elemental data. At Peniche (Portugal), Fantasia et al. (2019a) observed within isotopic segment J1
an increase in the detrital index paralleled by high values in the kaolinite/(illite + chlorite) ratio
used as a measure of weathering intensity. At Creux de I’Ours (Switzerland), on the basis of whole-
rock and clay mineralogy and elemental data, Fantasia et al. (2018) highlighted an increase in
detrital input in correspondence with the isotopic segment J1 and the lower part of the isotopic
segment J2. Increases in Si/Al, Zr/Al and Ti/Al, together with higher quartz content were observed
at Sancerre (France) in the interval deposited during the Jenkyns Event (Hermoso et al., 2013). In

particular, higher values were measured close to the base of the isotopic segment J1 and for most
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of the isotopic segment J2. Detrital elements were also measured at Rietheim (Switzerland) by
Montero-Serrano et al. (2015). The stratigraphic variation in lithogenic elements clearly highlights
two intervals with higher clastic input, specifically a lower one at the level of the base of the
negative isotopic excursion, and an upper one starting close to the top of the isotopic segment J2
that extends above for about 50 cm. In Yorkshire (UK), Thibault et al. (2018) observed changes in
the detrital components based on elemental data (Si/Al, Zr/Al, Zr/Rb, etc.). They highlighted a
series of intervals across the Jenkyns Event with higher detrital input, in particular: in the
lowermost part of the succession in the interval that precedes the negative isotopic anomaly of the
Jenkyns Event up to the lowermost part of the isotopic segment J1; in the interval deposited over
the transition from J1 to J2; across the uppermost part of the succession recording the isotopic
segment J2 and above. No lithogenic elemental data are available for the German records of
Dotternhausen and Shandelah. During the Jenkyns Event, global warming associated with
increased pCO> induced an increase in temperature of 7—10 °C (Ruebsam et al., 2020b) that in the
Tethyan region led to an acceleration of the hydrological cycle favoring the increase in continental
weathering and runoff (Cohen et al., 2004; Hermoso and Pellenard, 2014; Brazier et al., 2015;
Montero-Serrano et al., 2015; Percival et al., 2015; Fantasia et al., 2018). Warm and humid
conditions during the Jenkyns Event were reconstructed also by means of palynological data, such
as for example from sections in Poland by Piefkowski et al. (2016). Arid conditions were instead
observed at the Peniche section (Rodrigues et al., 2016; Font et al., 2022). However, this difference
seems to be related to more local effects, as the Lusitanian Basin during the Toarcian was located
at the boundary between warm temperate and arid climatic belts (Font et al., 2022). Dera and
Donnadieu (2012) modelled the climatic conditions during the early Toarcian and estimated by

means of a coupled ocean—atmosphere model (Fast Ocean Atmosphere Model — FOAM) a 9 cm/yr
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increase in global precipitation rates and a 3.5 cm/yr increase in mean annual continental runoff.
Indeed, a contribution to the observed stratigraphic changes in the detrital proxies could derive
from the transgressive—regressive cycles that characterized the early Toarcian, in particular a
forced regression before the Jenkyns Event and the broad eustatic transgression that followed
immediately thereafter (e.g, Thibault et al., 2018). Additional clastic contributions related to storm
activity have been suggested by other authors (Trabucho-Alexandre et al., 2012; Suan et al., 2013;
Krencker et al. 2015; Fantasia et al., 2019a). Indeed, common trends in the sections presented in
Figure 12 can be recognized, with higher detrital input occurring in the early part of the Jenkyns
Event, and a general increase in sections from the shallow-water north European epicontinental
seaway. Observed variations, thus, probably reflect a combination of causes controlled by climatic,
eustatic and bottom-water physical processes (Remirez and Algeo, 2020a).

An increase in primary productivity is generally observed for sections deposited in the
north European epicontinental seaway (Cohen et al., 2004; Montero-Serrano et al., 2015; Percival
et al., 2016; Xu et al., 2018; Fantasia et al., 2019a). Higher organic matter fluxes were ascribed to
higher levels of nutrient availability delivered from continents by increased runoff. In the Peniche
section, Lusitanian Basin, Fantasia et al. (2019a) observed higher values in total P coupled with a
slight increase in HI values, which they interpreted as evidence of higher nutrient availability and
relatively higher levels of primary productivity. Higher values were observed in correspondence
with the early phase of the Jenkyns Event and across the end of isotopic segment J1. At Creux de
I’Ours (Switzerland) Ni/Al, Cu/Al and Py data were used by Fantasia et al. (2018) to infer
relatively higher level of productivity in the J1 and lower part of the J2 isotopic segments.
Montero-Serrano et al. (2015) considered TOC, P, As, V and Ni as proxies for reconstructing

organic matter productivity. Based on their data, the succession deposited during the latter half of
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the isotopic segment J1 to about the early half of J2 was characterized by high primary
productivity. Higher values in the Cor/P ratio, used by Remirez and Algeo (2020a) as a proxy for
primary productivity, were observed over most of the Jenkyns Event, with greater values close to
the top of J1. No indications on primary productivity based on elemental data are available for the
Sancerre, Dotternhausen and Shandelah sections. Based on the available data, the correlation of
Figure 12 suggests that, even if with a different extent from section to section, primary productivity
increased (and peaked) close to the J1/J2 boundary. Moreover, sections from the shallow-water
shelf regions in epicontinental northern Europe were characterized by higher organic matter fluxes
compared to the Sogno and Peniche sections in the southern part of the northwestern portion of
the Tethys.

Redox conditions varied substantially from section to section (Figure 12). The Dogna Core
(Belluno Basin, Italy), drilled next to the Longarone section (Bellanca et al., 1999), was deposited
under dysoxic to suboxic conditions, as indicated by variations in bioturbation intensity (Bellanca
et al., 1999), Mo isotopes (Dickson et al., 2017), and molecular biomarker data (Farrimond et al.,
1994). At Peniche, redox conditions were generally mild, with dysoxia starting to develop at the
onset of the Jenkyns Event and continuing across the isotopic segment J2. This interpretation
derives from the almost complete lack of benthic fauna and the presence of weakly bioturabated
marls (Suan et al, 2008). Transient more reducing conditions (suboxic) occurred in
correspondence of the 8-cm-thick black shale deposited during the lowest point in the trough of
the Jenkyns Event as supported by redox-sensitive elemental data (Hermoso et al., 2009b; Fantasia
et al., 2019a). The lack of bioturbation and redox-sensitive elements suggest that, at Creux de
I’Ours, suboxic conditions dominated from the base of the Jenkyns Event up to the lower part of

the J2 isotopic segment (Fantasia et al., 2018). In the overlying interval, the presence of
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bioturbation and lower concentrations in redox-sensitive elements probably record for a shift to
more dysoxic conditions. At Bichental (Austria) redox conditions were reconstructed by
Neumeister et al. (2015) based on Pr/Ph ratios, bioturbation, and Fe-TOC-S data. According to
their data, suboxic conditions with possible short-term episodes of anoxia dominated for the
earliest part of the Jenkyns Event, passing upward to strictly anoxic conditions that persisted up to
the lowermost part of the J2 isotopic segment, and finally shifted back to less reducing suboxic to
anoxic conditions. The presence of variable amounts of aryl isoprenoids probably indicates
frequent but transient episodes of photic-zone euxinia in the upper part of the J1 isotopic segment
(Neumeister et al., 2015). Based on molecular biomarkers, the black shale interval in the Ré¢ka
Valley section (Hungary) was interpreted as deposited under anoxic conditions (Ruebsam et al.,
2018). However, as indicated by peaks in isorenieratane, episodic extension of H»S to near-surface
waters occurred during the time of the lowest point in the carbon-isotope trough of the Jenkyns
Event, approximately in correspondence with the central part of the J2 isotopic segment (Ruebsam
et al., 2018). At Sancerre, the interval immediately below the black shales is characterized by grey
marlstones with increased concentrations of redox-sensitive elements. However, as some
bioturbation was observed in this part of the record (Hermoso et al., 2009b, 2013), we assume that
conditions were dysoxic to suboxic. The black shale interval is, instead, completely devoid of
benthic fauna. Furthermore, high concentrations of redox-sensitive elements (e.g., Fe/Al, Mn/Al,
V/Al, and Mo), depletion in Mn and the presence of framboidal pyrite (on average about 5 pm in
diameter) suggest that the sedimentation occurred under euxinic bottom waters that persisted from
the middle J1 to the earliest J2 (Hermoso et al., 2009a, b, 2013). Following the interpretation
proposed by Hermoso et al. (2009b), redox conditions then shifted to suboxic across the J2 interval

before returning to fully oxic conditions shortly after the end of the Jenkyns Event. On the basis
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of elemental data (Fe, Cu, Zn and Co) and the lack of bioturbation, the laminated black shales of
the Rietheim section were interpreted as deposited mostly under anoxic (possibly euxinic?)
conditions (Montero-Serrano et al., 2015; Fantasia et al., 2018). Following their interpretation,
euxinic conditions persisted for the entire Jenkyns Event and about half of the interval recording
the positive excursion following the negative anomaly, shifting then to mainly suboxic conditions.
The Dotternhausen succession documents a shift from fully oxic conditions to euxinic at the onset
of the Jenkyns Event. Low oxygen levels are documented by the presence of distinct
microlaminations and decrease followed by absence of benthic fauna (R6hl et al., 2001; Schwark
and Frimmel, 2004; R6hl and Schmid-Rohl et al., 2005). Redox-sensitive elements, Mo-isotopes
and Mo/TOC ratio suggest that euxinia persisted across the entire Jenkyns Event in a not fully
restricted setting with some evidence of seawater renewal capable of bringing new oxygen to the
basin (Dickson et al., 2017; Baroni et al., 2018; Wang et al., 2020). Euxinic conditions persisted
also after the Jenkyns Event, even if with some evidence of temporary increase in the oxygenation
state (Dickson et al., 2017). Evidence of photic-zone euxinia was reported on the basis of the
presence of aryl-isoprenoids, chlorobactane, and isorenieratane peaking in concentration in
correspondence with the most negative values of the Jenkyns Event (Schouten et al., 2000;
Schwark and Frimmel, 2004). After the end of the Jenkyns Event photic-zone euxinia likely
became seasonal (Schwark and Frimmel, 2004). Similar conditions were documented for the
Schandelah Core, where the laminated black shales (Visentin et al., 2021) were interpreted, on the
basis of redox-sensitive elemental data (i.e., Fe/Al, Mo, Mn, S, V, Cu), as deposited under anoxic
conditions characterized by prolonged periods of euxinia interrupted by some brief oxygenation
interludes (Baroni et al., 2018). Oxygenation conditions progressively improved after the end of

the Jenkyns Event. The Yorkshire (UK) succession records suboxic conditions prior to the onset
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of the Jenkyns Event, with dark grey mudrocks characterized by a drastic reduction in bioturbation
and type of trace fossils and body fossils (Caswell and Frid, 2017). Elemental data (including Mo,
Re/Mo), Mo/TOC and Mo isotopes show that, due to highly stratified conditions, redox conditions
shifted to intermittent euxinia at the onset of the Jenkyns Event (McArthur et al., 2008; Pearce et
al., 2008; Dickson et al., 2017; Baroni et al., 2018; Thibault et al., 2018; McArthur, 2019; Houben
et al., 2021). Euxinia persisted for the entire Jenkyns Event, interrupted by brief phases of re-
oxygenation (McArthur et al., 2008; Baroni et al., 2018). Euxinic conditions continued also after
the event but with progressively lower intensity. Bowden et al. (2006) and French et al. (2014)
interpreted the presence of aryl-isoprenoids, okenane and chlorobactane within the black shale
interval as evidence of photic-zone euxinia. However, French et al. (2014) argued that observed
okenane, and potentially chlorobactane and isorenieratane, was most likely derived from mat-
dwelling Chromatiaceae rather than marine sulphidic conditions.

The comparison of the available records allows us to draw some conclusions on the lateral
and vertical evolution of redox conditions:

1) A shift to more reducing conditions started in all basins at the onset of the Jenkyns
Event, even if some locations were characterized by dysoxic to suboxic conditions
shortly before the beginning of the negative carbon-isotope anomaly;

i1)  Reducing conditions became generally more severe close to the time indicated by the
lowest point in the carbon-isotope trough of the Jenkyns Event;

ii1)) The Alpine-Mediterranean Tethys and the marginal proto-Atlantic were mainly
dominated by dysoxic to suboxic conditions;

iv) Anoxia and transient euxinia occurred mainly on the shallow north European

epicontinental shelf and, locally, in deeper nearby basins;
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v)  The recovery back to higher dissolved oxygen levels started earlier in the Alpine-
Mediterraneann Tethys, while euxinia persisted for the entire Jenkyns Event and
locally after it in the shallow-water basins and sub-basins of the north European
epicontinental seaway.

With the exception of few isolated cases, deposition of black shales was mainly limited to
northern shelf basins (Fig. 13). High TOC values (> 10 %) are common in this area, while most of
the sections located elsewhere in the Alpine-Mediterranean Tethys generally present TOC contents
<2 % (Ruebsam et al., 2018; Remirez and Algeo, 2020b; Kemp et al., 2022; this study). Local
water-column stratification induced by the input of brackish waters from the Arctic Ocean through
the Viking Corridor (Dera and Donnadieu, 2012) or increased runoff from local landmasses
(Cohen et al., 2004; McArthur et al., 2008; Bodin et al., 2010; Hermoso and Pellenard, 2014;
Montero-Serrano et al., 2015; Fantasia et al., 2018; Remirez and Algeo, 2020a) has been invoked
by many authors as the main cause of anoxia/euxinia in the northern shallow basins and sub-basins
(Jenkyns, 1988; Suan et al., 2015; Fantasia et al., 2019a; McArthur, 2019; Remirez and Algeo,
2020b). The local presence of anoxia and transient photic-zone euxinia in deeper Alpine-
Mediterranean Tethyan areas close to the northern epicontinental seaway has been explained either
as the result of peculiar local basin physiography favorable to the onset of water-column
stratification and deep-water anoxia (Neumeister et al., 2015), or as the result of an expanded
oxygen minimum zone favored by an enhanced primary productivity and high organic-matter
export rates (Ruebsam et al., 2018). Outside of this area, suboxia prevailed during the T-OAE in
the Alpine-Mediterranean continental margin of the Tethys (Hermoso et al., 2009b; Bodin et al.,
2010; Reolid et al., 2014a; Dickson et al., 2017; Fantasia et al., 2019a; Ruebsam et al., 2020a),

with mild reducing conditions extending also into greater water depths.
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6. CONCLUSIONS

The Sogno Core, due to its palacowater depth of about 1500 m, represents one of the
deepest records of the T-OAE in the Alpine-Mediterranean Tethys. Our data indicate that at the
studied site no significant environmental change occurred at the onset of T-OAE and that
conditions remained stable for most of the earliest part of the event. The climatic perturbation
began only slightly before the onset of the negative carbon-isotope excursion of the Jenkyns Event
as evidenced by oxygen-isotope ratios indicating a shift to warmer conditions coupled with
enhanced weathering and detrital supply. With the onset of the Jenkyns Event a switch in the
depositional style occurred as indicated by deposition of the Fish Level, that reached its maximum
in correspondence with the most negative values of the Jenkyns Event. Together with the general
increase in temperatures, a progressive intensification of runoff and nutrient supply favored
relatively higher levels of primary productivity. The increase of riverine runoff induced a
progressive lowering of surface-water salinity that, coupled with a steeper thermocline, may have
favored the establishment of a stable pycnocline. We infer that vertical mixing became
progressively less efficient, thereby favoring the establishment of more reducing bottom-water
conditions that reached their relative maximum close to the interval of the most negative values of
the Jenkyns Event. Dysoxic conditions, mainly limited to pore waters, developed initially during
the earliest isotopic segment J1. Subsequently, suboxic bottom waters were established during the
earliest part of the isotopic segment J2. With the progressive cooling that started in correspondence
with the end of the isotopic segment J1, environmental conditions began to gradually recover:
runoff intensity started to decline, as did primary productivity and detrital input. The end of the

deposition of the Fish Level represents a return from suboxic to fully oxic bottom waters. During
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the earliest isotopic segment J2, after the deposition of the Fish Level, two discrete organic-rich
black shales probably record short-lived pulses in runoff that due to enhanced stratification shifted
deep waters back to more reducing conditions. Environmental conditions then remained stable up
to the end of T-OAE and after with no changes coinciding with the end of the T-OAE.

Relatively shallow-water sites in the Alpine-Mediterranean Tethys including carbonate
platforms, were generally characterized by milder reducing conditions with only limited and local
areas characterized by anoxia. The deep-water redox conditions uniquely recorded in the Sogno
Core document suboxic conditions, confirming that a lower oxygenation state prevailed in deep-
water settings during the T-OAE in the Alpine-Mediterranean Tethys, in contrast to the widely
documented anoxic and euxinic conditions that occurred in shallow water (15—150 m) shelf

regions in the northern epicontinental basins and sub-basins and, locally, in deeper nearby basins.
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APPENDICES
Supplementary material A consists of a photograph of the rectangular-shaped mask used
to carry out semi-quantitative visual analysis of pyrite and bioturbation distribution, and tables

reporting average major and trace elements measured for different intervals along the Sogno Core.
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Supplementary material B includes original data for bioturbation and pyrite distribution, XRF

elemental concentrations, TOC/Rock Eval, and biomarker data.
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FIGURE CAPTIONS

Figure 1 — A. Palaeogeographic position of the study area during the Toarcian (~180 Ma)
(modified after Ruhl et al., 2016). B. Paleogeographic map of the Northwestern Tethys during the
Toarcian (~180 Ma) (modified after Ruebsam et al., 2018). C. Schematic cross-section across the
Lombardy Basin during the Toarcian (~180 Ma) (modified after Erba et al., 2022). D. Nannofossil
biostratigraphy (Visentin and Erba, 2021), lithostratigraphy (Erba et al, 2019b) and
chemostratigraphy (Erba et al., 2022) of the Sogno Core (modified after Erba et al., 2022). Carbon
isotopes on bulk carbonate (8'*Ccary) and bulk organic matter (8'3Core) show samples below (red
dots), within (white, grey and black dots; lithological units 7, 6, and 5 of Erba et al., 2019b, 2022)
and above the “Fish Level” (blue dots). The lower and the upper part of the Jenkyns Event, J1
(light yellow box) and J2 (dark yellow box), are indicated as defined in Erba et al. (2022).

Figure 2 — Average enrichment factors (EFs) for samples coming from below, within
(lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level. Values for
the discrete black shales BS1 and BS2 above the Fish Level are reported separately. EFs were
calculated using average shale (AS) values from Wedepohl (1971, 1991), while EFs with an
asterisk were estimated using local background concentrations reported in Table S1 in
Supplementary material.

Figure 3 — Panel reporting organic and sedimentological data from the Fish Level interval
in the Sogno Core. From left to right: nannofossil biostratigraphy (Visentin and Erba, 2021);
schematic lithostratigraphy (Erba et al., 2019b); total organic carbon (TOC) and TOC/ALI ratio;
hydrogen index (HI); distribution of selected biomarkers ratios used to reconstruct organic matter
type and redox conditions, i.e. carbon preference index (CPI), average chain length (ACL), and

pristane/phytane (Pr/Ph) ratios as defined in Peters et al. (2005); pyrite distribution and
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bioturbation amount in percentage; inferred organic matter preservation conditions. CPI, ACL, and
Pr/Ph organic matter type and redox thresholds follow Peters et al. (2005). Different colours mark
samples coming from the interval below, within (lithological units 7, 6, and 5 sensu Erba et al.,
2019b, 2022) and above the Fish Level. Values for the discrete black shales BS1 and BS2 above
the Fish Level are reported separately. Grey background shadings highlight lithological units 7, 6,
and 5, while pale yellow and yellow shadings indicate J1 and J2 isotopic segments, respectively.

Figure 4 — Hydrogen Index (HI) versus Tmax diagram (modified van Krevelen diagram),
showing kerogen type and thermal maturity of samples from the interval within (lithological units
7,6, and 5 (sensu Erba et al., 2019b, 2022) and above the Fish Level. Values for the discrete black
shales BS1 and BS2 above the Fish Level are reported separately. Samples with TOC < 0.5 % are
marked with a X.

Figure 5 — Ternary diagram of relative proportions of AlO3 (x5), SiO2, and CaO for
samples from the Sogno Core. Different colours mark samples coming from the interval below,
within (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level.
Values for the discrete black shales BS1 and BS2 above the Fish Level are reported separately.
For Al>O3 an arbitrary multiplier of 5 is used in order to improve distribution of the data points in
the graph. The average shale (AS) composition (Wedepohl, 1971, 1991) and the carbonate dilution
line (red line) are reported. See text for details.

Figure 6 — Cross-plots of lithogenic conservative elements (SiO2, TiO2, K20, Fe,O3, Rb,
Zr) versus Al,O3 for samples from the Sogno Core. Different colours mark samples coming from
the interval below, within (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above

the Fish Level. Values for the discrete black shales BS1 and BS2 above Fish Level are reported
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separately. The average shale (AS) line (following values in Wedepohl (1971, 1991)), which
connects the origin of the graph to the average shale composition, is reported in each plot.

Figure 7 — Panel reporting elemental detrital and productivity proxies for the Sogno Core.
From left to right: nannofossil biostratigraphy (Visentin and Erba, 2021); schematic
lithostratigraphy (Erba et al., 2019b); 8'3Ccars and 8'*Corg chemostratigraphy (Erba et al., 2022);
detrital (Zrys, Ti/Al, K/Al, K/Rb); productivity (Six) element stratigraphic distribution. The
vertical lines in the Ti/Al and K/Al graphs represent average shale (AS) compositions according
to Wedepohl (1971, 1991). For the sake of readability, the Zrxs and Sixs axes are cropped.
Element/Al background concentrations used to estimate excess values are reported in Table 1.
Different colours mark samples coming from the interval below, within (lithological units 7, 6,
and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level. Values for the discrete black
shales BS1 and BS2 above the Fish Level are reported separately. Grey background shadings
highlight lithological units 7, 6, and 5, while pale yellow and yellow shadings indicate J1 and J2
isotopic segments of the Jenkyns Event, respectively. The position of the T-OAE is indicated by a
white bar.

Figure 8 — Panel reporting elemental redox-sensitive proxies for the Sogno Core. From left
to right: nannofossil biostratigraphy (Visentin and Erba, 2021); schematic lithostratigraphy (Erba
et al., 2019b); 8"3Cearp and 8'*Core chemostratigraphy (Erba et al., 2022); redox-sensitive (Mnxs,
As/Al, Mo/Al, V/Al, Cu/Al, Co/Al) element stratigraphic distribution. The vertical line in the
As/Al, Mo/Al, V/Al, Cu/Al, and Co/Al graphs represents average shale (AS) composition
according to Wedepohl (1971, 1991). For the sake of readability, the As/Al, Mo/Al, V/Al, Cu/Al,
and Co/Al axes are cropped and the Mnys axis is in logarithmic scale. Element/Al background

concentrations used to estimate excess values are reported in Table 1. Different colours mark
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samples coming from the interval below, within (lithological units 7, 6, and 5 sensu Erba et al.,
2019b, 2022) and above the Fish Level. Values for the discrete black shales BS1 and BS2 above
the Fish Level are reported separately. Grey background shadings highlight lithological units 7, 6,
and 5, while pale yellow and yellow shadings indicate J1 and J2 isotopic segments of the Jenkyns
Event, respectively. The position of the T-OAE is indicated by a white bar.

Figure 9 — Cross-plot of Cogr x Mngr versus Al (Sweere et al., 2016) for samples within
the Fish Level (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and the two discrete
black shales BS1 and BS2 in the interval above the Fish Level. See text for details.

Figure 10 — Scheme reporting the stratigraphic variation of the various processes as
recorded in the Sogno Core. Schematic lithostratigraphy and chemostratigraphy after Erba et al.,
(2019, 2022).

Figure 11a — Schematic depositional model (not to scale) representing the major chemical
processes involved during the deposition of the studied record during the T-OAE. The division of
the various intervals is reported in Figure 10. In particular: A. Interval deposited during the earliest
phases of the T-OAE before deposition of the Fish Level; B. Interval right below the Fish Level;
C. Lithological unit 7 of the Fish Level; D. Lithological unit 6 of the Fish Level. See text for
details.

Figure 11b — Schematic depositional model (not to scale) representing the major chemical
processes involved during the deposition of the studied record during the T-OAE. The division of
the various intervals is reported in Figure 10. In particular: E. Lithological unit 5 of the Fish Level;
F. Interval right above the Fish Level; G. Interval deposited during the uppermost part of the J2

segment. H. Interval deposited during the latest phases of the T-OAE. See text for details.
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Table 1 — Lithostratigraphy, average and maximum TOC, and palaeobathymetry of key-
sections from the epicontinental northern Europe, marginal proto-Atlantic, and Alpine-
Mediterranean Tethys used for correlation with the Sogno Core record.

Figure 12 — Detrital input, primary productivity and redox conditions reconstructed on the
basis of elemental data, organic geochemistry and integrated with bioturbation data at Sogno Core
(Italy), Dogna (Italy), Peniche (Portugal), Creux de I’Ours (Switzerland), Bichental (Austria),
Réka Valley (Hungary), Sancerre (France), Rietheim (Switzerland), Dotternhausen (Germany),
Shandelah (Germany), and Y orkshire (UK). Sogno Core: 8'*Cearb and 8'3Core (Erba et al., 2022),
black shales position (Erba et al., 2022), detrital input, primary productivity and redox conditions
(this study), integrated with bioturbation data (this study) — no available data on photic-zone
euxinia (PZE). Dogna: 8*Ccar and 8'3Corg (Jenkyns et al., 2001; Dickson et al., 2017), redox
conditions (Farrimond et al., 1994; Dickson et al., 2017) — lithological data are not provided for
Dogna, preventing the identification of black shales. Peniche: 8'3Ccary and 8'3Corg (Hesselbo et al.,
2007), black shales position (Hesselbo et al., 2007; Hermoso et al., 2009b), detrital input and
productivity (Fantasia et al., 2019a), redox conditions (Hermoso et al., 2009b; Fantasia et al.,
2019a), bioturbation (Suan et al., 2008) — no available data on PZE. Creux de I’Ours: 8"*Corg
(Fantasia et al., 2018), dark grey marls position (Fantasia et al., 2018, 2019b), detrital input,
productivity, and redox conditions (Fantasia et al., 2018). Béchental: 8'3Ccay and 8"3Corg
(Neumeister et al., 2015), black shales stratigraphic position (Neumeister et al., 2015; Suan et al.,
2016), redox conditions (Neumeister et al., 2015). Réka Valley: 6'*Cor (Miiller et al., 2017), black
shales stratigraphic position and redox conditions (Ruebsam et al., 2018). Sancerre: 8'3Cearb
(Hermoso et al., 2009a, 2012) and 8'*Cors (Hermoso et al., 2012), black shales stratigraphic

position (Hermoso et al., 2009a), detrital input (Hermoso et al., 2013), redox conditions (Hermoso
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et al., 2009b, 2013), bioturbation (Hermoso et al., 2009a, 2013) — no available data on PZE.
Rietheim: 83 Cearr and 8'3Core (Montero-Serrano et al., 2015), black shales stratigraphic position
(Montero-Serrano et al., 2015; Fantasia et al., 2018), detrital input, productivity and redox
conditions (Montero-Serrano et al., 2015), bioturbation (Montero-Serrano et al., 2015; Fantasia et
al., 2018) — no available data on PZE. Dotternhausen: 3'3Ccarr and 8'*Core (Schouten et al., 2000;
Ro6hl and Schmid-Rohl et al., 2005), black shales stratigraphic position (Schouten et al., 2000;
Ro6hl and Schmid-Rohl et al., 2005; Dickson et al., 2017), redox conditions (Dickson et al., 2017,
Baroni et al., 2018; Wang et al., 2020), bioturbation (R6hl et al., 2001; Schwark and Frimmel,
2004; Rohl and Schmid-Rohl et al., 2005), PZE (Schouten et al., 2000; Schwark and Frimmel,
2004). Schandelah: 3'3Cqrg (van Schootbrugge et al., 2019a; Visentin et al., 2021), black shales
stratigraphic position (Visentin et al., 2021), redox conditions (Baroni et al., 2018) — no available
data on PZE. Yorkshire: 8'*Corg (Cohen et al., 2004; Kemp et al., 2005), black shales stratigraphic
position (Hesselbo et al., 2000; Cohen et al., 2004; Kemp et al., 2005; Dickson et al., 2017), detrital
input (Thibault et al., 2018), primary productivity (Remirez and Algeo, 2020a), redox conditions
(McArthur et al., 2008; Dickson et al., 2017; Baroni et al., 2018; Thibault et al., 2018; McArthur,
2019; Houben et al., 2021), bioturbation (Caswell and Frid, 2017), PZE (Bowden et al., 2006;
French et al., 2014). See text for details.

Figure 13 —Palaeogeographic map of the epicontinental northern Europe and Tethyan areas
to the south during the Toarcian (~180 Ma) (modified after Ruebsam et al., 2018). The palaeo-
location of the Sogno Core is reported, together with those of other key sections discussed in the
text and reported in Figure 12. Distribution of anoxia modified after Baroni et al. (2018) and
Ruebsam et al. (2018). A pink shade indicates the distribution of Mn-rich carbonates in the Alpine-

Mediterranean Tethys as described in Jenkyns et al. (1991).
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Name Basin Litholostratigraphic 1 of the Jenkyns Event avg TOC (%) max TOC (%) Palaeobathymetry
Lombardy Basin
Sogno (taly) Y 5 m-thick organic-rich dark grey to black marl 0.8 24 about 1500 m Erba et al.,, 2019b, 2022
D Belluno Basin no lithostrati h ilabl 15 55 Jagic (not ified) Jenkyns etal., 2001; Sabatino et al., 2009;
ogna (taly) 0 lithostratigraphy available k k pelagic (not specifiex Dickson etal, 2017
penich Lusitanian Basin marlstones and limestones with a 8 cm-thick black 26+ bonat (hemipelagic) Bjerrum et al., 2001; Hesselbo et al., 2007;
eniche (Portugal) shale : CAIBOnEramp MeMipeagic Hermoso et al., 2009b
., Sub-Briangonnais Basin . . . .
Creux de I'Ours (Switzerland) dark grey laminated marly clay 25 5 hemipelagic Fantasia et al,, 2018, 2019b
. Béchental Basin . . several hundred meters at the .
Béchental 3 black shales and bituminous marls 5 13 e i . Neumeister et al,, 2015
(Austria) transition of distal slope to basin
Mecsek Basin . X . .
Réka Valley (Hungary) parallel bedded calcareous black shales 55 14 hemipelagic (not specified) Miiller etal., 2017; Ruebsam et al., 2018
Paris Basin calcareous marlstones with several organic-rich X . .
Sancerre . . 7 n restricted epicontinental sea Hermoso et al., 2009a, 2012
(France) intervals (“Schistes Carton Fm.")
Riethei Southern Tabular Jura  organic-rich laminated marlstones; hiatus at the base 1 hall ter depth Montero-Serrano et al., 2015; Fantasia et al.,
etheim (Switzerland) of the Jenkyns Event ("Kartonschiefer-Fazies”) snallow water cepths 2018
. - Bandel and Knitter, 1986; Schouten et al., 2000;
SW German Basin organic-rich marlstones and marly claystones . ) .
Dotternhousen L . o 10 15 50-150 m Réhl et al., 2001; Frimmel et al., 2004; Réhl and
(Germany) ("Posidonienschiefer Fm." - Posidonia Shale) L )
Schmid-Réhl, 2005; Dickson et al., 2017
Schandelah Core SW German Basin dark grey, dark brown, black shales . 175 100m Bjerrum et al., 2001; Baroni et al., 2018; van
(Germany) ("Posidonienschiefer Fm." - Posidonia Shale) : Schootbrugge etal,, 2019; Visentin et al., 2021
Cleveland Basin Hallam, 1967; Hesselbo et al., 2000; Cohen et al.,
Yorkshire organic-rich laminated shales ("Jet Rock Fm.") 75 15 15-30m

(UK)

* TOC refers only to the sole 8 cm-thick black shale layer

Table 1

2004; Kemp et al., 2005; Dickson et al., 2017
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