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ABSTRACT 19 

The Sogno Core represent one of the deepest pelagic records of the Toarcian Oceanic Anoxic 20 

Event (T-OAE) in the Alpine-Mediterranean Tethys. New sedimentological, elemental, Rock-21 

Eval, and biomarker data are presented here, with the aim of reconstructing the depositional 22 

conditions that characterized the sedimentation of this succession during the broad positive carbon-23 



isotope excursion of the T-OAE, and its negative isotopic anomaly (Jenkyns Event). Higher Mnxs 24 

concentrations, inversely correlated with the δ18O curve, were observed starting slightly below the 25 

onset level of the Jenkyns Event up to the lowermost part of the negative carbon-isotope anomaly, 26 

reflecting a combination of a gradual warming and a progressive increase in fresh waters delivered 27 

by runoff. Increased weathering intensity was accompanied by enhanced detrital input with higher 28 

concentrations in lithogenic elements, and by a relative increase in palaeoproductivity, consistently 29 

with higher Sixs concentrations and changes in calcareous nannoplankton assemblages. The 30 

enhanced fresh-water input favored water-column stratification, less efficient deep-water 31 

circulation and oxygen depletion.  Except for two discrete black shales characterized by anoxic 32 

pore waters, redox conditions at Sogno turned at maximum suboxic, as indicated by rare to absent 33 

bioturbation, limited enrichments in redox-sensitive elements, and molecular biomarkers. The 34 

Sogno Core record shows that dominant oxic–suboxic conditions were present also at bathyal 35 

depths in the Alpine-Mediterranean Tethys during the Jenkyns Event, thereby contrasting with the 36 

anoxic–euxinic environments present both in the shallower water basins and sub-basins of 37 

epicontinental northern Europe and, locally, in the relatively deep-water areas of the Alpine 38 

Tethys. 39 

 40 

1. INTRODUCTION 41 

The Toarcian Oceanic Anoxic Event (T-OAE) was marked by globally distributed 42 

deoxygenated waters associated with the accelerated accumulation of organic matter from pelagic 43 

to coastal settings (Jenkyns, 1985, 1988, 2010). The T-OAE, originally identified based on the 44 

widespread record of coeval lower Toarcian black shales (Jenkyns, 1985), is characterized by a 45 

positive carbon-isotope excursion extending over much of the lower Toarcian (Jenkyns and 46 



Clayton, 1997; Jenkyns, 2003; Xu et al., 2018; Storm et al. 2020). This broad δ13C positive 47 

excursion is interrupted by an abrupt negative carbonate and organic carbon-isotope anomaly in 48 

its central portion (Erba et al., 2022) globally observed both in shallow- and deep-marine record 49 

as well as in continental archives (Xu et al., 2017; Baroni et al., 2018; Remirez and Algeo, 2020b; 50 

Reolid et al., 2021; Silva et al., 2021a and references therein). Thermogenic methane associated 51 

with metamorphism of organic-rich sediments (McElwain et al., 2005; Svensen et al., 2007), 52 

dissociation of marine or terrestrial clathrates along continental margins and/or terrestrial 53 

environments (Hesselbo et al., 2000; Pálfy and Smith, 2000; McElwain et al., 2005; Svensen et 54 

al., 2007; Percival et al., 2015; Them et al., 2017; Ruebsam et al., 2019), and volcanogenic CO2 55 

related to the degassing of the Karoo–Ferrar large igneous province (Percival et al., 2015; Heimdal 56 

et al., 2021) have been variously credited with causing the observed negative carbon-isotope 57 

anomaly. The extensive broad positive carbon-isotope excursion is attributed to accelerated global 58 

marine and lacustrine carbon burial (Jenkyns, 1988, 2010; Fantasia et al., 2018; Xu et al., 2018). 59 

Anoxic conditions were accompanied by enhanced continental weathering (Jenkyns, 2003, 2010; 60 

Cohen et al., 2004; Ullmann et al., 2013; Percival et al., 2016; Them et al., 2017; Jenkyns and 61 

Macfarlane, 2021), increased nutrient input into the oceans (Cohen et al., 2004; Jenkyns, 2010; 62 

Percival et al., 2016; Izumi et al., 2018; Kemp et al., 2020), extraordinary warmth (Bailey et al., 63 

2003; Dera et al., 2011; Korte and Hesselbo, 2011; Gómez et al., 2016; Ruebsam et al., 2020b) 64 

and major marine transgression (Hallam, 1981; Haq et al., 1987; Hardenbol et al., 1998). These 65 

processes would have also enhanced primary productivity (Erba, 2004; Jenkyns, 2010), triggered 66 

a biocalcification crisis (Erba, 2004; Mattioli et al., 2004; Tremolada et al., 2005; Casellato and 67 

Erba, 2015; Erba et al., 2019a; Reolid et al., 2020) and ocean acidification (Erba, 2004; Trecalli et 68 



al., 2012; Casellato and Erba, 2015; Posenato et al., 2018; Müller et al., 2020a; Ettinger et al., 69 

2021). 70 

The most widespread deoxygenated conditions were experienced in north European 71 

epicontinental basins and sub-basins (e.g., Schouten et al., 2000; van Breugel et al., 2006; 72 

McArthur et al., 2008; Hermoso et al., 2009a, 2013; Trabucho-Alexandre et al., 2012; Lézin et al., 73 

2013; Dickson et al., 2017; Houben et al., 2021) and, albeit to a lesser extent, in the ocean-facing 74 

Tethyan continental margin bordering the NW European platform (Figs. 1A and 1B) (e.g., Suan et 75 

al., 2016; 2018; Dickson, 2017; Ruebsam et al., 2018; Müller et al., 2020b). Redox data from 76 

Tethyan shallow-water locations indicate that anoxic conditions did not develop in the water 77 

column in these areas (e.g., Reolid et al., 2012; Rodriguez-Tovar and Reolid, 2013; Fantasia et al., 78 

2019a; Ruebsam et al., 2020a; Silva et al., 2021b), although manganese-calcium and iodine-79 

calcium ratios in peri-Adriatic platform carbonates, in places accompanied by a change to more 80 

clay-rich and chert-bearing facies, indicate loss of dissolved oxygen in relatively shallow waters 81 

during the T-OAE (Woodfine et al., 2008; Sabatino et al., 2013; Lu et al., 2019). However, the 82 

expression of the T-OAE in deeper, fully pelagic Alpine-Mediterranean Tethyan settings has been 83 

documented only at some locations, such as sections from Austria (Neumeister et al., 2015; Suan 84 

e al., 2016), southern Germany (Ebli et al., 1998), Hungary (Vetö et al., 1997; Suan et al., 2016; 85 

Müller et al., 2021), and Italy (Jenkyns et al., 2001; Sabatino et al., 2009; Erba et al., 2022) with 86 

TOC maximum values from ~2 up to ~13 %.  The Sogno succession, deposited at an estimated 87 

palaeowater depth of 1500 m, as tentatively reconstructed in Erba et al. (2022), contains one of the 88 

deepest T-OAE records (Figs. 1A and B) and is, therefore, an important archive for characterizing 89 

long- and short-term variations in palaeoenvironmental conditions during the T-OAE in deep-90 

water settings close to the relatively open Tethyan–Atlantic realm.  91 



Recently, there has been some debate as to the usage of the terms ‘T-OAE’ and ‘Jenkyns 92 

Event’ (Reolid et al., 2021). The original definition of the Toarcian OAE, proposed by Jenkyns 93 

(1988), later coined as T-OAE by van de Schootbrugge et al. (2005), described a phenomenon 94 

based on globally distributed apparently coeval organic-rich black shales dated to the early 95 

Toarcian falciferum Zone. This definition was then complemented by Jenkyns (2010), where the 96 

T-OAE is associated with a broad positive carbon-isotope excursion (CIE) interrupted by an abrupt 97 

negative “bite” in its central portion. Müller et al. (2017) who first proposed the use of ‘Jenkyns 98 

Event’, suggested the use of this term as a synonym of T-OAE. Subsequently, Reolid et al. (2020) 99 

proposed using T-OAE when dealing with marine deposits with evidence of oxygen-depleted 100 

conditions, and the term Jenkyns Event in a wider sense for the global changes that occurred during 101 

the early Toarcian, thus including the negative CIE, the occurrence of oxygen-depleted conditions, 102 

enhanced organic-carbon accumulation during the negative CIE, climatic changes, and associated 103 

biotic crisis in marine and terrestrial ecosystems. The definition by Reolid et al. (2020) it is not 104 

unambiguously applicable because the above-mentioned global changes are not synchronous and 105 

not always applicable to every basin. Moreover, a precise definition of the beginning and end of 106 

the Jenkyns Event was not provided, thus hampering its unambiguous identification and 107 

correlation on a regional, supra-regional and global scale. In this work we follow the original 108 

definition of T-OAE proposed by Jenkyns (2010), while we identify as Jenkyns Event the 109 

characteristic negative isotopic anomaly, as discussed in Erba et al. (2022).  Accordingly, 110 

stratigraphically we place the onset level of the T-OAE at the beginning of the positive excursion 111 

and its end at where the maximum value is recorded (Fig. 1D).  112 

The Jenkyns Event in the Sogno Core is expressed by a carbon-isotope negative excursion 113 

of ~3 ‰ in carbonates and ~7 ‰ in organic matter and is associated, in its lowermost part, with 114 



the so-called Fish Level (Livello a Pesci), a dark grey to black marl with low CaCO3 content and 115 

relatively high TOC content up to ~2.5 % (Tintori, 1977; Gaetani and Poliani, 1978; Erba and 116 

Casellato, 2010; Erba et al., 2019b, 2022). Detailed lithostratigraphy, carbon-isotope (both δ13Ccarb 117 

and δ13Corg), δ18O, TOC, and CaCO3 data for the Sogno Core can be found in Erba et al. (2022). 118 

In this study we present new sedimentological, elemental, Rock-Eval, and biomarker data for the 119 

Sogno Core, with the aim of: (1) identifying variations in the depositional conditions across the T-120 

OAE; (2) estimating variations in redox conditions; (3) reconstructing variations in primary 121 

productivity during the T-OAE; and (4) proposing a coherent regional depositional model for the 122 

organic-rich layers of the Fish Level. 123 

 124 

2. GEOLOGICAL SETTING 125 

The Lombardy Basin (northern Italy) was located in the Alpine-Mediterranean Tethys on 126 

a relatively undeformed portion of the continental margin of the Adria microplate (Gaetani, 2010) 127 

connected to the proto-Atlantic to the west and the greater Tethys to the east (Figs. 1A and 1B). 128 

As a consequence of the initial rifting phase leading to the formation of the Atlantic and Ligurian-129 

Piedmont Oceans, during the latest Triassic–earliest Jurassic, a number of troughs, seamounts and 130 

plateaus developed after the fragmentation and drowning of a series of Bahamian-type shallow-131 

water carbonate platforms (Bernoulli and Jenkyns, 1974; Gaetani, 1975, 2010; Winterer and 132 

Bosellini, 1981; Jenkyns, 2020). Sedimentation was characteristically differentiated, with the 133 

accumulation of thick successions in deeper zones and generally condensed, and commonly 134 

stratigraphically incomplete deposits on structural highs (Gaetani, 1975, 2010). Slumps, 135 

resedimented bodies, and, locally, megabreccias frequently accumulated along the flanks of these 136 

submarine topographic features (Castellarin, 1972; Gaetani and Erba, 1990; Pasquini and Vercesi, 137 



2002; Gaetani, 2010). During the final steps of rifting in the Toarcian–Aalenian interval, the 138 

Lombardy Basin continued to deepen, with a pelagic sedimentation strongly controlled by the 139 

inherited horst-and-graben topography (Bernoulli and Jenkyns, 1974, 2009; Bosence et al., 2009; 140 

Santantonio and Carminati, 2011) (Fig. 1C). 141 

The uppermost Pliensbachian–lower Toarcian section recovered with the Sogno Core was 142 

deposited on the pelagic Albenza Plateau within the Lombardy Basin (Gaetani and Erba, 1990; 143 

Gaetani, 2010). The Sogno Core (45°47´20.5´´ N, 9°28´30.0´´ E) (Fig. 1D) (Erba et al., 2019b; 144 

2022), was drilled next to the type-section of the Sogno Formation (Gaetani and Poliani, 1978; 145 

Jenkyns and Clayton, 1986), along the road SP 179 on the northern slope of Monte Brughetto. The 146 

lowermost part of the core recovered about a metre of the grey Domaro Limestone Formation, 147 

overlain by about 24 metres of vari-coloured claystones, marlstones and marly limestones, locally 148 

cherty, belonging to the Sogno Formation (Fig. 1D). Following Erba et al. (2022), the Jenkyns 149 

Event is divided into two isotopic segments: a) a lower one, named J1 where, after a marked 150 

decrease, the carbon-isotope curve remains at minimum values, and b) an upper isotopic segment, 151 

J2, characterized by a gradual increase back to pre-anomaly values (Fig. 1D). The Fish Level 152 

correlates with the base of the isotopic segment J1 and extends only to the very lowermost part of 153 

segment J2 (Erba et al., 2022). In the Sogno Core, the Fish Level consists of 5 m of dark grey to 154 

black marl, marked by a lower grey interval and an upper black interval (Erba et al., 2022) (Fig. 155 

1D).  Within the lower grey interval two lithological units (LU) are distinguished (Erba et al., 156 

2019b): a lower LU 7 characterized by grey, to very dark-grey and dark red marly limestones, and 157 

a LU 6 consisting of grey to very dark-grey marly limestones with reddish to greyish spots. The 158 

upper black interval, coincident with LU 5 (Erba et al. 2019b), is characterized by well-laminated 159 

shale with common pyrite nodules. Two discrete occurrences of black shale were also observed 160 



about 60 cm above the Fish Level, within the lowermost part of the isotopic segment J2 (LU 4 161 

sensu Erba et al., 2019b), in particular a 1 cm-thick lowermost black shale and a 2 cm-thick upper 162 

black shale, here named BS 1 and BS 2, respectively. An earlier study has shown that the Fish 163 

Level at Sogno is characterized by low calcium carbonate content, with average values of 23.5 %, 164 

and total organic carbon (TOC) content progressively rising from ~ 0.2 % in the lowermost part 165 

of LU 7 to ~1.4 %, with peaks up to 2.5 % in the uppermost part of LU 5 (Erba et al., 2022). 166 

 167 

3. MATERIAL AND METHODS 168 

3.1. Elemental data (XRF) 169 

A total of 170 samples, collected approximately every 10 cm in stratigraphic depth within 170 

the Fish Level and 20 cm in the intervals stratigraphically above and below, were analyzed for 171 

elemental concentrations by X-ray fluorescence analysis (XRF) at the University of Oldenburg, 172 

60 of which derived from the Fish Level interval. About 700 mg of sample powder were mixed 173 

with 4200 mg lithium tetraborate, pre-oxidized in an oven at 500°C overnight with NH4NO3 and 174 

then fused to glass beads. The beads were analyzed by a wave-length dispersive X-ray fluorescence 175 

(WD-XRF) spectrometer equipped with a rhodium tube (Axios Plus, Panalytical®). XRF 176 

measurements are based on a calibration with 56 international reference samples covering a wide 177 

range in sediment composition. Precision was checked by two in-house standards Peru-1 (fine-178 

grained sediment taken from the upwelling area of the Peruvian margin) and PS-S (Lower Jurassic 179 

Posidonia Shale). Analytical precision is better than 1 % for Si, Ti, Al, Fe, Mg, Mn, Ca, K, P, Sr, 180 

2 % for Ba, Cr, Cu, Mo, Ni, Rb, V, Zn, Zr, and better than 5% for Na and Y, except As, Co, Pb 181 

(5–10 %). 182 



Elemental concentrations were normalized to Al in order to account for dilution effects. 183 

Concentrations are compared relative to the reference average crustal rocks or average shale (AS) 184 

element abundance of Wedepohl (1971, 1991) and expressed as element enrichment (elementEF). 185 

Enrichment factors were computed using the following formula: 186 

 187 

elementEF = (element/Al)samp/(element/Al)AS  (1) 188 

 189 

where (element/Al)samp is the ratio between the element and aluminium content in a sample, and 190 

(element/Al)AS is the ratio between the element and aluminum abundance in the average shale.  191 

We consider an elementEF > 3 as a detectable enrichment and an elementEF > 10 a moderate to 192 

strong authigenic enrichment (e.g., Tribovillard et al., 2006; Algeo and Tribovillard, 2009). 193 

Similarly, we interpret an elementEF < 0.7 as a detectable depletion and an elementEF < 0.1 as a 194 

moderate to strong authigenic depletion. Element concentrations above “normal” detrital 195 

background are expressed as element excess (elementxs) using the following formula: 196 

 197 

[element]xs = [element]samp–(element/Al)bg × [Al]samp  (2) 198 

 199 

where (element/Al)bg was selected as the lowest element/Al ratio in the dataset (Brumsack, 2006; 200 

Meinhardt et al., 2016). Element/Al background values used to estimate excess concentrations for 201 

Zr, Si, and Mn are reported in Table S1 in the Supplementary material. 202 

 203 

3.2. Pyrite and bioturbation distribution 204 



A rectangular shaped mask, with a length equal to the diameter of the Sogno Core and a 205 

width of 2-cm was used to carry out semi-quantitative visual analysis of pyrite and bioturbation 206 

distribution from about a metre above to about a metre below the Fish Level interval. The mask, 207 

parallel to the bedding of the analysed sediment, was translated every 2 cm to achieve a (from 208 

about 11.3 m to 18.3 m) continuous record (Appendix A, Figure S1). Presence and absence of 209 

bioturbation, burrow maximum and minimum dimensions, and percentage abundance of burrows 210 

were determined for each 2-cm interval. Abundance of burrows was expressed as a percentage of 211 

the entire window following Bacelle and Bosellini (1965). The occurrence of pyrite was 212 

determined by distinguishing three different classes: nodular pyrite (ovoid to spherical, locally 213 

irregular, with sizes > 1 mm), powdery fine-grained pyrite dispersed within the matrix (with sizes 214 

< 0.1 mm), and laminar pyrite (distributed as mm-thick continuous laminae). 215 

 216 

3.3. Rock-Eval analysis 217 

Rock-Eval Pyrolysis was performed using a Rock-Eval 6 analyzer (Behar et al., 2001) at 218 

the Department of Earth Sciences at Oxford University on 79 samples, 60 of which derive from 219 

the Fish Level. Samples were collected approximately every 5 to 10 cm in stratigraphic depth. The 220 

in-house standard SAB134 (Blue Lias organic-rich marl) was regularly measured (every 8 to 10 221 

samples). The standard deviation on TOC and HI of the in-house standard (SAB134) was 0.11 % 222 

and ±29.95 mgHC/g TOC, respectively. 223 

 224 

3.4. Lipid biomarker measurements 225 

Aliquots (~6 grams) from a sub-set of 14 samples (freeze-dried and ground), with a 226 

sampling rate of approximately 50 cm in stratigraphic depth, were extracted with an Accelerated 227 



Solvent Extractor (DIONEX ASE 350 System), using a mixture of dichloromethane 228 

(DCM)/methanol (MeOH) (5:1, v/v) at a temperature of 100 °C and a pressure of 69±10 psi. 229 

Sulfur-free extracts (desulfurization by acid-activated copper turnings) were purified by column 230 

chromatography over self-packed silica gel (deactivated with 1 % ultrapure H2O) columns using 231 

hexane, hexane:DCM (2:1, v/v), and MeOH as subsequent eluents. The hexane fraction (dissolved 232 

in 50µL hexane) was analysed at the Lyell Centre (Heriot-Watt University) on a Thermo Scientific 233 

Trace 1310 gas chromatograph (GC) fitted with a split splitless injector (at 280 °C) and linked to 234 

a Single Quadrupole Mass Spectrometer using electron ionization (electron voltage 70eV, source 235 

temperature 230 °C, quadrupole temperature 150 °C, multiplier voltage 1800V, interface 236 

temperature 310 °C). Samples were investigated both in selected ion monitoring (SIM) and in full-237 

scan acquisition mode (50–600 amu/sec), using a thermo fused silica capillary column (60 m × 238 

0.25 mm i.d) coated with 0.25 μm 5 % phenylmethylpolysiloxane phase. The GC temperature was 239 

gradually (5 °C/min) increased from 50 to 310 °C, holding the final temperature for 10 minutes 240 

and using helium as carrier gas (flow rate of 1 ml/min, initial inlet pressure of 50 kPa, split at 30 241 

ml/min). Reproducibility was monitored using an in-house standard with all targeted compounds 242 

and was better than 10 % for all reported biomarker ratios.  243 

 244 

4. RESULTS 245 

4.1. Elemental data (XRF) 246 

Average major- and trace-element concentrations, element/Al, standard deviation (1 σ) and 247 

maximum values of all the analysed samples and separated for different stratigraphic intervals are 248 

reported in Table S2 and Tables S3a –S3 in the Supplementary material, respectively. Enrichment 249 

factors based on average shale (AS) (Wedepohl, 1971, 1991) or, when used, local background values 250 



(Appendix A, Table S1), separated for the various intervals, are plotted in Figure 2. Samples 251 

stratigraphically below the Fish Level (Appendix A, Table S3a) are enriched in Ca (EF = 115.3), 252 

Mn (EF = 13.5), Sr (EF = 7.3), and slightly enriched in Mg (EF = 3.3) and P (EF = 4.0). Samples 253 

from LU 7 in the lowermost part of the Fish Level (Appendix A, Table S3b) are enriched in Ca (EF 254 

= 9.4) and Mn (EF = 8.0), while they are depleted in Na (EF = 0.4), As (EF = 0.6), Ba (EF = 0.5), 255 

U (EF = 0.7), and Zn (EF = 0.7). Samples from LU 6 within the Fish Level (Appendix A, Table 256 

S3c) show a similar composition, being enriched in Ca (EF = 8.8), Co (EF = 7.9), Mn (EF = 49.7), 257 

slightly enriched in P (EF = 3.2), and depleted in Na (EF = 0.4), Ba (EF = 0.5), U (EF = 0.5), and 258 

Zn (EF = 0.7). The upper unit of the Fish Level (LU 5) (Appendix A, Table S3d) is enriched in Ca 259 

(EF = 12.2), As (EF = 3.8), Co (EF = 3.1), Mn (EF = 28.8), and Mo (EF = 4.8), and is depleted in 260 

Na (EF = 0.5) and U (EF = 0.6).  The interval above the Fish Level (Appendix A, Table S3e), 261 

without considering the two discrete black shales BS 1 and BS 2, is characterized by enrichments 262 

in Ca (EF = 41.5), Mn (EF = 10.9), Sr (EF = 3.8), and depletion in Na (EF = 0.6), Ba (EF = 0.6), 263 

Mo (EF = 0.5), Ni (EF = 0.5), U (EF = 0.4). In comparison to AS, black shales BS 1 and BS 2 264 

(Appendix A, Table S3f) are on average enriched in Ca (EF = 34.6), As (EF = 19.1), Co (EF = 10.4), 265 

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).  266 

 267 

4.2. Pyrite and bioturbation distribution 268 

 Variations in bioturbation intensity per unit area and pyrite presence are reported for the 269 

interval across the Fish Level (from about 18.3 m to 11.3 m) in Figure 3. Principal ichnotaxa 270 

observed in the studied interval are represented by small varieties of Planolites and abundant 271 

Chondrites, testifying to deposition at bathyal water depths (Seilacher, 1967) under oxygen-poor 272 

conditions (Bromley and Ekdale, 1984). Bioturbation is very high below the Fish Level in the 273 

reddish limestone of LU 8, in the range of 50–100 % per unit area, and sharply decreases in the 274 



lowermost part of the Fish level (at about 16.5 m) reaching average values of about 20 % up to the 275 

top of LU 7. Discontinuous well-laminated black shales of LU 6 and LU 5 are characterized by 276 

sporadic or absent bioturbation with average values of about 2 %. Above the Fish Level, the 277 

bioturbation amount sharply increases to average values of 50 %. 278 

 Pyrite is visually identified exclusively within the upper part of the Fish level (LU 5) and 279 

slightly above it. The distribution of nodular, powdery and laminar (maximum thickness 5 mm) 280 

pyrite is reported separately in Figure 3. Nodular pyrite is the most common, with nodules with sizes 281 

from ~1 mm up to ~50 mm and abundances of 1 to 7 nodules per unit area. Laminar pyrite is 282 

generally rare, displaying discontinuous laminae with maximum lengths of 10–11 cm and maximum 283 

thicknesses of 0.5 cm. Powdery pyrite is present and very abundant only in the topmost part of the 284 

Fish Level and in BS 1. 285 

 286 

4.3. Rock-Eval analysis 287 

In the Sogno Core, HI ranges from 0–438 mgHC/gTOC (Fig. 3). Values close to zero are 288 

recorded in samples from LU 8 and in the lowermost part of the Fish Level, whereas a clear 289 

increasing trend is observed within LU 6 and LU 5. Above the Fish Level, values return close to 290 

zero, returning to values > 200 mgHC/gTOC only in the two organic-rich BS 1 and BS 2 intervals 291 

in LU 4. The highest HI values are obtained in the upper black interval of the Fish Level (LU 5), 292 

with average values of 300 mgHC/gTOC and peaks up to 440 mgHC/gTOC. Tmax values range 293 

between 426 and 439 °C in all samples, suggesting immature to marginal mature thermal overprint 294 

(Figure 4). The Rock Eval data support a mixed marine-terrestrial composition of the kerogen, 295 

with a gradual change to oxidized (inert) Type IV kerogen. Higher quality kerogen Type II-mixed 296 



II/III is noted for BS1 and BS2 (note, one sample only) and Fish Level Unit 5, with a gradual 297 

transition to Kerogen Type III and IV in units 6 and 7, and sediments from above the Fish Level.  298 

 299 

4.4. Lipid biomarker measurements 300 

In this study, biomarker analysis focuses on thermal maturity, and palaeo-environmental 301 

conditions including organic-carbon sources, redox and water-column stratification assessment. 302 

Results of biomarker measurements are reported stratigraphically in Figure 3. 303 

Thermally unstable 17b,21b(H)-hopanes are either absent or occur in trace amounts only. 304 

17a,21b(H) isomers are predominant compared to the more stable 17b,21a(H) hopanes. In either 305 

the ab and ba isomers, the more stable 22S epimers dominate over 22R, and distributions of the 306 

C31-C35 homohopanes show a stair-to-step regular pattern with a progressively decrease in peak 307 

height and areas from C31 to C35. The C31 ab 22S/(22S+22R) homohopane isomerization ratio 308 

(Farrimond et al., 1998), which is preferable to the C31 homologue, as it presents co-elution with 309 

gammacerane in the screened samples, ranges between 0.25 and 0.42 (average 0.36) and it shows 310 

no systematic trend upcore or when compared to TOC. Overall, a consistent distribution of the 311 

regular (C27, C28, C29)-steranes is identified in most samples; sterane isomerization, using the C29 312 

aaa 20S/(20S+2-R) ratio (Farrimond et al., 1998) gives results in the range of 0.37 to 0.67, on 313 

average 0.48. 314 

The OC sources are assessed based on the relative abundances of chain lengths of n-315 

alkanes, which range from nC15 to nC35. High molecular weight (HMW) nC25 to nC35 n-alkanes 316 

shows no odd-over-even pre-dominance, i.e., the average carbon preference index CPI25-34 from 317 

Bray and Evans (1961) is ~1. The average chain-length ratio (ACL from Peters et. al., 2005) is 318 

always <25. 319 



Ratios of pristane (Pr) and phytane (Ph) were used to explore the sources of OM and redox 320 

conditions. Pristane and phytane were found in all samples analysed, with an overall predominance 321 

of pristane over phytane. The pristane/phytane (Pr/Ph) ratios range between ~1 and 1.9, interrupted 322 

only in the upper part of the Fish Level (at ~13 to 12.5 metres), where ratios of about 0.7–0.8 are 323 

documented. All higher TOC samples within the Fish Level were screened for lycopane, the 324 

occurrence of which is limited to anoxic bottom-water settings (Sinnighe Damsté et al., 2003), and 325 

isorenieratene derivatives and related compounds indicative of photic-zone euxinia and a very 326 

shallow chemocline (Koopmans et al., 1996). However, none of these compounds were detected 327 

in any of the measured samples.  328 

 329 

5. DISCUSSION   330 

5.1. Sediment geochemistry 331 

Abundances and stratigraphic distribution of lithogenic conservative elements can be used 332 

as tracers of sediment erosion, transport, and depositional processes (Calvert and Pedersen, 2007). 333 

Variations in quartz and/or biogenic silica, calcium carbonate mainly of biogenic origin, and clays, 334 

the three major components of the studied sedimentary rocks, can be visualized on a triangular 335 

diagram with axes SiO2, CaO, and Al2O3 (Fig. 5) (Rachold and Brumsack, 2001). Most samples 336 

plot on or close to the so-called ‘carbonate dilution line’ connecting the AS point to the pure 337 

carbonate end-member, with only a subtle shift towards higher SiO2 contents. Sample distribution 338 

in this triangular diagram indicates a stable and homogenous background sedimentation dominated 339 

by marly limestones and marlstones and biogenic silica. Samples from the Fish Level, due to their 340 

lower calcium carbonate content (Erba et al., 2022), plot closer to AS values, indicating a lower 341 

amount of dilution by carbonates and/or a higher contribution by clays. 342 



Estimates of grain-size changes in the detrital fraction are derived from Zr, Ti, Rb, and K 343 

elemental data. Zr and Ti concentrations are proxies for the coarse- to medium-grained detrital 344 

fraction (e.g. Cox et al., 1995; Schneider et al., 1997; Ganeshram et al., 1999; Sageman and Lyons, 345 

2005), whereas Rb and K are considered indicative of the finer grained fraction, in particular 346 

aluminosilicate minerals, K-feldspars and clay minerals (Heinrichs et al., 1980; Cox et al., 1995; 347 

Calvert and Pedersen, 2007). Concentrations of TiO2, K2O, Rb, and Zr plotted versus Al2O3 are 348 

close to AS values (Wedepohl, 1971, 1991) (Fig. 6; Appendix A, Tables S2 and S3a–S3f), thereby 349 

indicating no significant enrichment or depletion in comparison to AS. However, in the SiO2 350 

versus Al2O3 cross-plot (Fig. 6) most of the samples fall well above the AS line, indicating an 351 

additional contribution apart from the background detrital flux, most likely from biogenic silica. 352 

Observed variations in lithogenic elements suggest an essentially homogeneous detrital source 353 

area through time in a low-energy distal depositional setting. The generally low detrital input likely 354 

implies low to no dilution of the organic-matter fraction, as confirmed by TOC/Al variation that 355 

is rather similar to the variation in the TOC itself (Fig. 3).  356 

Even if most of the studied record reflects relatively stable background sedimentation, the 357 

stratigraphic variations in lithogenic elements highlight some intervals characterized by a 358 

relatively higher detrital input (Fig. 7). Higher Zrxs, Ti/Al, K/Al, Rb/Al values observed in the 359 

sediment close to the Pliensbachian/Toarcian boundary from about 25.5 to 23.0 m (Fig. 7) suggest 360 

greater amounts of siliciclastic input, consistent with the sedimentological description by Gaetani 361 

and Poliani (1978). A similar trend was observed in coeval British Jurassic sections and interpreted 362 

as the result of a global sea-level drop close to the Pliensbachian/Toarcian boundary (e.g., 363 

Hesselbo, 2008; Thibault et al., 2018). Detrital input also increased prior to the deposition of the 364 

Fish Level, as indicated by higher siliciclastic contents from about 17.5 m reaching its maximum 365 



in correspondence with the base of the Fish Level (LU 7), followed by a progressive decrease back 366 

to lower values above the Fish Level at about 11.4 m. The rise in Cr/Al at about 17.5 m (Fig. 8), 367 

comparable to the trend observed in the lithogenic elements, likely testifies to an increase in 368 

abundance of heavy minerals (i.e., chromite) related to detrital input rather than redox conditions. 369 

A mainly fluvial origin of the siliciclastic input is here inferred based on the absence of grain-size 370 

sorting typical of aeolian deposits (cf. Wang et al., 2017), with enrichments in Si/Al, Ti/Al and 371 

Zr/Al ratios (Schnetger, 1992; Schnetger et al., 2000). In fact, the occurrence of similar trends 372 

observed in Si, Zrxs, Ti, Rb and K testifies to the combined transport of both the coarse- to medium-373 

grained fraction and the fine-grained components. However, a partial influx from an additional 374 

aeolian source cannot be excluded.  The observed high Zrxs concentrations in BS 1 and BS 2, not 375 

associated with enrichments in other detrital elements apart from a minor increase in the Ti/Al 376 

ratios, suggest either a coarser grained input or low sedimentation rates with a poorer dilution of 377 

the coarser fraction by fine-grained material. Winnowing can also be a potential process leading 378 

to higher Zrxs values due to increases in the proportion of heavy minerals linked to hydrodynamical 379 

sorting during periods of increased current velocities. However, the lack of sedimentological 380 

evidence for reworking by bottom-water currents seems to exclude such an interpretation. An 381 

increase in weathering intensity coupled with higher detrital input, over the time interval registered 382 

from about 17.5 m up to about 11.4 m, is inferred based on the observed trend in the K/Al ratio 383 

(Fig. 7), used as a proxy for mobile versus immobile elements (Clift et al., 2008; Dickson et al., 384 

2010). Furthermore, a change in the clay fraction is deduced from the K/Rb ratio (Fig. 7) showing 385 

elevated values in the uppermost part of the record, interpreted as a possible shift to higher illite 386 

content (Rothwell et al., 2006) from 17.5 m upwards. 387 



Mn-rich carbonates have been observed in a number of deep-marine Alpine-Mediterranean 388 

Tethyan sections of Toarcian age (e.g., Jenkyns et al., 1991; Vetö et al., 1997; Ebli et al., 1998; 389 

Bellanca et al., 1999; Hermoso et al., 2009b; Sabatino et al., 2011; Polgári et al., 2012a, b, 2016; 390 

Suan et al., 2016); they were interpreted either as the result of microbially mediated accumulation 391 

of Mn within or close to the oxygen minimum zone (Jenkyns et al. 1991, Sabatino et al. 2011), or 392 

due to the advection of manganese-rich waters from both proximal and distal hydrothermal activity 393 

related to the spreading ridges of the Alpine-Mediterranean Tethys (Polgári et al. 1991; Corbin et 394 

al., 2000). However, higher Mn values observed from slightly below the Fish Level at ~17.5 m up 395 

to the interval encompassing the entire Jenkyns Event, suggest the presence of an additional input 396 

of Mn that added to the already relatively high background values. We speculate that, in this 397 

interval, higher Mn concentrations were induced by enhanced riverine input (cf. Elderfield, 1976; 398 

Aguilar-Islas and Bruland, 2006; Brumsack, 1991) that sourced additional Mn to the already 399 

elevated Mn concentrations typical for pelagic settings. Increased fluvial input (Chester and 400 

Jickells, 2012), probably coupled with higher fluxes of organic matter, can possibly explain the 401 

observed rise in the Cu/Al ratio present slightly below the interval of the Jenkyns Event, similarly 402 

to what is observed on the Mnxs trend (Fig. 8). We point out that the general Mnxs trend is inversely 403 

correlated with the δ18O curve, with oxygen-isotope values decreasing while Mnxs rises. We 404 

speculate that observed variations in the oxygen-isotope curve might reflect a gradual warming 405 

leading to an accelerated hydrological cycle and progressive increase in fresh water supply of Mn 406 

at a time of extensional tectonic activity along the continental margin. Indeed, observed Mn 407 

variations may also reflect variations in redox conditions that added to the enhanced Mn supply to 408 

the basin. In fact, under reducing conditions Mn could have been more efficiently dissolved from 409 

Mn-oxyhydroxides MnO2 and MnOOH and, when not escaping back to the water column, fixed 410 



as Mn(II) into authigenic carbonates (Hild and Brumsack, 1998; Calvert and Pedersen, 1993; 411 

Brumsack, 2006; Tribovillard et al., 2006). Based on mass-balance considerations (Rachold and 412 

Brumsack, 2001), the redistribution of Mn by redox changes during diagenesis cannot explain the 413 

high Mn concentrations observed at Sogno. Therefore, an additional, most likely fluvial Mn source 414 

is indicated. 415 

 416 

5.2. Redox conditions 417 

Many elements accumulate in marine sediments as a result of adsorption or post-418 

depositional precipitation from bottom waters or from pore waters in response to specific redox 419 

conditions (Brumsack, 1980; Algeo and Maynard, 2004; Brumsack, 2006; Lyons and Severmann, 420 

2006; Tribovillard et al., 2006; Calvert and Pedersen, 2007; Piper and Calvert, 2009; Little et al., 421 

2015; Algeo and Li, 2020; Algeo and Liu, 2020). In this work we follow the classification of redox 422 

facies proposed by Tyson and Pearson (1991), with oxic conditions associated with oxygen levels 423 

> 2.0 ml/l, dysoxic conditions characterized by values between 2.0 and 0.2 ml/l, suboxic between 424 

0.2 and 0 ml/l, anoxic when oxygen content is equal to 0 ml/l, and euxinic when the complete lack 425 

of oxygen is accompanied by the presence of free H2S. Concentrations in redox-sensitive elements 426 

are reported in Tables 2 and 3a–3f in the Supplementary material. Redox conditions, reconstructed 427 

based on the redox-sensitive elements integrated with bioturbation intensity (Bromley, 1990; 428 

Potter et al., 2005) and Pr/Ph ratio (Didyk et al., 1978; Peters et al., 2005), vary strongly within 429 

the studied record (Figs. 3 and 8), as described below from bottom to top. 430 

The Domaro Limestone Fm. and the lowermost marly limestones of the Sogno Fm. below 431 

the Fish Level document a well-oxygenated depositional setting, as evidenced by the extensive 432 



presence of bioturbation and absence of enrichment in redox-sensitive elements (Figs. 2, 3 and 8; 433 

Appendix A, Table S3a).  434 

The lowermost part of the Fish Level (LU 7) does not show enrichments or depletions in 435 

redox-sensitive elements (Figs. 2, 3 and 8; Appendix A, Tables S3b), and has a Pr/Ph ratio of 1.1. 436 

The progressive reduction in bioturbation intensity further testifies to a deterioration of the oxygen 437 

levels in the surficial sediments. We interpret the basal part of the Fish Level (LU 7) as deposited 438 

under dysoxic conditions at least within pore waters, if not at the sea floor.  439 

The mid-grey to dark-grey marly limestones (LU 6) of the Fish Level mark a transitional 440 

phase to higher TOC > 1 % (Erba et al., 2022). This unit shows slight relative enrichment only in 441 

Co (Figs. 2, 3 and 8; Appendix A, Table S3c) and has an average Pr/Ph ratio of 1.3. The observed 442 

enrichments in Co were likely controlled by Mn-shuttling as oxides and hydroxides rather than 443 

being related to anoxic conditions (Calvert and Pedersen, 1996; Tribovillard et al., 2006). 444 

However, the absence or extreme rarity of bioturbation testifies to a shift to more dysoxic 445 

conditions at the seafloor. 446 

The well-laminated black shales of the upper part of the Fish Level (LU 5), with TOC 447 

content up to 2.5 % and highest HI values up to 440 mgHC/gTOC, are characterized by 448 

minimal/absent bioturbation and common pyrite (Fig. 3) associated with moderate enrichments of 449 

As, Co, and Mo (Figs. 2, 3 and 8; Appendix A, Table S3d). The higher Mn concentrations might 450 

have played an important role in controlling the observed concentrations in redox-sensitive 451 

elements. Observed enrichments in As and Co were likely induced due to their initial scavenging 452 

by Mn-oxides and hydroxides and subsequent early diagenetic incorporation into iron sulfides 453 

rather than ambient anoxic conditions (Calvert and Pedersen, 1996; Tribovillard et al., 2006). Also, 454 

the observed moderate Mo enrichments are not necessarily related to anoxic/euxinic conditions. 455 



In fact, manganese oxides are usually very effective in removing Mo from seawater into sediments. 456 

During the partial loss of Mn to the water column via porewater flux under suboxic conditions, the 457 

liberated Mo is released and probably re-fixed as thiolated Mo species and/or in association with 458 

organic matter (Neubert et al., 2008; Dahl et al., 2017). We do not observe significant enrichments 459 

of other elements associated with reducing conditions, such as Fe, Cu, Ni, Zn, U, V, etc. Based on 460 

redox-sensitive elemental associations (Crusius et al., 1996; Algeo and Maynard, 2004; Brumsack, 461 

2006; Lyons and Severmann, 2006; Tribovillard et al., 2006) we interpret this interval as deposited 462 

under prevailing suboxic conditions in pore waters. Relatively higher values in redox-sensitive 463 

elements in correspondence with or stratigraphically close to the interval with the lowermost 464 

values of the negative carbon-isotope anomaly suggests that the most extreme suboxic conditions 465 

were probably recorded by this part of the sequence. Even if oxygen availablity was limited, as 466 

suggested by lower Pr/Ph ratios down to values < 0.1 in the topmost part of the Fish Level, truly 467 

anoxic conditions were never reached over longer time periods. This contention is further 468 

confirmed by the absence of lycopane and isorenieratene derivatives and related compounds, thus 469 

suggesting that neither bottom- nor shallow-water anoxia occurred. However, short-lived pulses 470 

of more extreme redox conditions, not resolvable by the used proxies utilized and by sampling 471 

resolution, cannot be excluded.  472 

Above the Fish Level (LU 4), an abrupt increase in bioturbation (about 50 %) suggests a 473 

recovery in oxygenation levels concurrent with a decrease in TOC (<1 %), further supported by 474 

low concentrations in redox-sensitive elements (Figs. 2, 3 and 8; Appendix A, Table S3e) and a 475 

Pr/Ph ratio of about 1.6. 476 

Based on the observed enrichments in As, Co, Mo and Ni and on the slight enrichments in 477 

Fe and Zn (Figs. 2, 3 and 8; Appendix A, Table S3f) we infer that the deposition of the two discrete 478 



black shales BS 1 and BS 2 above the Fish Level occurred under the influence of anoxic pore 479 

waters. The absence of lycopene and isorenieratene derivatives and related compounds suggests 480 

that, at least over longer time intervals, anoxia was limited to pore waters without reaching either 481 

bottom waters or the photic zone. However, as indicated by the lack of bioturbation, short-lived 482 

episodes of anoxia extending also to bottom waters cannot be excluded. Ni and Co, both 483 

characterized by a weak euxinic affinity (Algeo and Maynard, 2004), under anoxic conditions tend 484 

to be fixed into the insoluble sulfides (NiS and CoS) that can be taken up in solid solution with 485 

authigenic pyrite (Huerta-Diaz and Morse, 1990, 1992; Morse and Luther, 1999; Tribovillard et 486 

al., 2006). The higher Pr/Ph ratio of about 1.9 measured for BS 1, indicative of relatively oxidizing 487 

conditions (Didyk et al., 1978; Peters et al., 2005), contradicts elemental data. However, as 488 

described in Large and Gize (1996) and in agreement with the higher Zr concentrations, observed 489 

Pr/Ph values can be related to enhanced, early diagenetic, anaerobic oxidation of the organic matter 490 

associated with very low sedimentation rates. 491 

The presence of diffused bioturbation and the lack of enrichment in redox-sensitive 492 

elements in the uppermost marly limestones (LU 3 to LU 1) (Figs. 2, 3 and 8; Appendix A, Table 493 

S3e) indicate that their deposition occurred under fully oxic conditions. 494 

Sweere et al. (2016) proposed using the product of MnEF and CoEF to discriminate between 495 

environments, with values exceeding 2 indicating sedimentation in a restricted basin, and values 496 

lower than 0.5 indicating deposition in an upwelling setting. The CoEF × MnEF versus Al cross-497 

plot for samples from the Fish Level, BS 1 and BS 2 is shown in Figure 9. All analysed samples 498 

from the Fish Level, BS 1 and BS 2 have values > 2, suggesting that their deposition occurred in 499 

a stratified setting. In particular, values increase from the base (lowermost LU 7) to the top (LU 5) 500 



of the Fish Level, suggesting that local oxygen depletion gradually increased with less efficient 501 

deep-water ventilation, thus favoring the burial of labile organic carbon. 502 

 503 

5.3. Organic-matter properties: thermal maturity and organic-carbon sources 504 

Tmax values ranging from about 426 to 439 °C indicate type II and type III kerogens (HI 505 

~200–440) from immature to marginal mature. Incomplete homohopane and iso-sterane 506 

isomerisation with average 22S C32 ab hopane and 20S C29 aaa sterane values <0.5 and <0.6, 507 

respectively, suggest that thermal maturity had limited impact on the biomarker compounds 508 

(Peters et al., 2005; Farrimond et al., 1998). Therefore, CPI values of ~1 (Fig. 3) likely arise from 509 

a stable organic matter type rather than indicating thermal maturity in all screened samples below, 510 

within, and above the Fish Level. However, the Rock Eval data, in combination with ACL and 511 

Pr/Ph ratios, tend to suggest minor fluctuations in the organic matter composition or quality, 512 

indicated by the lower ACL and Pr/Ph values combined with a clear kerogen type II RockEval 513 

signature in the more oxygen-depleted LU5. We speculate that this period has produced and 514 

preserved the highest fraction of autochthonous marine organic matter in the succession 515 

throughout the T-OAE. 516 

We note that kerogen type III-IV in samples with low TOC (≤0.5 %) and HI (<170 517 

mgHC/gTOC) must be treated with caution (Peters et al., 2005). In fact, these samples come from 518 

the lower part of the Fish level (LU 7 and LU 6), and/or below or above the Fish Level (Fig. 3), 519 

and represent either a combination of well-oxygenated conditions and aerobic organic matter 520 

decay (Peters et al., 2005) coupled with a remote terrestrial organic matter background, or a signal 521 

of fully degraded labile marine organic matter. (Fig. 3). 522 

 523 



5.4. Productivity 524 

Silica excess is frequently used as a reliable proxy for trophic conditions (e.g., Schmitz et 525 

al., 1997; Turgeon and Brumsack, 2006; Hu et al., 2009), representing a rough estimate of opaline 526 

silica. Stratigraphic variations in Sixs (Fig. 7) indicate a rise in opaline silica that predated the 527 

deposition of the Fish Level from about 17.5 m, reaching the highest values in the upper part of 528 

the Fish Level (uppermost part of LU 6 and then in the upper half of LU 5) in the lowermost part 529 

of isotopic segment J2. Based on Sixs data, relatively high amounts of biogenic silica were 530 

produced also after the end of deposition of the Fish level (middle of LU 4), prior to progressively 531 

decline through isotopic segment J2. It should be noted that measured variations in Sixs are 532 

consistent with the higher concentrations in radiolaria observed in microfacies from the upper part 533 

of the Fish Level sampled at the Colle di Sogno outcrop (Casellato and Erba, 2015), suggesting 534 

relatively higher trophic conditions favoring siliceous zooplankton during the deposition of the 535 

upper black shale interval. 536 

Although the palaeoecological affinities of most Early Jurassic calcareous nannoplankton 537 

are still not fully constrained, taxa sensitive to palaeotemperature and palaeofertility have been 538 

recognized (Casellato and Erba, 2015; Fraguas et al., 2021; Peti et al., 2021). Calcareous 539 

nannofossils were quantitatively investigated in the Colle di Sogno outcrop and the inferred 540 

palaeoceanographic changes during the late Early Toarcian can be compared to the geochemically 541 

based environments reconstructed from the Sogno Core. During the latest Pliensbachian-earliest 542 

Toarcian rather stable oligotrophic conditions promoted the proliferation of deep-dwellers. A 543 

combination of higher fertility and disruption of surface-water stability triggered a rapid shift in 544 

nannofossil assemblages. Specifically, the Fish Level is characterized by an increase in abundance 545 

of Lotharingius and Biscutum suggesting mesotrophic conditions further corroborated by the drop 546 



in abundance of the presumed oligotrophic Schizosphaerella, although its crisis is possibly the 547 

result also of ocean acidification (Erba, 2004; Casellato and Erba, 2015; Faucher et al., 2022). 548 

However, differently from Sixs, mesotrophic calcareous nannoplankton assemblages exhibit a 549 

more constant trend within the Fish Level without rising in abundance up-section. Thus, calcareous 550 

nannoplankton changes are consistent with the geochemical palaeoproductivity proxies: the Fish 551 

Level deposited under enhanced fertility conditions that returned to the pre-Jenkyns Event regime 552 

in the early part of the isotopic segment J2.  553 

 554 

5.5. Depositional conditions and processes during the T-OAE in the Sogno Core 555 

Inferred variations in the depositional conditions and processes during the T-OAE interval 556 

of the Sogno Core are schematically summarized in Figure 10. Eight phases are identified and 557 

labelled here for convenience from A to H. Our data indicate that no environmental changes were 558 

associated with the onset of the T-OAE in terms of detrital input, primary productivity or reducing 559 

conditions. Most of the interval defining the onset of the positive carbon-isotope excursion of the 560 

T-OAE (A in Figs. 10 and 11a), was characterized by fully oxic bottom waters and relatively cool 561 

temperatures. Slightly before the onset of the Jenkyns Event (B in Figs. 10 and 11a), and preceding 562 

the deposition of the Fish Level, depositional conditions changed abruptly. A rise in temperature, 563 

as illustrated by oxygen-isotope ratios in bulk carbonate, was accompanied by enhanced 564 

weathering, higher runoff and increased detrital input with higher amounts of Mn, Zr and Si 565 

delivered to the basin. The increased availability of nutrients favored a slightly higher productivity, 566 

despite oxic conditions being present at the sea floor. The higher amounts of manganese delivered 567 

to the basin were fixed both in Mn-carbonates and Mn-oxides and hydroxides. We point out that 568 

the beginning of warming predates the onset of the negative isotopic excursion of the Jenkyns 569 



Event. During the deposition of the lowermost part of the Fish Level (C in Figs. 10 and 11a), i.e. 570 

the lithostratigraphic expression of the Jenkyns Event, established relatively warmer conditions 571 

were accompanied by greater detrital sediment transport to the basin. Higher nutrient loads 572 

associated with this detrital flux favored a relative rise in primary productivity. The increased input 573 

of fresh water coupled with warmer conditions resulted in the establishment of a pycnocline and a 574 

less efficient vertical mixing. The subsequent decrease in oxygen content at the sea floor was 575 

accompanied by a drastic reduction in the benthic fauna and the escape of Mn back to the water 576 

column when not trapped in authigenic Mn-carbonates. The onset of the deposition of the Fish 577 

Level is thus the lithological record of a threshold in the environmental conditions capable of 578 

switching the sedimentation style from marly limestones, dark-red in colour, with sporadic greyish 579 

spots to marly limestones, with variations in colour from grey, to very dark-grey and dark red 580 

(Erba et al., 2019a). During this stratigraphic interval, organic matter was either entirely dominated 581 

by oxidized marine organic material, or represented by a mix of degraded marine organic matter 582 

and continental organic matter brought to the basin by the relatively higher runoff. With the 583 

deposition of LU 6 (D in Figs. 10 and 11a) progressively higher temperatures were accompanied 584 

by higher runoff and increased organic matter fluxes to the sea floor. Bottom-water oxygen levels 585 

further decreased, hindering sediment reworking by benthic organisms, and favoring Mn recycling 586 

and fixation of Co in Mn carbonates. The warmest conditions were reached during the deposition 587 

of the uppermost part of the Fish Level (LU5, E in Figs. 10 and 11b), characterized by the 588 

accumulation of black shales with higher TOC up to 2.5 %. Increased runoff resulted in the most 589 

intense water stratification and less efficient bottom-water renewal, with the establishment of 590 

suboxic conditions that peaked in intensity during the latest part of isotopic segment J1. The 591 

establishment of oxygen-poor conditions enhanced the preservation of the labile marine organic 592 



matter that either constituted the entirety of the preserved organic fraction, or represented an 593 

additional contribution to the background terrestrial organic matter. Even if reducing conditions 594 

were relatively more intense, the fixation of Mn occurred in greater amounts due to the higher rates 595 

of fresh water input. Mn-scavenging favored the accumulation of As, Co, and Mo, together with 596 

the formation within the sediments of pyrite favored by the degradation of organic matter and the 597 

presence of free H2S in pore waters. Primary productivity, even if low to moderate, was generally 598 

more intense during the deposition of the uppermost part of the Fish Level. The interval right above 599 

the Fish Level (F in Fig. 10 and 11b) represents the beginning of the recovery after the most intense 600 

deoxygenated conditions. Associated with a progressive cooling, runoff declined together with 601 

primary productivity and detrital input. The end of the deposition of the Fish Level black shales 602 

indicates a change in the environmental conditions from suboxic to fully oxic bottom waters. We 603 

speculate that the relatively high amounts of Mnxs in this interval represent a phase of more 604 

efficient Mn accumulation due to the changed redox conditions rather than a signal of higher fresh 605 

water input. In fact, with the re-establishment of oxic conditions Mn started to be more efficiently 606 

fixed in Mn-oxides and hydroxides. Within this interval, the depositional conditions and processes 607 

that controlled the sedimentation of black shales BS 1 and BS 2 are indeed enigmatic. Brief pulses 608 

in runoff, as probably indicated by higher Zrxs concentrations and a minor increase in the Ti/Al 609 

ratios, could have been behind the origin of short-lived intervals of deep-water anoxia. However, 610 

an increase in runoff is indeed counterintuitive in a phase characterized by an overall decreasing 611 

trend in temperature, weathering, and runoff. Indeed, sedimentation of the black shales occurred 612 

under low primary productivity settings and reduced sedimentation rates, possibly pointing to a 613 

degree of condensation resulting in concentrate organic matter. The succession deposited in the 614 

last part of the Jenkyns Event (G in Fig. 10 and 11b) represents a transitional phase towards normal 615 



conditions (H in Fig. 10 and 11b). The late part of the T-OAE shows environmental conditions 616 

comparable to those of the pre-T-OAE interval. No changes in surface or bottom waters mark the 617 

end of the T-OAE, with stable conditions extending to the middle Toarcian. 618 

 619 

5.6. The T-OAE in the Alpine-Mediterranean Tethys 620 

We correlated the Sogno Core with other records from the Alpine-Mediterranean Tethys, 621 

the north European epicontinental seaway, and the marginal proto-Atlantic (Tab. 1) characterized 622 

by a high-resolution carbon-isotope chemostratigraphy accompanied by elemental and organic 623 

geochemical data (Fig. 12). The lithological expression of the T-OAE varies significantly in the 624 

various sections and cores considered here. As highlighted by the correlation in Figure 12, 625 

deposition of black shale was clearly diachronous, with large differences in the onset and end of 626 

organic-rich sedimentation. In all the considered sections no black shales occur before the Jenkyns 627 

Event, while their deposition became widespread in correspondence of the interval close to the 628 

lowest point in the trough of the negative carbon-isotope anomaly.  629 

Changes in the detrital input in the various sections were recognized by means of lithogenic 630 

elemental data. At Peniche (Portugal), Fantasia et al. (2019a) observed within isotopic segment J1 631 

an increase in the detrital index paralleled by high values in the kaolinite/(illite + chlorite) ratio 632 

used as a measure of weathering intensity. At Creux de l’Ours (Switzerland), on the basis of whole-633 

rock and clay mineralogy and elemental data, Fantasia et al. (2018) highlighted an increase in 634 

detrital input in correspondence with the isotopic segment J1 and the lower part of the isotopic 635 

segment J2. Increases in Si/Al, Zr/Al and Ti/Al, together with higher quartz content were observed 636 

at Sancerre (France) in the interval deposited during the Jenkyns Event (Hermoso et al., 2013). In 637 

particular, higher values were measured close to the base of the isotopic segment J1 and for most 638 



of the isotopic segment J2. Detrital elements were also measured at Rietheim (Switzerland) by 639 

Montero-Serrano et al. (2015). The stratigraphic variation in lithogenic elements clearly highlights 640 

two intervals with higher clastic input, specifically a lower one at the level of the base of the 641 

negative isotopic excursion, and an upper one starting close to the top of the isotopic segment J2 642 

that extends above for about 50 cm. In Yorkshire (UK), Thibault et al. (2018) observed changes in 643 

the detrital components based on elemental data (Si/Al, Zr/Al, Zr/Rb, etc.). They highlighted a 644 

series of intervals across the Jenkyns Event with higher detrital input, in particular: in the 645 

lowermost part of the succession in the interval that precedes the negative isotopic anomaly of the 646 

Jenkyns Event up to the lowermost part of the isotopic segment J1; in the interval deposited over 647 

the transition from J1 to J2; across the uppermost part of the succession recording the isotopic 648 

segment J2 and above. No lithogenic elemental data are available for the German records of 649 

Dotternhausen and Shandelah. During the Jenkyns Event, global warming associated with 650 

increased pCO2 induced an increase in temperature of 7–10 °C (Ruebsam et al., 2020b) that in the 651 

Tethyan region led to an acceleration of the hydrological cycle favoring the increase in continental 652 

weathering and runoff (Cohen et al., 2004; Hermoso and Pellenard, 2014; Brazier et al., 2015; 653 

Montero-Serrano et al., 2015; Percival et al., 2015; Fantasia et al., 2018). Warm and humid 654 

conditions during the Jenkyns Event were reconstructed also by means of palynological data, such 655 

as for example from sections in Poland by Pieńkowski et al. (2016). Arid conditions were instead 656 

observed at the Peniche section (Rodrigues et al., 2016; Font et al., 2022). However, this difference 657 

seems to be related to more local effects, as the Lusitanian Basin during the Toarcian was located 658 

at the boundary between warm temperate and arid climatic belts (Font et al., 2022). Dera and 659 

Donnadieu (2012) modelled the climatic conditions during the early Toarcian and estimated by 660 

means of a coupled ocean–atmosphere model (Fast Ocean Atmosphere Model – FOAM) a 9 cm/yr 661 



increase in global precipitation rates and a 3.5 cm/yr increase in mean annual continental runoff. 662 

Indeed, a contribution to the observed stratigraphic changes in the detrital proxies could derive 663 

from the transgressive–regressive cycles that characterized the early Toarcian, in particular a 664 

forced regression before the Jenkyns Event and the broad eustatic transgression that followed 665 

immediately thereafter (e.g, Thibault et al., 2018). Additional clastic contributions related to storm 666 

activity have been suggested by other authors (Trabucho-Alexandre et al., 2012; Suan et al., 2013; 667 

Krencker et al. 2015; Fantasia et al., 2019a). Indeed, common trends in the sections presented in 668 

Figure 12 can be recognized, with higher detrital input occurring in the early part of the Jenkyns 669 

Event, and a general increase in sections from the shallow-water north European epicontinental 670 

seaway. Observed variations, thus, probably reflect a combination of causes controlled by climatic, 671 

eustatic and bottom-water physical processes (Remirez and Algeo, 2020a).  672 

An increase in primary productivity is generally observed for sections deposited in the 673 

north European epicontinental seaway (Cohen et al., 2004; Montero-Serrano et al., 2015; Percival 674 

et al., 2016; Xu et al., 2018; Fantasia et al., 2019a). Higher organic matter fluxes were ascribed to 675 

higher levels of nutrient availability delivered from continents by increased runoff. In the Peniche 676 

section, Lusitanian Basin, Fantasia et al. (2019a) observed higher values in total P coupled with a 677 

slight increase in HI values, which they interpreted as evidence of higher nutrient availability and 678 

relatively higher levels of primary productivity. Higher values were observed in correspondence 679 

with the early phase of the Jenkyns Event and across the end of isotopic segment J1. At Creux de 680 

l’Ours (Switzerland) Ni/Al, Cu/Al and Ptot data were used by Fantasia et al. (2018) to infer 681 

relatively higher level of productivity in the J1 and lower part of the J2 isotopic segments.  682 

Montero-Serrano et al. (2015) considered TOC, P, As, V and Ni as proxies for reconstructing 683 

organic matter productivity. Based on their data, the succession deposited during the latter half of 684 



the isotopic segment J1 to about the early half of J2 was characterized by high primary 685 

productivity. Higher values in the Corg/P ratio, used by Remirez and Algeo (2020a) as a proxy for 686 

primary productivity, were observed over most of the Jenkyns Event, with greater values close to 687 

the top of J1. No indications on primary productivity based on elemental data are available for the 688 

Sancerre, Dotternhausen and Shandelah sections. Based on the available data, the correlation of 689 

Figure 12 suggests that, even if with a different extent from section to section, primary productivity 690 

increased (and peaked) close to the J1/J2 boundary. Moreover, sections from the shallow-water 691 

shelf regions in epicontinental northern Europe were characterized by higher organic matter fluxes 692 

compared to the Sogno and Peniche sections in the southern part of the northwestern portion of 693 

the Tethys.  694 

Redox conditions varied substantially from section to section (Figure 12). The Dogna Core 695 

(Belluno Basin, Italy), drilled next to the Longarone section (Bellanca et al., 1999), was deposited 696 

under dysoxic to suboxic conditions, as indicated by variations in bioturbation intensity (Bellanca 697 

et al., 1999), Mo isotopes (Dickson et al., 2017), and molecular biomarker data (Farrimond et al., 698 

1994).  At Peniche, redox conditions were generally mild, with dysoxia starting to develop at the 699 

onset of the Jenkyns Event and continuing across the isotopic segment J2. This interpretation 700 

derives from the almost complete lack of benthic fauna and the presence of weakly bioturabated 701 

marls (Suan et al., 2008). Transient more reducing conditions (suboxic) occurred in 702 

correspondence of the 8-cm-thick black shale deposited during the lowest point in the trough of 703 

the Jenkyns Event as supported by redox-sensitive elemental data (Hermoso et al., 2009b; Fantasia 704 

et al., 2019a). The lack of bioturbation and redox-sensitive elements suggest that, at Creux de 705 

l’Ours, suboxic conditions dominated from the base of the Jenkyns Event up to the lower part of 706 

the J2 isotopic segment (Fantasia et al., 2018). In the overlying interval, the presence of 707 



bioturbation and lower concentrations in redox-sensitive elements probably record for a shift to 708 

more dysoxic conditions. At Bächental (Austria) redox conditions were reconstructed by 709 

Neumeister et al. (2015) based on Pr/Ph ratios, bioturbation, and Fe-TOC-S data. According to 710 

their data, suboxic conditions with possible short-term episodes of anoxia dominated for the 711 

earliest part of the Jenkyns Event, passing upward to strictly anoxic conditions that persisted up to 712 

the lowermost part of the J2 isotopic segment, and finally shifted back to less reducing suboxic to 713 

anoxic conditions. The presence of variable amounts of aryl isoprenoids probably indicates 714 

frequent but transient episodes of photic-zone euxinia in the upper part of the J1 isotopic segment 715 

(Neumeister et al., 2015). Based on molecular biomarkers, the black shale interval in the Réka 716 

Valley section (Hungary) was interpreted as deposited under anoxic conditions (Ruebsam et al., 717 

2018). However, as indicated by peaks in isorenieratane, episodic extension of H2S to near-surface 718 

waters occurred during the time of the lowest point in the carbon-isotope trough of the Jenkyns 719 

Event, approximately in correspondence with the central part of the J2 isotopic segment (Ruebsam 720 

et al., 2018). At Sancerre, the interval immediately below the black shales is characterized by grey 721 

marlstones with increased concentrations of redox-sensitive elements. However, as some 722 

bioturbation was observed in this part of the record (Hermoso et al., 2009b, 2013), we assume that 723 

conditions were dysoxic to suboxic. The black shale interval is, instead, completely devoid of 724 

benthic fauna. Furthermore, high concentrations of redox-sensitive elements (e.g., Fe/Al, Mn/Al, 725 

V/Al, and Mo), depletion in Mn and the presence of framboidal pyrite (on average about 5 μm in 726 

diameter) suggest that the sedimentation occurred under euxinic bottom waters that persisted from 727 

the middle J1 to the earliest J2 (Hermoso et al., 2009a, b, 2013). Following the interpretation 728 

proposed by Hermoso et al. (2009b), redox conditions then shifted to suboxic across the J2 interval 729 

before returning to fully oxic conditions shortly after the end of the Jenkyns Event. On the basis 730 



of elemental data (Fe, Cu, Zn and Co) and the lack of bioturbation, the laminated black shales of 731 

the Rietheim section were interpreted as deposited mostly under anoxic (possibly euxinic?) 732 

conditions (Montero-Serrano et al., 2015; Fantasia et al., 2018). Following their interpretation, 733 

euxinic conditions persisted for the entire Jenkyns Event and about half of the interval recording 734 

the positive excursion following the negative anomaly, shifting then to mainly suboxic conditions. 735 

The Dotternhausen succession documents a shift from fully oxic conditions to euxinic at the onset 736 

of the Jenkyns Event. Low oxygen levels are documented by the presence of distinct 737 

microlaminations and decrease followed by absence of benthic fauna (Röhl et al., 2001; Schwark 738 

and Frimmel, 2004; Röhl and Schmid-Röhl et al., 2005). Redox-sensitive elements, Mo-isotopes 739 

and Mo/TOC ratio suggest that euxinia persisted across the entire Jenkyns Event in a not fully 740 

restricted setting with some evidence of seawater renewal capable of bringing new oxygen to the 741 

basin (Dickson et al., 2017; Baroni et al., 2018; Wang et al., 2020). Euxinic conditions persisted 742 

also after the Jenkyns Event, even if with some evidence of temporary increase in the oxygenation 743 

state (Dickson et al., 2017). Evidence of photic-zone euxinia was reported on the basis of the 744 

presence of aryl-isoprenoids, chlorobactane, and isorenieratane peaking in concentration in 745 

correspondence with the most negative values of the Jenkyns Event (Schouten et al., 2000; 746 

Schwark and Frimmel, 2004). After the end of the Jenkyns Event photic-zone euxinia likely 747 

became seasonal (Schwark and Frimmel, 2004). Similar conditions were documented for the 748 

Schandelah Core, where the laminated black shales (Visentin et al., 2021) were interpreted, on the 749 

basis of redox-sensitive elemental data (i.e., Fe/Al, Mo, Mn, S, V, Cu), as deposited under anoxic 750 

conditions characterized by prolonged periods of euxinia interrupted by some brief oxygenation 751 

interludes (Baroni et al., 2018). Oxygenation conditions progressively improved after the end of 752 

the Jenkyns Event. The Yorkshire (UK) succession records suboxic conditions prior to the onset 753 



of the Jenkyns Event, with dark grey mudrocks characterized by a drastic reduction in bioturbation 754 

and type of trace fossils and body fossils (Caswell and Frid, 2017). Elemental data (including Mo, 755 

Re/Mo), Mo/TOC and Mo isotopes show that, due to highly stratified conditions, redox conditions 756 

shifted to intermittent euxinia at the onset of the Jenkyns Event (McArthur et al., 2008; Pearce et 757 

al., 2008; Dickson et al., 2017; Baroni et al., 2018; Thibault et al., 2018; McArthur, 2019; Houben 758 

et al., 2021). Euxinia persisted for the entire Jenkyns Event, interrupted by brief phases of re-759 

oxygenation (McArthur et al., 2008; Baroni et al., 2018). Euxinic conditions continued also after 760 

the event but with progressively lower intensity. Bowden et al. (2006) and French et al. (2014) 761 

interpreted the presence of aryl-isoprenoids, okenane and chlorobactane within the black shale 762 

interval as evidence of photic-zone euxinia. However, French et al. (2014) argued that observed 763 

okenane, and potentially chlorobactane and isorenieratane, was most likely derived from mat-764 

dwelling Chromatiaceae rather than marine sulphidic conditions. 765 

The comparison of the available records allows us to draw some conclusions on the lateral 766 

and vertical evolution of redox conditions: 767 

i) A shift to more reducing conditions started in all basins at the onset of the Jenkyns 768 

Event, even if some locations were characterized by dysoxic to suboxic conditions 769 

shortly before the beginning of the negative carbon-isotope anomaly; 770 

ii) Reducing conditions became generally more severe close to the time indicated by the 771 

lowest point in the carbon-isotope trough of the Jenkyns Event; 772 

iii) The Alpine-Mediterranean Tethys and the marginal proto-Atlantic were mainly 773 

dominated by dysoxic to suboxic conditions;  774 

iv) Anoxia and transient euxinia occurred mainly on the shallow north European 775 

epicontinental shelf and, locally, in deeper nearby basins; 776 



v) The recovery back to higher dissolved oxygen levels started earlier in the Alpine-777 

Mediterraneann Tethys, while euxinia persisted for the entire Jenkyns Event and 778 

locally after it in the shallow-water basins and sub-basins of the north European 779 

epicontinental seaway. 780 

With the exception of few isolated cases, deposition of black shales was mainly limited to 781 

northern shelf basins (Fig. 13). High TOC values (> 10 %) are common in this area, while most of 782 

the sections located elsewhere in the Alpine-Mediterranean Tethys generally present TOC contents 783 

< 2 % (Ruebsam et al., 2018; Remirez and Algeo, 2020b; Kemp et al., 2022; this study). Local 784 

water-column stratification induced by the input of brackish waters from the Arctic Ocean through 785 

the Viking Corridor (Dera and Donnadieu, 2012) or increased runoff from local landmasses 786 

(Cohen et al., 2004; McArthur et al., 2008; Bodin et al., 2010; Hermoso and Pellenard, 2014; 787 

Montero-Serrano et al., 2015; Fantasia et al., 2018; Remirez and Algeo, 2020a) has been invoked 788 

by many authors as the main cause of anoxia/euxinia in the northern shallow basins and sub-basins 789 

(Jenkyns, 1988; Suan et al., 2015; Fantasia et al., 2019a; McArthur, 2019; Remirez and Algeo, 790 

2020b). The local presence of anoxia and transient photic-zone euxinia in deeper Alpine-791 

Mediterranean Tethyan areas close to the northern epicontinental seaway has been explained either 792 

as the result of peculiar local basin physiography favorable to the onset of water-column 793 

stratification and deep-water anoxia (Neumeister et al., 2015), or as the result of an expanded 794 

oxygen minimum zone favored by an enhanced primary productivity and high organic-matter 795 

export rates (Ruebsam et al., 2018). Outside of this area, suboxia prevailed during the T-OAE in 796 

the Alpine-Mediterranean continental margin of the Tethys (Hermoso et al., 2009b; Bodin et al., 797 

2010; Reolid et al., 2014a; Dickson et al., 2017; Fantasia et al., 2019a; Ruebsam et al., 2020a), 798 

with mild reducing conditions extending also into greater water depths. 799 



 800 

6. CONCLUSIONS  801 

The Sogno Core, due to its palaeowater depth of about 1500 m, represents one of the 802 

deepest records of the T-OAE in the Alpine-Mediterranean Tethys. Our data indicate that at the 803 

studied site no significant environmental change occurred at the onset of T-OAE and that 804 

conditions remained stable for most of the earliest part of the event. The climatic perturbation 805 

began only slightly before the onset of the negative carbon-isotope excursion of the Jenkyns Event 806 

as evidenced by oxygen-isotope ratios indicating a shift to warmer conditions coupled with 807 

enhanced weathering and detrital supply. With the onset of the Jenkyns Event a switch in the 808 

depositional style occurred as indicated by deposition of the Fish Level, that reached its maximum 809 

in correspondence with the most negative values of the Jenkyns Event. Together with the general 810 

increase in temperatures, a progressive intensification of runoff and nutrient supply favored 811 

relatively higher levels of primary productivity. The increase of riverine runoff induced a 812 

progressive lowering of surface-water salinity that, coupled with a steeper thermocline, may have 813 

favored the establishment of a stable pycnocline. We infer that vertical mixing became 814 

progressively less efficient, thereby favoring the establishment of more reducing bottom-water 815 

conditions that reached their relative maximum close to the interval of the most negative values of 816 

the Jenkyns Event. Dysoxic conditions, mainly limited to pore waters, developed initially during 817 

the earliest isotopic segment J1. Subsequently, suboxic bottom waters were established during the 818 

earliest part of the isotopic segment J2. With the progressive cooling that started in correspondence 819 

with the end of the isotopic segment J1, environmental conditions began to gradually recover: 820 

runoff intensity started to decline, as did primary productivity and detrital input. The end of the 821 

deposition of the Fish Level represents a return from suboxic to fully oxic bottom waters. During 822 



the earliest isotopic segment J2, after the deposition of the Fish Level, two discrete organic-rich 823 

black shales probably record short-lived pulses in runoff that due to enhanced stratification shifted 824 

deep waters back to more reducing conditions. Environmental conditions then remained stable up 825 

to the end of T-OAE and after with no changes coinciding with the end of the T-OAE.  826 

Relatively shallow-water sites in the Alpine-Mediterranean Tethys including carbonate 827 

platforms, were generally characterized by milder reducing conditions with only limited and local 828 

areas characterized by anoxia. The deep-water redox conditions uniquely recorded in the Sogno 829 

Core document suboxic conditions, confirming that a lower oxygenation state prevailed in deep-830 

water settings during the T-OAE in the Alpine-Mediterranean Tethys, in contrast to the widely 831 

documented anoxic and euxinic conditions that occurred in shallow water (15–150 m) shelf 832 

regions in the northern epicontinental basins and sub-basins and, locally, in deeper nearby basins. 833 
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APPENDICES 841 

Supplementary material A consists of a photograph of the rectangular-shaped mask used 842 

to carry out semi-quantitative visual analysis of pyrite and bioturbation distribution, and tables 843 

reporting average major and trace elements measured for different intervals along the Sogno Core. 844 



Supplementary material B includes original data for bioturbation and pyrite distribution, XRF 845 

elemental concentrations, TOC/Rock Eval, and biomarker data. 846 
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FIGURE CAPTIONS 1515 

Figure 1 – A. Palaeogeographic position of the study area during the Toarcian (~180 Ma) 1516 

(modified after Ruhl et al., 2016).  B. Paleogeographic map of the Northwestern Tethys during the 1517 

Toarcian (~180 Ma) (modified after Ruebsam et al., 2018). C. Schematic cross-section across the 1518 

Lombardy Basin during the Toarcian (~180 Ma) (modified after Erba et al., 2022). D. Nannofossil 1519 

biostratigraphy (Visentin and Erba, 2021), lithostratigraphy (Erba et al., 2019b) and 1520 

chemostratigraphy (Erba et al., 2022) of the Sogno Core (modified after Erba et al., 2022). Carbon 1521 

isotopes on bulk carbonate (δ13Ccarb) and bulk organic matter (δ13Corg) show samples below (red 1522 

dots), within (white, grey and black dots; lithological units 7, 6, and 5 of Erba et al., 2019b, 2022) 1523 

and above the “Fish Level” (blue dots). The lower and the upper part of the Jenkyns Event, J1 1524 

(light yellow box) and J2 (dark yellow box), are indicated as defined in Erba et al. (2022). 1525 

Figure 2 – Average enrichment factors (EFs) for samples coming from below, within 1526 

(lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level. Values for 1527 

the discrete black shales BS1 and BS2 above the Fish Level are reported separately. EFs were 1528 

calculated using average shale (AS) values from Wedepohl (1971, 1991), while EFs with an 1529 

asterisk were estimated using local background concentrations reported in Table S1 in 1530 

Supplementary material.  1531 

Figure 3 – Panel reporting organic and sedimentological data from the Fish Level interval 1532 

in the Sogno Core. From left to right: nannofossil biostratigraphy (Visentin and Erba, 2021); 1533 

schematic lithostratigraphy (Erba et al., 2019b); total organic carbon (TOC) and TOC/Al ratio; 1534 

hydrogen index (HI); distribution of selected biomarkers ratios used to reconstruct organic matter 1535 

type and redox conditions, i.e. carbon preference index (CPI), average chain length (ACL), and 1536 

pristane/phytane (Pr/Ph) ratios as defined in Peters et al. (2005); pyrite distribution and 1537 



bioturbation amount in percentage; inferred organic matter preservation conditions. CPI, ACL, and 1538 

Pr/Ph organic matter type and redox thresholds follow Peters et al. (2005). Different colours mark 1539 

samples coming from the interval below, within (lithological units 7, 6, and 5 sensu Erba et al., 1540 

2019b, 2022) and above the Fish Level.  Values for the discrete black shales BS1 and BS2 above 1541 

the Fish Level are reported separately. Grey background shadings highlight lithological units 7, 6, 1542 

and 5, while pale yellow and yellow shadings indicate J1 and J2 isotopic segments, respectively. 1543 

Figure 4 – Hydrogen Index (HI) versus Tmax diagram (modified van Krevelen diagram), 1544 

showing kerogen type and thermal maturity of samples from the interval within (lithological units 1545 

7, 6, and 5 (sensu Erba et al., 2019b, 2022) and above the Fish Level.  Values for the discrete black 1546 

shales BS1 and BS2 above the Fish Level are reported separately. Samples with TOC ≤ 0.5 % are 1547 

marked with a X. 1548 

Figure 5 – Ternary diagram of relative proportions of Al2O3 (×5), SiO2, and CaO for 1549 

samples from the Sogno Core. Different colours mark samples coming from the interval below, 1550 

within (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level.  1551 

Values for the discrete black shales BS1 and BS2 above the Fish Level are reported separately. 1552 

For Al2O3 an arbitrary multiplier of 5 is used in order to improve distribution of the data points in 1553 

the graph. The average shale (AS) composition (Wedepohl, 1971, 1991) and the carbonate dilution 1554 

line (red line) are reported. See text for details. 1555 

Figure 6 – Cross-plots of lithogenic conservative elements (SiO2, TiO2, K2O, Fe2O3, Rb, 1556 

Zr) versus Al2O3 for samples from the Sogno Core. Different colours mark samples coming from 1557 

the interval below, within (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and above 1558 

the Fish Level.  Values for the discrete black shales BS1 and BS2 above Fish Level are reported 1559 



separately. The average shale (AS) line (following values in Wedepohl (1971, 1991)), which 1560 

connects the origin of the graph to the average shale composition, is reported in each plot. 1561 

Figure 7 – Panel reporting elemental detrital and productivity proxies for the Sogno Core. 1562 

From left to right: nannofossil biostratigraphy (Visentin and Erba, 2021); schematic 1563 

lithostratigraphy (Erba et al., 2019b); δ13Ccarb and δ13Corg chemostratigraphy (Erba et al., 2022); 1564 

detrital (Zrxs, Ti/Al, K/Al, K/Rb); productivity (Sixs) element stratigraphic distribution. The 1565 

vertical lines in the Ti/Al and K/Al graphs represent average shale (AS) compositions according 1566 

to Wedepohl (1971, 1991). For the sake of readability, the Zrxs and Sixs axes are cropped. 1567 

Element/Al background concentrations used to estimate excess values are reported in Table 1. 1568 

Different colours mark samples coming from the interval below, within (lithological units 7, 6, 1569 

and 5 sensu Erba et al., 2019b, 2022) and above the Fish Level.  Values for the discrete black 1570 

shales BS1 and BS2 above the Fish Level are reported separately. Grey background shadings 1571 

highlight lithological units 7, 6, and 5, while pale yellow and yellow shadings indicate J1 and J2 1572 

isotopic segments of the Jenkyns Event, respectively. The position of the T-OAE is indicated by a 1573 

white bar. 1574 

Figure 8 – Panel reporting elemental redox-sensitive proxies for the Sogno Core. From left 1575 

to right: nannofossil biostratigraphy (Visentin and Erba, 2021); schematic lithostratigraphy (Erba 1576 

et al., 2019b); δ13Ccarb and δ13Corg chemostratigraphy (Erba et al., 2022); redox-sensitive (Mnxs, 1577 

As/Al, Mo/Al, V/Al, Cu/Al, Co/Al) element stratigraphic distribution. The vertical line in the 1578 

As/Al, Mo/Al, V/Al, Cu/Al, and Co/Al graphs represents average shale (AS) composition 1579 

according to Wedepohl (1971, 1991). For the sake of readability, the As/Al, Mo/Al, V/Al, Cu/Al, 1580 

and Co/Al axes are cropped and the Mnxs axis is in logarithmic scale. Element/Al background 1581 

concentrations used to estimate excess values are reported in Table 1. Different colours mark 1582 



samples coming from the interval below, within (lithological units 7, 6, and 5 sensu Erba et al., 1583 

2019b, 2022) and above the Fish Level.  Values for the discrete black shales BS1 and BS2 above 1584 

the Fish Level are reported separately. Grey background shadings highlight lithological units 7, 6, 1585 

and 5, while pale yellow and yellow shadings indicate J1 and J2 isotopic segments of the Jenkyns 1586 

Event, respectively. The position of the T-OAE is indicated by a white bar. 1587 

Figure 9 – Cross-plot of CoEF × MnEF versus Al (Sweere et al., 2016) for samples within 1588 

the Fish Level (lithological units 7, 6, and 5 sensu Erba et al., 2019b, 2022) and the two discrete 1589 

black shales BS1 and BS2 in the interval above the Fish Level. See text for details. 1590 

Figure 10 – Scheme reporting the stratigraphic variation of the various processes as 1591 

recorded in the Sogno Core. Schematic lithostratigraphy and chemostratigraphy after Erba et al., 1592 

(2019, 2022). 1593 

Figure 11a – Schematic depositional model (not to scale) representing the major chemical 1594 

processes involved during the deposition of the studied record during the T-OAE. The division of 1595 

the various intervals is reported in Figure 10. In particular: A. Interval deposited during the earliest 1596 

phases of the T-OAE before deposition of the Fish Level; B. Interval right below the Fish Level; 1597 

C. Lithological unit 7 of the Fish Level; D. Lithological unit 6 of the Fish Level. See text for 1598 

details. 1599 

Figure 11b – Schematic depositional model (not to scale) representing the major chemical 1600 

processes involved during the deposition of the studied record during the T-OAE. The division of 1601 

the various intervals is reported in Figure 10. In particular: E. Lithological unit 5 of the Fish Level; 1602 

F. Interval right above the Fish Level; G. Interval deposited during the uppermost part of the J2 1603 

segment. H. Interval deposited during the latest phases of the T-OAE. See text for details. 1604 



Table 1 – Lithostratigraphy, average and maximum TOC, and palaeobathymetry of key-1605 

sections from the epicontinental northern Europe, marginal proto-Atlantic, and Alpine-1606 

Mediterranean Tethys used for correlation with the Sogno Core record. 1607 

Figure 12 – Detrital input, primary productivity and redox conditions reconstructed on the 1608 

basis of elemental data, organic geochemistry and integrated with bioturbation data at Sogno Core 1609 

(Italy), Dogna (Italy), Peniche (Portugal), Creux de l’Ours (Switzerland), Bächental (Austria), 1610 

Réka Valley (Hungary), Sancerre (France), Rietheim (Switzerland), Dotternhausen (Germany), 1611 

Shandelah (Germany), and Yorkshire (UK). Sogno Core: δ13Ccarb and δ13Corg (Erba et al., 2022), 1612 

black shales position (Erba et al., 2022), detrital input, primary productivity and redox conditions 1613 

(this study), integrated with bioturbation data (this study) – no available data on photic-zone 1614 

euxinia (PZE). Dogna: δ13Ccarb and δ13Corg (Jenkyns et al., 2001; Dickson et al., 2017), redox 1615 

conditions (Farrimond et al., 1994; Dickson et al., 2017) – lithological data are not provided for 1616 

Dogna, preventing the identification of black shales. Peniche: δ13Ccarb and δ13Corg (Hesselbo et al., 1617 

2007), black shales position (Hesselbo et al., 2007; Hermoso et al., 2009b), detrital input and 1618 

productivity (Fantasia et al., 2019a), redox conditions (Hermoso et al., 2009b; Fantasia et al., 1619 

2019a), bioturbation (Suan et al., 2008) – no available data on PZE. Creux de l’Ours: δ13Corg 1620 

(Fantasia et al., 2018), dark grey marls position (Fantasia et al., 2018, 2019b), detrital input, 1621 

productivity, and redox conditions (Fantasia et al., 2018). Bächental: δ13Ccarb and δ13Corg 1622 

(Neumeister et al., 2015), black shales stratigraphic position (Neumeister et al., 2015; Suan et al., 1623 

2016), redox conditions (Neumeister et al., 2015). Réka Valley: δ13Corg (Müller et al., 2017), black 1624 

shales stratigraphic position and redox conditions (Ruebsam et al., 2018). Sancerre: δ13Ccarb 1625 

(Hermoso et al., 2009a, 2012) and δ13Corg (Hermoso et al., 2012), black shales stratigraphic 1626 

position (Hermoso et al., 2009a), detrital input (Hermoso et al., 2013), redox conditions (Hermoso 1627 



et al., 2009b, 2013), bioturbation (Hermoso et al., 2009a, 2013) – no available data on PZE. 1628 

Rietheim: δ13Ccarb and δ13Corg (Montero-Serrano et al., 2015), black shales stratigraphic position 1629 

(Montero-Serrano et al., 2015; Fantasia et al., 2018), detrital input, productivity and redox 1630 

conditions (Montero-Serrano et al., 2015), bioturbation (Montero-Serrano et al., 2015; Fantasia et 1631 

al., 2018) – no available data on PZE. Dotternhausen: δ13Ccarb and δ13Corg (Schouten et al., 2000; 1632 

Röhl and Schmid-Röhl et al., 2005), black shales stratigraphic position (Schouten et al., 2000; 1633 

Röhl and Schmid-Röhl et al., 2005; Dickson et al., 2017), redox conditions (Dickson et al., 2017; 1634 

Baroni et al., 2018; Wang et al., 2020), bioturbation (Röhl et al., 2001; Schwark and Frimmel, 1635 

2004; Röhl and Schmid-Röhl et al., 2005), PZE (Schouten et al., 2000; Schwark and Frimmel, 1636 

2004). Schandelah: δ13Corg (van Schootbrugge et al., 2019a; Visentin et al., 2021), black shales 1637 

stratigraphic position (Visentin et al., 2021), redox conditions (Baroni et al., 2018) – no available 1638 

data on PZE. Yorkshire: δ13Corg (Cohen et al., 2004; Kemp et al., 2005), black shales stratigraphic 1639 

position (Hesselbo et al., 2000; Cohen et al., 2004; Kemp et al., 2005; Dickson et al., 2017), detrital 1640 

input (Thibault et al., 2018), primary productivity (Remirez and Algeo, 2020a), redox conditions 1641 

(McArthur et al., 2008; Dickson et al., 2017; Baroni et al., 2018; Thibault et al., 2018; McArthur, 1642 

2019; Houben et al., 2021), bioturbation (Caswell and Frid, 2017), PZE (Bowden et al., 2006; 1643 

French et al., 2014). See text for details. 1644 

Figure 13 –Palaeogeographic map of the epicontinental northern Europe and Tethyan areas 1645 

to the south during the Toarcian (~180 Ma) (modified after Ruebsam et al., 2018). The palaeo-1646 

location of the Sogno Core is reported, together with those of other key sections discussed in the 1647 

text and reported in Figure 12. Distribution of anoxia modified after Baroni et al. (2018) and 1648 

Ruebsam et al. (2018). A pink shade indicates the distribution of Mn-rich carbonates in the Alpine-1649 

Mediterranean Tethys as described in Jenkyns et al. (1991). 1650 
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