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Abstract The Toarcian Oceanic Anoxic Event (T-OAE, ∼183 Myr) was a long-lasting episode of
ocean deoxygenation during the Early Jurassic. The event is related to a period of global warming and
characterized by major perturbations to the hydrological and carbon cycles with high rates of organic
matter burial in shelf seas. Ocean circulation during the Toarcian and its influence on marine
biogeochemical cycles are still not fully understood. Here we assess the spatial extent of anoxia in the NW
Tethys Ocean during the T-OAE, the relationship with ocean circulation and the impact on organic carbon
burial, using new and existing sedimentary records from the European Epicontinental Shelf in combination
with general circulation model results. We demonstrate that bottom waters on the southwestern part of
the shelf were mainly oxic during the T-OAE, while those in the northeastern basins were mostly anoxic or
even sulfidic. Results for two ocean-atmosphere models (Fast Ocean-Atmosphere Model and Massachusetts
Institute of Technology general circulation model) suggest the presence of a strong clockwise gyre over the
European Epicontinental Shelf, which brought oxygenated equatorial waters from the Tethys Ocean to the
southern shelf. The northward limb of the gyre was significantly weakened due to the rough bathymetry
of the northern shelf, making this relative small region highly sensitive to local ocean stratification. These
sluggish ocean dynamics promoted bottom water anoxia and enhanced burial of organic carbon in the
northeastern basins, which accounted for 3–5% of the total carbon extracted from the ocean-atmosphere
system as recorded by the positive carbon isotope shift.

1. Introduction

The Toarcian Oceanic Anoxic Event (T-OAE; ∼183 Myr) is one of several long-lasting episodes (>100 kyr) of
ocean deoxygenation during the Mesozoic (e.g., Jenkyns, 2010). The T-OAE can be recognized in sedimen-
tary rocks deposited during the Early Jurassic by a major negative carbon isotope excursion in both terrestrial
and marine organic matter. It is associated with global warming superimposed on an already warm climate
(e.g., Hesselbo et al., 2000; Kemp et al., 2005). Plausible causes for warming during the T-OAE are the injection
of massive amounts of CO2 into the atmosphere due to the emplacement of the Karoo-Ferrar large igneous
province and large-scale release of thermogenic methane (Cohen et al., 2004; Hermoso et al., 2009; Hesselbo
et al., 2000; Kemp et al., 2005). The carbon isotope shift during the event has been attributed to the disso-
ciation of methane hydrates (e.g., Beerling & Berner, 2002; Cohen et al., 2007; Kemp et al., 2005), magmatic
intrusions into organic-rich sediments (McElwain et al., 2005), and volcanic activity (e.g., Suan, Mattioli, et al.,
2008; Svensen et al., 2007). The T-OAE is characterized by global changes in climate and biogeochemical
cycling (Cohen et al., 2004).

Sedimentary rock records indicate that parts of the European Epicontinental Shelf (EES; Figure 1) were partic-
ularly susceptible to deposition of organic-rich sediments, likely reflecting bottom water anoxia during the
T-OAE (Jenkyns, 1985; McArthur et al., 2008). This holds in particular for the northern basins of the EES, where
there are several lines of evidence for persistent anoxic and sulfidic bottom waters (i.e., euxinia) developing
during the event, only interrupted by occasional periods of brief reoxygenation. After the termination of the
T-OAE, the area with marine anoxia/euxinia contracted (e.g., Dickson et al., 2017; Frimmel et al., 2004; McArthur
et al., 2008; Pearce et al., 2008; Röhl et al., 2001; Them et al., 2018; Thibault et al., 2018).
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Figure 1. Toarcian paleogeographical reconstruction of the Earth and the NW Tethys Ocean with adjacent shallow
region. This shallow region is here referred to as the European Epicontinental Shelf. Note the lack of sampling sites in
the open Tethys Ocean, the Viking and Hispanic corridors, and the southern European Epicontinental Shelf. Locations of
sites with new (red) and published (black) data compiled for this study are indicated. Thin black lines represent the
equator and the 30∘N parallel. The global map is modified from Them et al. (2017) and regional paleogeography is
modified from reconstructions by Ron Blakey, Deep Time MapsTM, https://deeptimemaps.com/gmedia-album/.

Although the EES accounted for only a small proportion of the global ocean during the Toarcian, the amount
of organic matter buried in the sediment during the T-OAE could have been sufficient to impact atmospheric
CO2 concentrations, thereby providing a negative feedback on the warming. The potential of this mechanism
is illustrated by the recent finding that organic carbon burial in one single freshwater lake was of sufficient
magnitude to contribute between 1.3% and 2.2% of the global drawdown of atmospheric CO2 required to
recover from the negative isotope shift during the Toarcian (Xu et al., 2017).

Despite the apparent global-scale importance of the biogeochemical changes in the EES and other shallow
shelf seas during the Toarcian, the exact spatial extent of the anoxia and the oceanographic conditions lead-
ing to the organic matter burial are not well understood. This particularly holds for the ocean circulation
in the Tethyan region. An example is the flow through the Viking Corridor (Figure 1), which has both been
suggested to be southward from the Arctic (Bjerrum et al., 2001), with the flow dominating the entire shelf
(Dera et al., 2009) and northward from the Tethys Ocean to the Arctic (Korte et al., 2015). Various studies sug-
gest a role of a warm surface current flowing from the Tethys Ocean to the shelf, mainly based on geological
records (Dera et al., 2015; Krencker et al., 2015; Röhl et al., 2001). Modeling studies for the Early Jurassic mainly
focus on atmosphere dynamics (e.g., Chandler et al., 1992; Sellwood & Valdes, 2008; Valdes et al., 1995) and
differ in modeled seasonal contrast, global air surface temperatures, and the magnitude of polar ice cap for-
mation. The only study using an ocean-atmosphere model to assess the response of ocean dynamics under
different atmospheric CO2 levels during the Toarcian is that of Dera and Donnadieu (2012). They concluded
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that during the Toarcian, the strength of the global ocean circulation progressively decreased and that fre-
quent discharges of brackish Arctic surface waters may have flowed through the Viking Corridor into the EES.
Based on osmium isotopes (Cohen et al., 2004; Percival et al., 2016; Them et al., 2017) and kaolinite/illite ratios
(Xu et al., 2018), enhanced weathering due to an increased hydrological cycle has been suggested to have
dominated the T-OAE interval.

Here we first describe the spatial extent of anoxia in the EES during the T-OAE based on existing and newly
generated records of redox-sensitive elements from sites in the Cleveland and German basins in the north-
east of the EES. We also estimate rates of organic carbon burial based on the sedimentary rock records. Two
ocean-atmosphere general circulation models—the Fast Ocean-Atmosphere Model (FOAM; Jacob, 1997) and
the Massachusetts Institute of Technology general circulation model (MITgcm; Adcroft et al., 2004)—are used
to assess the potential role of ocean circulation in explaining the spatial trends in biogeochemical conditions
in the EES. We show that the bathymetry of the EES and the clockwise flow of water played a critical role in
the development of anoxia on the shelf and the burial of organic carbon.

2. Background
2.1. Study Area
During the Early Jurassic, relative sea level rise led to the formation of various interconnected epicontinental
seas, in what is now western Europe (Figure 1). This region, which we refer to as the EES, was connected to
the open Tethys Ocean (Ziegler, 1988, 1990) and is characterized by numerous islands in the north. The exact
bathymetry of the EES is uncertain (e.g., Baudin et al., 1990; Golonka & Ford, 2000), but there is evidence from
the geological record for both shallow areas (<300 m; Farrow, 1966; Trabucho-Alexandre et al., 2012) and
deeper basins (∼2,500 m; Röhl et al., 2001; Tissot et al., 1971). The EES was located near the Tropic of Cancer
and was about 2000–3000 km wide and 4,000–6,000 km long (Ziegler, 1988). It accounted for about 3% of
the global ocean surface. Important seaways, the Hispanic and Viking corridors, connected the EES with the
Panthalassa and the Arctic Oceans. Their precise opening times and depths remain uncertain for T-OAE, but
paleontological evidence suggests connections that allowed the migration of marine species between oceans
(e.g., Aberhan, 2001, 2002; Arias, 2006; Caswell & Coe, 2014; Mattioli et al., 2008; Nikitenko, 2008).

The EES saw various episodes of deposition of organic-rich mudrocks. The lower Toarcian succession is a
prime example since it contains the most pronounced carbon isotope excursion—that is, T-OAE (Jenkyns
et al., 2002). The Toarcian Stage presents geological evidence of different Milankovitch frequencies (preces-
sion, obliquity, and eccentricity). However, which of the orbital parameters controlled the sediment cycles
during the T-OAE remains unclear (Boulila et al., 2014; Huang & Hesselbo, 2014; Kemp et al., 2005, 2011;
Ruebsam et al., 2014, Sha et al., 2015). The onset of organic-rich mudrock deposition may have been
diachronous in the EES during the Toarcian (Wignall et al., 2005). However, the principal level of organic-rich
mudrock can generally be assigned to the lower to middle Harpoceras exaratum Subzone (in terms of
ammonite zonation). Geological evidence suggests that primary productivity and burial rates of organic mat-
ter increased over the entire EES during the T-OAE (Bodin et al., 2010; Rodríguez-Tovar & Reolid, 2013; Suan,
Mattioli, et al., 2008). Monsoon winds are likely to have dominated the north-eastern Tethys Ocean (Parrish &
Curtis, 1982), which would have favored precipitation over evaporation across the EES leading to enhanced
river discharge and terrestrial nutrient inputs (Röhl et al., 2001), especially along the western Laurasian coast
(Chandler et al., 1992; Valdes et al., 1995). These conditions could have been responsible for the deoxygena-
tion that developed in bottom waters. Short-lived oxygenation events are likely to have occurred during the
T-OAE, which were possibly linked to a switch in wind patterns that would have favored dry conditions (Röhl
et al., 2001). Geological evidence for enhanced continental runoff has been found in the EES (e.g., Fantasia
et al., 2018; Hesselbo et al., 2007). The highest total organic carbon (TOC) contents are mainly found along
the northeastern side of the EES (Jenkyns, 1988; Kemp et al., 2011). Most of the organic matter preserved in
T-OAE sediments in the EES is of marine origin (e.g., Frimmel et al., 2004; Mailliot et al., 2009; Montero-Serrano
et al., 2015; Trabucho-Alexandre et al., 2012).

2.2. Redox Proxies
Various elemental ratio and elemental concentration geochemical proxies are available to reconstruct local
and regional bottom water oxygen conditions from sedimentary rock records (e.g., Calvert & Pedersen,
1996; Tribovillard et al., 2006). Here we briefly describe the redox proxies used in this study, including the
mechanisms that are thought to be responsible for the observed signals.
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Elevated ratios of TOC to total phosphorus (TOC/P) reflect enhanced regeneration of P relative to carbon in
sediments overlain by low-oxygen waters. The elevated ratios are thought to be the combined result of less
retention of P by microorganisms and less retention in minerals in the sediment (e.g., as Fe oxide bound P and
apatite; Algeo & Ingall, 2007; Ingall et al., 1993; Slomp et al., 2002). Ratios of iron over aluminum (Fe/Al) above
crustal averages (0.5 wt%/wt%) are typically associated with anoxic and sulfidic basins, where Fe becomes
enriched through effective trapping of any incoming Fe from shallower areas (Lyons & Severmann, 2006;
Owens et al., 2012). Because input from these shallower areas can be enhanced under anoxic but not sulfidic
conditions, Fe/Al can also indicate how widespread anoxia is in a region (e.g., Eckert et al., 2013; Lenz et al.,
2015; Raiswell & Anderson, 2005). Molybdenum (Mo) is conservative in oxic waters but is fixed in sediments
in the presence of free hydrogen sulfide through conversion of molybdate to particle reactive thiomolybdate
(Helz et al., 1996). While near crustal values of Mo (1–2 ppm) indicate oxic bottom waters, enrichments of
<25 ppm typically reflect the presence of sulfide in pore waters only and values above 60 to 100 ppm are
often used as an indicator for euxinic bottom waters (Lyons et al., 2009; Scott & Lyons, 2012). However, the
removal of Mo through sediments in low-oxygen waters can be faster than the resupply of Mo by renewal of
the water mass, which would lower the Mo concentrations in sediments of restricted basins (Algeo & Lyons,
2006). Sediments in euxinic basins are often enriched in sulfur (S), copper (Cu), and vanadium (V). The S is
mostly in the form of pyrite (Lyons & Berner, 1992), with formation of pyrite being limited by the input of Fe
(Berner, 1970). While Cu is typically enriched in pyrite in S-rich sediments, V generally precipitates in authi-
genic mineral phases (e.g., Algeo & Maynard, 2004; Hastings et al., 1996; Tribovillard et al., 2006). Enrichments
of manganese (Mn) are common in environments with variations in bottom water redox conditions, which
allow Mn oxides to be converted to Mn carbonates. In sediments permanently overlain by anoxic bottom
waters, sediment concentrations of Mn are typically low because the Mn oxides are not preserved and are
not converted to other Mn mineral forms. Consequently, the Mn is not buried (e.g., Calvert & Pedersen, 1996;
Lenz et al., 2015).

3. Methods
3.1. Geological Observations
Sedimentary records of TOC, TOC/P, Fe/Al, Mo, Mn, S, V, and Cu from Toarcian successions at Yorkshire (UK),
Schandelah (Northern Germany), and Dotternhausen (Southern Germany) were generated and combined
with existing TOC and redox proxy data for the northwestern Tethyan region during T-OAE. All sites from which
geochemical records were used in this study are shown in Figure 1. Relevant average geochemical data for
the carbon isotope excursion at each site and references (e.g., French et al., 2014; Jenkyns et al., 2001; Lu et al.,
2010; Silva et al., 2017; Van Breugel et al., 2006) are given in the supporting information (Table S1). The table
also includes a compilation of the evidence for high/low primary productivity, the degree of oxygenation, and
photic zone euxinia deduced mainly from palynology and from the presence of specific organic compounds,
such as isorenieratane and methyl isobutyl maleimides. Below, we briefly describe the geological setting and
sampling of the Yorkshire, Schandelah, and Dotternhausen sites, which all represent shallow depositional
environments, with paleodepths not greater than 200 m during the T-OAE.

3.1.1. Yorkshire (UK)
The Yorkshire succession was deposited in the Cleveland Basin in the northern EES. The samples were col-
lected from a composite of the Toarcian exposures at Saltwick Bay, Port Mulgrave, and Hawsker Bottoms along
the coast of North Yorkshire in the UK. The T-OAE in Yorkshire is characterized by unbioturbated, laminated
marine organic-rich mudrocks with discrete levels of calcite concretions and spans the upper tenuicostatum
and lower falciferum Ammonite zones (Howarth, 1992; Kemp et al., 2005). These exceptionally well preserved
sedimentary rocks provide a complete record of the T-OAE. The biostratigraphy and lithostratigraphy pre-
sented here are from Howarth (1992). The TOC, P, Fe/Al, Mn, Mo, S, V, and Cu data from this location used
in this study are from Harding (2004). The carbon isotope record, which was completed on exactly the same
samples, was published in Cohen et al. (2004). The samples were collected at least every 50 cm and at a spac-
ing of up to 1 cm from the T-OAE interval. High-resolution carbon isotope, TOC, and S data are also available
in Kemp et al. (2005) and Kemp et al. (2011). Molybdenum concentration determined by isotope dilution on
aliquots of many of the same samples used in this study are presented in Pearce et al. (2008).

3.1.2. Schandelah (Northern Germany)
The Schandelah site was located in the northern German Basin during the Early Jurassic. The core drilled at
Schandelah mainly consists of laminated, organic-rich gray and black shales (van Eldijk et al., 2018). The 𝛿13Corg
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Table 1
Summary of the Experiments Used in This Study, Where the Orbital Parameters (Eccentricity, Obliquity, and Perihelion), the Paleogeography, and the Paleodepths of the
EES Are Varied to Test Their Influence on Ocean Circulation

Orbital configuration

Model Experiment Paleoreconstruction Seasonality Eccent. Obli. Perihelion

FOAM PR1 Dera and Donnadieu (2012) Minimum 0 22 —

PR1InsolStrong Dera and Donnadieu (2012) Strong 0.05 24.5 June

PR1InsolWeak Dera and Donnadieu (2012) Weak 0.05 24.5 December

PR1closed Dera and Donnadieu (2012) Weak 0.05 24.5 December

and closed Hispanic Corridor

PR2 Golonka and Ford (2000) Minimum 0 22 —

PR2shallow Golonka and Ford (2000) Weak 0.05 24.5 December

and shallow continental shelves

in the EES (up to 30 m)

MITgcm PR1MIT Dera and Donnadieu (2012) Minimum 0 23.45 —

PR2MIT Golonka and Ford (2000) Minimum 0 23.45 —

Note. All our experiments assume warm initial seawater temperatures. Experiments performed with Fast Ocean-Atmosphere Model (FOAM) assume a pCO2 of
1,120 ppm and a solar constant of 1,343 W/m2, while those performed with Massachusetts Institute of Technology general circulation model (MITgcm) assume a
pCO2 of 326 ppm and a solar constant of 1,380 W/m2 (for more details, see supporting information section S2.1). The seasonal contrast in the Northern Hemisphere
(seasonality) for each experiment is indicated. Note that all scenarios presented in Dera and Donnadieu (2012) assume a cold ocean as initial condition, as well as
the modern distribution of insolation (eccentricity = 0.017 and obliquity = 23.43) with a solar constant of 1,344.07 W/m2. EES = European Epicontinental Shelf.

and detailed stratigraphy are published in van de Schootbrugge et al. (2018). The T-OAE interval is identified
based on selected palynological data of the onset, combined with the negative excursion of the 𝛿13Corg and
the TOC content (supporting information section S1.1 and Figure S1.1; Cochlan et al., 1991; Falcón et al., 2004;
van de Schootbrugge et al., 2013). The organic-rich mudrocks related to the negative carbon isotope excur-
sion are present within the tenuicostatum and the lower falciferum Ammonite zones (Brumsack, 1991; van
de Schootbrugge et al., 2013). Here the tenuicostatum Zone is represented in a 5-cm interval. The sampling
resolution was 10 cm with a resolution of 5 cm in parts of the T-OAE interval.
3.1.3. Dotternhausen (Southern Germany)
The Dotternhausen site was located in the southern German Basin during the Early Jurassic (e.g., Röhl et al.,
2001). The paleodepth was likely a few tens of meters (Röhl & Schmid-Röhl, 2005). The organic-rich sedimen-
tary rocks consist of a succession of marls and bituminous clays with a few interbedded carbonate-rich levels
(Röhl et al., 2001). The T-OAE, identified by a negative shift in 𝛿13Corg of approximately 5‰, is located within
the middle semicelatum and elegans Ammonite subzones, between approximately 2 and 5.5 m (Schouten
et al., 2000). The lithology and (bio)stratigraphy presented here are from Riegraf et al. (1984), and the 𝛿13Corg

record is from Schouten et al. (2000). The TOC, P, Fe/Al, Mo, Mn, S, V, and Cu data are from Harding (2004) from
samples collected every 5 to 20 cm.
3.1.4. TOC and Elemental Composition
Sedimentary samples from Yorkshire and Dotternhausen were crushed and homogenized in an agate mortar.
TOC and S were determined using the Leco CNS-2000 Elemental Analyser at the Open University, UK. The TOC
was calculated as the difference between 0.2 g of sample analyzed for bulk carbon content and the remaining
carbon content from 0.3 g of sample that was ashed in a furnace at 450 ∘C to oxidize all the organic carbon.
Other elements (P, Fe, Al, Mn, Mo, V, and Cu) were determined from glass beads and pressed pellets using the
ARL 8420+ dual goniometer wavelength dispersive X-ray florescence spectrometer at the Open University, UK.
Sediment samples from Schandelah were freeze dried, powdered, and homogenized using an agate mortar
and pestle. To determine the organic carbon content, about 0.3 g of powdered sample was decalcified using
1 M HCl. Subsequently, carbon was quantified in the decalcified residue by a Fisons Instruments CNS NA 1500
analyzer, and the TOC content of the original sampled was calculated after correcting for the weight loss
(Van Santvoort et al., 2002). To measure the total elemental composition, approximately 125 mg of powdered
sample was treated with 2.5 ml of mixed acid (HClO4:HNO3; 3:2) and 2.5 ml 40% HF, followed by evaporation
of the acids and redissolution of the residue in 25 ml 4.5% HNO3. The solutions were then analyzed for P, Fe, Al,
Mo, Mn, S, V, and Cu with a Coupled Plasma-Optical Emission Spectrometry (SPECTRO ARCOS). The accuracy
was between 95% and 105%, and the relative errors were < 5% for all reported elements.

RUVALCABA BARONI ET AL. 998



Paleoceanography and Paleoclimatology 10.1029/2018PA003394

Figure 2. Lithology; chemostratigraphy (𝛿13Corg and TOC); redox-sensitive elements (TOC/P, Fe/Al, Mo, Mn, V, and Cu); and S at Yorkshire, Schandelah, and
Dotternhausen. Gray shades highlight the initiation, the main interval, and the termination of T-OAE (after Cohen et al., 2004). Carbon isotopes at Yorkshire,
Schandelah, and Dotternhausen are from Cohen et al. (2004), van de Schootbrugge et al. (2018), and Schouten et al. (2000), respectively. For other references see
text. VPDB = Vienna PeeDee Belemnite; T-OAE = Toarcian Oceanic Anoxic Event; TOC/P = total organic carbon to total phosphorus.

3.2. Models
We use the fully coupled FOAM and MITgcm to assess the water circulation in the EES. Both FOAM and MIT-
gcm resolve global circulation, sea ice, land surface, and river transport, with an ocean medium resolution
grid of 1.4∘ × 2.8∘ and 1.85∘ × 1.85∘, respectively. While FOAM is specifically designed for long-term simu-
lations (Jacob, 1997), MITgcm is computationally more expensive. However, MITgcm provides a more robust
representation of the ocean dynamics and mixing processes than FOAM (Gent & Mcwilliams, 1990; Large
et al., 1994). Results of both models for the modern ocean compare well with those of higher-resolution cli-
mate models (Jacob et al., 2001; Marshall et al., 1998; Tobis et al., 1997). Here we use FOAM to explore a wide
range of boundary conditions for the T-OAE and MITgcm to determine to what extent our results are model
dependent. Our baseline scenario for the T-OAE (PR1) is based on that of Dera and Donnadieu (2012), which
includes a pCO2 that is 4 times the preindustrial level (i.e., 1,120 ppm). The present-day orbit and insolation
used in Dera and Donnadieu (2012) were replaced by an orbital configuration imposing a minimal seasonal
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Figure 3. Summary of new and existing redox-sensitive elements from the European Epicontinental Shelf during T-OAE.
The map shows the spatial distribution of the averaged TOC, TOC/P, Fe, and Mn within T-OAE and for sites where data
was available. The range of Fe/Al across T-OAE (i.e., minimum and maximum values) are indicated (orange bars). Note
that the small parallel lines indicate that maximum values exceed the x axis limit. Locations that show evidence for
euxinic, anoxic, or oxygenated conditions are indicated. Evidence for low/high primary productivity inferred from
different studies is also shown. See text and Table S1 for details and references. T-OAE = Toarcian Oceanic Anoxic Event;
TOC/P = total organic carbon to total phosphorus.

contrast in the Northern Hemisphere and a smaller solar constant, respectively (Table 1). In the experiments
of Dera and Donnadieu (2012), the initial ocean temperatures were set to modern values. This initial cold
ocean favors surface warming and stratification. We therefore use warm initial temperatures to ensure a rapid
deep-ocean equilibrium. The Toarcian paleogeography (van de Schootbrugge et al., 2005) and orbital forc-
ing parameters are poorly constrained with estimates for the T-OAE interval (i.e., the negative CIE) ranging
from approximately 300 to 900 kyr (e.g., Boulila et al., 2014; Huang & Hesselbo, 2014; Kemp et al., 2005, 2011;
Ruebsam et al., 2014; Sha et al., 2015; Suan, Pittet, et al., 2008). Therefore, we conduct five additional FOAM
experiments with different orbital forcing parameters, paleogeography, and bathymetry settings (Table 1 and
Figure S2.1). For the orbital forcing parameters in particular, we considered two end-members characterized
by a seasonality that is either extremely weak or extremely strong in the northern midlatitudes (PR1InsolWeak

and PR1InsolStrong respectively; see Table 1). In this study, we use two different paleogeographic reconstruc-
tions, based on those of Golonka and Ford (2000) and Dera and Donnadieu (2012), which mainly differ in the
latitudinal position of the main continental blocks and the position, number, and size of emerged landmasses
in the EES region. The latitudinal position of the EES in the paleogeographic reconstruction of Golonka and
Ford (2000) is more in agreement with the geological database than that of Dera and Donnadieu (2012). One
MITgcm model run is conducted for each of the paleogeographic reconstructions (Table 1). In the MITgcm
experiments, greenhouse gas concentrations cannot be changed and the simulation of warm climatic states
was achieved by increasing the solar constant, following the methodology used in Ferreira et al. (2011) and
Pohl et al. (2017). The resulting global climatic state is comparable to the one simulated with FOAM (pCO2 of
1,120 ppm). Model details are further described in supporting information S2 (e.g., Forget et al., 2015; Gent &
Mcwilliams, 1990; Gough, 1981; Jacob, 1997; Pacanowski & Philander, 1981).
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Figure 4. Ocean dynamics in the Tethyan region for scenarios with contrasting orbital forcing, bathymetry, and two different paleogeographic reconstructions
(PR1 is based on Dera & Donnadieu, 2012, and PR2 on Golonka & Ford, 2000). In (a) and (b) results are shown for the scenario with a strong insolation in the
Northern Hemisphere (PR1InsolStrong). Panel (a) shows the surface ocean currents (vectors) and sea surface temperatures (color) averaged over the first 100 m.
Panel (b) shows the E-W velocity component (u) flowing in and out of the EES through a transect (at 27∘E). The circles indicate the main direction of the flow
dominating the first 300 m, where ⊗ refers to westward flow and ⊙ to eastward flow. The transect is indicated by the white line in (a). Other results are for the
surface ocean currents (vectors) and sea surface temperatures (color) for (c) the base line scenario (PR1), (d) the scenario with a weak insolation in the northern
Hemisphere (PR1InsolWeak), (e) the scenario with a closed Hispanic Corridor (PR1closed), (f ) the scenario with an updated paleogeographic reconstruction (PR2), (g)
the scenario with a shallow EES (up to 30 m) and an updated paleogeographic reconstruction, and (h) the scenario performed with Massachusetts Institute of
Technology (MIT) general circulation model (PR1MIT). For more details on each scenario, see Table 1. EES = European Epicontinental Shelf.

3.3. Estimation of the Organic Carbon Burial
The TOC (in gigatons) stored in EES sediments during the T-OAE was calculated following the equation used
in Xu et al. (2017): M = A × h × 𝜌 × TOC, where M is the TOC for a chosen area, A is the area, h is the averaged
thickness of A, and 𝜌 is the sediment bulk density (here assumed to be 2.5 g/cm3; Wei et al., 2014). The TOC is
estimated based on the TOC of each site averaged over the T-OAE interval and then averaged over the total
number of sites included in the respective area. We use the model paleogeography and bathymetry to calcu-
late the area, which is chosen to include sites with similar TOC content that are located within similar basins.
The thickness (h) is then estimated based on the averaged thickness of all T-OAE deposits within the given
area A. Values of h and A used in this study are given in supporting information S1 (Table S1 and Figure S1.2).

4. Results
4.1. Geochemical Data From the NE Basins
Sedimentary records from Yorkshire, Schandelah, and Dotternhausen show strong similarities despite being
located in different basins of the EES (Figure 2). At all three sites, the negative carbon isotope excursion of
∼5‰ to 7‰ in organic carbon that characterizes the event coincides with the deposition of highly organic
rich sediments, with TOC contents up to ∼20 wt%. However, the TOC contents are higher at Schandelah and
Dotternhausen than at Yorkshire. At all sites, we find low values of TOC/P, Fe/Al, Mo, V, S, and Cu prior to the
event and increased values characterized by a large temporal variability during the T-OAE. Molar TOC/P ratios
are typically above the Redfield ratio (i.e., 106) during the event, with maximum values ranging from ∼400
at Yorkshire and Dotternhausen to ∼1,200 at Schandelah. Fe/Al ratios are typically higher than the crustal
average of 0.5 wt%/wt% and mostly below 1 wt%/wt% during the event. Concentrations of Mo increase at
all sites to values between ∼10 and 30 ppm. Manganese contents are typically low but show quite some
variation, with maxima in and/or at the end of the T-OAE at all sites. Sulfur, V, and Cu are enriched in the T-OAE
sedimentary rocks at all sites.
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Figure 5. Ocean circulation, salinity, and mixed layer depth simulated in the European Epicontinental Shelf by
experiment PR2MIT. (a) Surface ocean currents (vectors) and mean annual ocean salinity (color) averaged over the first
100 m of the water column. (b) Mean annual mixed layer depth. Results of Massachusetts Institute of Technology (MIT)
general circulation model are shown because the latter model provides a more robust representation of mixing
processes and thus mixed layer depth than Fast Ocean-Atmosphere Model.

After the T-OAE, trends at the three sites diverge. While at the Yorkshire site, TOC/P and Fe/Al decrease to back-
ground values, relatively high values are still observed at the other two sites. Concentrations of TOC remain
high while Mo concentrations further increase at all sites after the T-OAE. At Schandelah, this increase is pre-
ceded by a minimum in Mo, which coincides with a minimum in TOC, S, V, and Cu and a maximum in Mn.
The Yorkshire record ranges from the tenuicostatum Zone to the lower bifrons Zone and contains the most
expanded falciferum Zone. At this site, differences between the lower (∼21–34 m) and upper (∼34–42.2 m)
falciferum Subzone can be distinguished. For example, during the lower falciferum Subzone, TOC decreases
with increasing Mo concentrations. In contrast, Mo concentrations decrease while TOC remains relatively low
during the upper falciferum Subzone (Pearce et al., 2008).

4.2. Spatial Trends in Organic Carbon and Redox Proxies During the T-OAE
Our data compilation of TOC and redox proxy data for the EES during the T-OAE reveals two major contrasting
depositional settings (Figure 3). Whereas organic carbon-rich sediments (>1 wt% TOC) were deposited in the
northern EES (above 30∘N), relatively organic-lean sediments (<1 wt% TOC) are found in the south. The high-
est TOC contents (>5 wt%) are observed in the northwestern basins (Yorkshire, Schandelah, Dotternhausen,
and Rietheim). These sedimentary rocks are also characterized by high molar TOC/P ratios (>150), high Fe/Al,
and low Mn/Al. Such a geochemical signature is typical for sediments overlain by low-oxygen bottom waters
(Algeo & Maynard, 2004; Mort et al., 2010; Sulu-Gambari et al., 2017). Sediments at these sites also show evi-
dence for a high primary productivity and photic zone euxinia as deduced from micropaleontological records,
Rock-Eval pyrolysis and biomarker analysis (supporting information Table S1).

In the southern EES, in contrast, low TOC/P (<106) and low Fe and Mo suggest oxic (at most suboxic) condi-
tions during T-OAE. However, the absence of benthic fauna, weak bioturbation, occurrence of finely laminated
sediments (Suan, Mattioli, et al., 2008), and the occasional presence of pyrite fromboids (Reolid et al., 2014)
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Figure 6. Difference in ocean dynamics in the NE Tethys region, including the EES, between a scenario with reduced and
minimum seasonal contrast in the Northern Hemisphere (PR1InsolWeak − PR1). (a) The direction of mean annual surface
ocean currents (vectors) averaged over the first 100 m of the water column and the difference in magnitude (color)
between PR1InsolWeak and PR1. (b) Difference in the E-W velocity component (u) between PR1InsolWeak and PR1 flowing
through a transect dividing the EES and the open Tethys Ocean. Main direction of the flow dominating the first 300 m
are brought forward by the circles, where ⊗ indicates a westward flow and ⊙ an eastward flow. The corresponding
transect is indicated in (a). White color indicates zones of no or little differences. EES = European Epicontinental Shelf.

suggest short episodes of reducing conditions in bottom waters at Peniche and La Cerradura in the south-
western EES. Such redox oscillations could also explain the high Mn/Al at some sites (e.g., Bodin et al., 2010;
Rodríguez-Tovar & Reolid, 2013). Organic compounds derived from green sulfur bacteria have been found at
some Italian sites in the southern EES (Pancost et al., 2004), possibly suggesting sporadic photic zone eux-
inia. We note that samples from the southern EES also vary in TOC content: sedimentary rocks from sites
in Morocco, Italy, and Greece contain lower TOC (e.g., Bodin et al., 2010; Kafousia et al., 2014) than sites
in Spain and Portugal.

4.3. Ocean Dynamics During the T-OAE
In our simulations, the main pattern of ocean circulation in the Tethys Ocean consists of a strong westward
equatorial current that transports warm and salty waters to the southern EES (Figures 4a and 4c–4h). These
waters are mostly flushed away from the epicontinental sea through the Hispanic Corridor to the Pantha-
lassa Ocean, except if the connection is closed (Figure 4). The surface currents entering the EES slow down at
the mouth of the Hispanic Corridor, but they keep a clockwise motion following the east and SW Laurasian
coast. The shallow bathymetry, the numerous sills and islands in the northeastern EES also contribute to the
weakening of these current. A shallowing of the EES bathymetry further slows down these northeast cur-
rents (Figure 4h). This gyre-like pattern dominates the EES in all scenarios, including in those performed with
MITgcm (Figure 4h), and we refer to this circulation pattern as the large-scale Tethyan clockwise gyre.

The large-scale gyre is also present in coastal bottom waters (∼100–300 m), which is especially visible in
the PR1InsolStrong scenario (Figure 4b). The vertical profile of the E-W velocity component (u) in a transect at
the boundary between the EES and the open Tethys Ocean mostly follows the surface dynamics (Figure 4a).
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Note that the N-S velocity component (v) is close to zero along the reference transect at 27∘E. Although
the large-scale Tethyan clockwise gyre is present in all scenarios (including in those performed by Dera &
Donnadieu, 2012), the ventilation and strength of the global ocean overturning is strongly affected by
changes in initial sea surface temperatures, continental configuration and orbital forcing (supporting infor-
mation Figure S2.2). For example, when assuming a weak insolation in the Northern Hemisphere, the ocean
overturning is significantly reduced in the Northern Hemisphere relative to PR1 (with a difference of up to
10 Sv; Figure S2.2b).

Part of the equatorial surface waters entering the EES is transported back to the Tethys Ocean before reach-
ing the shallowest eastern part of the EES (around 10–15∘N). This is particularly the case when the Hispanic
Corridor is narrow (PR2 and PR2shallow; Figures 4f and 4g) or closed (PR1closed; Figure 4e). The dimensions,
strength, and position of this pattern, here referred to as the southern small-scale gyre, vary in scenarios with
different bathymetry and orbital forcing. The pattern is not present in the scenarios performed with MITgcm
(Figures 4h and 5a).

The salinity distribution and the vertical mixing show a clear difference between the northern and the south-
ern EES in all runs, which is consistent with the large-scale Tethyan clockwise gyre described before. An
example for PR2MIT is shown in Figure 5a, where the salinity in the southern EES remains close to the mean
ocean value (∼35). In contrast, the northern basins are significantly less saline than in the south (∼33). Sim-
ilarly, north of the 30∘N parallel, the mixed layer depth is significantly shallower than in the southern EES,
reaching 20 to 30 m versus 40 to 100 m, respectively (Figure 5b).

Changes in orbital forcing affect the flow in the Viking and Hispanic Corridors. Compared to our baseline
scenario (PR1), the experiment with a weak seasonal contrast in the Northern Hemisphere (PR1InsolWeak) is
characterized by a more vigorous surface ocean circulation (Figure 6). More specifically, the surface small-scale
gyre, the surface currents of the Viking Corridor (Figure 6a), and the currents flowing out of the EES to the open
Tethys Ocean are enhanced (Figure 6b). However, the surface currents in the Hispanic Corridor (Figure 6a)
and the E-W velocities of the coastal bottom waters entering the EES from the open Tethys Ocean (Figure 6c)
are reduced. A shallowing of the EES, potentially reduces the ocean dynamics of the large-scale Tethyan gyre
(Figure 4g).

4.4. Organic Carbon Burial
From the data compilation, we estimate an average TOC content across the T-OAE of 6.7 wt% and an average
thickness of the deposit of 7 m (Table S1) for the anoxic northern basins. The anoxic area during the T-OAE
is estimated at 1.2 × 106 km2 (supporting information Figure S1.2), and the corresponding burial of organic
carbon in the anoxic northern basins is then calculated at 1,104 Gt of carbon. The suboxic and the oxic areas of
the EES are estimated at 2.5 × 106 and 2.7 × 106 km2, which could have buried an additional 1,300 and 202 Gt
of carbon, respectively. In this case the assumption is that the T-OAE deposits in the suboxic and oxic areas
have TOC contents of 1.5 and 0.5 wt% and an average thickness of 14 and 6.2 m, respectively (supporting
information Table S1).

5. Discussion
5.1. Temporal Variability in Oxygenation in the Northern EES
Various lines of evidence suggest that the northern basins were susceptible to low oxygen, for example, due to
recurrent inputs of Arctic nutrient-rich seawater (Dera & Donnadieu, 2012), a bathymetry that favored restric-
tion (McArthur et al., 2008), and climate conditions that promoted continental weathering (Cohen et al., 2004;
Fantasia et al., 2018; Hesselbo et al., 2007) and enhanced precipitation along the western Laurasian coast
(Chandler et al., 1992; Valdes et al., 1995). Nonetheless, the redox proxy records for Yorkshire, Dotternhausen,
and Schandelah suggest that bottom waters in the northern EES were mainly oxic before the initiation of
T-OAE (Figure 2). This is deduced from the low TOC/P ratios, near crustal average of Fe/Al, and the nearly con-
stant background values of Mo, S, V, and Cu prior to the carbon isotope excursion associated with the T-OAE.
Severe oxygen depletion occurred at the onset of the T-OAE, after which low-oxygen conditions persisted
within the entire interval at all three sites. Our redox proxy and data compilation (Figures 2 and 3) shows
that the anoxia was not limited to the southern German and Cleveland basins (Dickson et al., 2017; Fantasia
et al., 2018; McArthur et al., 2008; Pearce et al., 2008; Them et al., 2018; Thibault et al., 2018) but is likely to
have dominated the entire northeastern EES. Prolonged periods of photic zone euxinia are also likely to have
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Figure 7. Crossplot of sediment Mo versus TOC for (a) the T-OAE interval and (b) after the termination of T-OAE at
Dotternhausen (•), Schandelah (▴), and Yorkshire (+). Corresponding regression slopes are indicated with the same color
as the symbol. Dashed lines show regression slopes for Mo and TOC data of the well mixed Saanich Inlet, the restricted
modern Black Sea (Algeo & Lyons, 2006), and the restricted deep proto-North Atlantic during OAE2 (van Helmond et al.,
2014). Specific regression lines for the (c) lower and upper falciferum Subzones in Yorkshire are plotted to show
differences within the falciferum Subzone. TOC = total organic carbon; T-OAE = Toarcian Oceanic Anoxic Event.

occurred (Frimmel et al., 2004; Montero-Serrano et al., 2015; Pancost et al., 2004; Röhl & Schmid-Röhl, 2005;
Schouten et al., 2000).

To assess the degree of restriction of the water column at our three sites during the T-OAE, crossplots of
sediment TOC and Mo content were compared with TOC and Mo crossplots for modern sediments from the
well-ventilated Saanich Inlet and the restricted Black Sea (Algeo & Lyons, 2006) and Cretaceous OAE2 sedi-
ments (van Helmond et al., 2014; Figure 7). We find that the regression lines for the T-OAE of our three sites plot
below the regression lines for the Black Sea and OAE2 (Figure 7a), in accordance with results reported previ-
ously for Yorkshire (McArthur et al., 2008; Pearce et al., 2008; Them et al., 2018; Thibault et al., 2018), indicating
extremely restricted conditions.

After the T-OAE (Figure 7b), most redox proxies show evidence for improved oxygenation, but not necessarily
oxic conditions (e.g., Dickson et al., 2017; McArthur et al., 2008; Them et al., 2018; Thibault et al., 2018). The rise
in Mo concentration in the lower falciferum Subzone after the T-OAE at all sites is likely due to a decrease in
the area subject to euxinia and an increase in the Mo inventory (e.g., Dickson et al., 2017; McArthur et al., 2008;
Pearce et al., 2008). However, the TOC, the Mo inventory, and the ocean dynamics in these basins necessarily
varied within the falciferum Subzone. This is further illustrated by the differences between the regression lines
between TOC and Mo for the upper and lower falciferum Subzone at Yorkshire (Figure 7c).

Brief oxygenation periods may have occurred in the EES during the T-OAE (Caswell & Coe, 2013, 2014;
Montero-Serrano et al., 2015; Röhl et al., 2001; Röhl & Schmid-Röhl, 2005). In our records, this is especially
visible from maxima in Fe/Al and Mn at the base of T-OAE at Schandelah and in the middle of the T-OAE
at Dotternhausen (Figure 2). Fluctuations in the Mo isotope composition of T-OAE sedimentary rocks from
the northeastern basins have been attributed to changes in the local hydrography and water exchange with
the open ocean (Dickson et al., 2017). Short-lived oxygenation events may be linked to a switch from mon-
soon winds to dry northeast trade winds (Röhl et al., 2001) and/or to variations in the ocean circulation
strength. Our numerical experiments suggest that the southward flow through the Viking Corridor could
have been enhanced temporarily as the general ocean circulation changed (Figure 6). As a consequence
cold-oxygenated waters could have been transported to the northeastern EES. Conversely, the intensification
of anoxia may be linked to a weakening of the Arctic southward flow. However, because these particular oxy-
genation events are not recorded at all northeastern sites, they could also represent local changes rather than
fluctuations in ocean dynamics. Alternatively, brief ventilation events may not have led to well-oxygenated
bottom waters at all three sites due to differences in paleodepths (Röhl & Schmid-Röhl, 2005) and paleo-
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Figure 8. Dominant flow patterns as deduced from the ocean modeling and areas characterized by euxinic/anoxic,
anoxic/suboxic, and oxic/suboxic bottom water conditions based on the geological compilation and modeling results.

geography, or these events might simply not have been captured in the sampling or preserved in the record.
Changes in external forcing alter the position and current velocities of the clockwise gyre dominating the EES
(Figures 4 and 6). This modulates the water and thus oxygen exchange between the EES and the Tethys Ocean.
For example, changes in seasonal contrast in the Northern Hemisphere or a reduction in the pCO2 (Dera &
Donnadieu, 2012) facilitate ventilation in bottom waters of the southern EES (Figures 4, 6, and S2.2). Thus,
orbital changes and a decrease in pCO2 levels toward the termination of T-OAE could have worked synergis-
tically to favor a vigorous ocean circulation that, together with cooling, led to a reduced hydrological cycle
and thus reduced continental weathering. This is in agreement with the return to nearly zero kaolinite/illite
ratios (Xu et al., 2018) and lower osmium isotope values (Cohen et al., 2004; Percival et al., 2016; Them et al.,
2017) observed at the termination of the T-OAE. Although further studies on the temporal evolution of the
ocean dynamics during the Toarcian are needed, this study suggests that major changes through time and
geographically observed in the redox proxy records of the northern EES are likely to be linked to variations in
the ocean circulation and to have contributed to the termination of T-OAE.

5.2. Spatial Trends in Bottom Water Oxygen and Ocean Dynamics in the EES
Our data compilation (Figure 3 and Table S1) indicates that there were distinct spatial differences in bottom
water oxygen between the northern and southern EES. While the restricted basins along the northeastern
coast of the EES were anoxic with periods of photic zone euxinia during T-OAE, the southern EES remained
mostly oxygenated. Our modeling results confirm that ocean dynamics in the EES, notably the Tethyan
large-scale clockwise gyre, permitted the development of two contrasting vertical mixing regimes on both
sides of the 30∘N parallel: a vigorous mixing regime in the southern sector and a sluggish regime in the
restricted northern basins (Figure 5b). The weak circulation in the northern EES made this oceanic region
highly sensitive to continental runoff and thus stratification. Independent paleobiogeographical studies also
show this marked partitioning between the northern and the southern EES (with the boundary at ∼30∘N)
with limited exchange of fauna during the Pliensbachian (e.g., Dera et al., 2011; Zacaï et al., 2016) that may
have lasted until the initiation of T-OAE. We suggest that in addition to relative sea level rise, the redox gradi-
ent, together with ocean dynamics, created distinct ecological niches between the northern and the southern
EES. A summary of the dominant spatial differences in bottom water redox conditions and key features of the
prevailing circulation during the T-OAE deduced from the geological compilation and model results is shown
in Figure 8.

The clockwise gyre over the northern Tethyan Ocean observed in all our simulations is a robust result that
agrees with Toarcian paleoclimate reconstructions (Krencker et al., 2015; Röhl et al., 2001) and previous model-
ing studies (Dera & Donnadieu, 2012). The gyre is thought to have formed due to the continental configuration
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and the Coriolis force that favored a surface circular motion and brought equatorial warm water masses
towards the central EES (Krencker et al., 2015). The results from FOAM and MITgcm indicate that the clockwise
gyre not only dominated the surface Tethys Ocean but also affected deeper waters (Figure 4b). We further
suggest that most warm Tethys waters were flushed from the EES through the Hispanic Corridor. Thus, only
weak northward currents reached the northwestern basins. This water motion does not support the hypothe-
sis of a dominant pattern with Tethys waters reaching the Arctic region through the Viking Corridor proposed
by Korte et al. (2015) based on 𝛿18O. The discrepancy between both theories could be explained by a larger
salinity effect on 𝛿18O than that assumed by Korte et al. (2015).

The strong westward limb of the large-scale gyre flowing from the open equatorial Tethys Ocean toward
the southern EES likely oxygenated the waters along the North African coast (Figure 8). This implies that the
equatorial open Tethys Ocean was oxygenated as well. In contrast, the sluggish northward limb of the gyre,
the shallow bathymetry, the abundant sills, and islands did not allow easy flushing of preestablished anoxic
bottom waters in the northern basins. Evidence from changes in the composition of microfossil and macro-
fossil assemblages suggest a gradual water stratification and the development of a stable pycnocline in the
northern EES during the T-OAE (Bucefalo Palliani et al., 2002; Caswell & Coe, 2013), which further supports
our modeling results for the northern EES (Figure 5). We suggest that in addition to the bathymetry and rel-
ative sea level change (Röhl et al., 2001), the northern basins were highly restricted due to weakening of the
northward arm of the large-scale gyre in the NE Tethys region. In addition, our results suggest that a sec-
ondary small-scale southern gyre could have modified local nutrient conditions in the central EES (Figures 4
and 6), affecting sites such as Mochras, Sancerre, Creux de l’Ourse, Dogna, and Petousi (Figures 1, 3, and 8).
However, during the Toarcian, orbital forcing and bathymetry were certainly not constant and, thus, tempo-
ral shifts between sluggish and vigorous ocean dynamics in the EES are possible. Such variations could have
led to a waxing and waning of the anoxic area in the northeast and could explain the occasional occurrence
of euxinia/anoxia at some southern sites (Pancost et al., 2004; Reolid et al., 2014).

The northeastern basins received riverine nutrient input from the Laurasian continent where wet conditions
prevailed (Cohen et al., 2004; Dera & Donnadieu, 2012; Hesselbo et al., 2007; Valdes et al., 1995). The high
nutrient supply likely contributed to elevated productivity at the northern sites (i.e., Yorkshire, Dotternhausen,
Schandelah, Gipf, Riniken, and Rietheim; e.g., Cohen et al., 2004; Fantasia et al., 2018; Montero-Serrano et al.,
2015). Both the enhanced primary productivity and the restricted nature of the basins favored the decline in
bottom water oxygen concentrations. The high TOC/P ratios (Figure 3) indicate a strong recycling of P that may
have further sustained primary productivity. Such recycling of P likely played a key role in the development of
ocean anoxia during various periods of Earth history including Cretaceous OAEs and the PETM (Dickson et al.,
2014; Kraal et al., 2010; Mort et al., 2007; Ruvalcaba Baroni et al., 2014; Tsandev & Slomp, 2009). In contrast,
river input to the southern EES was likely to have been small during the T-OAE. This conclusion is based on
the deposition of evaporites along the North African coast (Baudin et al., 1990; Gordon, 1975), which suggest
very dry conditions and low terrigenous input at the coastal Amellago site (Figure 3; Bodin et al., 2010).

Overall, severe deoxygenation in the EES during the T-OAE was mostly confined to the northern basins
(Figure 8), where the recovery after the T-OAE was relatively slow due to weak currents in this region (Figure 4).
Thus, sluggish local water dynamics would not have allowed easy flushing of preestablished anoxic bottom
waters and may explain the restriction that continued after T-OAE, despite a potential increase in the global
ocean circulation strength.

5.3. Implications for Organic Carbon Burial
The Toarcian negative carbon isotope excursion can be explained by release of methane into the atmo-
sphere from methane clathrates (21,000 Gt of carbon; Beerling & Berner, 2002) or thermogenic methane
(31,000 Gt of carbon; Xu et al., 2017). Besides weathering of silicates, sequestration of carbon through burial
in marine sediments may be a major driver behind the recovery from the negative carbon isotope excursion
(Jenkyns, 2010).

Recently, Xu et al. (2017) suggested that the freshwater paleo-Sichuan lake (with an area of 230,000 km2)
accounted for burial of 460 Gt of carbon or 1.3% to 2.2% of the total carbon drawdown required for the T-OAE
recovery. Based on our model bathymetry and data compilation (Figures 3 and S1.2), we estimate that the
anoxic/euxinic northern basins of the EES accounted for about 0.3% of the area of the global ocean, and, at
1,104 Gt of carbon, buried ∼2.4 times more carbon than the lake. The amount of carbon sequestered from
the atmosphere by the euxinic northern basins alone during the T-OAE black-shale deposition thus repre-
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sents about 3.2% to 5.3% of the total carbon required for the recovery of the negative 𝛿13C excursion. When
considering that the other areas in the EES also were characterized by an increased burial of organic carbon,
assuming a total area of 5.2 × 106 km2 (i.e., the suboxic plus the oxic area), there is an additional burial of
∼1,660 Gt of carbon. This suggests that the entire EES, which represents less than 3% of the Toarcian global
ocean surface, could have accounted for up to 12% of the carbon burial required to explain the carbon iso-
tope recovery. In addition, other coastal basins with high organic carbon burial may have existed elsewhere
on Earth, as published sections are currently geographically limited. However, several sites with high organic
carbon during the T-OAE have been found in, for example, the Neuquén Basin and Yakon River (Argentina;
Al-Suwaidi et al., 2010, 2016), Haida Gwaii (British Columbia, Canada; Caruthers et al., 2011), and Toyora (Japan;
Kemp & Izumi, 2014). In addition, other anoxic basins in which sediments are no longer preserved may have
developed during the T-OAE. We conclude that the EES, together with other marine coastal areas, is likely to
have acted as a key sink for atmospheric carbon during the Toarcian.

Interestingly, the area of anoxic waters estimated for the Cretaceous OAE2 is an order of magnitude larger
than that calculated here for the EES and was mainly confined to the proto-North Atlantic (Dickson et al., 2016;
Owens et al., 2013). The burial of organic carbon, which was most pronounced on the continental shelves (e.g.,
Nederbragt et al., 2004; van Bentum et al., 2009), has been suggested to have played a key role in removing
carbon from the atmosphere during OAE2 (Barclay et al., 2010; Graly et al., 2017). The continental shelves of
the proto–North Atlantic during OAE2 accounted for about 1.5% of the total ocean surface area (estimated
from Ruvalcaba Baroni et al., 2014; Topper et al., 2011). This, together with our estimates of organic carbon
burial in the EES, indicates that biogeochemical processes in a relatively small area of the ocean can impact
the global carbon cycle and thus climate.

6. Conclusion
This study summarizes redox proxy data for the waters over the EES during the T-OAE and uses ocean circu-
lation modeling to explain the observed spatial trends. We demonstrate that bottom water anoxia/euxinia
was most pronounced in the restricted basins along the northeastern coast, while bottom waters on the
southwestern shelf were mostly oxic or suboxic during the event. Our model results indicate that the ocean
circulation in the Tethyan region was characterized by a clockwise gyre, which played a key role in control-
ling the oxygen distribution in the EES. The oxygenated bottom waters on the southwestern shelf can be
attributed to the less restricted nature of this region and input of well oxygenated waters from the adjacent
Tethys Ocean. Because of more sluggish circulation in the northeastern regions, these areas were not well
ventilated and anoxia and euxinia developed. High ratios of TOC/P indicate strong recycling of phosphorus
relative to organic carbon. This recycling may have helped sustain a high productivity and the anoxia in the
northeastern basins. Organic carbon burial in the EES may have been responsible for removal of up to 12% of
the total carbon required to explain the observed recovery of the global carbon isotope excursion. This sup-
ports the hypothesis that a small coastal area, such as the EES, which accounts for about 3% of the surface
ocean, can impact the global carbon cycle through burial of organic carbon. Organic carbon burial in the EES
is likely to have played a key role in the recovery from the Toarcian Oceanic Anoxic Event.
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