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A B S T R A C T

The Toarcian Oceanic Anoxic Event (TOAE; ~183 Ma) represents an important hyperthermal and deoxygenation 
event in the Early Jurassic. However, TOAE marine records are spatially heterogeneous with regard to nutrient 
levels, primary productivity, redox conditions and organic enrichment. This non-uniform response to global 
hyperwarming is not readily accounted for by local variations in paleogeography, climate, or water depth. 
Largely overlooked to date is the intensified storm activity that characterized the TOAE, and the role that this 
may have played in controlling marine responses to that event. A review of TOAE studies from multiple marine 
environments suggests that storm intensity covaried with paleoceanographic conditions, such as nutrient 
availability, primary productivity, redox conditions, and organic-rich sedimentation. At mid-paleolatitude sites, 
relatively weak storm activity during the TOAE induced short-term watermass oxygenation, and marine settings 
were mainly characterized by enhanced anoxia (even euxinia), water-column stratification, increased primary 
productivity (fueled by terrestrial runoff and P regeneration in euxinic settings), and organic-rich sedimentation. 
At low-paleolatitude sites, TOAE storm activity was relatively strong, and contributed to marine environments 
characterized by oxic to suboxic conditions, reduced water-column stratification, decreased primary productivity 
(possibly due to limited P regeneration and upwelling), low sedimentary organic content, and locally high oolite 
abundance. TOAE marine sites at all paleolatitudes exhibit: i) sea-level rise and enhanced continental weathering 
fluxes linked to an intensified hydrological cycle; ii) reduced dinoflagellate and increased cyanobacterial activity; 
and iii) low δ15N values (mainly − 1‰ to +3‰) linked to enhanced diazotrophic nitrogen fixation. The spatial 
heterogeneity of the response of TOAE marine systems is difficult to reconcile with scenarios linking increased 
terrestrial flux to marine eutrophication, primary productivity increase and organic-rich sedimentation. Conse
quently, we hypothesize that the intensity of storm activity influenced TOAE marine systems, and that this factor 
can, at least partially, account for heterogeneous patterns of environmental changes at middle versus low 
paleolatitudes and open versus restricted marine settings. Importantly, increased storm activity can induce 
pycnocline deepening via vertical water-column mixing, thereby promoting: i) enhanced aerobic degradation of 
organic matter (low sediment organic matter content) due to a reduced oxygen-minimum zone; ii) less nutrient 
upwelling from deep waters into the photic zone (nutrient-depleted upper ocean), and iii) blooms of nitrogen- 
fixing cyanobacteria (low δ15N) and calcification (ooid formation). Thus, the interaction between storminess 
and pycnocline depth is a potentially important factor affecting marine environmental changes during TOAE. 
These findings have implications for modern oceans now experiencing climatic warming and intensified tropical 
storm activity.
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1. Introduction

The Early Jurassic Toarcian Oceanic Anoxic Event (TOAE; ca. 183 
Ma) coincided with climate upheaval characterized by high atmospheric 
CO2, enhanced continental weathering and terrigenous fluxes, sea-level 
rise, ocean deoxygenation and organic-rich sedimentation (Jenkyns, 
2010; Brazier et al., 2015; Krencker et al., 2015; Them et al., 2017a, 
2017b; Han et al., 2018; Remírez and Algeo, 2020a; Kemp et al., 2022a; 
Yan et al., 2023). The TOAE also experienced strong climatic warming 
and carbon cycle disturbance. Globally, the event is marked in the 
sedimentary record by a negative carbon-isotope excursion (NCIE) that 
is universally found in both inorganic and organic material from 
terrestrial and marine strata. The probable ultimate trigger of the TOAE 
was emplacement and eruption of the Karoo-Ferrar Large Igneous 
Province (KFLIP) (Percival et al., 2015; Font et al., 2022; Ware et al., 
2023).

It has been long recognized that marine paleoenvironmental changes 
during the TOAE were spatially heterogeneous (Wignall et al., 2005; 
Caruthers et al., 2014; Baroni et al., 2018; Fantasia et al., 2018a; 
Remírez and Algeo, 2020a; Kemp et al., 2022a; Chen et al., 2023). For 
example, total organic content (TOC) varies from 0.1% to >10%, and 
reported marine redox conditions range from anoxic (even euxinic) to 
oxic facies at different localities. Continental chemical weathering 
shows both increases and decreases at different sites (e.g., McArthur 
et al., 2008; Fantasia et al., 2018a; Kemp et al., 2019).

Previous studies have proposed local paleogeographic controls (such 
as basinal restriction) and climatic conditions (humid vs. arid) as causes 
for heterogenous marine TOAE responses (e.g., McArthur et al., 2008; 
Baroni et al., 2018; Fantasia et al., 2018b; Remírez and Algeo, 2020a; Fu 
et al., 2021). However, the relation between heterogenous marine re
sponses and local paleogeographic and climatic conditions is unclear. 
For example, organic-rich and anoxic facies have been found in both 
restricted and open marine settings (e.g., McArthur et al., 2008; Kemp 
et al., 2022a, 2022b). In the same climate belt, marine redox conditions 
vary from oxic to anoxic conditions (e.g., McArthur et al., 2008; Kemp 
and Izumi, 2014). In addition, TOAE sections from different paleogeo
graphic settings and climate belts display a range of primary produc
tivity conditions, but all record low δ15N values (mainly − 1‰ to +3‰) 
(Jenkyns et al., 2001; Ruebsam et al., 2018; Kemp et al., 2019; Wang 
et al., 2021).

Storminess is a prominent feature of TOAE marine records (Suan 
et al., 2013; Han et al., 2018; Izumi et al., 2018; Xu et al., 2018). In 
general, the intensity of storm activity is strongly influenced by mean 
global temperature, with greater storm intensity (specifically tropical 
cyclone intensity) linked to hyperwarming (Krencker et al., 2015; Yan 
et al., 2023). This relationship exists because warming of the ocean- 
surface layer permits greater transfer of latent energy to the atmo
sphere through evaporation (Donnelly et al., 2015; Yan et al., 2023). In 
contrast to numerous studies about redox and productivity conditions, 
the influence of intensified storm activity on marine conditions during 
the TOAE lacks detailed assessment to date, although previous studies 
have identified storm features in many TOAE sections (Hesselbo et al., 
2007; Ghadeer and Macquaker, 2011; Trabucho-Alexandre et al., 2012; 
Suan et al., 2013; Han et al., 2018; Izumi et al., 2018; Xu et al., 2018). 
Unraveling the relationship between intensified storm activity and ma
rine biogeochemistry during climate warming is also highly relevant for 
improved assessment of future effects of climate changes on the modern 
Earth system. In the modern world, burning of fossil fuel and civilization 
lead to climate warming and warmer sea surface temperatures via 
release of huge amount of CO2 into the atmosphere, which increases 
storm intensity as extreme weather events (e.g., Hansen, 2007; Donnelly 
et al., 2015).

To better clarify the relation between storminess and marine re
sponses during the TOAE, this study compiles sedimentological, bio
logical and geochemical evidence for storm activity and accompanying 
marine environmental changes from multiple localities (Fig. 1). The aim 

of the work is to reveal the relation between storminess and spatial 
variation of marine properties in TOAE. Our results indicate that, within 
the framework of local paleogeographic and climatic conditions, 
intensified storm activity may have acted as an important factor influ
encing marine primary productivity, nutrient cycling and organic- 
matter sedimentation during the TOAE.

2. Jurassic climate and storm sedimentation

2.1. Early Jurassic paleogeographic and paleoclimatic conditions

In the Early Jurassic, the supercontinent Pangaea, formed by the 
assembly of all major continents and plates, consisted of two large 
landmasses: the Laurasia and the Gondwana continents (Golonka, 2007; 
Arias, 2008). Nearly equally divided by the Equator, Pangaea was sur
rounded by the huge Panthalassic Ocean, with the Tethys Ocean wedged 
into the eastern part of Pangaea. The Karoo and Ferrar Large Igneous 
Provinces (KFLIP) were associated with breakup of Gondwana during 
the Early Jurassic (Arias, 2008).

The Early Jurassic was a warm-house world with low or negligible 
polar ice and high atmospheric CO2 (Chandler et al., 1992; Landwehrs 
et al., 2021; Nordt et al., 2022). Further, planetary albedo may have 
decreased in the Early Jurassic due to limited ice and snow cover and 
low clouds (Chandler et al., 1992). The symmetric arrangement of 
landmasses around the warm and tropical Tethys Ocean promoted 
pronounced monsoonal circulation (megamonsoon) and strong season
ality in Pangaea. Further, based on a broad-scale analysis of variation 
and distribution of clay minerals and numerical modeling, latitudinal 
gradients in temperature and precipitation have been recognized, 
leading to distinct climate belts similar to those of the modern world 
(Chandler et al., 1992; Dera et al., 2009).

2.2. Intensified storminess during the TOAE

During the TOAE, atmosphere CO2 concentrations nearly doubled, 
and paleotemperature proxies from the Boreal and Tethyan realms 
suggest an increase in sea surface temperatures of 4 to 8 ◦C (Remírez and 
Algeo, 2020a; Ruebsam et al., 2020). Although KFLIP emplacement, and 
consequent CO2 release, are often suggested to have triggered high at
mospheric CO2, volcanism proxies (i.e., Hg, Hg/TOC) show substantial 
spatial variation (see Figs. 3, 6, 7, 9,11 below) (Percival et al., 2015). 
TOAE storminess was proposed to be mainly related to intensified 
tropical cyclone activity as a consequence of higher atmospheric CO2 
and warmer sea-surface temperatures (Krencker et al., 2015; Yan et al., 
2023). Theory and numerical modeling also link strengthened tropical 
cyclones with higher atmosphere CO2 levels and sea-surface warming 
(Emanuel, 1987; Knutson and Tuleya, 2004). Moreover, the enclosed 
coastline of the western Tethys Ocean and a strong equatorial current 
driven by paleo-trade winds during TOAE would have favored tropical 
cyclones (Dera and Donnadieu, 2012; Krencker et al., 2015). As tropical 
cyclones develop mainly at 5 to 30◦ N or S of the Equator (Krencker 
et al., 2015; Han et al., 2018; Yan et al., 2023), TOAE storm activity 
would have been most prominent in low-latitude regions, consistent 
with the preservation of thicker and more prominent storm deposits 
within ~30◦ of the paleo-Equator, although sedimentological evidence 
of storm activity is also present at middle paleolatitudes (see below). 
Similarly, a positive relationship between climate warming and storm 
activity has been also documented in other periods of Earth history (e.g., 
Paleocene-Eocene Thermal Maximum, the mid-Pliocene warming event) 
(Lin et al., 2014; Planas and Paquet, 2016; Giling et al., 2017; Xu et al., 
2019; Kiehl et al., 2021; Yan et al., 2016, 2023). In the modern world, 
increased storminess is associated with sea-surface warming and 
intensified tropical cyclones, which causes severe property damage and 
loss of life (Wang and Wu, 2004; Sobel et al., 2016; Kossin et al., 2020). 
Instrumental observation and theory and numerical simulations suggest 
human emissions of greenhouse gases, if not prevented, will play an 
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Fig. 1. Early Toarcian (~183 Ma) paleogeographic map showing previously studied TOAE sections. The sections used in this study are indicated by red numbers 
inside circles. Modified from Krencker et al. (2015), Remírez and Algeo (2020a), Fu et al. (2021), Alnazghah et al. (2022) and Kemp et al. (2022a). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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important role in further promoting tropical cyclone activity in the 
future (Sobel et al., 2016; Bhatia et al., 2019). Apart from tropical cy
clones, there are also winter and polar cyclones. The winter cyclone is 
mainly controlled by air mass temperature contrasts (Masselink and 
Heteren, 2014), and the polar cyclone is developed in the polar marine 
settings and related to the movement of wind and the transfer of heat in 
the polar region (Vichi et al., 2019). However, these extratropical cy
clones are mainly confined in mid- to high-latitudes

2.3. Types of evidence of storm activity in marine systems

In ancient marine carbonate and siliciclastic successions, storm 
sedimentation is commonly recorded as event beds with distinctive (bio) 
stratinomic features (i.e., a “tempestite”) (Aigner, 1982; Kreisa and 
Bambach, 1982; Swift et al., 1987; Brenchley, 1989; Myrow and 
Southard, 1996). The recognition of storm sedimentation in ancient 
rocks mainly relies on observation of sedimentary structures and fabrics 
reflecting rapid hydraulic changes and associated depositional processes 
during high-energy storm peak and then waning-energy late-storm/ 
post-storm phases (Aigner, 1982; Kreisa and Bambach, 1982; Swift et al., 
1987; Brenchley, 1989; Myrow and Southard, 1996). Characteristic 
sedimentary features of tempestites include: i) a lower part that usually 
shows normal grading, lags (e.g., shells, pebbles), and erosional bases 
with sole marks; ii) a middle part that shows a variety of bedforms 
including parallel lamination, wave-ripple lamination, low-angle cross- 
stratification, and hummocky cross-stratification (HCS); and iii) an 
upper part that shows a transition into overlying finer-grained sediment, 
possibly with primary current lineation or wave ripples (Aigner, 1982; 
Kreisa and Bambach, 1982; Swift et al., 1987; Brenchley, 1989). Due to 
spatial variation of storm intensity, sedimentary processes and preser
vation issues, not all of these features above will be recorded in every 
tempestite (Brenchley, 1989). Along depositional dip, proximal storm 
sediments are relatively thick-bedded with coarser grain sizes compared 
to the background sediment, often forming composite and amalgamated 
beds. By contrast, distal storm beds are thinner and contain finer grains 
than proximal storm sediments, with greater mud content (Aigner, 
1982).

Sedimentary characteristics observed from modern storm deposits 
are analogous to those in ancient cases, and commonly include erosional 
bases, lag deposits, normal grading, and cross-bedding (including HCS) 
that are indicative of storm activity, as well as a post-storm flood- 
deposited layer (Kumar and Sanders, 1976; Brackett and Bush, 1986). 
Factors controlling tempestite occurrence and recognition include the 
nature of the available sediment, hydrological energy level, storm- 
generated current direction, distance from shoreline, water depth and 
degree of post-storm biophysical reworking. These factors are known to 
affect spatial patterns of modern storm deposits (e.g., Johnson and 
Belderson, 1969; Nichols, 2009). Laterally, proximal storm deposits in 
nearshore areas are usually coarser grained and more highly amal
gamated than distal, offshore deposits, as that in ancient records (e.g., 
Aigner, 1982; Myrow and Southard, 1996; Einsele, 2000).

The types of features used to identify storm influence fall into two 
categories: (1) those that are unambiguously associated with storm 
processes, and (2) those that may have a storm origin but that can also be 
produced through other processes (Aigner, 1982; Brenchley, 1989). The 
most diagnostic feature of storm sedimentation is HCS formed by 
oscillatory or oscillation-dominated combined flows during storms 
(Aigner, 1982; Brenchley, 1989; Myrow and Southard, 1996). Also, 
storm-generated features such as erosional bases, normal grading, and 
ichnological escape structures are produced through rapid, intermittent 
sediment deposition. However, some of these features (e.g., basal 
scouring, normal grading, etc.), while commonly associated with storm 
processes, can also be generated by turbidites, contourites, and other 
types of marine currents operating over a wide range of water depths 
(Tucker and Wright, 1990). An important point is that any single 
feature, taken in isolation, provides only limited support for storm 

activity, but the co-occurrence of many characteristic features in the 
same beds provides significantly stronger support for a storm-related 
origin. Inferences of a storm origin are reasonable for heterogeneous 
high-energy deposits exhibiting a mixture of diagnostic and non- 
diagnostic features of tempestites (Xu et al., 2018).

3. Global survey of storm evidence and related environmental 
changes in TOAE marine sections

3.1. Survey protocol

Storm sedimentation has been widely reported in TOAE marine 
settings (Supplementary Table 1). A set of 14 globally distributed TOAE 
marine sections was evaluated, as they provide evidence of both storm 
sedimentation and corresponding paleo-environmental conditions. In 
these 14 sections, data on storminess and marine responses (e.g., pri
mary productivity, redox condition and organic-rich sedimentation) 
were collected from previous studies (Table 1). The database allows 
evaluation of the direct link between storminess and marine responses. 
Otherwise, those TOAE marine sections showing only storminess or 
marine conditions cause difficulties in the assessment. The 14 sections 
represent both low-paleolatitude (0 to 30◦) sites (Section 3.2; n = 7) and 
mid-paleolatitude (30 to 60◦) sites (Section 3.3; n = 7), and are from 
both the Northern and Southern Hemispheres (Table 1). We consider 
these study sections by paleolatitude (i.e., low- versus mid-latitude) 
owing to substantial latitude-dependent variation in sedimentary and 
geochemical characteristics related to storminess. The 14 sections in 
both low- and mid-paleolatitude areas are from various depositional 
settings, spanning from marginal marine to basinal settings (Table 1).

3.2. Low-paleolatitude TOAE sites

3.2.1. Lafarge Quarry (France)
The section was deposited in a shallow and marginal setting at a 

paleolatitude near 30◦N in the western Tethys in Early Jurassic (Fig. 1) 
(Suan et al., 2013). In this section, strata of Toarcian to Bajocian age are 
fossiliferous and consists of mudstone, marlstone and limestone. The 
TOAE interval is constrained by ammonite biostratigraphy and charac
terized by interbedded calcareous beds and laminated clay beds, con
taining dysoxia-tolerant benthic fauna (Suan et al., 2013).

In the TOAE interval, the calcareous beds are thought to be rede
posited by storm and/or storm-related oscillatory currents, based on 
common sharp and erosive bases, normal grading, low-angle cross 
bedding, disarticulated fish debris, no preferential orientation of bio
clast and bioturbation (Suan et al., 2013). Similar calcareous beds but 
with a much lower abundance were also found in the distal and basin
ward settings. The calcareous beds were deposited around the peak of 
TOAE NCIE (Suan et al., 2013).

Compared to the laminated clay beds (CaCO3: 26 to 43 wt%; TOC: 
2.4 to 9.6 wt%), the calcareous beds interpreted as storm deposits show 
high CaCO3 content (80 to 93 wt%) and low TOC (0.14 to 1 wt%) 
(Fig. 2). Moreover, TOC and HI values overall increase across the TOAE 
interval coeval with negative δ13Ccarb and δ13Corg excursions (Suan 
et al., 2013; Charbonnier et al., 2020) (Fig. 2). In the TOAE interval, thin 
lamination and lack of bioturbation suggest oxygen depletion in the 
laminated clay beds, while the calcareous beds related to storminess 
reflect more oxic conditions (Suan et al., 2013).

3.2.2. Tournadous section (France)
During the late Pliensbachian-early Toarcian, the Causses Basin 

(paleolatitude between 25 and 30◦N) was a small and intracratonic 
basin within the European epicontinental sea (Mailliot et al., 2009). In 
the Tournadous section within the basin, the upper Pliensbachian 
Marnes de Villeneuve Formation consists of marls and limestones with 
frequent bioturbation, while the overlying lower Toarcian Schistes 
Carton facies displays laminated shales at the base (Mailliot et al., 2009). 
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The TOAE interval is defined by ammonite and calcareous nannofossil 
biostratigraphy and is marked by a negative δ13Ccarb excursion recorded 
in the lower Toarcian Schistes Carton (Fig. 2) (Mailliot et al., 2009).

Within the lower Schistes Carton, some siliciclastic beds are enriched 

in fish remains and silty materials with HCS. Tempestites with HCS are 
common, generally amalgamated, and can reach meter-scale thickness 
in shallow-water areas (Mattioli and Pittet, 2004). The storm beds 
correlate with the Toarcian NCIE and water-column oxygenation events 

Table 1 
Sedimentary and geochemical information of TOAE marine sections in this study.

Section Depositional setting Paleo-latitude 
and -hemisphere

Storm- 
related 
bed 
thickness

Storm-related sedimentary 
structures

TOAE marine property Key references

Lafarge Quarry, 
France

Epicontinental 
marine margin, 
restricted, western 
Tethys

Low latitude 
(near 30◦N), 
Northern 
Hemisphere

Thin 
bedded

Low-angle cross bedding, sharp 
and erosive bases, normally 
graded lamination and 
bioturbation

No persistent ocean anoxia; 
water stratification; 
organic-rich sedimentation

Suan et al., 2013; 
Charbonnier et al., 2020

Tournadous, 
France

Epicontinental basin, 
restricted, western 
Tethys

Low latitude 
(between 25 and 
30◦N), Northern 
Hemisphere

Thin 
bedded

Enhanced influx of plant debris 
and coarser siliciclastic grains 
with HCS

Ocean anoxia, interrupted 
by brief seafloor 
oxygenation events; black 
shale

Mattioli and Pittet, 2004
Mailliot et al., 2009

Peniche,Portugal Hemipelagic setting 
connected with open 
ocean, western 
Tethys

Low latitude 
(near 23◦N), 
Northern 
Hemisphere

Thicker 
bedded

Enhanced influx of coarser 
siliciclastic grains, sharp bases, 
normal grading, load structures, 
convolute bedding, HCS

Mainly oxic settings; low 
TOC

Duarte, 1997; Kullberg 
et al., 2001; Pittet et al., 
2014; Hesselbo et al., 2007; 
Hermoso et al., 2009; 
Correia et al., 2017; Fantasia 
et al., 2019

Amellago, 
Morocco

Open marine, 
western Tethys

Low latitude 
(between 17 and 
20◦N), Northern 
Hemisphere

Thicker 
bedded

HCS, the depauperate fauna, the 
complete loss of lithiotid-rich 
facies and very common 
occurrence of plant debris

Mainly oxic setting; low 
TOC

Krencker et al., 2015, 2020; 
Bodin et al., 2016; Boulila 
et al., 2019

Sewa, China Open marine, 
eastern Tethys

Low latitude 
(0–10◦S), 
Northern 
Hemisphere

Thicker 
bedded

Enhanced terrestrial influx of 
coarser siliciclastics

Mainly oxic; low TOC Fu et al., 2021

Marrat, Saudi 
Arabia

Open marine, 
eastern Tethys

Low latitude 
(0–10◦S), 
Southern 
Hemisphere

Thicker 
bedded

Enhanced influx of siliciclastic 
grains, HCS, parallel lamination, 
climbing and combined-flow 
ripples

Oxic marine settings; low 
TOC

Al-Hussaini et al., 2021; 
Alnazghah et al., 2022

Nianduo, China Open marine, 
eastern Tethys

Low latitude 
(21–26◦S), 
Southern 
Hemisphere

Thicker 
bedded

HCS, erosional bases, graded 
bedding, parallel laimation, gutter 
casts and climbing ripples

Mainly oxic-suboxic marine 
conditions; low TOC

Han et al., 2016, 2018, Han 
et al., 2022a, 2022b; Jiang 
et al., 2020

Yorkshire coast, 
UK

Epicontinental basin, 
restricted, western 
Tethys

Mid-latitude 
(35–40◦N), 
Northern 
Hemisphere

Thin 
bedded

Erosional base, normally graded 
bedding, gutter casts

Enhanced water 
stratification, anoxic to 
euxinic conditions, 
interrupted by brief seafloor 
oxygenation events; black 
shale

Wignall et al., 2005; Pearce 
et al., 2008; Nielsen et al., 
2011; Ghadeer and 
Macquaker, 2011; Salem, 
2013; French et al., 2014; 
Baroni et al., 2018

Mochras 
Borehole, UK

Epicontinental basin, 
restricted, western 
Tethys

Mid-latitude(near 
35◦N), Northern 
Hemisphere

Thin 
bedded

Enhanced influx of coarser 
siliciclastic grains and plant 
debris, faint lamination, ripples 
and flame structure

No persistent ocean anoxia; 
water stratification, but 
transient photic-zone 
euxinia; increased TOC but 
no black shale

Jenkyns et al., 2001; 
Percival et al., 2015, 2016; 
Xu et al., 2018

Core F11–01, 
Netherlands

Epicontinental basin, 
western Tethys

Mid-latitude 
(35–40◦N), 
Northern 
Hemisphere

Thin 
bedded

Erosional bases, cross lamination, 
normally graded bedding, scour- 
and-fill structures and 
bioturbation

Extension of anoxic 
conditions up to sediment- 
water interface, while the 
overlying bottom water was 
prevailingly oxic; black 
shale

Trabucho-Alexandre et al., 
2012

Core HTM 102, 
France

Epicontinental basin, 
restricted, western 
Tethys

Mid-latitude 
(35–40◦N), 
Northern 
Hemisphere

Thin 
bedded

Erosional base, graded bedding, 
low angle cross lamination, 
chaotic and winnowed fossil 
accumulation

Intermittent water column 
anoxia (even euxinia) in the 
T-OAE interval, interrupted 
by water-mixing events; 
black shale

van Breugel et al., 2006

Dotternhausen, 
Germany

Epicontinental basin, 
restricted, western 
Tethys

Mid-latitude 
(30–35◦N), 
Northern 
Hemisphere

Thin 
bedded

Enhanced influx of coarser 
siliciclastic grains with sharp 
bases

Ocean anoxia, interrupted 
by brief seafloor 
oxygenation events; black 
shale

Röhl et al., 2001; Dickson 
et al., 2017; Them et al., 
2018; Wang et al., 2021

Sakuraguchi- 
dani, Japan

Open marine 
margin, Panthalassic 
Ocean

Mid-latitude(ca. 
35–40◦N), 
Northern 
Hemisphere

Thicker 
bedded

Enhanced terrestrial influx and 
sudden occurrence of sandstone 
beds. The sandstone beds show 
increase in grain size, floated mud 
clasts, cross-lamination and 
higher degree of bioturbation

Mainly oxic settings; low 
TOC

Kemp and Izumi, 2014; 
Izumi et al., 2018; Kemp 
et al., 2019; Chen et al., 
2023

El Penõn, Chile open marine setting, 
eastern Tethys

Mid-latitude 
(30–40◦S), 
Southern 
Hemisphere

Thicker 
bedded

Erosive bases, accumulation of 
poorly sorted, broken shells, and 
elevated siliciclastic influx

Mainly oxic marine settings, 
low TOC

Fantasia et al., 2018a, 2018b
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(Mailliot et al., 2009).
The TOAE interval overall shows increased TOC (8% on average) 

dominated by marine organic matter with higher HI ratios (>400 mg 
HC/g TOC on average) than the pre-TOAE interval (Fig. 2). Moreover, 
decreased CaCO3 contents co-occur with greatly reduced calcareous 
fossil abundance, including both nannofossils and foraminifera (Mailliot 
et al., 2009). Sedimentological, paleontological (i.e., calcareous nan
nofossils and foraminifera) and mineralogical (pyrite) analyses indicate 
alternating oxidizing (siliciclastic-rich beds) and hypoxic-anoxic 
(organic-rich beds) conditions during the TOAE (Mailliot et al., 2009).

3.2.3. Peniche (Portugal)
During late Pliensbachian-early Toarcian, the Peniche section in the 

Lusitanian Basin (paleolatitude of ca. 23◦N) was deposited in a hemi
pelagic setting connected with the open western Tethys Ocean (Hesselbo 
et al., 2007; Hermoso et al., 2009; Correia et al., 2017; Fantasia et al., 
2019). In this section, the Lemede Formation of latest Pliensbachian 
(spinatum Zone) to earliest Toarcian age (polymorphum Zone ≈ ten
uicostatum Zone in the Boreal realm) consists of fossiliferous and inter
bedded limestones and marls. The overlying Cabo Carvoeiro Formation 
of the upper polymorphum and levisoni zones (≈serpentinum Zone in the 
Boreal realm) consists of sandy limestones and marls that are sparsely 
fossiliferous. In the Cabo Carvoeiro Formation, the TOAE interval is 
defined based on biostratigraphy and NCIEs (− 4‰ to − 3‰ for δ13Ccarb; 
to − 7‰ for δ13Corg) (Hesselbo et al., 2007) (Fig. 3).

During the most negative part of TOAE NCIE, turbiditic, siliciclastic 
sediments inferred to have been triggered by storm activity are common 
(Hesselbo et al., 2007), while biogenic carbonate production collapsed. 
The siliciclastic beds (sandstone) vary in thickness (usually <75 cm), 
and show erosional bases, normal grading and sometimes, load struc
tures and convolute bedding. Associated with the siliciclastic influx were 
more abundant ooids. Parallel lamination, symmetrical ripples, and HCS 
are locally present (Duarte, 1997; Kullberg et al., 2001; Pittet et al., 
2014).

Within the TOAE interval, TOC is relatively low (~0.5–0.6 wt%) and 
dominated by terrestrial organic matter, as evidenced by high oxygen 

index (OI) and low HI values and palynological analysis (Correia et al., 
2017; Fantasia et al., 2019) (Fig. 3). The marine organic fraction wit
nessed a reduction of dinoflagellate algae (i.e., a plankton crisis) and a 
rise of prasinophyte algae in the TOAE (Correia et al., 2017). Detrital 
index and Ca isotope data suggest enhanced continental chemical 
weathering and possible ocean acidification in the lower TOAE (Brazier 
et al., 2015; Fantasia et al., 2019). However, B isotope data imply an 
overall reduced seawater pH from the Pliensbachian-Toarcian boundary 
to the TOAE, and increased ocean pH at the base of TOAE (Müller et al., 
2020) (Fig. 3). A paleotemperature record based on brachiopod oxygen 
isotopes suggests strong warming during the early TOAE (Suan et al., 
2008). While higher Ptot contents occur in the lower TOAE, mainly oxic- 
suboxic conditions are indicated by redox-sensitive elements (enriched 
in Mn but not Mo, V and Ni) (Fantasia et al., 2019), higher Tl isotope 
values (Nielsen et al., 2011), and lower Mo isotope values (Dickson 
et al., 2017) (Fig. 3). Additionally, the TOAE interval shows Hg and Hg/ 
TOC spikes (Fantasia et al., 2019).

3.2.4. Amellago (Morocco)
In the Dades Valley of Central High Atlas Basin, the upper Pliens

bachian to uppermost middle Toarcian succession (paleolatitude of 17 to 
20◦N) is well studied, including the Ouchbis Formation, Tagoudite 
Formation and Tafraout Formation (Krencker et al., 2015, 2020; Bodin 
et al., 2016; Boulila et al., 2019). The Ouchbis Formation mainly consists 
of mudstone to packstone, while the overlying Tagoudite Formation 
contains abundant clay-, silt- and sandstones. The Tafraout Formation is 
characterized by ooid-rich limestones. Constrained by biostratigraphy 
(e.g., ammonite and calcareous nannofossils) and chemostratigraphy (e. 
g., carbon isotope), the Pliensbachian-Toarcian transition shows a major 
lithological change from carbonate-rich to siliciclastic and ooid-rich 
rocks (Krencker et al., 2015, 2020; Bodin et al., 2016; Boulila et al., 
2019).

The common occurrence of storm deposits was associated with 
increased terrestrial fluxes in the TOAE interval, and is characterized by 
HCS, depauperate fauna, complete loss of lithiotid-rich facies and the 
very common occurrence of plant debris (Krencker et al., 2020). The 

Fig. 2. Lithological and geochemical data from Lafarge Quarry (France, number 12 in Fig. 1), Tournadous (France, number 39 in Fig. 1) and HTM 102 Boreholes 
(France, number 20 in Fig. 1). The TOAE interval is indicated by the grey fields. Storm-related deposits often occur as thin (cm to dm scale) beds and shows common 
sharp and erosive bases, normal grading, bioturbation and scarce HCS. Sources: (1) Lafarge Quarry, Suan et al. (2013) and Charbonnier et al. (2020); (2) F11–01, 
Mailliot et al. (2009); (3) HTM 102, van Breugel et al. (2006).
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HCS can be amalgamated or isolated and separated by clay intervals. 
Wavy cross-bedding, oysters and brachiopods are also observed, despite 
a low faunal abundance (Krencker et al., 2020).

In this shallow-marine section, the neritic carbonate factory showed 
a change from biogenic-dominated (with diverse bioclasts) to chemical/ 
microbial-dominated production with abundant ooids associated with 
NCIEs (− 5‰ to − 2‰ for δ13Ccarb; to − 4‰ for δ13Corg) and enhanced 
siliciclastic input (Fig. 4). Palynological analysis shows a reduction of 
nannofossils during the TOAE, and the organic matter is dominated by 
terrestrial organic matter. Increased Ptot contents related to continental 
fluxes developed during the TOAE (Bodin et al., 2010, 2016) (Fig. 4). 
There was a lack of organic-rich sedimentation (TOC <0.5% at average), 
TOC decrease and no persistent oceanic anoxia during the TOAE.

3.2.5. Sewa (China)
During the TOAE interval, the Sewa section in the Qiangtang Basin 

(paleolatitude of 0 to 10◦S) represents a shelf, open-marine setting in 
eastern Tethys (Fu et al., 2021). Based on ammonite biostratigraphy, 
spores and pollen grains, the Lower Jurassic Quse Formation consists of 
mainly shallow marine mudstone, calcareous mudstone, silty mudstone 
and marl, with sedimentary structures such as horizontal and convolute 
bedding (Fu et al., 2021).

Coarse-grained siliciclastics of terrigenous origin are interbedded 
with the marine mudstone deposits, correlating with the most negative 
interval of the TOAE NCIE (Fu et al., 2021). The enhanced influx of 
coarse-grained siliciclastics coincided stratigraphically with similar li
thologies in geologically widespread marine basins, which were attrib
uted to a climatic control (increase runoff and/or storm activity) (Fu 
et al., 2021).

Different from a more proximal section in the Qiangtang Basin 
showing organic-rich shale sedimentation in the restricted lagoonal 
setting, the TOAE interval in the Sewa section is characterized by 
organic-poor (ca. 0.5 wt%) sediment and a NCIE (− 4‰ to − 3‰ for 
δ13Ccarb) (Fig. 4). Redox-sensitive elements and low TOC/P suggest long- 
term oxidation in the TOAE (Fu et al., 2021) (Fig. 4).

3.2.6. Marrat (Saudi Arabia)
On the northeastern margin of the Arabian Plate, the Marrat For

mation represents open-marine shelf deposition (paleolatitude of 0 to 
10◦S) during the TOAE, as dated by ammonite biostratigraphy (Al- 
Hussaini et al., 2021; Alnazghah et al., 2022). The Marrat Formation can 
be divided into three lithological units: a transition from siliciclastic to 
carbonate deposits in the lower Marrat; reddish mudstones (claystone) 
with intercalations of sandstone and siltstone in the middle Marrat; and 
mainly carbonates and anhydrites in the upper Marrat (Fig. 5) (Al- 
Hussaini et al., 2021). In the middle Marrat, a NCIE (ca. –5‰ for δ13Corg) 
marks the TOAE (Fig. 5).

Compared with the lower and upper Marrat, the middle Marrat re
cords an enhanced influx of coarse-grained siliciclastic sediment 
including silt and sand, and a near-absence of macrofauna during the 
TOAE NCIE. In the sandy sediment, HCS and swaley cross-stratification 
are observed with parallel lamination, climbing and combined-flow 
ripples, suggesting high-energy and rapid sedimentation related to 
storm activity (Al-Hussaini et al., 2021).

In the TOAE interval, increased terrestrial input with higher chem
ical index of alteration values suggests elevated continental weathering 
intensity (Al-Hussaini et al., 2021). However, the TOC is low (0.3 to 0.9 
wt%). Elemental proxies (e.g., Cr, U, V, Ba, Cu, Ni) and the reddish 
colour of sediment indicate oxic conditions and low primary produc
tivity, which may have been related to terrestrial fluxes and the high- 
energy depositional setting (Alnazghah et al., 2022) (Fig. 5).

3.2.7. Nianduo (China)
During the Early Jurassic, the Nianduo section was located in the 

marine realm of southeastern Tethys Ocean with a paleolatitude of 21 to 
26◦S (Han et al., 2018, 2022a, 2022b). The upper Pliensbachian to lower 

Fig. 3. Lithological, biological and geochemical data from Peniche (Portugal, 
number 29 in Fig. 1). The TOAE interval is indicated by the grey field. Storm- 
related deposits (dm to m scale) show increased siliciclastic influx with erosive 
bases. Sources: lithology and storm sedimentation, Hesselbo et al. (2007) and 
Fantasia et al. (2019); palynology, Correia et al. (2017); carbon isotope, TOC, 
HI, detrital index, Mo, V, Mn, Hg and Hg/TOC, Fantasia et al. (2019); Ca 
isotope, Brazier et al. (2015); Tl isotope, Nielsen et al. (2011); B isotope (Müller 
et al., 2020).
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Toarcian beds consist mainly of carbonate rocks assigned to the Pupuga 
and Nieniexiongla formations (Fig. 5). The Pupuga Formation consists of 
bioclastic limestone representing shallow marine carbonate platform 
settings, while the overlying Nieniexiongla Formation mainly consists of 
micritic limestone implying a deeper, middle to outer ramp setting (Han 
et al., 2018, 2022a, 2022b).

The sediment of middle to outer ramp in the Nieniexiongla Forma
tion was frequently interrupted by storm activity that deposited coarse- 
grained oolitic and siliciclastic clasts (Han et al., 2018). This storm- 
related sediment is mainly found in the lower and upper Nieniex
iongla Formation, and is characterized by hummocky and swaley cross 
stratification, sharp erosive bases, graded bedding, parallel lamination, 
U- or V-shaped gutter casts, and climbing ripples (Han et al., 2016, 
2018).

Defined by ammonite and foraminiferal biostratigraphy, the TOAE 
interval shows a NCIE (ca. –2.5‰ for δ13Corg), which is coeval with the 
occurrence of abundant tempestites, enhanced terrestrial fluxes, and 
extinction of benthic foraminifera (Han et al., 2018, 2022a, 2022b; 
Jiang et al., 2020). The combination of common bioturbation, stronger 
storm activity and low TOC (0.05 to 0.3 wt%) argue against persistent 
oceanic anoxia, while higher Mn and lower Ce/Ce* suggest possibly 
suboxic conditions due to ocean deoxygenation (Fig. 5).

3.3. Mid-paleolatitude TOAE sites

3.3.1. Yorkshire coast (UK)
The Hawsker Bottoms section on the Yorkshire coast was deposited 

at a mid-paleolatitude (between 35 and 40◦N) epicontinental marine 
setting in a restricted basin during the late Pliensbachian and early 
Toarcian (Fig. 1) (Wignall et al., 2005; Salem, 2013; Remírez and Algeo, 
2020b). Based on biostratigraphy and sedimentology, the Grey Shale 
Member (tenuicostatum Zone) and overlying Mulgrave Shale Member 
(falciferum Zone) record a marine transgressive sequence of early 
Toarcian age (Wignall et al., 2005; Salem, 2013). In the Mulgrave Shale, 
the TOAE interval is characterized by organic-rich mudstone (TOC of up 
to 14%) and a NCIE (Wignall et al., 2005; McArthur et al., 2008; Salem, 
2013) (Fig. 6).

Immediately below and at the base of the TOAE interval, increased 
terrestrial input deposited mudstone containing more silty and sandy 
grains. In these coarser-grain mudstone layers (5 to 40 mm in thickness), 
there are storm-generated sedimentary structures (e.g., erosional base, 
normal grading, wave-enhanced sediment gravity flows and gutter 
casts) (Ghadeer and Macquaker, 2011; Salem, 2013). The storm- 
generated sediment corresponds to brief seafloor oxygenation events 
(indicated by bioturbation and bivalve colonization) (Wignall et al., 
2005; Ghadeer and Macquaker, 2011; Salem, 2013).

Palynological and organic geochemical analyses show that the 
organic matter is mainly of marine origin with high hydrogen index (HI) 
values and increases across the TOAE. During the TOAE, marine primary 
producers experienced a algae bloom with change from dinoflagellates 
to sphaeromorphs (Salem, 2013; French et al., 2014; Slater et al., 2019). 
Enhanced continental chemical weathering is supported by increased Sr 
and Os isotope values that were greatest at the base of the TOAE but then 
decreased upwards (Cohen et al., 2004). In combination with high TOC, 
a positive excursion of nitrogen isotopes (δ15Nbulk) during the TOAE 
(Fig. 6) was proposed to reflect increased marine primary productivity 
(Jenkyns et al., 2001). On the other hand, multiple sedimentological (e. 
g., fine lamination), biological (e.g., biomarker), mineralogical (e.g., 
degree of pyrite) and geochemical (e.g., Mo, S and Tl isotopes, TOC/P) 
suggest enhanced water-column stratification and anoxic to euxinic 
basinal settings during the TOAE (Pearce et al., 2008; Nielsen et al., 
2011; French et al., 2014; Baroni et al., 2018) (Fig. 6). Despite higher Hg 
content across the TOAE, Hg/TOC ratios decrease, possibly reflecting a 
terrestrial (rather than volcanic) Hg source (Percival et al., 2015).

Fig. 4. Lithological and geochemical data from Amellago (Morocco, number 1 
in Fig. 1) and Sewa (China, number 68 in Fig. 1). The TOAE interval is indicated 
by the grey field. Storm-related deposits (dm to m scale) are common and 
ubiquitous in the TOAE interval, and are characterized by hummocky cross- 
stratification, depauperate fauna, the complete loss of lithiotid-rich facies and 
increased terrestrial fluxes. Sources: (1) Amellago, lithology and storm deposit 
data, Bodin et al. (2016), Krencker et al. (2015); palynology, TOC and P, Bodin 
et al. (2010, 2016). (2) Sewa, from Fu et al. (2021).
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3.3.2. Mochras Borehole (UK)
The Mochras Farm Borehole section is within the Cardigan Bay 

Basin, which was located in the mid-paleolatitude (near 35◦N) European 
epicontinental seaway during the Early Jurassic (Fig. 1) (Xu et al., 
2018). In the borehole, a thick succession of Lower Jurassic strata 
consists of mudstone, marl and muddy limestone deposited in an open- 
marine and basinal setting (Sellwood and Jenkyns, 1975; Xu et al., 
2018). Constrained by ammonite and foraminifera biostratigraphy, the 

Pliensbachian-Toarcian succession commonly contains plant debris and 
siliciclastic silt and sand (Cope, 1984).

In the TOAE, storm-related quartzose siltstone layers (1 to 10 cm 
thick) occur with coarser grains within mudstones. The thin siltstone 
beds are discrete, and some beds show faint lamination, ripples, flame 
structures, and/or abundant cm-scale woody fragments. These coarser- 
grained siltstone layers correspond to the nadir of the NCIE and coin
cided with deposition of similar lithologies elsewhere in shallow- or 
deep-marine settings (Xu et al., 2018).

The TOAE interval is characterized by: i) NCIEs of both δ13Ccarb and 
δ13Corg; ii) increased TOC contents (up to 2.5%); and iii) a lack of black 
shale beds (Jenkyns et al., 2001; Xu et al., 2018) (Fig. 7). During the 
TOAE, increased 187Os/188Os values reflect enhanced continental 
chemical weathering fluxes and an intensified hydrological cycle 
(Percival et al., 2016; Xu et al., 2018) (Fig. 7). Moreover, a positive 
δ15Ntot excursion at the TOAE was proposed to imply increased primary 
productivity (Jenkyns et al., 2001), and biomarkers (e.g., C30-sterane/ 
C(27+28+29+30)-steranes, gammacerane/C30-hopane) suggest more algal 
components in marine primary producers (Xu et al., 2018). Common 
bioturbation and a lack of distinct black shale deposition throughout the 
TOAE sediment disapprove persistent oceanic anoxia and water-column 
stratification, whereas transient photic-zone euxinia is indicated by 
trace amounts of gammacerane and isorenieratane (Xu et al., 2018). 
Higher siderite abundance was thought to be related to early diagenetic 
organic matter decomposition and low ocean sulfate content (Xu et al., 
2018) (Fig. 7). Increased Hg/TOC suggests a possibly increased flux of 
volcanic or terrestrial Hg during the TOAE (Percival et al., 2015).

3.3.3. Core F11–01 (The Netherlands)
In the Core F11–01 of Dutch Graben, the Posidonia Shale Formation 

represents Toarcian (tenuicostatum to falciferum zones) sedimentation in 
a restricted basinal setting at 35–40◦N paleolatitude (Fig. 1) (Trabucho- 
Alexandre et al., 2012). A negative δ13Corg excursion characterizes the 
TOAE interval with increased TOC content (up to 16%). The organic 
matter contains both marine algae and terrestrial material (Fig. 8) 
(Trabucho-Alexandre et al., 2012).

In the Posidonia Shale Formation, the shales are dominated by a 
stacked succession of thin (< 10 mm) beds. In these thin beds, detailed 
sedimentological analyses reveal common erosional bases, cross- 
bedding, normal grading, scour-and-fill structures and bioturbation, 
reflecting frequent interruption by high-energy and oxygenation events 
(possibly related to storms) and no persistent watermass anoxia 
(Trabucho-Alexandre et al., 2012). Moreover, these thin beds are 
concentrated in the most negative interval of TOAE NCIE. Interestingly, 
short-term high-energy and oxygenation events related to storminess 
observed in thin sections were not geochemically detected by redox- 
sensitive elements (Trabucho-Alexandre et al., 2012).

During the TOAE, terrestrial flux indicators (e.g., Al and Ti) and 
nutrient elements (e.g., Ba, P) decrease upwards. On the other hand, the 
TOAE interval is enriched in redox-sensitive elements including Mo and 
V, but not Mn and Fe (Fig. 8). The enrichment of Mo and V, as well as 
abundant euhedral and diagenetic pyrites, was suggested to form due to 
extension of anoxic conditions in bottom water (Trabucho-Alexandre 
et al., 2012).

3.3.4. Core HTM 102 (France)
Core HTM 102 was drilled in the Paris Basin, which was part of a 

shallow northern epicontinental sea (Boreal Realm; 35 to 40◦N) in early 
Toarcian (van Breugel et al., 2006). In the core, the TOAE interval is 
constrained biostratigraphically by nannofossils, and is characterized by 
a negative δ13Corg excursion (ca. –6.5‰) (Fig. 2). TOC increases across 
the TOAE from 0.5 wt% to 1–10 wt% (Fig. 2) (van Breugel et al., 2006).

A tempestite interval at the lower part of the TOAE is characterized 
by erosional bases, chaotic and winnowed fossil accumulation, normal 
grading, and low-angle cross-bedding. Moreover, the tempestite interval 
records benthic colonization and bioturbation, and corresponds with the 

Fig. 5. Lithological and geochemical data of Marrat (Saudi Arabia, number 69 
in Fig. 1) and Nianduo (China, number 56 in Fig. 1). The TOAE interval is 
indicated by the grey field. Storm activity caused thicker (dm to m scale) 
bedded gravity-flow deposits showing erosive base, poorly sorted, broken 
shells, and increased terrestrial debris. Sources: (1) Marrat: Alnazghah et al. 
(2022); (2) Nianduo: Han et al. (2018, 2022a, 2022b).

Y. Ge et al.                                                                                                                                                                                                                                       Global and Planetary Change 242 (2024) 104533 

9 



lowest δ13Corg values (van Breugel et al., 2006).
Sedimentological and biomarker (e.g., pristane, phytane, n-alkanes, 

isorenieratane) analyses suggest a change from well-mixed water col
umn with intermittent euxinia to long-term stagnant and anoxic water 
column interrupted by short-term oxygenation during the TOAE interval 
(van Breugel et al., 2006). Further, the water column anoxia extended 
into the photic zone (van Breugel et al., 2006).

3.3.5. Dotternhausen (Germany)
The Dotternhausen section represents shallow marine deposition in a 

semi-restricted basin (ca. 30 to 35◦N) in the European epeiric sea, 
wherein the lower Toarcian succession (Posidonia Shale) consists 
mainly of marls and marly clays interbedded with a few nodular lime
stone beds (Röhl et al., 2001). Based on biostratigraphy and chemo
stratigraphy, the TOAE interval displays a negative δ13Corg excursion 
(− 7‰ to − 5‰) (Fig. 9). During the TOAE, a change was observed from 
highly bioturbated light grey marls to well laminated black shales.

Storm sedimentation is recorded at Dotternhausen as thin (< 1 mm) 
silty layers with sharp bases within laminated shales (Röhl et al., 2001; 
Dickson et al., 2017; Them et al., 2018; Wang et al., 2021). The storm 
sedimentation led to the occurrence of a low diversity but occasionally 
highly abundant benthic fauna in a few horizons, and corresponds to 
most negative part of TOAE NCIE (Fig. 9) (Röhl et al., 2001; Dickson 
et al., 2017).

During the TOAE, increased TOC (up to 20–30%) is dominated by 
marine organic matter (Wang et al., 2020, 2021) (Fig. 9). A nearby 
location 2 km away (Dormettigen) shows a transition from terrestrial to 
marine organic matter across from pre-TOAE to the TOAE, with the 
TOAE marine organic matter showing a replacement of dinoflagellates 
by prasinophyte algae and Spheripollenites (Ajuaba et al., 2022). Low 
δ15Ntot values (+0.3‰ to +2.5‰) with no obvious variation suggest 
enhanced nitrogen fixation by cyanobacteria during the TOAE (Wang 
et al., 2021). Well-laminated black shales containing framboidal pyrites 
and geochemical proxies (e.g., redox-sensitive elements including Mo, 
U, V and Mn, Mo isotope, Fe species, Tl isotope) support Toarcian 
oceanic anoxia (Fig. 9). The oceanic anoxia was occasionally interrupted 
by transient oxygenation events related to distal storm sedimentation 
(Röhl et al., 2001; Dickson et al., 2017; Them et al., 2018; Wang et al., 
2021). No clear enrichment of Hg and Hg/TOC were observed during the 
TOAE (Them et al., 2019) (Fig. 9).

3.3.6. Sakuraguchi-dani (Japan)
In the early Jurassic, the Sakuraguchi-dani section was deposited on 

a shallow shelf along a tectonically active continental margin (ca. 35 to 
40◦N) of the Panthalassic Ocean (Kemp and Izumi, 2014; Kemp et al., 
2019; Chen et al., 2023). The Pliensbachian-Toarcian succession 
(Nishinakayama Formation) consists of shallow marine silty shale, 
mudstone and fine-grained sandstone. Constrained by carbon-isotope 
chemostratigraphy and ammonite biostratigraphy, the TOAE interval 
occurs in the Nb member (predominantly dark silty shale but with 
intercalated fine-grained sandstone and laminated shales) of the Nishi
nakayama Formation.

(caption on next column)

Fig. 6. Lithological, biological and geochemical data of the Hawsker Bottoms 
section in Yorkshire (UK, number 50 in Fig. 1). The TOAE interval is indicated 
by the grey field. Putative storm deposits occur as thin (cm to dm scale) beds 
showing sedimentary structures like HCS, basal scouring, and normal grading, 
associated with brief seafloor oxygenation events (indicated by bioturbation 
and bivalve colonization) immediately below and at the base of the TOAE in
terval. Sources: lithology and storm sedimentation, Wignall et al. (2005), 
Ghadeer and Macquaker (2011) and Salem (2013); palynology, Slater et al. 
(2019); carbon isotope, TOC and HI, Jenkyns et al. (2001), McArthur et al. 
(2008), Salem (2013), and French et al. (2014); Sr and Os isotope, McArthur 
et al. (2008), Cohen et al. (2004); S isotope, Newton et al. (2011); N isotope, 
Jenkyns et al. (2001); Tl isotope, Nielsen et al. (2011); total sulfur, Mo and Mo 
isotope, McArthur et al. (2008); Hg and Hg/TOC, Percival et al. (2015).
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Enhanced terrestrial fluxes are suggested by the sudden appearance 
of siltstone and sandstone beds during the TOAE (Kemp et al., 2019). In 
the silty beds, there are sharp bed contacts and a gradual, consistent 
fining-upward motif, which resemble wave-enhanced sediment gravity 

flow beds or tempestites (Izumi et al., 2018). The sandstone beds contain 
a suite of features including floating mud clasts, cross-bedding, and 
bioturbation, that are consistent with storm/hyperpycnal flow deposi
tion (Izumi et al., 2018; Kemp et al., 2019).

Fig. 7. Lithological, biological and geochemical data of the Mochras Farm Borehole section (UK, number 26 in Fig. 1). The TOAE interval is indicated by the grey 
field. Storm activity caused thin (cm to dm scale) bedded gravity flow deposits with coarse grains. Sources: lithology and storm sedimentation, Sellwood and Jenkyns 
(1975), Xu et al. (2018) and Ullmann et al. (2022); biomarker, carbon isotope, TOC and HI, Xu et al. (2018); Os isotope, Percival et al. (2016); N isotope, Jenkyns 
et al. (2001); Siderite nodule occurrence and pyrite peak area, Xu et al. (2018); Hg/TOC, Percival et al. (2015).

Y. Ge et al.                                                                                                                                                                                                                                       Global and Planetary Change 242 (2024) 104533 

11 



In the section, the TOAE interval is marked by a negative δ13Corg 
excursion (ca. –4‰) (Kemp and Izumi, 2014; Chen et al., 2023) (Fig. 10). 
In the TOAE, low abundance (1–2 wt%) organic matter contains both 
phytoclasts and amorphous organic matter, although there is a marked 
rise in phytoclast abundance coeval with the most negative δ13Corg 
values (Kemp et al., 2019). The TOAE δ15Ntot values are low (− 1.2‰ to 
+1.7‰) with no well-defined secular trends (Fig. 10) (Kemp et al., 
2019). Multiple geochemical (e.g., redox-sensitive elements) and 

ichnofabric proxies suggest mainly oxic settings across the TOAE inter
val (Chen et al., 2023). Recent Fe species analysis shows higher TOAE 
FePy/FeHR, which was attributed to Fe2+ upwelling from deeper anoxic 
watermasses (Chen et al., 2023).

3.3.7. El Penõn (Chile)
During the Early Jurassic, the El Penõn section within the Andean 

Basin was deposited on a shallow-marine carbonate-siliciclastic ramp 
(ca. 30 to 40◦S). The Pliensbachian-Toarcian sedimentary interval, 
belonging to the Montandòn Formation, consists of marly limestone, 
marl and marly clay (Fantasia et al., 2018b). The TOAE is defined by 
ammonite and calcareous nannofossil biostratigraphy and carbon- 
isotope data. During the TOAE, NCIEs (− 5‰ for both δ13Ccarb and 
δ13Corg), reduced TOC content (<1 wt%), and a shift from marine to 
terrestrial organic matter (indicated by high HI and low OI) are recorded 
(Fig. 11) (Fantasia et al., 2018b).

Within the TOAE interval, gravity-flow deposits show well-defined 
erosive bases, and accumulation of poorly-sorted broken particles re
flects increased siliciclastic influx (Fantasia et al., 2018b). Moreover, the 
combination of broken phosphatized fossils, non-phosphatized grains 
and the absence of phosphatized sedimentary surfaces also support a 
gravity-flow origin (Fantasia et al., 2018b). The gravity-flow and tem
pestitic deposition was associated with sea-level transgression and TOAE 
NCIE, which is proposed to reflect sediment reworking and winnowing 
related to high-energy storm activity (Fantasia et al., 2018b).

During the TOAE, enhanced terrestrial influx was associated with 
lower (rather than higher) chemical index of alteration (CIA) and low 
kaolinite abundance, which was interpreted to reflect a shift toward 
more arid climate (Fantasia et al., 2018b). This may have been caused by 
the southwards migration of the paleo-Intertropical Convergence Zone 
across southern Gondwana during the TOAE. The decrease of Ptot during 
the TOAE may have been related to reduced nutrient influx with less 
chemical weathering under a more arid climate, and/or to a dilution 
effect associated with increased detrital influx (Fantasia et al., 2018b). 
Moreover, bioturbation, higher hydrodynamics, lower TOC, and redox- 
sensitive elements suggest mainly oxic settings during the TOAE, which 
is not favorable for organic-matter preservation. Hg and Hg/TOC 
enrichment were detected in the TOAE, which may represent signals of 
distal volcanism (Fig. 11) (Fantasia et al., 2018b).

4. Discussion

4.1. Storm evidence in marine TOAE records

TOAE marine records from a range of paleolatitudes and depositional 
settings exhibit evidence of higher abundance of storm deposits (espe
cially in TOAE NCIE) compared to the pre-TOAE and post-TOAE in
tervals (e.g., Hesselbo et al., 2007; Ghadeer and Macquaker, 2011; 
Trabucho-Alexandre et al., 2012; Suan et al., 2013; Han et al., 2018; 
Izumi et al., 2018; Xu et al., 2018). Widespread storm deposits may be 
generated by: i) intensified storm activity; or ii) lower storm wave base 
related to sea-level fall (Remírez and Algeo, 2020b). The latter possi
bility can be precluded given the known sea-level rise across the TOAE 
(e.g., Krencker et al., 2015). In the TOAE storm deposits, HCS can reach 
a height up to 50 cm and wavelengths as much as 4 m, and individual 
storm beds can be amalgamated (Fig. 12A–C) (Krencker et al., 2015; Han 
et al., 2018). Associated with HCS are also wave ripples, gutter casts, 
parallel lamination, climbing ripples, graded bedding and sharp erosive 
bases (Krencker et al., 2015; Han et al., 2018). Erosional surfaces and 
normal-graded bedding are also observed in thin sections (Fig. 12D) 
(Han et al., 2018).

At low latitudes, storm beds in the studied sections are often rela
tively thick and contain HCS (Fig. 12A–D) (Krencker et al., 2015; Han 
et al., 2018). Such beds can be either carbonate or siliciclastic in 
composition, but all show enhanced accumulation of coarser grains and 
plant debris (Krencker et al., 2015; Han et al., 2018). At higher latitudes 

Fig. 8. Lithological and geochemical data of the Core F11–01 section in Dutch 
Graben (Netherland, number 16 in Fig. 1). The TOAE interval is indicated by 
the grey field. Storm-related sediment as thin (cm to dm scale) beds showing 
erosional bases, cross-bedding, normal grading, scour-and-fill structures, and 
bioturbation. Source: Trabucho-Alexandre et al. (2012).
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Fig. 9. Lithological and geochemical data of Dotternhausen (Germany, number 
14 in Fig. 1). The TOAE interval is indicated by the grey field. Storm-related 
deposits occur as thin (<1 mm) silty layers with sharp bases within laminated 
shales. Sources: lithology and storm sedimentation, Röhl et al. (2001); carbon 
isotope, TOC and HI, Wang et al. (2020, 2021); N isotope, Wang et al. (2021); 
Mo, U and V, Wang et al. (2021); Mn, Baroni et al. (2018); Mo isotope, Dickson 
et al. (2017); Tl isotope and Fe species, Them et al. (2018); Hg/TOC, Them 
et al. (2019).

Fig. 10. Lithological, biological and geochemical data of Sakuraguchi-dani 
(Japan, number 58 in Fig. 1). The TOAE interval is indicated by the grey 
field. Storm-related deposits occur as dm-m scale sandstone beds showing 
increased grain size, floated mud clasts, cross-bedding and intense bioturbation. 
Sources: lithology, storm beds, Kemp and Izumi (2014); palynology, carbon 
isotope, TOC, TOC/N and N isotope, Kemp et al. (2019); Fe species, U, Mo and 
ichnofabric index, Chen et al. (2023).
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and in restricted low-latitude marine settings, TOAE storm deposits 
typically occur as thinner beds (or laminae) in both proximal and distal 
marine settings and were often surrounded by organic-rich shales or 
mudstones (e.g., Ghadeer and Macquaker, 2011; Trabucho-Alexandre 
et al., 2012). In the well-studied European epicontinental area, storm 
sedimentation is hard to observe and occurs within fine-grain sediment 
(e.g., shale, mudstone) in the cores and/or outcrops. In thin sections, 
thin beds/lamina (often <10 mm thick) related to storm activity are 
characterized by sharp and/or erosional bases, normal grading 
(Fig. 12E), bioturbation and common occurrence of plant debris and/or 
bioclasts (Fig. 12F) (Ghadeer and Macquaker, 2011; Trabucho-Alex
andre et al., 2012; Salem, 2013). Parallel lamination, wave- and current- 
ripples, gutter casts and intraformational conglomerates are also often 
observed, while HCS is rarely seen (Ghadeer and Macquaker, 2011; 
Trabucho-Alexandre et al., 2012). The storm-related thin-bedded sedi
ment is dominated by coarser-grain detrital components and a higher 
degree of biota colonization and/or bioturbation relative to surrounding 
sediment (Ghadeer and Macquaker, 2011; Trabucho-Alexandre et al., 
2012).

4.2. Spatially variable storm activity and marine response in TOAE

Despite the widespread increase in storminess and terrestrial fluxes, 
the pattern of TOAE storm sedimentation and coupled changes in 
paleoceanographic conditions were spatially heterogeneous (Figs. 2 to 
11; Fig. 13).

In the mid-latitudes, the storm influence at multiple sites Them et al., 
2019) was relatively weak and mainly expressed as thin layers (Fig. 12E, 
F) of intermittent, storm-induced gravity-flow sedimentation (generally 
lacking HCS) with increased bioturbation and terrestrial influx (Ghadeer 
and Macquaker, 2011; Xu et al., 2018). At low latitudes, compared with 
similar sedimentary settings in mid-latitudes, storm sedimentation is 
characterized by larger thickness and common HCS occurrence. 
(Fig. 12A to D) (Han et al., 2018; Krencker et al., 2015). Moreover, it has 
been reported that storm-related sediment redeposition and winnowing 
became much weaker from low latitude to mid latitude marine realms in 
TOAE (Suan et al., 2013).

The variation of storm influence between low- and mid-latitudes 
could be mainly related to latitude-dependent differences in storm ac
tivity/mechanisms. As previously suggested, the storms are induced by 
tropical cyclones and are therefore more intensive at low latitudes 
(Krencker et al., 2015; Han et al., 2018; Yan et al., 2023). This is sup
ported by the findings of differential storm influence in low- vs. mid- 
latitude TOAE settings. It is also notable that there is no evidence of 
T-OAE storm activity above latitudes of 60–700. For instance, three 
Pliensbachian-Toarcian sections from near the paleo-North Pole, rep
resenting shallow, intermediate, and deep shelf settings, have been 
studied in detail, none of which yielded any reported evidence of storm 
sedimentation (Suan et al., 2011). Thus, there appears to have existed a 
pattern of weakening storm influence toward higher paleolatitudes. 
Separately, paleogeographic conditions may be important since rela
tively weak storm activity in northern Europe (such as at Yorkshire and 
Dotternhausen) occurred in restricted basins, and thus the degree of 
storm influence may in part reflect differences between open and 
restricted marine settings.

The relation between CO2 change, warming and storminess has been 
explored using climate modeling for the Early Jurassic, including the 
TOAE interval (Chandler et al., 1992; Baroni et al., 2018; Yan et al., 
2023). For the TOAE, the modeling results show how increasing atmo
spheric CO2 and elevated tropical sea surface temperatures will support: 
i) storm formation and development in tropical oceanic (including 
Tethys and Panthalassa) areas bounded by the 26.5 ◦C isotherm ii) two 
centers of genesis potential in the northwestern and southeastern Tethys 
between 30◦N and 30◦S respectively; and iii) weakening storm genesis 
potential from low to middle-high latitudes (Yan et al., 2023). Inter
estingly, in the climate modeling of both Baroni et al. (2018) and Yan 

Fig. 11. Lithological and geochemical data of El Penõn (Chile, number 66 in 
Fig. 1). The TOAE interval is indicated by the grey field. Storm-related sediment 
is thicker (dm to m scale) bedded and characterized by hummocky cross- 
stratification, erosive bases, and increased terrestrial debris. Source: Fantasia 
et al. (2018b).
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et al. (2023), in the northwestern Tethys Ocean there is an overlap of 
increased storm genesis potential, enhanced marine oxygenation, and 
low TOC sediment. Furthermore, the steering flow related to tropical 
storminess in Yan et al. (2023) shares a similar migration pathway with 
the Tethyan clockwise gyre in Baroni et al. (2018), which may bring oxic 
waters and cause brief oxygenation events in the restricted and anoxic 
basins of west Europe during TOAE.

In the well-studied European epicontinental area of northwestern 
Tethys, which was associated with weaker storm influence, marine 
settings were characterized by stronger anoxia (even photic-zone euxi
nia) and organic-rich (dominated by marine organics with high HI) 
sedimentation (e.g., Yorkshire, Dotternhausen). Influx of continental 
freshwater likely promoted water-column stratification, while nutrients 
from continental runoff and regeneration from anoxic bottom water 
boosted primary productivity (Brazier et al., 2015; Them et al., 2017b; 
Baroni et al., 2018; Remírez and Algeo, 2020b). Similar marine envi
ronmental features like those of the European epicontinental area have 

been reported in other restricted, proximal marine areas of northeastern 
Tethys and back-arc basins adjacent to the southeastern Panthalassic 
Ocean (Fu et al., 2016; Them et al., 2017b; Al-Suwaidi et al., 2022).

On the other hand, in TOAE open-ocean sections in low-latitude re
gions, which were associated with stronger storm influence (i.e., Nian
duo, Sewa, Peniche, Amellago), there is little evidence for persistent 
oceanic anoxia (mainly oxic to suboxic facies) and an absence of 
organic-rich sedimentation. Despite increased terrestrial siliciclastic and 
nutrient fluxes (Kemp and Izumi, 2014; Krencker et al., 2015; Alnazghah 
et al., 2022), evidence for water-column stratification and high primary 
productivity is relatively weak, and preserved organics with low HI and 
high OI suggest oxidation of marine organics and/or dominance of 
terrestrial organics (Kemp and Izumi, 2014; Krencker et al., 2015). At 
the same time, however, marine anoxia has been found in the deep 
Panthalassic Ocean in Japan (Inuyama area, Kemp et al., 2022a; Chen 
et al., 2023). The equatorial and deep-ocean open setting of this site may 
have been well away from the influence of tropical cyclones, and too 

Fig. 12. TOAE storm-related sedimentary features at various sites. (A-B), Hummocky cross-stratification (HCS), TOAE storm bed, Bou Oumadoul and Ouguerd 
Zegzaoune section, Morocco, Southwestern Tethys, Northern Hemisphere, modified from Krencker et al. (2015); (C) HCS, TOAE storm bed, Nianduo, China (Han 
et al., 2018), eastern Tethys, Southern Hemisphere; (D) Erosional base (yellow line) with overlying graded bedding, Nianduo, China (Han et al., 2018), eastern 
Tethys, Southern Hemisphere; (E) Erosional base (yellow arrow) with overlying graded bedding, coastal TOAE section between Staithes and Port Mulgrave, UK, 
Northwestern Tethys, Northern Hemisphere, modified from Ghadeer and Macquaker (2011); (F) Graded bedding with bioclasts (yellow arrow), coastal TOAE section 
between Staithes and Port Mulgrave, UK, Southwestern Tethys, Northern Hemisphere, modified from Ghadeer and Macquaker (2011). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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deep to preserve storm signatures in any case.

4.3. Possible factors influencing heterogeneous TOAE marine responses

Generally, the TOAE marine response and sedimentation were linked 
to enhanced continental fluxes under climatic hyperwarming, which led 
to marine eutrophication, increase of primary productivity and organic- 
rich deposition (Jenkyns, 2010; Brazier et al., 2015; Them et al., 2017b; 
Remírez and Algeo, 2020a). The coupling between climate warming, 
terrigenous influx, and paleoceanographic changes is reliably recorded 
in the mid-paleolatitude European shelf sections and other proximal 
and/or restricted marine settings by sufficient sedimentological and 
geochemical proxies (e.g., Salem, 2013; Fu et al., 2016; Them et al., 
2017a, 2017b; Al-Suwaidi et al., 2022). In open-marine settings, 
enhanced input of terrigenous siliciclastic material has also shown in 
multiple sections and linked to an accelerated hydrological cycle and/or 
storm activity (Kemp and Izumi, 2014; Krencker et al., 2015; Alnazghah 
et al., 2022). However, the elevated continental fluxes were often 

decoupled from contemporaneous oceanographic changes including 
marine eutrophication, increase of primary productivity and organic- 
rich deposition in sedimentary records. In some open-marine sections, 
reduced TOC and accelerated aerobic degradation of organics has been 
documented (Fantasia et al., 2018b; Krencker et al., 2020; Alnazghah 
et al., 2022).

Previous studies have advocated basin restriction and climate vari
ations (humid vs. arid) to account for spatially variable TOAE marine 
responses. Based on Re, Os and Mo geochemistry, McArthur et al. (2008)
suggested watermass restriction in silled basins drove TOAE organic- 
rich black shale sedimentation and oceanic anoxic events in north
western Europe. However, the deep basinal section in Japan at Inuyama 
in the Panthalassic Ocean developed organic-rich sedimentation without 
watermass restriction (Kemp et al., 2022a; Chen et al., 2023). Alterna
tively, Dera et al. (2009) recognized multiple climate belts during the 
Pliensbachian-Toarcian interval according to a broad-scale analysis of 
clay minerals. In the TOAE warm-arid climate belt, continental chemical 
weathering may have been weak, and weak hydrolytic soil reaction rates 

Fig. 13. Summary figure to show spatially variable storminess and marine conditions. Note the covariation of storm intensity, marine redox conditions and marine 
organic sedimentation. Overall, low-latitude open-marine sites are associated with more intensified storm activity, increased marine oxygenation and reduced marine 
organic content.
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probably did not provide sufficient nutrients for organic-rich sedimen
tation (Fantasia et al., 2018a). However, open-marine TOAE sections 
with higher CIA and enhanced continental chemical weathering also 
display organic-poor sedimentation (Kemp and Izumi, 2014; Fantasia 
et al., 2019; Fu et al., 2021).

TOAE marine redox conditions are likely to have varied with water 
depth, especially between well‑oxygenated shallower seawater and 
deeper marine oxygen-deficient oxygen-minimum zones (OMZs) (Chen 
et al., 2023). However, TOAE open-marine sections showing mainly 
oxic-suboxic conditions have been distributed in shallow (e.g., marginal 
marine), middle (e.g., middle-outer ramp) and deep (e.g., hemipelagic) 
water depths (Kemp and Izumi, 2014; Han et al., 2018; Fantasia et al., 
2019; Fu et al., 2021). Further, low δ15Ntot values in open-marine sec
tions (discussed below) support a reduced rather than an expanded 
OMZ, as might be expected during the TOAE. A possible link between 
storm intensity and heterogeneous marine response is proposed and 
discussed below.

4.4. Storm activity and pycnocline variation: a possible control of TOAE 
marine response

Studies in modern lake and marine settings reveal that storm activity 
has a key influence on biogeochemistry. In detail, storm action affects 
aquatic settings by changing continental fluxes, nutrient supply, redox 
conditions, and ecology (Stal et al., 1999; Chen et al., 2012; Lin et al., 
2014; Ni et al., 2016; Planas and Paquet, 2016; Giling et al., 2017; Xu 
et al., 2019). Specifically, in open-marine areas less influenced by 
terrestrial influx, strong storm activity mainly expanded the oxygenated 
region (i.e., reduced OMZ volume) via stronger-than-normal vertical 
mixing and downwelling, ultimately causing pycnocline deepening in 
the ocean (Chen et al., 2012; Lin et al., 2014; Ni et al., 2016; Xu et al., 
2019). Moreover, a deepened thermocline is related to climate warming 
and has been reported as a prerequisite to sustain tropical cyclones 
(Henderson-Sellers et al., 1998). Pycnocline deepening could possibly 
then lead to: i) enhanced aerobic degradation of organic matter with 
reduced OMZ; ii) decreased nutrient upwelling from deep ocean into the 
photic zone, iii) promotion of nitrogen-fixing cyanobacteria and asso
ciated calcification in nutrient-depleted conditions, iv) changes in 
ecology owing to a bloom of cyanobacteria as primary producers (Stal 
et al., 1999; Lin et al., 2014; Planas and Paquet, 2016; Giling et al., 2017; 
Xu et al., 2019).

In TOAE open-ocean settings that experienced intensive storm ac
tivity, possible pycnocline deepening and reduced OMZ are proposed, 
similar to that in modern lacustrine and marine settings (Stal et al., 
1999; Chen et al., 2012; Lin et al., 2014; Ni et al., 2016; Planas and 
Paquet, 2016; Giling et al., 2017; Xu et al., 2019). One possible clue for 
this is from spatial variation of marine δ15Ntot records. The TOAE in
terval was characterized by enhanced continental weathering and 
influx, which has been suggested to promote marine primary produc
tivity, enlarge marine OMZ and promote denitrification, hence causing 
positive δ15N excursion like modern oceans (Jenkyns et al., 2001; 
Stüeken, 2013; Ader et al., 2014; Caruthers et al., 2014; Du et al., 2021; 
Song et al., 2023). However, the TOAE marine δ15Ntot records display 
both positive and negative excursions of varying magnitudes; reflecting 
the complexity of nitrogen cycling at this time (Jenkyns et al., 2001; 
Stüeken, 2013; Ader et al., 2014; Caruthers et al., 2014; Du et al., 2021; 
Song et al., 2023). In multiple open marine sections of Tethys and 
Panthalassic Ocean during the TOAE interval, δ15Ntot values show more 
or less more negative values (especially in the lower TOAE) compared to 
pre-TOAE interval (Fig. 14). The decrease in δ15N values is inconsistent 
with the typical scenarios: increased primary productivity favored by 
enhanced terrestrial influx in marine settings, would promotes denitri
fication and lead to high δ15Ntot values (e.g., +4‰ to +10‰ in modern 
ocean areas) (Jenkyns et al., 2001; Caruthers et al., 2014). Instead, the 
open-marine negative δ15N shifts in the TOAE co-occur with storm 
sedimentation, and correspond to low primary productivity and mainly 

oxic conditions, as indicated by low TOC, bioturbation and lack of 
enrichment of redox-sensitive elements (such as Mo, V, U) (Fig. 14).

Possibly, the negative δ15Ntot shifts in the TOAE reflect enhanced 
nitrogen fixation by cyanobacterial activity under nutrient-depleted 
conditions with limited nitrate concentrations (Montoya et al., 2002; 
Knapp et al., 2005; Chang et al., 2019; Du et al., 2021, 2023; Buchanan 
et al., 2021; Song et al., 2023). Accordingly, enhanced TOAE microbial 
and abiotic ooid sedimentation and higher marine alkalinity have been 
recorded in tropical, open oceans in the southern Tethys and eastern 
Tethys (Trecalli et al., 2012; Han et al., 2018; Krencker et al., 2020; 
Müller et al., 2020) (Fig. 15). Given elevated continental influx during 
the TOAE, the nutrient depletion associated with negative δ15Ntot 
excursion seems strange and counterintuitive, which may point to some 
other factor(s) inhibiting nutrient upwelling in open marine settings. 
Although we cannot rule out local influence, this combination of 
nutrient depletion, cyanobacterial activity, increased alkalinity and ooid 
sedimentation is consistent with the consequences of pycnocline deep
ening, which suppresses upwelling of bottom-water nutrients but boosts 
cyanobacterial activity and biocalcification in nutrient-depleted 
seawater (Stal et al., 1999; Auderset et al., 2022). Pycnocline deep
ening is favored by climate warming and increased sea surface tem
perature, and this may be also favored by storm activity that can 
efficiently transfer heat and salinity via vertical mixing of ocean water 
(Chen et al., 2012; Lin et al., 2014; Ni et al., 2016; Xu et al., 2019).

Although only reported in one study from a shallow, open-marine 
carbonate section (Monte Sorgenza) of the southern Tethys, higher I/ 
Ca ratios support enhanced shallow marine oxygenation during the 
TOAE, given the positive relation between I/Ca ratios and marine oxy
gen levels (Lu et al., 2010) (Fig. 14). The storm-related open-marine 
oxygenation will be favorable for aerobic degradation of organic matter, 
consistent with the low TOC. Similarly, during the middle Miocene and 
early Eocene climate warming events, modeling work and nitrogen 
isotope analysis in marine environments also support lower δ15N values, 
pycnocline deepening and higher oxygen levels in the open ocean 
(Auderset et al., 2022).

In relatively restricted and/or proximal marine settings, like the 
European epicontinental area during the TOAE, weaker storm influence 
and more continental influx under a humid and warm climate promoted 
water-column stratification and a shallower pycnocline depth, favoring 
nutrient influx from continents and deeper waters fueling higher pri
mary productivity (Jenkyns et al., 2001; Percival et al., 2016). Notably, 
storm activity at such sites also caused intermittent and short-term 
watermass oxygenation and benthic colonization events within black 
shales, which are petrographically known but are perhaps sometimes 
too short to be captured by geochemical proxies that have relatively long 
residence times (e.g., Ghadeer and Macquaker, 2011; Trabucho-Alex
andre et al., 2012; Suan et al., 2013). Interestingly, with increased re
striction, the TOAE marine settings also document increased 
cyanobacterial/bacterial abundance and a change from positive to 
negative δ15N shifts (mainly − 1‰ to +3‰) coeval with enhanced 
watermass anoxia (even photic-zone euxinia) (e.g., Jenkyns et al., 2001; 
Salem, 2013; Remírez and Algeo, 2020a; Wang et al., 2021) (Fig. 14). 
This supports enhanced nitrogen-fixing cyanobacterial activity (Wang 
et al., 2021; Du et al., 2021; Du et al., 2023; Buchanan et al., 2021; Song 
et al., 2023). Unlike in open-marine settings, nitrogen fixation with 
increased marine restriction may have been related to quantitative 
denitrification in low-oxygen (rather than low-nutrient) conditions 
(Montoya et al., 2002; Knapp et al., 2005; Chang et al., 2019; Buchanan 
et al., 2021; Wang et al., 2021). In conclusion, apart from basin re
striction and climate belt variations, the spatial variation in storm in
tensity and pycnocline depth may have acted as an important factor 
influencing marine nutrient cycling, primary productivity, redox con
ditions and organic-rich sedimentation during the TOAE (Fig. 15).
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Fig. 14. Nitrogen isotope, I/Ca and B isotope in various marine settings supporting pycnocline deepening in open-marine settings. The TOAE interval is indicated by 
grey field. Note the various δ15N excursions (red arrows) associated with both low and high TOC, suggesting increased nitrogen fixation during TOAE. Higher I/Ca 
and B isotope values indicate higher oxygen and alkalinity during the lower TOAE with storminess. Sources: (1) nitrogen isotope, Jenkyns et al. (2001), Caruthers 
et al. (2014), Kemp et al. (2019) and Wang et al. (2021); (2) I/Ca, Lu et al. (2010); (3) B isotope, Müller et al. (2020). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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5. Conclusions

Section that record the Toarcian Oceanic Anoxic Event (TOAE) 
display obvious spatial heterogeneity rather than universal water- 
column anoxia and organic-rich sedimentation. On the basis of previ
ous work, this study investigated possibly relationships between 
enhanced storminess during the TOAE and this spatial heterogeneity. 
Storm activity during the TOAE is widely reported and commonly 
caused ocean oxygenation events with variable durations and magni
tudes across a range of marine settings. Enhanced storm activity was 
likely mainly related to intensified tropical cyclones, which were most 
active at low latitude areas. To the first order, therefore, stronger storm 
activity at low latitudes could account for the prevalence of oxygenated 
conditions at such locations. By contrast, weakened storminess could 
account for the dominance of anoxic and organic-rich facies at mid- 
latitudes sites. It is proposed that variations in the intensity of storm 
activity caused spatial variation of ocean pycnocline depths in the 
TOAE. With more intense storminess, pycnocline deepening would lead 
to increased oxygenation and reduced nutrient upwelling into surface 
seawater, therefore favoring oxic water-column conditions and organic- 
poor sedimentation. This may have contributed to the spatially variable 
marine responses relative to marine areas with weaker storm activity 
and predominantly anoxic water, and increased primary productivity 
and organic-rich sedimentation. Hence, combined with paleogeography 
and climate, intensified storminess may have acted as an important 
agent influencing TOAE marine biogeochemical responses. The deep- 
time relation linking storm and marine responses also gives implica
tions for modern warming world experiencing increased storm 
frequency.
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