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ARTICLE INFO ABSTRACT
Keywords: An intensification of the hydrological cycle is an expected consequence of global warming, and this will likely
T-OAE lead to spatially variable precipitation and drought extremes, and more intense tropical storms. Deep time

Hydrological cycle

s hyperthermal events, characterised by large-scale carbon release and transient global warming, have the po-
torms

Hyperthermal tential to provide insights into the nature and magnitude of hydroclimate changes in response to warming. The

Carbon release Toarcian oceanic anoxic event (T-OAE, or Jenkyns Event, ~183 Ma) was a severe hyperthermal, and is associated

Runoff with evidence for marked changes in hydroclimate, including: intensified tropical cyclone activity, an increase in
global chemical weathering rates, and elevated freshwater runoff and terrigenous sediment fluxes to basins.
Nevertheless, key knowledge gaps exist regarding the scale, significance, distribution and interpretation of these
changes. Here, we review the evidence for T-OAE hydroclimate changes based on published data from 109 sites.
Although these sites are primarily concentrated in the northwest Tethys region, we show that evidence for T-OAE
hydroclimate change was globally distributed, and that most sites (63 %) record evidence consistent with an
intensification of hydrological cycling under hotter conditions likely characterised by weather/precipitation
extremes. Evidence for enhanced storm activity is common; recorded at up to a third of sites from both low and
middle latitudes. This evidence is consistent with climate model predictions of increased tropical cyclone in-
tensity and a poleward shift in storm tracks under elevated atmospheric CO,. Evidence for enhanced weathering
and terrigenous fluxes is also common. This evidence, coupled with the evidence for increased storminess, may
help explain increased turbidite deposition during the event recorded at some deep-water sites. Although
affected by geographic and perhaps sedimentological biases, our findings underline how hydroclimate change
was an inherent and perhaps defining characteristic of the T-OAE, potentially of equal paleoenvironmental
significance to the seawater deoxygenation that originally defined the event.

1. Introduction hydrological cycle to rising atmospheric CO, and temperature at the
present day is a key challenge, and one of social and economic impor-
Understanding the responses and sensitivity of the global tance. Warming, and consequent increase in atmospheric water storage,
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is predicted to lead to large-scale but spatially variable changes in
hydroclimate, such as increases in storm intensity, extreme precipitation
events and fluvial sediment loading in some areas, but aridification in
other areas (e.g., Trenberth et al., 2003; Hirabayashi et al., 2013;
Knutson et al., 2020; Syvitski et al., 2022; IPCC, 2023). Observational
data obtained over the last few decades suggest that such changes are
already underway, with evidence for increases in the frequency of
intense tropical storms in some regions, and elevated occurrences
globally of precipitation and drought extremes (Emanuel, 2005; Elsner
et al., 2008; Bhatia et al., 2019; Roddell and Li, 2023). However, modern
observational datasets of hydroclimate change are limited by their
relatively short duration. In particular, recognizing robust trends in
storm activity over the last few decades has proven difficult (e.g.,
Landsea et al., 2006). Equally, determining the impact of Anthropogenic
warming on weathering and runoff changes is difficult because fluvial
sediment transport and storage processes typically operate on timescales
of >10* years (Dosseto et al., 2015). Furthermore, quantifying the
impact of warming on sediment fluxes to lakes and seas is difficult
because human activities such as dam building mask these signals
(Kemp et al., 2020a).

An understanding of how warming impacts hydroclimate can be
gained by studying the geological record of ancient hyperthermal
events. These events were characterised by geologically brief (<1 Myr)
increases in global temperature and atmospheric CO», and thus have the
potential to provide insights into the nature of hydroclimate responses to
warming over relatively long (10° to 10° yr) timescales and under
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different background climate states. Geochemical, paleontological and
sedimentological evidence clearly indicates that changes in hydro-
climate accompanied some of the most pronounced hyperthermal events
of the Phanerozoic, including the Permian-Triassic mass extinction
(~252 Ma, e.g., Sheldon, 2006; Algeo and Twitchett, 2010; Cao et al.,
2019; Yang et al., 2023), the Carnian pluvial episode (~233 Ma, CPE,
Simms and Ruffell, 1989; Dal Corso et al., 2024), the early Toarcian
oceanic anoxic event (T-OAE, ~183 Ma, Cohen et al., 2004; Izumi et al.,
2018), and the Paleocene-Eocene thermal maximum (PETM, ~55 Ma,
Ravizza et al., 2001; John et al., 2008; Pujalte et al., 2015; Carmichael
et al., 2017, 2018).

Of the above events, the T-OAE (or Jenkyns Event) exhibits some of
the best and most geographically widespread evidence for hydroclimate
change (see esp. Krencker et al., 2015; Han et al., 2018; Izumi et al.,
2018; Kemp et al., 2020b; Baranyi et al., 2024). The T-OAE is marked in
the sedimentary record by a pronounced negative carbon isotope
excursion (NCIE) in marine and terrestrial reservoirs of carbon, indi-
cating of a substantial release of '2C-enriched carbon into the biosphere
(Hesselbo et al., 2000) (Fig. 1). The origin of this carbon is debated, and
it may have been volcanogenic (i.e. from volcanic CO outgassing, Palfy
and Smith, 2000), thermogenic (i.e. from igneous intrusion into organic-
rich rocks, Svensen et al., 2007) and/or biogenic (e.g., from methane
hydrates and/or soils, Hesselbo et al., 2000; Ruebsam et al., 2019).
Proxy data indicate a likely doubling of atmospheric CO, (from ~500
ppm to ~1000 ppm) and a global seawater temperature rise of ~5 °C or
more across the NCIE (Bailey et al., 2003; McElwain et al., 2005;
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Fig. 1. Overview of paleoclimate data across the Toarcian oceanic anoxic event (T-OAE). Belemnite oxygen isotope (5'20) data (a proxy for seawater temperature)
and sea level curve are from Ruebsam et al. (2019). Atmospheric CO, data are from McElwain et al. (2005) and Steinthorsdottir and Vajda (2015). The representative
carbon isotope curve (blue) is the organic carbon isotope (613C0,g) record from the Mochras Farm (Llanbedr) borehole (Storm et al., 2020), and the negative carbon
isotope excursion (NCIE) is labelled. Osmium isotope data are from Them et al. (2017a) and Kemp et al. (2020b). The positive shift in 870s/880s; values across the
NCIE indicates a global increase in continental-sourced (radiogenic) osmium relative to mantle-sourced (unradiogenic) osmium, and thus an increase in continental
weathering. Figure modified from Kemp et al. (2020b). GTS2016 refers to Ogg et al. (2016). (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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Ruebsam et al., 2020a, 2020b; Nordt et al., 2022) (Fig. 1).

Although best known for its association with seawater deoxygen-
ation (Jenkyns, 1988), T-OAE warming and atmospheric CO5 rise were
associated with a 200-500 % increase in silicate chemical weathering
fluxes (Brazier et al., 2015; Them et al., 2017a; Kemp et al., 2020b)
(Fig. 1). Coevally, enhanced terrigenous and nutrient fluxes to the
oceans and reduced salinity of surface seawater have been linked to
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intensified erosion, fluvial sediment loads and runoff (e.g., Baranyi
et al., 2016; Kemp et al., 2019; Remirez and Algeo, 2020). Abundant
tempestite deposits are preserved in some low latitude (<30°) records of
the event, suggesting an intensification of tropical cyclone activity
during the event (Suan et al., 2013; Krencker et al., 2015; Han et al.,
2018; Izumi et al., 2018; see also Yan et al., 2023). Overall, the T-OAE
has the potential to provide insights into the operation of the
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Fig. 2. Paleogeographic map of the early Toarcian (~183 Ma) with studied sites (109) shown. Sites are colour-coded based on depositional environment (lacustrine,
shallow marine siliciclastic, shallow marine carbonate platform/ramp, and deep marine). Site names and hydroclimate data are in Table 1 (see Table S1 for fuller
descriptions of the sites, including depositional environment/water depth interpretation and full descriptions of hydroclimate evidence). Sites are ordered by latitude
and region (sites 1-86 = Europe/North Africa, sites 87-109 = rest of the world). Inset map shows the paleogeography of Europe and North Africa (area in black box
on global map). Site locations are based on information provided in the source publications. Maps are from Kemp et al. (2022) and based on those in Miiller

et al. (2020).
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hydrological cycle in response to extreme warming and COj rise.
Nevertheless, key knowledge gaps exist. For example, climate models
predict that tropical cyclone tracks would shift poleward to subtropical
regions under elevated CO; conditions (Korty et al., 2017; Studholme
et al.,, 2021; Yan et al., 2023), but no systematic analysis of T-OAE
tempestite distribution has been conducted that could test this. Simi-
larly, the spatial pattern and significance of inferred changes in hu-
midity/aridity during the T-OAE are unknown. Enhanced terrigenous
sediment fluxes and decreased surface water salinity during the event
may indeed have been linked to increased freshwater runoff under
conditions of enhanced hydrological cycling, but the link between
sediment yields and climate are complex (e.g., Syvitski et al., 2022), and
decreased salinity has also been linked to freshwater fluxes from melting
high-latitude ice sheets during T-OAE warming (e.g., Dera and Donna-
dieu, 2012; Ruebsam et al., 2019). In this study, we compile and review
the evidence for hydroclimate and weather changes across the T-OAE in
an effort to consolidate and improve understanding of how and where
hydroclimate changed during the event.

2. Methods

We compiled evidence of potential hydroclimate change through the
T-OAE from the literature, with data obtained from 109 sites where the
event is unambiguously recorded (either through preservation of the
ubiquitous NCIE, or where biostratigraphy and lithostratigraphic cor-
relation unambiguously supports a T-OAE age) (Fig. 2). Strictly, the
NCIE and T-OAE are not synonymous because evidence for deoxygen-
ation is diachronous (Ruebsam and Schwark, 2024), or indeed absent at
many sites (Kemp et al., 2022). In this study we use the NCIE to define
the hyperthermal event (‘Jenkyns Event’ in the definition by Reolid
et al., 2020) sensu stricto because the NCIE chronostratigraphically
delineates the interval of global carbon cycle disturbance, and it is
within the NCIE that evidence for seawater warming, CO5 rise and
hydroclimate change has been observed (Fig. 1; e.g., Bailey et al., 2003;
McElwain et al., 2005; Izumi et al., 2018; Ruebsam et al., 2020a, 2020b).

The geographic distribution of available sites is biased (Fig. 2), with
most studied sections occurring in Europe (75). The remaining 34 sites
are unevenly distributed between North Africa (12), Asia (11), North
and South America (7), Arctic (3), and Middle East (1). The depositional
environment and dominant facies for each site are taken from the pub-
lished sources, and are provided in Table S1. Most sites (80) are classi-
fied as shallow marine (i.e. nearshore to shelf environments, likely
<200 m water depth) (Fig. 2), though water depth for many sites is
uncertain. Twenty-three shallow water sites are carbonate-dominated
platform/ramp environments, and 6 sites are non-marine (lacustrine)
(Fig. 2).

We focus on potential hydroclimate changes associated with the
NCIE in a broad sense, and accordingly group the evidence into 5 cat-
egories: 1) evidence for sedimentary event deposits that could be linked
to storm activity (e.g., tempestite beds, hummocky(—swaley) cross-
stratification), 2) evidence for sedimentary event deposits that could
be linked to changes in the style or magnitude of sediment delivery to
basins (i.e. hyperpycnites, mass flow deposits and turbidites), 3) evi-
dence for changes in terrigenous fluxes that may relate to changes in
fluvial sediment loads, 4) evidence for changes in hinterland chemical
weathering, and 5) evidence for changes in seawater salinity that may
relate to changes in freshwater runoff.

It is important to note that the above evidence categories are not
unambiguously indicative of hydroclimate. The formation and preser-
vation of storm deposits, for instance, is strongly dependent on deposi-
tional conditions (such as water depth) and sediment type. Similarly,
mass flow deposits commonly have tectonic drivers, and fluvial sedi-
ment loads (and hinterland weathering/erosion) are also sensitive to
tectonics. However, our aim in building the compilation is to present the
available data that might be linked to hydroclimate, and then critically
evaluate these data in our ensuing discussion (Section 4). The evidence
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we obtained is summarised in Table 1, with full details provided in the
Supplementary Information (Table S1). The proxies available to deter-
mine potential changes in hydroclimate related to these evidence cate-
gories are varied (e.g., geochemical, sedimentological and
paleontological), and in general the published evidence is objectively
recorded based on the inferences drawn by the authors of the original
studies, rather than re-interpreted here (though see Section 4 for a full
discussion).

Evidence for potential hydroclimate change across the NCIE is
classed as either absent, weak or strong, depending on: 1) data avail-
ability, 2) the reliability of the data as an indicator of hydroclimate, 3)
whether or not an observed change in hydroclimate across the event is
clearly resolved by the data, and 4) whether or not an observed change
in hydroclimate was unambiguously contemporaneous with the NCIE.
For the latter two considerations, we note that many studies provide
high-resolution data within the NCIE but fewer data below and above,
thus making it difficult to evaluate whether any actual change in
hydroclimate was associated with the NCIE itself. The specific evidence
for hydroclimate changes for each site is provided in Table S1. For some
sites, there are no data available that provide hydroclimate information
(full details in Table S1).

3. Results

Table 1 and Fig. 3 summarise the evidence for potential hydroclimate
change through the NCIE for the 109 T-OAE sites. Full details of all the
evidence is provided in Table S1, and in this section we provide a broad
summary of this evidence. A majority of sites (71) have weak or strong
evidence for hydroclimate change correspondent to at least one of the
five defined evidence categories (Table 1, Fig. 3). The vast majority of
these sites (69) contain evidence that can, potentially, be interpreted to
reflect an increase in hydrological cycling, i.e. increased storm activity,
event bed deposition, terrigenous fluxes, weathering and runoff under
inferred wetter/more humid conditions (Fig. 3). Seven sites contain
evidence consistent with a possible reduction in hydrological cycling (i.
e. decreased storm activity, event bed deposition, terrigenous fluxes,
weathering and runoff under inferred drier conditions). In all but 2 of
these sites (Chaabet El Attaris in Tunisia and Skladana Skala in
Slovakia), the evidence for a decrease in hydrological cycling co-occurs
with evidence from other hydroclimate indicators for an increase in
hydrological cycling.

Thirty-seven sites show weak or strong evidence for an increase in
storm deposits during the NCIE (Table 1, Fig. 3). This evidence is based
on the occurrence of sedimentary deposits such as tempestites and/or
hummocky cross-stratification (HCS) within the NCIE interval. Data on
storm deposits are mapped on Fig. 4. Sites where evidence is considered
strong (19) are distributed globally in both hemispheres (Fig. 4). These
sites show a clear increase in storm-related deposits within the NCIE
relative to the surrounding strata. For the other 18 sites, the evidence is
weak because storm-related deposits are either rare (perhaps just 1 or 2
storm-related beds within the NCIE) or because it is unclear if storm
deposits are significantly more abundant within the NCIE relative to the
pre- and post-event strata. A single site (Valdorbia, Italy) shows strong
evidence for a decrease in storm deposit abundance during the NCIE.

Nineteen sites show strong (15) or weak (4) evidence for increased
deposition of turbidites/mass flow deposits (including hyperpycnites)
within the NCIE. Data are mapped on Fig. 4. As with the data on storm
deposits, the evidence is globally distributed, though largely restricted
to deep water ocean margin sites (Fig. 4). For 8 sites, it is unclear if the
sedimentary structures recorded were the product of storms or mass
flow events (these are labelled with question marks on Table 1). A single
site (Chaabet El Attaris) shows strong evidence for a decrease in turbi-
dite deposits during the NCIE.

Twenty-two sites show weak (2) or strong (20) evidence for an in-
crease in chemical weathering in the NCIE, as determined from inor-
ganic geochemistry (e.g., increase in chemical index of alteration
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Table 1

Summary table of evidence for potential hydroclimate changes at each of the 109 studied T-OAE sites. Evidence in capital letters = strong evidence, lowercase = weak
evidence (see Section 2 for details). Blanks indicate no relevant data or no clear evidence for any change in hydroclimate. See Table S1 for full descriptions of
hydroclimate data available from each site, as well as depositional environment interpretation. Sites are ordered by latitude and region (sites 1-86 = Europe/North

Africa, sites 87-109 = rest of the world, see Fig. 2 for locations). See Fig. 3 for a bar chart of these data.
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Site Site name Region Country Key reference(s) Evidence for Evidence for Evidence for Evidence for Evidence for
number ( change in change in change in change in change in runoff
Fig. 2) storm deposit turbidite/ terrigenous weathering inferred from
abundance mass flow flux paleosalinity
abundance
1 van de Schootbrugge et al.
34/10-35 Europe Norway (2019)
2 Bornholm Europe Denmark Hesselbo et al. (2000)
3 Hesselbo and Pienkowski
Brody-Lubiena Europe Poland (2011); Branski (2010, Increase INCREASE
2012)
4 Hesselbo and Pienkowski
Mechowo Europe Poland (2011); Branski (2010, Increase INCREASE
2012)
5 Gorzow Europe Poland Hesselbo and Pienkowski Increase
Wielkpolski (2011)
6 Hesselbo and Pienkowski
Suliszowice Europe Poland (2011); Branski (2010, Increase INCREASE
2012)
7 Hesselbo and Pienkowski
Parkoszowice Europe Poland (2011); Pienkowski et al. Increase
(2016)
8 Leonowicz (2011);
Koztowice Europe Poland Hesselbo and Pierikowski Increase
(2011)
9 van de Schootbrugge et al.
Schandelah Europe Germany (2018)
10 Trabucho-Alexandre et al.
F11-01 Europe Netherlands (2012); Houben et al. Increase
(2021)
= L05-04 Europe Netherlands Trabucho-Alexandre et al. Increase
(2012)
12 Raasay Europe Scotland ::zr;{eut d‘i)'n(z((l);;é’)Mmmn Increase INCREASE INCREASE
13 Zazriva Europe Slovakia Suan et al. (2018) ?Increase ?Increase
14 Kemp et al. (2005);
Ghadeer and Macquaker
(2011, 2012); Wignall
Yorkshire Europe England et al. (2005); Thibault Increase INCREASE
et al. (2018); Remirez and
Algeo (2020); Slater et al.
(2019)
15 Dove’s Nest Europe England Trabucho-Alexandre et al Increase
(2023)
16 RWK-01 Europe Netherlands ~ Houben et al. (2021)
17 Hougard et al. (2021);
Aubach Europe Germany Schiiber et al. (2010) Increase
18 Rohl et al. (2001); Mattioli
Dotternhausen Europe Germany et al. (2004, 2008); ?INCREASE ?INCREASE INCREASE
Schmid-Rohl et al. (2002)
19 Baranyi et al. (2016);
Réka Valley Europe Hungary Ruebsam et al. (2018); Increase INCREASE INCREASE Increase
Raucsik and Varga (2008)
20 FR-210-078 Europe Luxemburg Ruebsam et al. (2014)
21 Denkingen Europe Germany Suan et al. (2015)
22 Xu et al. (2018); Ullmann
et al. (2021); van de
Mochras Farm Europe Wales ?INCREASE ?INCREASE INCREASE INCREASE INCREASE
Schootbrugge et al. (2005);
Menini et al. (2021)
23 EST433 Europe France Lézin et al. (2013) Increase
24 Fantasia et al. (2018a);
Rietheim Ewope  Switzerland L oncasiaetal (2019aj; ?INCREASE ~ ?INCREASE INCREASE INCREASE
Montero-Serrano et al.
(2015)
25 van Breugel et al. (2006);
HTM-102 Europe France Mattioli egt al. (2008) Increase INCREASE
26 Riniken Furope  Switzerland | on(asa et al (2018a); ?INCREASE ?INCREASE INCREASE INCREASE INCREASE
Fantasia et al. (2019a)
27 Winterborne Jenkyns et al. (2001);
Kingston Europe England Jenkyns and Clayton
(1997)
28 18/25-1 Europe Ireland Silva et al. (2017)

(continued on next page)
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Table 1 (continued)
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Site Site name Region Country Key reference(s) Evidence for Evidence for Evidence for Evidence for Evidence for
number ( change in change in change in change in change in runoff
Fig. 2) storm deposit  turbidite/ terrigenous weathering inferred from
abundance mass flow flux paleosalinity
abundance
2 Gipf Furope  Switzerland | ontasia etal (2018a); ?INCREASE ?INCREASE INCREASE INCREASE
Fantasia et al. (2019a)
30 Skladand Skala  Europe Slovakia Miiller et al. (2020) Decrease
31 Hermoso and Pellenard
Sancerre-Couy Europe France ggig: Iglir:;fscecttai.l, Increase INCREASE INCREASE
(2015)
32 Suan et al. (2013); Dera
Lafarge Europe France et al. (2009); Martin et al. INCREASE INCREASE
(2021)
83 Creux De Furope  Switzerland | ontasia etal (2018a); JINCREASE ~ ?INCREASE INCREASE INCREASE ~ INGREASE
L’Ours Fantasia et al. (2019a)
34 Sueges Europe France Fonseca et al. (2018)
35 Saint Paul Des Mailliot et al. (2009);
Fonts Europe France Krencker et al. (2015); Increase Increase
Bomou et al. (2021)
36 Bichental Europe  Austria Neumeister et al. (2015); INCREASE INCREASE
Suan et al. (2016)
37 Caylus Europe France Fonseca et al. (2018) INCREASE
38 Cuers Europe France Léonide et al. (2012)
39 Mailliot et al. (2009);
Tournadous Europe France Krencker et al. (2015) Increase INCREASE
40 Fernandez-Martinez et al.
West Rodiles Europe Spain (2021); Rodrigues et al. ?Increase ?Increase INCREASE
(2020b)
41 Roqueredonde Europe France Bomou et al. (2021) INCREASE INCREASE Increase
42 La Almunia Europe Spain (Gza(;lors(f()()s); Gomez et al. Increase
43 Barranco de la Gahr (2005); Piazza et al.
Canada Europe Spain (2020); Ullmann et al.
(2020)
44 Barranco de la Europe Spain Fiirisch et al. (2001)
Puta
45 Alcabideque Europe Portugal Rodrigues et al. (2016) INCREASE Decrease
46 Longarone Europe Italy Bellanca et al. (1999) Increase
47 Rabacal Europe  Portugal E;ZE;E;:;:;L(%S ; 25 ())a ) INCREASE INCREASE
48 Dogna Europe Italy Jenkyns et al. (2001)
49 Fantasia et al. (2018a);
Breggia Europe Switzerland ~ Fantasia et al. (2019a); Increase DECREASE
Dera et al. (2009)
50 Es Cosconar Europe Spain Rosales et al. (2018)
51 Hesselbo et al. (2007);
Fantasia et al. (2019b);
Rodrigues et al. (2020a);
) Correia et al. (2017);
Peniche Europe Portugal Mattioli et al. (2008); Suan INCREASE INCREASE INCREASE INCREASE
et al. (2008); Wright and
Wilson (1984); Font et al.
(2022)
52 Monte Mangart ~ Europe Italy Sabatino et al. (2009)
>3 Colma d ! Europe Italy Woodfine et al. (2008) Increase
Malcesine
54 Sega d’Ala Europe Italy Woodfine et al. (2008) Increase
55 Madonna della .
Europe Italy Woodfine et al. (2008) Increase
Corona
56 Gajum Europe Italy Erba et al. (2022)
57 Erba et al. (2022);
Sogno Europe Italy Gambacorta et al. (2023) INCREASE INCREASE INCREASE
58 Kovk Europe Slovenia Ettinger et al. (2021)
59 Rodrigues et al. (2019);
Fuente La Palomo Delgado et al.
. Europe Spain (1985); Dera et al. (2009); Increase
Vidriera . .
Rodriguez-Tovar and
Uchman (2010)
60 g?(l)llian do Europe Italy Mattioli and Pittet (2004) Increase
61 ) Rodrigues et al. (2019);
La Cerradura Europe Spain Reolid et al. (2019) INCREASE
62 Velebit-A Europe Croatia Sabatino et al. (2013)
63 Valdorbia Europe  ltaly Sabatino et al. (2009); DECREASE INCREASE INCREASE

Monaco et al. (1994);

(continued on next page)



D.B. Kemp et al. Earth-Science Reviews 258 (2024) 104946

Table 1 (continued)

Site Site name Region Country Key reference(s) Evidence for Evidence for Evidence for Evidence for Evidence for
number ( change in change in change in change in change in runoff
Fig. 2) storm deposit  turbidite/ terrigenous weathering inferred from
abundance mass flow flux paleosalinity
abundance

Monaco (2016); Dera et al.
(2009); Monaco (1992)
64 Mattioli and Pittet (2004);
Mattioli et al. (2004); Dera

Pozzale Europe Italy et al. (2009); Morettini Increase INCREASE
(1998)
65 Velebit-B Europe Croatia Sabatino et al. (2013)
66 Fonte Cerro Europe Italy Mattioli and Pittet (2004) Increase
67 Gornje Jelenje Europe Croatia Sabatino et al. (2013)
68 Monte Europe Italy Woodfine et al. (2008)
Sorgenza
69 Mercz?to San Europe Italy Trecalli et al. (2012)
Severino
70 Chionistra Europe Greece Kafousia et al. (2014)
71 Petousi Europe Greece Kafousia et al. (2014)
72 Livartzi Europe Greece Kafousia et al. (2011)
73 Toka Europe Greece Kafousia et al. (2014)
74 Taguendouft Africa Morocco Krencker et al. (2020) INCREASE INCREASE
75 Kastelli Europe Greece Kafousia et al. (2011)
76 Tabant Africa Morocco Krencker et al. (2022) Increase
77 Chaabet El . .. Ruebsam et al. (2021);
Attaris Africa Tunisia Reolid et al. (2021) DECREASE Decrease
78 Amellago Africa Morocco Bodin et al. (2010, 2011)
79 Talghemt Africa Morocco Boulila et al. (2019) INCREASE
80 Ouguerd Aftica Morocco Krencker et al. (2015) INCREASE INCREASE
Zegzaoune
81 Tamtetoucht Africa Morocco Krencker et al. (2020) INCREASE INCREASE
82 Ratnek El Africa Algeria Reolid et al. (2012) Increase
Kahla
83 Toksine Africa Morocco Krencker et al. (2015) INCREASE
84 Aghbalou Africa Morocco Krencker et al. (2020) INCREASE INCREASE
N’Kerdous
85 Foum Tillicht Africa Morocco Bodin et al. (2016) INCREASE
86 Tahria Africa Morocco Krencker et al. (2022)
N’Dades
87 . . . . Suan et al. (2011);
Kelimyar River ~ Arctic Russia Nikitenko et al. (2013)
88 Polovinnaya . .
. Arctic Russia Suan et al. (2011)
River
89 Anabar Bay Arctic Russia Suan et al. (2011)
90 ZK01 Asia China Liu et al. (2020b) Increase Increase INCREASE
91 Jin et al. (2022b); Li et al.
Anya Asia China (2023); Baranyi et al. INCREASE INCREASE
(2024)
92 Sichuan Core B Asia China Xu et al. (2017)
93 . . Liu et al. (2022b); Liu et al.
LQ104X Asia China (2022a); Liu et al. (2020a) INCREASE INCREASE INCREASE INCREASE Increase
o4 Sichuan Core A Asia China Xu et al. (2017); Xu et al. Increase
(2021)
95 Izumi et al. (2018); Kemp
Sakuraguchi- . et al. (2019); Kemp and
Dani Asia Japan Izumi (2014); Chen et al. INCREASE INCREASE INCREASE INCREASE
(2023a)
96 Dameigou Asia China Lu et al. (2020) Increase
97 North Them et al. (2018); Asgar-
6-82755W6 ) erica  CANAda Deen et al. (2003)
98 . .. North Them et al. (2017b);
Haida Gwatl America Canada Caruthers et al. (2011)
99 1-35-62-20 North Canada Them et al. (2018); Asgar-
w5 America Deen et al. (2003)
100 Bighorn Creek North. Canada Them et al. (2017b) INCREASE
America
101 Bilong Co Asia China Fueetal. (2014, 2016); Xia INCREASE INCREASE
et al. (2021)
102 Suobucha Asia China 2(21 o 31)1 (2023); Nie et al. INCREASE INCREASE ~ INCREASE
103 Sakahogi Asia Japan Ikeda et al. (2018)
104 Khashm adh Middle Saudi Alnazghah et al. (2022);
Dhibi East Arabia Al-Hussaini etal. (2021)  |NCREASE INCREASE  INCREASE
105 Nianduo Asia China Han et al. (2018, 2022) INCREASE INCREASE
106 Wolong Asia China Han et al. (2018) INCREASE

(continued on next page)
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Site Site name Region Country Key reference(s) Evidence for Evidence for Evidence for Evidence for Evidence for
number ( change in change in change in change in change in runoff
Fig. 2) storm deposit  turbidite/ terrigenous weathering inferred from
abundance mass flow flux paleosalinity
abundance

107 . South . .

Asientos America Chile Fantasia et al. (2018b) INCREASE INCREASE INCREASE DECREASE
108 - South . § .

El Penon America Chile Fantasia et al. (2018b) Increase INCREASE INCREASE DECREASE
109 Arrovo Lapa South Argentina Al-Suwaidi et al. (2010,

v P America 8 2016)
50

40

30

20

Number of sites

Storn_1 Turbidites
10 deposits flux

- Increase (strong evidence)
|:| Increase (weak evidence)
- Decrease (strong evidence)
|:| Decrease (weak evidence)

Terrigenous Weathering

Freshwater DECREASE

runoff

T INCREASE

Fig. 3. Summary bar chart of evidence for potential hydroclimate changes from the studied T-OAE sites. The majority of sites yielding data on potential hydroclimate
change preserve evidence consistent with an increase in hydrological cycling during the T-OAE NCIE (i.e., an increase in storm deposits, turbidites, terrigenous flux,

weathering, or freshwater runoff). See Section 4 for a full discussion.

values) or clay mineral assemblages (i.e. an increase in relative abun-
dance of kaolinite) (Table 1, Fig. 3). Data on weathering are mapped on
Fig. 5, and there is no clear geographic pattern. Four sites (Breggia in
Italy, Alcabideque in Portugal, and Asientos and El Penon in Chile) show
strong or weak evidence for a reduction in chemical weathering in-
tensity during the NCIE.

Forty-two sites show weak (13) or strong (29) evidence for an in-
crease in terrigenous flux coincident with the NCIE (Table 1, Fig. 3).
Most commonly, the evidence for this is that palynological and/or
petrographic data indicate a relative increase in the flux of terrestrial
material during the NCIE (Table S1). Data on terrigenous fluxes are
mapped on Fig. 6, and there is no clear geographic pattern. Two sites
(Chaabet El Attaris and Skladana Skala) show weak evidence for a
decrease in terrigenous flux during the NCIE.

Twenty-two sites show weak (6) or strong (16) evidence for lowered
surface water salinity and/or water column stratification during the
NCIE, potentially related to increased freshwater runoff (Table 1, Fig. 3).
Evidence for decreased salinity is most typically based on nannofossil
assemblage changes (e.g., an increase in the abundance of freshwater-
tolerant Calyculus coccolithophores) or geochemistry (B/Ga ratios,
organic geochemistry). For some sites, the evidence for salinity decrease
is more indirect, and based on the deduction that inferred water column
stratification (e.g., as proxied by gammacerane index) was related to
salinity stratification, or because an observed decrease in belemnite
580 is too large to be fully accounted for by temperature rise alone.
Data on salinity are mapped on Fig. 7. Data are concentrated in Europe,
with a few studies carried out in Chinese basins (Fig. 7).

4. Discussion
4.1. Evidence for intensified storm activity during the T-OAE NCIE

The occurrence of storm deposits within lower Toarcian strata has
been known from sites in the Lusitanian Basin in Europe for many years,
where they were linked to tectonically driven sea level fall and deposi-
tion above storm wave-base (e.g., Duarte and Soares, 2002; Duarte,
2007; Duarte et al., 2007; Pittet et al., 2014). Suan et al. (2013) recog-
nised that lower Toarcian tempestites were widespread in Europe, and
largely stratigraphically restricted to the NCIE (e.g., Fig. 8). These ob-
servations, coupled with the low (<30°N) paleolatitude of the sites they
studied, led to Suan et al. (2013) proposing that tempestite deposition
was linked to an intensification of tropical cyclone activity due to
warming. The same conclusion was reached by Krencker et al. (2015)
through their wide-ranging analysis of sites in Europe and North Africa.
Most recently, Yan et al. (2023) modelled T-OAE tropical cyclone dis-
tribution and potential intensity using a coupled global climate model,
based on the inferred doubling of atmospheric COy across the event
(perhaps from ~500 ppm to ~1000 ppm, e.g., McElwain et al., 2005;
Ruebsam et al., 2020b; Fig. 1). Similar to models of the modern climate
system, this work predicted an increase in the frequency of intense
tropical cyclones linked to CO3 and temperature rise, and the predicted
spatial pattern of storm activity was found to match well with the
geological evidence (Yan et al., 2023).

Evidence for an increase in tempestite deposition in the NCIE is
clearly widespread, with strong evidence recorded in shallow marine
sections in Tibet (Nianduo and Wolong, Han et al., 2018), Japan
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Increased turbidites
(weak evidence)
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Decreased turbidites
(strong evidence)

Increased deposits that
could be storms or
turbidites (strong evidence)

Increased deposits that
could be storms or
turbidites (weak evidence)

No evidence/data )

Fig. 4. Maps showing location of storm deposits, turbidites and other mass flow deposits during the T-OAE NCIE. Symbol colours reflect whether deposits increased
or decreased in abundance relative to pre/post NCIE interval, and whether the evidence for these changes is weak or strong (see Section 2 for details). Question marks
denote sites with deposits that may have formed during storms but could also be attributable to advective transport caused by turbidity currents/gravity flows (see
Section 4.1 and Table 1). West Rodiles in northern Spain (site 40) contains deposits that may be tempestites or hyperpycnites (Fernandez-Martinez et al., 2021). Data
are summarised in Table 1, with full details in Table S1.
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Fig. 5. Maps showing location of sites where evidence for a change in weathering is recorded across the T-OAE NCIE. Symbol colours reflect whether weathering
increased or decreased during the NCIE relative to the pre/post NCIE interval, and whether the evidence for these changes is weak or strong (see Section 2 for details).

Data are summarised in Table 1, with full details in Table S1.

(Sakuraguchi-dani, Izumi et al., 2018), Saudi Arabia (Khashm adh Dhibi,
Al-Hussaini et al., 2021), and Chile (El Penon and Asientos, Fantasia
et al., 2018b) (Table 1, Figs. 4 and 8). A lacustrine site in the Sichuan
Basin (LQ104X) also shows strong evidence for an increase in tempestite
abundance during the NCIE (Liu et al., 2022b, see also Cui et al., 2023;
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Table 1, Fig. 4). Weak or strong evidence for increased storm deposits in
the NCIE is recorded in over a quarter of all sites (29 out of the 109
studied), with 22 of these sites from Europe and the northwest Tethys
region. At a further 8 sites, small-scale sedimentary structures (such as
graded laminae with erosive bases) occur that may have formed during
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Terrigenous fluxes
during T-OAE

Increased flux (strong
evidence)

Increased flux (weak

@

— O aidence)
@)
\O

Decreased flux (strong
evidence)

No evidence/data

Fig. 6. Maps showing location of sites where evidence for a change in terrigenous fluxes is recorded across the T-OAE NCIE. Symbol colours reflect whether
terrigenous fluxes increased or decreased during the NCIE relative to the pre/post NCIE interval, and whether the evidence for these changes is weak or strong (see
Section 2 for details). Data are summarised in Table 1, with full details in Table S1.

storms but could also be attributable to advective transport caused by discussed further in Section 4.2. Sections containing deposits with
turbidity currents/gravity flows (e.g., Creux De L’Ours and Gipf in ambiguous genesis are labelled in Table 1 and on Fig. 4. Although the
Switzerland in Fantasia et al., 2019a; Zazriva in Slovakia in Suan et al., precise origin of many small-scale sedimentary structures can be
2018; Dotternhausen in Germany in Rohl et al., 2001; Fig. 2). Such flows ambiguous, at Yorkshire (UK) and Sakuraguchi-dani (Japan) detailed
could, of course, have been triggered by storms in any case — an issue thin section work has enabled recognition of wave-enhanced sediment

11
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evidence)

Decreased salinity (weak
evidence)

O No evidence/data

10
— 8
6 Mean TOC
during NCIE (%)
% 4 (Kempetal., 2022)
2
0

Fig. 7. Maps showing location of sites where evidence for a reduction in surface water salinity is recorded across the T-OAE NCIE. Symbol colours reflect whether the
evidence is weak or strong (see Section 2 for details). The data on the Europe/North Africa inset map are plotted over a map of total organic carbon content (TOC)
(from Kemp et al., 2022) to show the relationship between salinity and organic enrichment. Data are summarised in Table 1, with full details in Table S1.

gravity flows during the NCIE (Ghadeer and Macquaker, 2011; Izumi
et al., 2018), indicating a link to storm activity (e.g., Fig. 8).

All but 4 sites that show strong evidence for an increase in storm
activity in the NCIE were deposited at or below a paleolatitude of 30°
(Fig. 4), consistent with previous deductions that these deposits were the

12

product of tropical cyclones (Suan et al., 2013; Krencker et al., 2015;
Han et al., 2018). Tropical cyclone genesis potential and intensity are
proportional to the sea surface temperature over which they form (Gray,
1968; Emanuel, 2008), and the relatively high CO5 and warm climate of
the Toarcian (e.g., Ruebsam et al., 2020a; Ullmann et al., 2020; Nordt
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Fig. 8. T-OAE paleoclimate changes and data from sites showing evidence for increased storm deposits (tempestites) and other event deposits during the T-OAE
NCIE. Belemnite oxygen isotope (5'%0) data and inferred paleotemperatures are from Ruebsam et al. (2019), with data smoothed using a 10 % LOESS function and
with 26 confidence interval based on bootstrapping (using same data as in Fig. 1). Atmospheric pCO, are from McElwain et al. (2005) and Steinthorsdottir and Vajda
(2015) (as in Fig. 1). (Sea level curve is from Ruebsam et al. (2019). Sedimentology data for each site (i.e. stratigraphic position of tempestites, turbidites,
hyperpycnites etc.) are plotted against organic (org) or carbonate (carb) carbon isotope (5!°C) data for each site. Position of the NCIE is shown with blue shading.
Note the general restriction of tempestites, turbidites etc. to the NCIE in each section. Note also the general trend for tempestites to be more common in the relatively
shallow water sections, and turbidites to be more common in the deeper water sections. See Section 4.2 for full discussion. PTB = Pliensbachian-Toarcian boundary.
Figure modified from Yan et al. (2023). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2022) means that tropical cyclones would have readily formed
both before and after the T-OAE (Yan et al., 2023). As such, the fact that
tempestites are restricted to (or at least more commonly observed)
within the NCIE strongly suggests an intensification of storms of suffi-
cient magnitude to impinge on the sea floor and create a tempestite, and
not simply an increase in storm frequency. This is consistent with
modern empirical observations and climate models, which indicate that
a warming climate causes an increase in the frequency of intense storms,
and perhaps a decrease in the overall number of storms of any size (e.g.,
Knutson et al., 2020).

In our compilation, we find strong evidence for increased storm ac-
tivity at sites that were likely situated at higher latitudes than modern
day tropical cyclones typically occur (i.e. >30°, LQ104X, Sakuraguchi-
dani, El Penon and Asientos; Table 1, Fig. 4). Eight sites in Northern
Europe with weak evidence for increased storm activity were deposited
at paleolatitudes between 30 and 40°N (Fig. 4). Climate models have
shown that higher atmospheric CO, would allow tropical cyclones to
form and track at higher latitudes owing to higher sea surface temper-
atures and humidity, poleward jet stream shifts and expansion of Hadley
circulation (Korty et al., 2017; Studholme et al., 2021). Models of
tropical cyclone activity across the PETM predict a clear shift in tropical
cyclone genesis to mid-latitude regions (i.e. 30-60°N) under elevated
atmospheric CO5 (Kiehl et al., 2021; Studholme et al., 2021). In fact,
these models suggest that elevated CO5 levels may have been detri-
mental to the generation of low-latitude tropical cyclones (Kiehl et al.,
2021). This is because the CO5 increase in low latitudes raises the
temperature at the top of the atmosphere, consequently augmenting
wind shear, which is unfavourable for tropical cyclone formation (Kiehl
et al., 2021). Such a wholesale geographic shift in cyclone activity is not
supported by existing T-OAE storm modelling (Yan et al., 2023), though
further modelling of storm track behaviour during the T-OAE is needed.
In detail, it is unclear if the mid-latitude storm deposits recognised in the
compilation were the product of true tropical cyclones (i.e. formed as a
result of rising warm and moist air over warm seas), or whether they
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reflect extratropical cyclones (synoptic-scale low-pressure systems) that
form as a consequence of energy release at the boundary between air
masses of contrasting temperature at mid-latitudes. Extratropical cy-
clones may respond to warming in a similar way to tropical cyclones;
with warmer temperatures driving an increase in intensity (specifically
precipitation intensity), and a poleward shift in storm tracks (e.g., IPCC,
2023). One site (Khashm adh Dhibi in Saudi Arabia) that has strong
evidence of increased T-OAE storm deposits was situated at an inferred
equatorial (~0°) latitude. Either the inferred paleolatitude of this site is
incorrect or these deposits did not form from tropical cyclone activity,
because tropical cyclones do not form at equatorial latitudes (<5°)
owing to the lack of sufficient Coriolis force to allow cyclonic vortices to
form (e.g., Studholme et al., 2021).

As noted above, early work that recognised tempestites in lower
Toarcian strata in Portugal attributed their occurrence to sea level
lowering, which could have allowed the basin floor (sediment surface)
to be above storm wave-base (e.g., Duarte and Soares, 2002; Duarte,
2007; Duarte et al., 2007). However, sea level fall is unlikely to have
been the cause of the NCIE storm deposits we observe globally because
independent sequence stratigraphic and sedimentological work dem-
onstrates a marked and protracted rise in global sea level through the
NCIE (e.g. Hallam, 2001; Hesselbo, 2008; Thibault et al., 2018; Figs. 1
and 8). Moreover, evidence for increased abundance of tempestites is
recorded in the lacustrine LQ104X site in the Sichuan Basin, China (Liu
etal., 2022b). Sea level rise was coeval with warming (Figs. 1 and 8) and
likely driven by thermosteric effects and/or the melting of high latitude
ice sheets (e.g., Ruebsam et al., 2019; Nordt et al., 2022).

A single section (Valdorbia, Italy) shows evidence for a reduction in
storm deposits across the NCIE (Table 1, Fig. 4). Here, HCS has been
recorded in the middle Toarcian, but not in the underlying and deeper
water argillaceous facies that record the NCIE (Monaco et al., 1994, see
also Sabatino et al., 2009). Sea level rise may have prevented storms
from impinging on the sea floor at this site during the NCIE, but the
occurrence of turbidites in the NCIE instead invites speculation that
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these were related to storm activity (Suan et al., 2013) — a possibility
discussed further in Section 4.2.

One possible caveat to the inference that storm intensity was
enhanced during the NCIE is that sea level rise could actually have
increased the preservation potential of storm deposits. Notably, storm
deposits formed in relatively shallow water well above fair weather
wave-base may not be readily preserved owing to frequent sediment
reworking by non-storm-related waves and tides. By contrast, sea level
rise, and a consequent shift in deposition to below the depth at which
ordinary waves and tides can typically influence the sediment surface,
could have helped ensure the preservation of any storm events. In the-
ory, then, the sea level rise at the T-OAE could have promoted storm
deposit preservation. However, the abundance of evidence for increased
storm activity from multiple sites and varying depositional environ-
ments supports the inference of a genuine change in weather at the T-
OAE. In addition, sea level remained relatively high well after the NCIE
(Figs. 1 and 8), but storm deposits are rare in the post-NCIE interval (e.
g., Fig. 8). Sea level rise in the NCIE may have contributed to an increase
in storm activity because the accompanying increase in the surface area
of shallow epicontinental seas, coupled with extreme warming, would
mean an increase in the size of areas conducive to evaporation and
tropical cyclone development (PSUCLIM, 1999; Suan et al., 2013).

Enhanced sediment fluxes during warming (Section 4.3) can pro-
mote shelf instability via sediment loading of delta tops and shelves (e.
g., Bailey et al., 2021), thus increasing the likelihood of sediment
movement and tempestite generation during storm processes. Many
recorded tempestites, particularly those in Portugal and Morocco, are in
carbonate successions, and Suan et al. (2013) noted that carbonate
platforms may have adopted homoclinal ramp geometries during the
NCIE owing to low carbonate production. This in turn could favour
efficient transport of material downslope (Suan et al., 2013). Indeed, the
T-OAE carbonate crisis (especially the loss of reefs, Leinfelder et al.,
2002) could have facilitated potentially wide redistribution of sediment
during storms, further favouring tempestite preservation (e.g., Han
et al., 2018).

4.2. Turbidite deposition during the T-OAE and potential links to
hydroclimate

Turbidites and mass flow deposits can have both climatic and non-
climatic origins, and distinguishing triggering mechanisms, especially
in deep time, is difficult (e.g., Osleger et al., 2009). Nevertheless, there
are both modern and geological examples of turbidites driven by major
hydrologic events, including storms and intensified runoff (e.g., Osleger
etal., 2009; Porcile et al., 2020; Jiang et al., 2022; Chen et al., 2023b). In
our compilation, there is strong evidence that turbidites increased in
abundance during the NCIE at 9 sites, with weak evidence for an in-
crease at a further 2 sites (Table 1, Figs. 3 and 4). As noted in Section 4.1,
8 other sites show evidence for an increase in the occurrence of sedi-
mentary structures during the NCIE that could have formed as a
consequence of either storm activity or turbidite deposition (Fig. 4).
Although the evidence for increased turbidite deposition in the NCIE is
relatively rare (a maximum of 19 out of 109 sites), only a single site
(Chaabet El Attaris in Tunisia) shows evidence for a decrease in turbidite
abundance (Ruebsam et al., 2021) (Fig. 4).

Our compiled data suggests that storm activity during the NCIE may
have directly triggered turbidity current events. Detailed sedimento-
logical analysis across a basin transect from the High Atlas Basin of
Morocco revealed that lower Toarcian storm deposits common in
shallow water platform sections grade into turbidites in deeper outer
platform and basinal sections, supporting a genetic link (Krencker et al.,
2020; Fig. 8). In our compilation, this link is further supported by the
observation that most (6 out of 7) shallow water sections in Morocco
contain evidence for an increase in storm activity, and most (2 out 3)
deep water sections from Morocco contain evidence for an increase in
turbidite abundance (Table 1). Evidence for increased turbidite
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deposition coeval with the NCIE is particularly well-expressed at Tal-
ghemt (Figs. 4 and 8; Boulila et al., 2019), which was likely the deepest
High Atlas Basin section in our compilation (Bodin et al., 2011; Krencker
et al., 2020; Fig. 8). In the Lusitanian Basin of Portugal, gravity flow
deposits occur in the NCIE interval in the hemipelagic Peniche section
(Hesselbo et al., 2007; Fantasia et al., 2019b; Fig. 8), whereas HCS is
absent (Wright and Wilson, 1984). By contrast, in shallower water
Lusitanian Basin sections storm deposits are common in the NCIE (as
noted in Section 4.1). Hesselbo et al. (2007) and Fantasia et al. (2019b)
suggested that increased sediment supply and/or storms were a plau-
sible driving mechanism of downslope mass sediment transport at
Peniche. A similar genetic link between storm activity and turbidites has
been proposed for the Valdorbia section in the Umbria-Marche Basin of
Italy (Suan et al., 2013). As noted in Section 4.1, this is the only site to
record a decrease in storm activity during the NCIE (Fig. 4). At this site,
beds with HCS occur above (and possibly below) the NCIE, whereas the
NCIE interval is instead characterised by deeper water facies containing
abundant turbidites (Monaco, 1992; Monaco et al., 1994; Monaco,
2016). Deepening at this site may have led to sediment deposition well
below storm wave-base, and it seems reasonable to infer that storm
activity did not actually decrease during the NCIE, but that the basin
deepening led instead to the deposition of turbidites that were triggered
by storms affecting shallower waters (Suan et al., 2013). Taken together,
the data support a genetic link between storm activity and turbidite
deposition during the NCIE (Fig. 8).

Recent work by Bailey et al. (2021) has emphasized how turbidity
currents can be triggered by increased sediment loading of shelves and
slopes, without the need for extraneous physical triggering mechanisms
such as storms (or indeed earthquakes or sea level falls). A putative link
between warming, sediment supply increase and increased turbidite
deposition has been established recently for the PETM in the North Sea
Basin by Jin et al. (2022b). From the available data, it is not possible to
establish whether turbidites at the T-OAE were triggered by enhanced
sediment supply, or whether storms were the primary driving mecha-
nism. Interestingly, Clare et al. (2015) found evidence that turbidites
may have decreased in abundance during the PETM at a majority of sites
(the findings of Jin et al. (2022b) notwithstanding). This decrease could
be related, at least at some sites, to a switch from humid conditions to
hotter and more arid conditions characterised by a reduction in fluvial
runoff and sediment supply (Clare et al., 2015). By contrast, evidence for
increased aridity during the T-OAE in our compilation is scarce, as dis-
cussed in Section 4.3.

Hyperpycnites are event deposits that result when a river in flood
directly discharges a relatively dense mixture of fresh water and sedi-
ment into a water body. These hyperpycnal flow events can be triggered
by storms. In the compilation, hyperpycnites are recorded within the
NCIE in Sakuraguchi-dani in Japan (Izumi et al., 2018; Fig. 7), the
lacustrine LQ104X site in China, and possibly at West Rodiles in Spain
(Fernandez-Martinez et al., 2021). Hyperpycnal flows are an important
but underappreciated mechanism for transferring terrigenous sediment
to marine and lacustrine basins. However, they can be difficult to
unambiguously distinguish from purely gravity-driven flows and other
deposits in the sedimentary record, and this means they may be
commonly misinterpreted (Zavala and Pan, 2018). Given the evidence
for both increased turbidite deposition and terrigenous fluxes during the
NCIE (Figs. 4 and 6, Section 4.3), further work is needed to establish the
prevalence and importance of hyperpycnites during the T-OAE.

Overall, our compilation supports a genetic link between hydro-
climate change and turbidity current generation at the T-OAE, and that
the restriction of abundant turbidites to the NCIE interval in some sites
(typically deep water, Fig. 8) means their occurrence was likely caused
by storm activity and/or perhaps enhanced sediment supply.
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4.3. Hydrological cycling during the T-OAE NCIE inferred from
weathering and terrigenous flux changes

A global increase in silicate chemical weathering at the T-OAE is
readily predictable based on the relationship between rates of chemical
weathering and temperature, which underpins the role of weathering as
a chief feedback mechanism that regulates CO2 and the Earth’s tem-
perature (Walker et al., 1981). Cohen et al. (2004) first presented evi-
dence for a significant increase in rates of chemical weathering across
the NCIE using Os-isotope analysis of mudrocks from the Yorkshire (UK)
section. Although challenged by later work highlighting issues with the
application of Os-isotopes in the restricted basinal setting of the York-
shire section (e.g., McArthur et al., 2008), subsequent Os- and Ca-
isotope data from globally distributed sections emphasizes a marked
global increase in chemical weathering (e.g., Brazier et al., 2015; Per-
cival et al., 2016; Them et al., 2017a; Kemp et al., 2020b; Fig. 1).

Data on local chemical weathering trends across the NCIE are rela-
tively scarce. In the compilation, most sites where local chemical
weathering has been evaluated show evidence for an increase (22 sites),
and only 4 sites show a decrease (Breggia in Italy, Alcabideque in
Portugal, and Asientos and El Penon in Chile) (Fig. 5). There is no clear
geographic pattern in the data (Fig. 5). Common evidence for increased
chemical weathering includes an increase in the relative abundance of
kaolinite versus illite, supporting earlier work by Dera et al. (2009) that
highlighted increased kaolinite abundance during the early Toarcian at
sites in Europe. Other studies have used element proxies for weathering,
based primarily on the relative immobility of Al during chemical
weathering relative to K, Ca, Na and Mg (e.g., chemical index of alter-
ation) (Reolid et al., 2012; Fantasia et al., 2018a; Bomou et al., 2021; Liu
et al., 2022b; Chen et al., 2023a).

An inferred increase in hydrolysing conditions necessary to explain a
general increase in T-OAE chemical weathering is supported by
modelling, which has suggested a 9 cm yr ! increase in mean global
precipitation during the T-OAE in response to a doubling of CO, using a
fully coupled ocean-atmosphere model (FOAM) (Dera and Donnadieu,
2012). Warming increases the moisture-holding capacity of the atmo-
sphere, as dictated by the Clausius-Clapeyron equation (around 7 %
increase for every 1 °Crise in temperature). As such, global atmospheric
moisture could have increased by ~40 % during the ~5 °C warming
potentially associated with the T-OAE. However, this does not translate
to a ~ 40 % increase in mean precipitation (e.g., Trenberth et al., 2003;
Myhre et al., 2019). Rather, warming increases the frequency and in-
tensity of extreme precipitation (e.g., Myhre et al., 2019). Warming also
increases the spatial heterogeneity of precipitation patterns, with wet
areas becoming wetter and dry areas becoming drier (e.g., Roddell and
Li, 2023). Continental interiors and other regions that are already sen-
sitive to drought are thus likely to become more arid with increasing
temperatures (IPCC, 2023). Aridification of certain regions during the T-
OAE was predicted by the FOAM climate model used by Dera and
Donnadieu (2012), and temperature increases in continental interiors
may have been more extreme relative to seas owing to decreased soil
moisture and a lack of convective precipitation (e.g., Peyser and Poul-
sen, 2008). Nevertheless, Dera and Donnadieu (2012) noted, as do we, a
paucity of geological evidence for enhanced aridity across the T-OAE.
This may be largely due to the fact that continental interior regions (and
terrestrial sections generally) are rare in our compilation.

Some information on terrestrial hydrological changes across the T-
OAE is available from palynology. Notably, it is well-known that in
many places there was a proliferation of thermophilic and drought
adapted flora in the Toarcian, especially Cheirolepidiaceae conifers pro-
ducing Classopollis (Vakhrameyev, 1991; Zakharov et al., 2006; Slater
et al., 2019; Deng et al., 2012, 2024; see also Ruebsam et al., 2019).
Clear evidence of a Classopollis acme within the NCIE is observed at sites
such as Yorkshire (UK), Anya (China), Sichuan Core A (China) and
RWK-01 (Netherlands) (see Table S1). However, Slater et al. (2019)
interpreted the NCIE Classopollis acme as indicative of enhanced
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seasonality, during which only drought-adapted taxa could proliferate,
and not necessarily aridification. At the terrestrial Anya section in
China, for instance, the Classopollis acme in the NCIE co-occurs with
geochemical evidence for increased chemical weathering, and is thus
consistent with an increase in wet and dry seasonal extremes (Li et al.,
2023; Baranyi et al., 2024; Fig. 5). Deforestation during the NCIE
(Baranyi et al., 2024) and the consequent more open landscape, coupled
with seasonal precipitation extremes (flash floods), may further help
explain the wash-in of inland thermophilic taxa like Classopollis to
marine/lacustrine basins (Baranyi et al., 2024).

The magnitude of the global increase in chemical weathering rates
across the NCIE has been estimated as 200-500 % (Brazier et al., 2015;
Them et al., 2017a; Kemp et al., 2020b). However, it is important to note
that such numbers do not reflect chemical weathering change per se, but
the increased flux of radiogenic Os (of continental origin) necessary to
drive the observed changes in the Os-isotope composition of global
seawater (Kemp et al., 2020b). This distinction is important because if
treated as a chemical weathering magnitude change, these numbers are
far in excess of the weathering response reasonably expected for the
probable changes in temperature and CO» that occurred during the T-
OAE (see, for example, Penman et al., 2020 and references therein). As
such, enhanced chemical weathering during the NCIE likely occurred in
concert with significantly enhanced runoff fluxes, facilitating the large-
scale movement of cations to the ocean. Dera and Donnadieu (2012)
predicted a global annual surface water runoff increase of 3.5 cm yr—!
under a doubling of CO2. Enhanced physical weathering and runoff
could be reasonably expected to also lead to enhanced fluvial sediment
loads and thus increased sediment fluxes to marine basins, and indeed
evidence for increased terrigenous sediment fluxes during the NCIE is
the most common potential hydroclimate indicator in the compilation
(Fig. 3). There is strong or weak evidence for increased terrigenous
fluxes at 42 sites (Table 1, Fig. 6), and weak evidence for reduced
terrigenous fluxes at just 2 sites (Chaabet El Attaris in Tunisia, Ruebsam
et al., 2021, and Skladana Skala in Slovakia, Miiller et al., 2020).

Increased fluvial sediment loading and delivery to marine basins is a
predicted consequence of warming (e.g., Syvitski et al., 2022), but the
mechanisms are varied, complex, and latitude-dependent. In polar re-
gions, increased fluvial sediment yields during warming are potentially
extreme, and largely a consequence of ice-sheet and permafrost melting
and thus liberation of previously immobile sediment (Syvitski and Mil-
liman, 2007; Syvitski et al., 2022). However, in warmer lower latitude
environments (i.e. like most of the sites in our compilation) a more
complex interplay of precipitation, physical and chemical weathering,
soil formation/loss and vegetation change dictates river sediment loads
(Syvitski and Milliman, 2007; Syvitski et al., 2022). The evidence for
increased terrigenous fluxes across the NCIE strongly suggest a link to
climate, but the data do not necessarily imply wetter conditions
(Syvitski and Milliman, 2007). Arid regions (where erosion can be high
but weathering low) support rivers with extremely high sediment yields,
for instance (e.g., Chapman and Finnegan, 2024). Moreover, even if the
T-OAE terrigenous flux data do indeed reflect a signal of globally
enhanced hydrological cycling under warmer and wetter conditions (as
seems probable), the dataset may be biased. This is because the sedi-
mentary record itself may preferentially record and preserve wetter
conditions such as extreme flood events, and such conditions are likely
to be associated with high terrigenous sediment loads.

One clear caveat to the evidence for increased terrigenous fluxes
across the T-OAE is that there are few data on actual changes in clastic
sedimentation rates. Quantitative constraints on sedimentation rates
across the T-OAE are rare due to the debated timescale of the NCIE and a
paucity of robust temporal constraints (radioisotopic or cyclostrati-
graphic) across the early Toarcian as a whole (Hesselbo et al., 2020,
though see Kemp et al., 2024 for a recent high-precision U—Pb
geochronology study that constrained the NCIE to <407 kyr). This
contrasts with the CPE and PETM, where order-of-magnitude increases
in clastic sedimentation rates to be calculated across multiple basins



D.B. Kemp et al.

(both tropical and temperate) (John et al., 2008; Jin et al., 2022a; Dal
Corso et al., 2024).

Although calculation of changes in sedimentation rates through the
NCIE has not been done, there is clear evidence from deep water and
anoxic-euxinic sections in northwest Europe that the NCIE interval is
often condensed (e.g., Kemp et al., 2022). Ostensibly, such condensation
could be attributable to a reduction in terrigenous detrital fluxes linked
to weakened hydrological cycling and runoff. In the relatively deep-
water Skladana Skala (Slovakia) section, for example, a reduced input
of siliciclastic detritus is inferred based on the extremely low thickness
(~1 m) of the NCIE there (Miiller et al., 2020). Miiller et al. (2020) noted
how the inference of reduced terrigenous flux at Skladand Skala is at
odds with the widespread evidence for increased fluxes in shallower and
more proximal sites. As such, the observed condensation can more
reasonably be attributed to the known sea level rise and/or fall in
hemipelagic carbonate production during the T-OAE (Miiller et al., 2020
and references therein). Under these circumstances, enhanced terrige-
nous supply during warming was not sufficient to compensate for the
reduced deep-water sediment fluxes caused by the coeval effects of
reduced carbonate production and transgression (Miiller et al., 2020).
The crisis in carbonate production that characterised the T-OAE likely
impacts interpretation of terrigenous flux changes in shallower plat-
form/ramp sections. For example, at La Cerradura (Spain), Breggia
(Switzerland) and Cuers (France), the relative increase in siliciclastic
flux during the NCIE can be linked at least in part to low rates of car-
bonate production rather than increased terrigenous fluxes (Léonide
et al., 2012; Reolid et al., 2014; Fantasia et al., 2018a).

In anoxic-euxinic basins in northwest Europe, previous work has
noted how prasinophyte algae and amorphous organic matter (charac-
terised by high hydrogen index values) can dominate in the NCIE rela-
tive to terrestrial organic matter (characterised by low hydrogen index
values) (Suan et al., 2015 and references therein). This phenomenon is
unlikely to be linked to a reduction in terrigenous organic matter flux,
however, and instead can be attributed to enhanced preservation of
amorphous organic matter under anoxic conditions (Suan et al., 2015).
Anoxic sites with elevated hydrogen index within the NCIE (e.g. Dot-
terhausen, Denkingen, Yorkshire, Kelimyar River, Polovinnaya River;
Table 1) are thus not interpreted as providing evidence for terrigenous
flux change in this study (see Table S1).

Overall, inferred increases in physical and chemical weathering and
terrigenous fluxes are recorded globally during the NCIE. It is likely that
these increases were associated with increased frequency and intensity
of extreme precipitation. Climate models and modern observations
support this inference, as well as the possibility that storms could have
been responsible for delivering much of the inferred extreme precipi-
tation (e.g., IPCC, 2023, see also Guzman and Jiang, 2021). This latter
inference is fully consistent with the evidence for enhanced storm ac-
tivity during the NCIE (Section 4.1).

4.4. Salinity changes as a hydroclimate indicator during the T-OAE NCIE

An important predicted consequence of accelerated freshwater
runoff inferred in Section 4.3 above is a reduction of surface water
salinity in marginal seas, and potentially water column stratification in
both marginal seas and lakes. Early work in Northern Europe noted that
a reduction in oxygen isotope (5!%0) values in fossil marine belemnites
across the NCIE were likely too extreme to be due to seawater warming
alone, and it was suggested that influx of freshwater (with relatively low
6180) could have contributed to the observed changes (Schmid-Rohl
et al., 2002; Bailey et al., 2003; Rosales et al., 2004). This rather indirect
evidence for salinity reduction has subsequently been augmented with
palynological and geochemical evidence. In particular, the abundance of
freshwater-tolerant nannofossil taxa (e.g., Calyculus nannoplankton,
Mattioli et al., 2004, 2008), and organic and inorganic geochemical
proxies (methylated methyl trimethyltridecylchromane abundance, and
B/Ga ratios) (e.g., Ruebsam et al., 2018; Remirez and Algeo, 2020).
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Salinity changes are of specific interest at the T-OAE because of: 1) the
possible role played by the combined effects of runoff of nutrients and
salinity stratification in triggering and sustaining anoxia (e.g., Farri-
mond et al., 1989), and 2) the possibility that freshwater fluxes origi-
nated at least partly from melting of high latitude ice due to warming
(Ruebsam et al., 2019).

In our compilation, 22 sites record weak or strong evidence for
reduced salinity waters or water column stratification across the NCIE
(Table 1, Fig. 7). No sites record an increase in salinity during the NCIE,
despite the evidence for sea level rise and the consequent effect this
might be expected to have on freshwater influence from rivers. The
evidence for reduced salinity across the T-OAE is mainly recorded in
Europe (as expected given the preponderance of European sites). In
detail, much of the evidence is concentrated in Northern Europe at sites
where organic matter enrichment and deoxygenation were strongest
(Fig. 7), potentially supporting a possible link between salinity stratifi-
cation and deoxygenation (Farrimond et al., 1989). Nevertheless, the
compilation is almost certainly biased by the tendency for such sites to
be the paleontologically and geochemically well-studied. In particular,
the conditions at these sites (fine-grained, oxygen-deficient) were
favourable to the preservation of nannofossils useful as paleosalinity
proxies, such as freshwater-tolerant Calyculus taxa. The high total
organic carbon (TOC) content of the rocks has also made them the
subject of organic geochemical studies, which can also yield data
potentially indicative of salinity changes and/or water column stratifi-
cation (e.g., Farrimond et al., 1989; Ruebsam et al., 2018). In detail,
therefore, no clear link can yet be made between deoxygenation across
the T-OAE and freshwater runoff. We note, for instance, that evidence
for reduced surface water salinity is not restricted to anoxic-euxinic sites
with high TOC (Fig. 7). Notably, well-oxygenated and organic-poor sites
such as Peniche and Pozzale also show reduced surface water salinity
(Fig. 7; see Kemp et al., 2022 for details of redox conditions at these and
other sites).

The geographic pattern of the salinity data provides no clear support
for the hypothesis that T-OAE salinity changes in Europe were driven by
low salinity water flowing from high latitudes through the Viking
Corridor, as suggested by Prauss and Riegel (1989) and Ruebsam et al.
(2019), and supported by climate modelling work by Dera and Donna-
dieu (2012) (Fig. 7). Separately, van de Schootbrugge et al. (2019)
challenged the idea of significant meltwater outflow given the lack of
evidence for salinity reduction across the NCIE within the Viking
Corridor at the 34/10-35 site in Norway (Fig. 2; also known as Gulfaks).
Water column stratification or enhanced freshwater runoff has also been
inferred in Chinese lacustrine basins, such as Sichuan Basin (Core A and
LQ104X sites, Xu et al., 2021; Liu et al., 2022a) (Fig. 7).

Our compilation suggests that salinity reduction in marine waters
and water column stratification in both marine and lacustrine basins
across the NCIE was facilitated by widespread freshwater inputs
controlled by enhanced runoff. Just over half of all sites where weak or
strong evidence of salinity reduction/stratification occurs across the
NCIE also contain evidence of enhanced terrigenous inputs and/or
enhanced weathering (Table 1). However, compared to data on terrig-
enous inputs and weathering, data on salinity changes across the NCIE
are sparse, and continued application of novel geochemical proxies
(such as the recently-developed B/Ga proxy, Wei and Algeo, 2019) is
needed to more fully establish the precise geographic pattern and scale
of freshwater inputs, particularly outside of Europe. Such data are also
needed to further evaluate the potential causal links between salinity
changes and anoxia.

5. Synopsis and conclusions

Our analysis of data from 109 globally distributed and mainly
shallow marine sites demonstrates that marked changes in hydroclimate
occurred in response to carbon release and global warming at the T-
OAE. The data support the broad inference that warming drove an



D.B. Kemp et al.

intensification in hydrological cycling; involving extreme precipitation,
increased weathering and freshwater runoff, enhanced terrigenous
fluxes to marine and non-marine basins, intensified and geographically
widespread tropical cyclone activity, and enhanced turbidity current
generation triggered by storms and/or enhanced terrigenous fluxes.
Only rarely do the studied T-OAE sites provide evidence for reduced
hydrological cycling and increased aridity.

Despite this overarching finding, our work also underlines that care
is needed when interpreting the available data. As noted in Section 2,
geological interpretation of data that can be used to infer hydroclimate
changes can be ambiguous. In particular, the occurrence of abundant
turbidites across the T-OAE that we document at some sites could, at
least in some cases, be due to non-climatic factors (i.e. tectonics).
Similarly, further data on salinity changes across the T-OAE are needed
before definitive inferences regarding the significance of enhanced
freshwater runoff can be made. A separate key issue with the evidence
we present is that the data themselves are likely to be biased. Of
particular note is that T-OAE records from continental interior regions
are rare, and at least some continental interior regions could have been
associated with enhanced aridity during warming (Dera and Donnadieu,
2012). A second caveat is that the sedimentary record itself is likely
biased toward preserving strata deposited during wetter conditions,
since this is when basins and sediment routing systems reach geographic
(and perhaps sediment load) maxima, and hence when sedimentary
records of the event are most likely to be deposited and preserved. On
this latter point, it is also important to reiterate that the hydroclimatic
significance of the observed increase in terrigenous fluxes across the T-
OAE is potentially ambiguous, and on its own does not necessarily imply
a wetter climate (e.g., Syvitski and Milliman, 2007). However, the
separate evidence for increased weathering and reduced salinity at
many sites provides support for the inference that terrigenous fluxes
increased because of enhanced sediment mobilisation and runoff caused
by higher fluvial discharge rates under overall wetter conditions.

A stand-out feature of the compilation is the widespread evidence for
intensified storm activity across the T-OAE NCIE. Importantly, these
data support predictions made about future storm behaviour in response
to increasing anthropogenic CO, emissions, including: 1) an overall in-
crease in the frequency of intense tropical cyclones, 2) a poleward
expansion of tropical cyclones, and/or 3) a possible increase in the in-
tensity of extratropical storms. By contrast, we note that there is
comparatively little evidence for intensified storm activity during other
hyperthermal events such as the PETM, CPE and Permian-Triassic mass
extinction, all of which were characterised by CO; rise and global
warming. For the PETM in particular, which was likely genetically and
paleoclimatically similar to the T-OAE (e.g., Cohen et al., 2007), climate
modelling has predicted intensification and poleward expansion of
tropical cyclones in response to rising CO» and temperature (e.g., Kiehl
et al., 2021; Studholme et al., 2021). However, geological evidence to
support this modelling is sparse (Li et al., 2021; see also Jiang et al.,
2022). Similarly, the CPE is the only deep time hyperthermal named for
its hydroclimatic significance, with clear evidence of large-scale in-
creases in terrigenous fluxes (e.g., Dal Corso et al., 2024). However, to
our knowledge no evidence has been presented for an increase in storm
deposits during the CPE. This leads to the question of whether storm
deposits have been sufficiently searched for in records of these other
hyperthermals. Regardless, the T-OAE likely serves as the best deep time
analogue for the extreme weather system changes predicted for Earth’s
future.

A great deal of T-OAE work to date has concentrated on under-
standing and documenting redox changes and the cause(s) of the event,
with the hydroclimate significance of the T-OAE only more recently
being appreciated. Recent work has suggested that the importance of
anoxia as a characteristic of the T-OAE may be somewhat overstated (see
for example, McArthur, 2019). A recent review by Kemp et al. (2022)
suggested that ~69 % of T-OAE sites (46 out of 67) showed evidence for
appreciable deoxygenation (i.e. development of at least suboxic-anoxic
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conditions). In our work, we have shown that a comparable propor-
tion of sites (~63 %, 69 out of 109) show evidence for hydroclimate
change that can be linked to an enhancement of the hydrological cycle.
In this respect, then, hydroclimate change was perhaps as much of a
defining feature of the T-OAE as deoxygenation.
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