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Toarcian extreme warmth led to tropical cyclone intensification
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Models predict that tropical cyclone intensity should increase on a warming planet. Observing this 
relationship remains, however, a difficult task since no clear trend is yet emerging from the anthropogenic 
record. The geological past offers the opportunity to study this relationship by looking at episodes of 
extreme warmth, such as the Toarcian Oceanic Anoxic Event (T-OAE, Early Jurassic, ca. 181 Ma). In this 
study, we document an increase in the occurrence of storm-related deposits during the onset of the 
T-OAE in the tide-dominated High Atlas Basin of Morocco, associated with a drastic deepening of the 
mean storm weather wave base. The palaeolatitude of the High Atlas Basin (18◦ North during the Early 
Jurassic) rules out winter storms as the driving mechanism behind the formation of these deposits and 
points to a dramatic intensification of tropical cyclone intensity during the T-OAE global warming. These 
new results, combined with the previously reported ubiquitous appearance of storm deposits during the 
T-OAE in tropical seas of the western Tethyan area, support the concept that the globally averaged 
intensity of tropical cyclones will increase in the coming century due to the anthropogenic climate 
change.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Tropical cyclones are storms commonly generated at low lat-
itudes (10 to 30◦) with surface wind (<10 m) speed exceeding 
120 km h−1 (74 mph) over a time period of 1 min. Although, in or-
der to be classified as a category 5 tropical cyclone, the sustained 
surface wind speed must exceed 252 km h−1 (157 mph). Tropi-
cal cyclones are low pressure systems from ∼40 up to 2000 km 
in diameter consisting of a cluster of thunderstorms (rainbands) 
rotating around a central area call “eye” (van Soelen, 2012). Above 
the ocean, the combination of low pressure and strong winds close 
to the eye of the cyclone generates an up to 8 m high storm surge 
above the average sea level that is able to penetrate 10 to 20 km 
inland (Fritz et al., 2007). These catastrophic events are also ac-
companied with strong rainfalls reaching over 800 mm per day 
(Riehl, 1954). Consequently, tropical cyclones always have (palaeo) 
environmental consequences (erosion, river flood, mudslides, fresh-
water input into the ocean) in both continental and marine set-
tings. Tropical storms are often given different names depending 
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on the area of the world they form. In the Atlantic they are re-
ferred to as hurricanes, in the Northwest Pacific they are known as 
typhoons and in the Indian Ocean and close to Australia they are 
called cyclones.

Models forecasting climate dynamics of this century suggest 
that tropical cyclone frequency, trajectory, and intensity in the At-
lantic will be modified due to global warming. Thus, an increased 
magnitude of tropical cyclones is expected (Bender et al., 2010). 
Nevertheless, due to observation biases, a clear trend is not yet 
emerging from historical records (Kossin et al., 2013). Because 
tropical cyclones leave an imprint in the sediment archive, the geo-
logical past offers the opportunity to test the relationship between 
storm intensity and intense global warming (7 ◦C in approximately 
150 kyr). In this study, we focus on the early Toarcian Oceanic 
Anoxic Event (T-OAE, ∼181 Ma), one of the best-documented 
Mesozoic hyperthermals (Jenkyns, 1988; Hesselbo et al., 2000, 
2007; Suan et al., 2010). Similar approaches have been previously 
used successfully in Holocene sections to reconstruct the tropi-
cal cyclone activity (Woodruff et al., 2012; Brandon et al., 2013;
Toomey et al., 2013; Nikitina et al., 2014).

In the NW Tethys, the T-OAE (duration of ca. 900 kyr; Suan 
et al., 2008b) corresponds to a 7 ◦C increase in sea-surface wa-
ter temperature reflected for example in oxygen isotope ratios of 
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brachiopod valves (Suan et al., 2010), belemnite rostra (McArthur 
et al., 2000; Gómez et al., 2008) and fish tooth apatite (Dera et 
al., 2009). The T-OAE is also characterized by a large (3.5–7�) 
negative carbon isotope excursion (CIE) that has been recorded in 
carbonate micrite, bulk organic matter, wood debris, brachiopod 
valves, and in biomarkers (Hesselbo et al., 2007; Suan et al., 2010;
French et al., 2014). These data come from different shallow to 
deeper depositional settings distributed worldwide (Hesselbo et 
al., 2007; Al-Suwaidi et al., 2010; Bodin et al., 2010; Caruthers 
et al., 2011; French et al., 2014; Ullmann et al., 2014). Besides 
the geochemical aspect, the T-OAE is associated with a carbonate 
crisis and a major faunal turnover recognized in continental and 
marine organism groups (Dromart et al., 1996; Dera et al., 2010;
Caruthers et al., 2013). Conceptual models invoked to explain con-
comitant atmospheric and oceanic change in carbon cycling during 
the T-OAE all imply a massive and relatively sudden input of an 
isotopically light carbon component into the ocean–atmosphere 
reservoirs. Hypotheses brought forward include gas hydrate re-
lease (Hesselbo et al., 2000), thermal metamorphism of organic 
carbon-rich sediments in the Karoo–Ferrar large igneous province 
(Svensen et al., 2007), sustained injection of light carbon from a 
volcanogenic source (Suan et al., 2008a), or a combination of these. 
In the case of a unique volcanogenic source, an injection of about 
0.3 gigatons of carbon per year (GtC yr−1) over 150 kyr is required 
to produce the T-OAE carbon isotope shift (Brazier et al., 2015).

Several studies have noticed that lower Toarcian outer shelf 
to basinal siliciclastic or mixed siliciclastic–carbonate successions 
in Western Europe commonly exhibit storm deposits. Suan et al.
(2013) noted that the tempestites were commonly associated with 
the T-OAE, but more specific data on the storm type and seasonal-
ity (tropical cyclones versus winter storms) are as yet lacking.

In this study, we present new sedimentological, biostratigraph-
ical and geochemical data from upper Pliensbachian–middle Toar-
cian continental shelf deposits of the NW Tethys. The NW Tethys is 
a key area to study tropical cyclone intensity as it was most likely 
prone to such meteorological phenomena during the Early Juras-
sic (Marsaglia and Klein, 1983; PSUCLIM, 1999a, 1999b; Fig. 1). 
We compare these data with a compilation of published records. 
Specifically, our focus has been on a proximal-to-distal-transect in 
the Central High Atlas (Morocco). Based on this transect, we aim to 
characterize the storm regime evolution and its causes and place 
it within the current knowledge of the early Toarcian climatic, eu-
static and palaeoceanographic framework. We are aware of the fact 
that this approach has limitation including the issue of sea-level 
change resulting in a change of boundary conditions that are su-
perimposed on the actual storm intensity.

2. Geotectonic setting

The studied area was located along the NW margin of the 
Tethys Ocean and is currently exposed in the Central High Atlas 
Mountains (Fig. 1). This area is characterized by a complex network 
of aborted asymmetric rift basins formed during the disruption 
of Pangaea around the Permian–Triassic boundary (Warme, 1988). 
The geometries of sub-basin were controlled by normal faulting 
oriented ENE mainly affecting Palaeozoic meta-sedimentary base-
ment rocks (Frizon de Lamotte et al., 2008). The block structur-
ing partly inherited from the Variscan orogeny was also control-
ling the sedimentary facies changes from proximal to distal set-
tings. The NW Tethys zone was covered by an epicontinental sea 
opened towards the Tethys to the West and was most probably 
subjected to repeated tropical storms (Marsaglia and Klein, 1983;
PSUCLIM, 1999a, 1999b; Fig. 1). During the Early Jurassic, the 
neritic sedimentation was mostly dominated by biogenic carbon-
ate deposition but was interrupted three times by siliciclastic-
dominated sedimentation at the Pliensbachian–Toarcian boundary, 

Fig. 1. A. Toarcian palaeogeographic map showing main reconstructed tropical cy-
clone pathways (Marsaglia and Klein, 1983; PSUCLIM, 1999a, 1999b). Dashed rect-
angle indicates position of Fig. 1B. B: Map of Western Tethys (Bassoulet et al., 1993)
indicating approximate position of areas recording tempestites. Yellow star indicates 
position of study area in Morocco. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

during the T-OAE and during the late Toarcian. These siliciclastic 
pulses have been interpreted in terms of climatic changes from 
arid to more humid conditions (Wilmsen and Neuweiler, 2008;
Bodin et al., 2010; Krencker et al., 2014).

3. Definitions, materials and methods

3.1. Definition: tropical cyclone

In this paper, the term “tropical cyclone” refers to category 4 
and 5 storms according to the Saffir–Simpson scale. These storms 
are characterized by maximum sustained wind speed above 209 
and 251 km h−1 (averaged over 1 min) and measured 10 m above 
sea level. Fully mature tropical storms reach dimensions of 100 to 
over 1000 km and cause intense rainfall (up to 2 m per day, van 
Soelen, 2012).

3.2. Correlative ammonite zonation

Different ammonite zones exist between the NW Europe and 
the Mediterranean Realms. To address this problem, the correla-
tive Pliensbachian–Toarcian scheme of Caruthers et al. (2013) is 
applied.
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