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ARTICLE INFO ABSTRACT

Editor: Dr. A Dickson The Pliensbachian/Toarcian boundary (P1/To) event precedes by ca. 1 Myr the onset of the Toarcian Oceanic
Anoxic Event. It corresponds to a second order mass extinction associated with an outstanding collapse of
shallow marine ecosystems at global scale. Yet, our knowledge about its exact driver(s) and unfolding is rela-
tively ambiguous due to the numerous hiatuses present in the sedimentary record during this critical time in-

terval. In this study, an integrated carbon isotope chemostratigraphy and sequence stratigraphy approach is

Keywords:
Carbonate factory demise
Carbon isotopes

Pliensbachi . . . . . . . .
T;:?:iaic tan applied to two case studies (the upper Pliensbachian in South-East France and the Pliensbachian-Toarcian
Hiatus transition in Morocco) to demonstrate how the major changes in sea-level and sedimentation supply accompa-

nying the P1/To event led to the formation of ubiquitous, often cryptic hiatal surfaces in the sedimentary record.
Hence, as a consequence of strongly progradational stacking pattern during the latest Pliensbachian related to a
global sea-level lowstand associated with cold greenhouse climate, proximal settings were characterized by
bypass and/or erosion, inducing an incomplete record of the Spinatum chronozone in localities situated in the
outer part of sedimentary basins. In the earliest Toarcian, the collapse of the neritic carbonate factory led to a
halt of carbonate mud export into the basin, resulting in sediment starvation in most basins characterized by a
carbonate-dominated sedimentation regime before the environmental perturbation. Only localities where
vigorous siliciclastic sediment supply took over are likely to have a more complete sedimentary record of the
immediate aftermath of the carbonate production collapse. This combination of causes explains the ubiquitous
incompleteness of the record of the Pliensbachian/Toarcian transition in numerous European localities where the
bulk of our current understanding about the P1/To event derives from. A comparison between the two known
most expanded and complete records of the Pliensbachian-Toarcian transition of the Llanbedr (Mochras Farm)
core in Wales and Bou Oumardoul n’Imazighn section in Morocco shows that the onset of the environmental
perturbations is associated with a positive carbon isotope excursion spanning the Pliensbachian/Toarcian
boundary. This is followed by a negative carbon isotope excursion during the earliest Toarcian that coincides
with the global collapse of neritic carbonate factory and an ample sea-level fall.

South-East France Basin

1. Introduction

The late Early Jurassic has experienced one of the most severe
environmental perturbations of the Mesozoic, leading to a 2nd-order
mass extinction event affecting both pelagic and benthic organisms
(Little and Benton, 1995; Dera et al., 2010; Caruthers et al., 2013; Danise
etal., 2013; Vasseur et al., 2021). Due to presence of organic matter-rich
deposits and a large negative carbon isotope excursion in the lower
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Toarcian levisoni zone (Hesselbo et al., 2007; Jenkyns, 2010; Suan et al.,
2010), the Toarcian Oceanic Anoxic Event (T-OAE) is the most iconic
expression of this Early Jurassic environmental perturbation, and has
hence been the focus of numerous studies (e.g. Jenkyns, 1988; Hesselbo
et al., 2000, 2007; Rohl and Schmid-Rohl, 2005; van de Schootbrugge
et al., 2005; Hermoso et al., 2009; French et al., 2014). In the last
decade, many studies have pointed at the fact that the T-OAE is actually
the climax of a long-lasting early Toarcian event, itself inscribed within a
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protracted time interval of environmental perturbations starting in the
late Pliensbachian and ending in the middle Toarcian (Suan et al., 2010;
Dera et al., 2011; Krencker et al., 2014; Silva and Duarte, 2015; Xu et al.,
2018; Baghli et al., 2020; Storm et al., 2020). Of importance here is that
the early Toarcian mass extinction event is a two-fold event, with a first
episode occurring at the Pliensbachian/Toarcian (P1/To) boundary, and
a second one at the onset of the T-OAE (Little and Benton, 1995; Cecca
and Macchioni, 2004). Of these two episodes, the P1/To event is the one
that had the strongest impact on the biosphere (Dera et al., 2010; Car-
uthers et al., 2013; Brame et al., 2019; Vasseur et al., 2021), inducing a
global collapse of pelagic and neritic carbonate production (Dromart
et al., 1996; Suan et al., 2010; Menini et al., 2019; Krencker et al., 2020).

Yet, due to the scientific tropism toward the T-OAE, the P1/To event
has received considerably less attention, leaving numerous questions
about its driver(s) unresolved. According to the current state of under-
standing, the P1/To event should be characterized by a negative carbon
isotope excursion spanning the Pl/To boundary (Littler et al., 2010),
signalling a perturbation of the carbon cycle leading to global warming
(Suan et al., 2010; Baghli et al., 2020; Ruebsam et al., 2020), and
increased continental weathering (Bodin et al., 2010; Percival et al.,
2016; Krencker et al., 2020). The ultimate driver of this event is not
precisely known, but evidence from mercury (Hg) anomalies around this
boundary (Percival et al., 2015) suggest a volcanic trigger, often equated
to a first pulse of the Karoo-Ferrar Large Igneous Province (LIP). This
link is however challenged by the suggestion that Hg anomalies are
linked to terrestrial sedimentary flux rather than a direct proxy for
volcanism (Them et al., 2019).

In this study, we will build on the pioneer work of Morard et al.
(2003) who have suggested the frequent presence of hiatus spanning the
P1/To boundary in North-West European section (see also Ruebsam and
Al-Husseini, 2020). By combining high-resolution carbon isotope che-
mostratigraphy and sequence stratigraphy from two case studies (South-
East France Basin and Central High Atlas Basin of Morocco), we show
and discuss how the major sediment supply and sea-level changes
related to the P1/To environmental perturbations led to the formation of
ubiquitous, often cryptic, condensation and hiatus in the sedimentary
record. In details, the example of the South-East France Basin will
highlight how strong progradational stacking patterns linked to a long-
term sea-level lowstand the end of the Pliensbachian accounts for the
incompleteness of the upper spinatum chronozone in numerous sections.
Thereafter, the example of the Central High Atlas Basin will underline
how the collapse of the neritic carbonate factory in the earliest Toarcian,
combined to an important short-term sea-level fall led to sediment
starvation or bypass in numerous basins.

This study suggests that most of the classical localities from which
the bulk of our understanding of the P1/To event derives from (e.g.,
Hawsker Bottoms in England, Peniche in Portugal, Sancerre core in
France, La Cerradura in Spain) are likely uncomplete, implying erro-
neous chronostratigraphic attribution and therefore erroneous inter-
pretation of environmental change across the Pl/To boundary.
Combining the available carbon isotope geochemical dataset from the
highly-expanded records of the Dades Valley in Morocco and the Llan-
bedr (Mochras Farm) core in Wales (hereafter Mochras core), we will
propose a new look at the carbon cycle and environmental changes
during one of the most severe mass extinction events of the Mesozoic.

2. Geological settings

This study relies on new sedimentological and geochemical data
from the South-East France Basin and the Central High Atlas Basin of
Morocco. In France, five sedimentary sections were investigated, with a
focus on the late Pliensbachian sea-level and carbon cycle changes. In
Morocco, a new geochemical dataset from the Bou Oumardoul n’Ima-
zighn composite section (Dades Valley) was established.
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2.1. South-East France Basin

A total of 5 sections were investigated in the South-East France Basin
(Arnaud, 2005): Barles, La Reine Jeanne, Rochebrune, Le Mousteiret,
and La Baume. These sections are currently situated within the south-
western part of the Dauphinois domain in the French Alps, in the vicinity
of the town of Digne-les-Bains for the four first, and close to the town of
Castellane for the last (Fig. 1). The Barles section is preserved in a para-
autochtonous position below the Digne thrust sheet in the “écaille de
Valoire” (Gidon and Pairis, 1992). La Reine Jeanne and Le Mousteiret
sections are situated in the main unit of the Digne thrust sheet, whereas
the Rochebrune section is situated in one of its sub-units, called La
Robine unit. This latter is separated from the Digne thrust sheet by the
Bes dextral strike-slip fault (Gidon, 1997; Célini et al., 2020). The La
Baume section is situated in the south-westernmost part of the Digne
thrust sheet. Palinspastic reconstruction, taking into account the ca. 20
km southwestward displacement of the Digne thrust sheet during the
alpine orogenesis (Gidon and Pairis, 1992; Lickorish and Ford, 1998),
indicates that these five sections were distributed along a ca. 30 km-long
proximal-distal transect. The most proximal site was la Baume, followed
by Barles, Reine Jeanne and Rochebrune sections, and finally the Le
Mousteiret section, which represents the most distal setting studied
here.

Biostratigraphic dating of the studied sections is based on ammon-
ites, which are frequent throughout the studied interval (Coadou et al.,
1971; de Graciansky et al., 1982, 1993; Haccard et al., 1989; Floquet
et al., 2003; De Baets et al., 2008). No formal lithostratigraphic division
has yet been established for the Mesozoic of the SE France Basin.
Regionally, the lower Pliensbachian (also known as Carixian in France)
is characterized by cliff-forming limestones containing in some place
abundant chert nodules (Sup_Mat: Fig. S1), and often capped by a
phosphate-rich hardground crust. The upper Pliensbachian (also called
Domerian in France) is characterized by mixed limestone-marl sedi-
mentation. The Upper Pliensbachian is typically divided into two lith-
ostratigraphic parts: a marl-dominated lower part informally referred to
as the “Marnes noires” unit, and a limestone-dominated upper part
informally referred to as the “Calcaires roux” unit (Sup_Mat: Fig. S2). A
phosphate-rich crust associated with a pronounced hardground and
erosive/dissolution surface marks the top of the Pliensbachian. The
lower to middle Toarcian is often absent or highly condensed in the
Digne-les-Bains region but, when present, the lower Toarcian is domi-
nated by black marl deposits, whereas the middle Toarcian is more
carbonate-rich (e.g., Floquet et al., 2003). Finally, the upper Toarcian is
characterized by thick black marl deposits rich in phosphate nodules (de
Graciansky et al., 1982; Haccard et al., 1989), overlaid by Aalenian
carbonate-rich deposits (Caloo, 1970; Fantasia et al., 2022).

2.2. Central High Atlas Basin, Morocco

The Central High Atlas basin is part of an aulacogen rift system
formed during the Early Jurassic opening of the North Atlantic Ocean.
The basin was active during the Mesozoic and early Cenozoic, before its
inversion due to Alpine compression (Frizon de Lamotte et al., 2008).
During the Jurassic, the basin was open on its eastern side toward the
Tethys Ocean and separated from the North Atlantic Ocean by the
Moroccan Meseta. The Jurassic is mostly made of carbonate-dominated
sediments produced by vigorous shallow marine platform surrounding
the southern and western side of the basin, that are episodically inter-
rupted by siliciclastic-dominated sediments associated with the envi-
ronmental perturbations of the Toarcian (Wilmsen and Neuweiler, 2008;
Krencker et al., 2020) and the Bajocian (Bodin et al., 2017).

In the Central High Atlas Basin, the Pliensbachian is characterized by
thick carbonate platform deposits (from proximal to distal: Aganane,
Choucht, and Aberdouz Formations) and the basinal limestone-marl
alternations of the Ouchbis Formation (Krencker et al., 2020). The
Pliensbachian - Toarcian transition is characterized by declining
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Fig. 1. Geologic and (paleo-)geographic maps showing the locations of the SE France and Moroccan sections. A. Simplified geologic map of SE France (map modified
after Hamon and Merzeraud, 2007). B. Close-up view on the Digne-les-Bains area (map modified after Célini et al., 2020). C. Aerial photograph of the Dades Valley
region from Google Earth. The yellow star shows the location of the Bou Oumardoul n’Imazighn section. The red line indicates the proximal-distal transect displayed
in Fig. 11. Exact location of all the studied sections in the Dades Valley are given in Krencker et al. (2020, 2022). D. Paleogeographic map of the western Tethys realm
showing the location of the SE France Basin and the Central High Atlas Basin, as well as the Llanbedr (Mochras Farm) core and Peniche section (modified after
Bassoulet et al., 1993). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

carbonate production due to the onset of the Pl/To environmental
perturbation (Wilmsen and Neuweiler, 2008; Krencker et al., 2020;
Andrieu et al., 2022). A switch to siliciclastic-dominated deposits
(Tagoudite Formation) characterizes the lowermost Toarcian (lower
Dactylioceras polymorphum zone). This marked change in sedimentation
has been linked to a complete demise of carbonate production (Blomeier
and Reijmer, 1999; Wilmsen and Neuweiler, 2008; Bodin et al., 2016;
Krencker et al., 2020) induced by combined siliciclastic poisoning and
sea-level fall (Krencker et al., 2022). Mixed siliciclastic-carbonate de-
posits of the Tafraout Formation characterize the upper polymorphum

and levisoni zones.
3. Methods
3.1. Studied sections
3.1.1. South-East France Basin
The La Baume section is located above the waterfall situated 200 m

east of the La Baume village, approximately 5 km north of the town of
Castellane (N44°53'36”, E6°30'07"; Fig. 2). According to the local
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geological map, the Pliensbachian is ca. 20 m thick (Kerckhove and
Roux, 1976). Due to accessibility restriction, only the upper 8 m of the
Pliensbachian have been logged in detail. The Barles section is situated
along the hiking path on the western side of the Bes river, southwest of
the Barles village (N44°15'41”, E6°15'57"; Fig. 2). The section covers
the uppermost part of the Lower Pliensbachian to the lower Bajocian.
The La Reine Jeanne section is situated ca. 2 km southeast of Digne-les-
Bains. Its base is located next to the D20 road (N44°04'34”, E6°16'08";
Fig. 3) and was logged along the path leading to the “Chateau de la Reine
Jeanne”. The Rochebrune section is situated along the Bes river, on the
northwestern side of a small hill known as “Champ Géran” (N44°0922",
E6°14'38"; Fig. 4). Only the upper Upper Pliensbachian is suitably
exposed in the studied area. The Le Mousteiret section is situated next to

Palaeogeography, Palaeoclimatology, Palaeoecology 610 (2023) 111344

the small road (“route des Guenis”) leading to the Bléone river from Le
Brusquet village (N44°0954", E6°17'43"; Fig. 5).

3.1.2. Central High Atlas Basin, Morocco

A total of 25 sections situated in the Dades Valley were previously
presented by Krencker et al. (2022) and Andrieu et al. (2022), forming a
proximal to distal transect within the Central High Atlas Basin (Fig. 2).
Within this transect, the Bou Oumardoul n’Imazighn composite section
was first presented by Krencker et al. (2015) and Bodin et al. (2016), in
which detailed sedimentological descriptions can be found. The section
is situated in front of the toe-of-slope of the Pliensbachian Choucht
carbonate platform (Krencker et al., 2022; Andrieu et al., 2022).

Biostratigraphic dating of the presented sections is based on

Fig. 3. Detailed log of La Reine Jeanne section, with
corresponding bulk-rock 513c0rg data. Dominance of
ammonite and calcareous nannoplankton-bearing
marls is observed in most of the Upper Pliensba-
chian (Domerian) indicating offshore depositional
environments, except for the uppermost Pliensba-
chian where a substantial shallowing of facies toward
nearshore depositional environments can be observed.
For key to facies color code, allochems, and sequence
stratigraphy, refer to Fig. 2. Abbreviations: aale. —
aalensis; dav - davoei; Mid — Middle; Up. - Upper; sto.
— stockesi; haw. — hawskerense; “Calc. roux” — “Calc-
aires roux”.

c .
HPE La Reine Jeanne
<4 ©
g5 2|®
2 (mid 180
g :x
©
<! 3
L —
T le
©
§ g0 160
=S
S| g
Ny
MY
®
140
120 ¢
[72]
3
(7]
9
Q
bS]
% > 100 g—
g = »
2| gl | A8
8|S S| €
o0 @
4 ol |c 80
S =
2 T g
| [E| |
IS
2
5]
S 60
[72]
3
3
ES]
Q
<
3
3 40
20
'S
(73]
- dav]
© ——
= om L
R
o

-27 -26
5"Corg (%0 VPDB)



Palaeogeography, Palaeoclimatology, Palaeoecology 610 (2023) 111344

S. Bodin et al.

Rochebrune

— e — e e e e e e — -IIIIIII
o =) =) o
o =Y o =) o =) o
o o = = > ® ~ © n i ~

10

om

Xnou saueoe),

jee| | wnunpuadies wnjeurds . snjejuebiew
dn 1amo uepndwoq
ueloieo) uelyoseqsual|d

5%Corg (%o VPDB)

Fig. 4. Detailed log of the Rochebrune section, with corresponding bulk-rock 613Cmg data. As in the La Reine Jeanne section, carbonate-rich facies are only present in

the uppermost Pliensbachian. The facies are nonetheless more distal and remain within offshore environments. For key to facies color code, allochems, and sequence

stratigraphy, refer to Fig. 2. Abbreviations: Up. - Upper; aal. — aalensis.
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Fig. 5. Detailed log of Le Mousteiret section, with
corresponding bulk-rock SBCD,g data. A relatively
expanded (ca. 65 m thick) lower — middle Toarcian is
present in this section. The absence of a large negative
613COrg shift in the lower Toarcian confirms that the
Toarcian OAE is not present in this section as also
inferred from regional ammonite biostratigraphy.
Most of the lower Toarcian is hence missing at the top
of the Pliensbachian. For key to facies color code,
allochems, and sequence stratigraphy, refer to Fig. 2.
Abbreviations: Up. — Upper.
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ammonite and brachiopod findings described in Ettaki et al. (2000),
Ettaki and Chellai (2005), Krencker et al. (2015), and Bodin et al.
(2016). Chronostratigraphic attribution is further strengthened by bulk
organic carbon isotope chemostratigraphy (Bodin et al., 2016; Krencker
et al., 2015, 2020, 2022).

3.2. Fieldwork, sampling, and facies analyses

In the South-East France Basin, the five studied sections were chosen
for their accessibility and excellent exposure, allowing detailed and
continuous lithostratigraphic observations, as well as the sampling of
fresh unaltered material. Information about lithology, sedimentary
textures and structures, as well as paleontological assemblages were
made in the field. These observations were further complemented by the
petrographic analysis of 24 thin sections. Both field and microscope
observations were instrumental for the establishment of a facies model.

3.3. Organic carbon isotope analyses

Carbon isotope composition of bulk organic matter (613C0rg, %o,
VPDB) were determined on 365 decarbonated powdered whole-rock

27 26 -25 -24

samples (treatment with HCl, see Bodin et al., 2016) from La Reine
Jeanne, Rochebrune, and Le Mousteiret sections. No carbon isotope
analyses were performed on the La Baume and Barles sections owing to
the absence of sufficient amount of organic matter in most part of these
sections. The 613Corg values were measured using a Flash EA 2000
elemental analyzer connected online to ThermoFinnigan Delta V Plus
mass spectrometer at the University of Erlangen-Nuremberg, Germany.
Reproducibility was +0.08%o.

3.4. Total organic content analyses

A total of 201 samples were analyzed for their total organic carbon
content (TOC) in the Bou Oumardoul n’Imazighn composite section
while measuring the 613C0rg for the dataset presented in Bodin et al.
(2016) (Morocco; Sections S8 and S11 in Krencker et al., 2022). The
measurements were conducted using a Finnigan MAT 252 at the stable
isotope laboratory of the Institute for Geology, Leibniz University
Hannover (LUH), Germany. 2 g of sample powder were treated twice
with 25 ml of 6 N HCl to remove the inorganic carbonate phase.
Following centrifugation, the supernatant was removed. Residues were
thoroughly rinsed several times with distilled water and finally dried at
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60 °C. The TOC was determined using the positive correlation existing
between the organic carbon weight and the Mass44 ion beam intensity
(or peak area). The quality of the measurements was calibrated and
controlled using LUH internal standards.

3.5. Mercury content analyses

Mercury (Hg) content analyses were performed on 272 samples from
the Bou Oumardoul n’Imazighn composite section (Morocco; cf. Bodin
etal., 2016) at the ISTE-UNIL of Lausanne (Switzerland) using a Zeeman
R-915F (Lumex, St-Petersburg, Russia) high-frequency atomic absorp-
tion spectrometer set at Mode 1 (700 °C). Analyses were performed in
duplicate on whole-rock powdered samples and calibrated using a
certified external standard (GSD-11, Chinese alluvium; Hg: 72 + 6 ppb;
r = 0.99, for measured vs certified values) to guarantee the analytical
quality. To distil out the potential influence of TOC content on Hg
concentration, Hg/TOC ratios were also calculated (e.g., Sanei et al.,
2012; Grasby et al., 2019).

3.6. Sequence stratigraphy

For each section in the South-East France Basin, the depositional
sequences defined here are based upon the transgressive-regressive (T-
R) sequence model of Embry and Johannessen (1992). Depositional
sequences are hence interpretated using paleo-water-depth fluctuations
as deduced from facies interpretation and the nature of their bounding
surfaces (subaerial exposures, hardground, subaqueous erosion surface).
We have hierarchized T-R sequences into three categories: long, medium
and short-term sequences. The significance of facies shift, the extent to
which the sequence boundary can be recognized throughout the South-
East France Basin and the magnitude of the deepening/shallowing
associated with the transgressive/regressive systems tracts are the
fundamental criteria upon which this hierarchy is based on. At a basin
scale, subdivision of the depositional sequence into a three-stage sys-
tems tract model (TST, HST, FSST/LST; cf. Catuneanu et al., 2011) is
based upon the recognition of specific stratal stacking patterns along the
here-defined proximal-distal transect in the South-East France Basin.
The grouping of FSST and LST into one unified systems tract is due to the
fact that they are ambiguous to differentiate in the transects here-
studied.

4. Results and interpretations
4.1. Lithostratigraphy and biostratigraphy of the South-East France Basin

4.1.1. La Baume

The Pliensbachian of La Baume is made of crinoidal limestones with
large-scale cross-stratification (Sup_Mat: Fig. S2a-b). It is capped by a
ferromanganese crust showing stromatolitic structures (Sup_Mat:
Fig. S2¢), in which ammonites from the Toarcian bifrons, thouarsense,
and aalensis zones have been found (Kerckhove and Roux, 1976). This
crust is overlaid by hemipelagic limestone-marl alternations, out of
which the first ca. 10 m are dated from the latest Aalenian (De Baets
et al., 2008). This ferromanganese crust is thus associated with consid-
erable condensation/hiatus. No specific biostratigraphic marker has
been found in the Pliensbachian of this section. By lithostratigraphic
comparison to regional geology, Kerckhove and Roux (1976) have
nonetheless proposed that these crinoidal limestone belong to the Lower
Pliensbachian. Another level of ferromanganese crust situated ca. 5 m
below the top of the Pliensbachian (Fig. 2) has however been observed
during our investigations. Hence by analogy to regional geology, we
propose to correlate this lower peculiar surface to the regional hiatal
surface associated with the top of the Lower Pliensbachian and there-
fore, the uppermost ferromanganese crust to the top of the Upper
Pliensbachian (similar to the Barles and La Reine Jeanne sections, cf.
below).
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4.1.2. Barles

The top of the Lower Pliensbachian is made of coarse sand-sized
crinoidal limestones, capped by a hardground surface with iron-oxide
mineralization rich in belemnites. This is followed by a mixed quartz-
rich limestone-black marl interval containing few brachiopods and bi-
valves. The base of the first back marl interval belongs to the margar-
itatus zone (subnodosus subzone), as indicated by the presence of
Amaltheus margaritatus and A. subnodosus in this stratigraphic interval in
a nearby section (Coadou et al., 1971) On top of the second black marl
interval, at 33 m, a surface rich in ammonites, belemnites, bivalves, and
phosphatic pebbles is observed, likely indicative of a condensed horizon.
The presence of Arieticeras sp. and Amaltheus margaritatus (Coadou et al.,
1971) indicates the margaritatus zone, gibbosus subzone. Coarse crinoidal
limestones of the “calcaire roux” unit follow. At 34.4 m, a marked
erosive surface is observed. Above this surface, the presence of Pleuro-
ceras solare indicates the spinatum zone, apyrenum subzone (Coadou
et al., 1971; Haccard et al., 1989). This unit is capped by a hardground
surface, showing numerous borings and iron-oxide mineralizations,
followed by a thin (few cm-thick) marl layer rich in ammonites from the
uppermost Toarcian aalensis zone (Coadou et al., 1971). The next ca. 3m
are made of chert-rich crinoidal limestone, capped by a hardground
surface dated from the concavum zone (late Aalenian; Coadou et al.,
1971). An Aalenian age for this chert-rich crinoidal unit is therefore
most likely. Finally, hemipelagic limestone-marl alternations dated at
their base from the humphriesianum zone (middle Bajocian; Coadou
et al., 1971) characterize the end of this section.

4.1.3. La Reine Jeanne

The uppermost lower Pliensbachian is made of coarse, sand-sized
crinoidal limestone beds that contains fragments of bryozoan, brachio-
pods, and bivalves. A phosphate-rich hardground crust caps the lower
Pliensbachian. It contains numerous ammonites (Haccard et al., 1989),
indicating a condensed interval encompassing the late early Pliensba-
chian davoei zone to the lower margaritatus zone (stokesi subzone). This is
followed by a thick interval dominated by black marls containing am-
monites from the margaritatus zone (de Graciansky et al., 1982, 1993).
At its base, the bioclastic limestone beds contain belemnites, bivalves,
and few gastropods. In between ca. 70 m and 130 m, numerous lime-
stone nodules and beds are intercalated in the black marls. Their
occurrence and size increase toward the top of this interval, making a
clear geomorphological break in the landscape. The interval from ca.
130 m to 145 m is characterized by the abrupt switch to a limestone-free
lithological interval. In the upper part of the lateral equivalent of this
interval in the nearby Marcoux section, de Graciansky et al. (1993)
mention the presence of the ammonite Pleuroceras solare, indicative of
the uppermost Pliensbachian spinatum zone, apyrenum subzone.

This interval is followed by ca. 20 m of crinoidal limestone of the
“calcaire roux” unit, showing an overall coarsening-upward trend. In
nearby sections, ammonite finds in the uppermost part of this unit are
indicative the uppermost Pliensbachian spinatum zone, hawskerense
subzone (de Graciansky et al., 1993). The top of this unit is marked by a
rugged surface showing numerous bioturbation (firmground to hard-
ground surface) with iron-rich mineralizations (Sup_Mat: Fig. S2). This
surface is overlaid by 2 m of marl, dated from the early Toarcian, fol-
lowed by ca. 2 m of bioclastic wackestones, dated from the middle
Toarcian (Haccard et al., 1989), and uppermost Toarcian black marl
from the aalensis zone, which can be up to 150 m thick in this area (de
Graciansky et al., 1993).

4.1.4. Rochebrune

The Rochebrune section is situated along the Bes river, on the
northwestern side of a small hill known as “Champ Géran” (N44°0922",
E6°14/38"; Fig. 4). Only the uppermost Pliensbachian is suitably
exposed in the studied area. The first 82 m of this section is dominated
by black marl, representing the uppermost part of a marl-dominated unit
that locally reaches a total thickness of ca. 200 m (de Graciansky et al.,
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1993). Within the logged part of this marl-dominated unit, two intervals
with crinoidal wackestone beds occur around ca. 42 m and 60 m. No
ammonite was found, but most of the upper Pliensbachian marls are
usually assigned to the margaritatus zone in the literature (de Graciansky
et al., 1993; Célini et al., 2020), although the position of the margar-
itatus/spinatum zonal boundary is not precisely known.

The “calcaire roux” unit is ca. 35 m thick and is made of alternating
bioturbated crinoidal packstone and black marlstone beds. Two marl-
rich intervals are observed within the “calcaire roux” unit at ca. 97 m
and 103 m (Sup_Mat: Fig. S1). Several ammonites characteristic of the
spinatum zone have been locally found in the uppermost bed of the
“calcaire roux” unit (Floquet et al., 2003). The top of the upper Pliens-
bachian is characterized by a pyritized and fractured hardground sur-
face, infilled by a bioclastic-rich packstone. In the nearby Marcoux
section, one specimen of Harpoceras serpentinum was found within the
fracture infill (Floquet et al., 2003). The upper Pliensbachian is overlaid
by ca. 14 m of lower Toarcian black marls dated from the late serpenti-
num chronozone (Floquet et al., 2003). This is followed by a ca. 50 cm
thick condensed carbonate bed dated from the middle Toarcian bifrons
chronozone, overlaid by upper Toarcian black marls dated from the
aalensis chronozone (Floquet et al., 2003). Most of the lower Toarcian
and middle—upper Toarcian is therefore missing in this section.

4.1.5. Le Mousteiret

The studied uppermost Pliensbachian succession is 69 m thick. In its
lower part, 37 m of black marl irregularly intercalated with mudstone
and micro-packstone beds occur. The occurrence of fine grained (silt
grain size) packstone beds (hereafter named micro-packstone) increases
upsection. From the geological map (Haccard et al., 1989), it can be
calculated that the overall thickness of the upper Pliensbachian marls is
ca. 220 m. This is followed by a ca. 32 m-thick “calcaire roux” unit, made
of alternating bioturbated crinoidal packstone and black marlstone beds.
Two marl-rich intervals occur in this unit at around 50 m and 58 m in the
section. The top of the “calcaire roux” unit is characterized by a sharp
transition with the overlaying marl-dominated unit. Contrary to the
other sections, no notable sedimentary or early diagenetic feature is
observed on the surface marking the top of the “calcaire roux” unit in
this section.

Black marl deposits with numerous intervals of finely layered marly
micro-packstone follow the upper Pliensbachian. No ammonite was
found in this section, but the same lithostratigraphic unit in the nearby
Marcoux sections is dated from the early Toarcian (serpentinum zone;
Floquet et al., 2003). This unit is overlaid by 20 m of layered micro-
packstone that is regionally assigned to the middle Toarcian (Haccard
etal., 1989). Its top is marked by a sharp transition to the upper Toarcian
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black marls (pseudoradiosa — aalensis zones; de Graciansky et al., 1993).

4.2. Sedimentary facies and depositional environments of the South-East
France Basin

The crinoid-dominated Pliensbachian deposits in the South-East
France Basin are similar to those described from the Pliensbachian of
the nearby Southern Provence Sub-basin (Léonide et al., 2007). They are
also reminiscent of those observed in the Toarcian of Italy (Monaco,
1992), the middle Jurassic of eastern France (Thiry-Bastien, 2002), or
the lower Cretaceous of the NW Tethyan margin (Bodin et al., 2006;
Gréselle and Pittet, 2010). According to their texture, grain size, sedi-
mentary structure, and lithological and faunistic content, a total of 4
facies indicating 4 depositional environments can be distinguished
(Fig. 6). These facies characterize a Heterozoan wave-dominated car-
bonate ramp.

4.2.1. Coarse crinoidal grainstone: upper shoreface deposits

Description: This facies is characterized by moderately sorted, fine to
coarse crinoidal grainstone (Sup_Mat: Fig. S3a). It contains infrequent
fragments of peloids, bivalves, sea urchin spines, gastropods, and
bryozoans. Partial micritization of grains and microbialitic cement are
occasionally observed. The beds are amalgamated together, display
sharp erosional contacts, and are between 20 cm and 1 m thick. Large
(50 cm thick, up to 5 m wide) seaward-directed trough cross-bedding is
locally observed.

Paleoenvironmental interpretations: The presence of cross-stratified,
amalgamated grainstone beds, and more specifically the absence of
micrite, as well as the absence of any indication for tidal influence,
suggests deposition in high-energy setting most likely above the fair-
weather wave base (Thiry-Bastien, 2002), similar to upper shoreface
deposits in wave-dominated siliciclastic settings (Clifton, 2006). The
seaward-directed cross-bedding can therefore be assigned to bedforms
formed by rip currents (Clifton, 2006).

4.2.2. Amalgamated crinoidal packstone: lower shoreface deposits
Description: This facies is characterized by packstone made of
moderately to poorly sorted, medium crinoidal sand (Sup_Mat: Fig. S3b).
Frequent peloids, as well as fragments of bivalves, brachiopods, gas-
tropods, sea urchin spikes and shells, serpulids, and infrequent benthic
foraminifera and bryozoans fragments are also present. Quartz grains
are also infrequently observed. The beds are undulatory, and between 10
and 60 cm thick, display sharp erosional contacts, and are amalgamated
together. Faint cross-stratifications are also occasionally observed.
Paleoenvironmental interpretations: The undulatory character of the
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Fig. 6. Block diagrams showing depositional environments and key palaeontologic elements for the Pliensbachian carbonate ramp in the SE France Basin. Bioclastic
carbonate, dominated by crinoids, were produced in nearshore environments and exported in offshore environments during storms. This sedimentary system is thus

relatively similar to a wave-dominated siliciclastic shelf.
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beds and their sharp erosional contacts are reminiscent of carbonate
beds deposited by storm waves (e.g., Krencker et al., 2020). Together
with the absence of marl interbeds, this indicates deposition above the
fair-weather wave base, likely in the lower shoreface by analogy to
wave-dominated siliciclastic settings (Clifton, 2006).

4.2.3. Fine grained packstone-marl alternations: upper offshore deposits

Description: The rocks belonging to this depositional environment are
characterized by limestone-marl alternations. The limestone beds are 10
to 50 cm thick and made of very fine to fine grained laminated pack-
stone, mainly composed of echinoderms and bivalve fragments, plus
other unidentified bioclasts, as well as infrequent quartz grains (Sup_-
Mat: Fig. S3c). Occasionally, monoaxial sponge spicules are observed.
Sponge spicules and calcareous nannofossils are also present in the
marls, which are otherwise devoid of shallow-marine benthic allochems.
Belemnites are occasionally found. The base of the limestone beds is
sharp, whereas a more diffuse transition to the marl beds is often
observed at their top.

Paleoenvironmental interpretations: An offshore marine environment
can be inferred from the presence of belemnites and calcareous nanno-
fossils. The alternation of packstone beds with marl interlayers suggest
intermittent deposits of reworked nearshore sediments under wave ac-
tion in an otherwise calm environment. This is typical of storm deposits
in upper offshore settings (Clifton, 2006).

4.2.4. Black marl: lower offshore deposits

Description: This facies is mostly made of thick grey to black marls
containing calcareous nannofossils and infrequent sponge spicules
(Sup_Mat: Fig. S3d), as well as rare ammonites and belemnites.
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Occasionally, mudstone beds are present within the marls. The
mudstone beds are often discontinuous, giving them a nodulous aspect.
Rare occurrence of thin very fine grained packstone beds is also
observed.

Paleoenvironmental interpretations: The presence of ammonites, bel-
emnites, and calcareous nannoplankton suggest an offshore marine
environment. Marls and mudstones are indicating deposition by sus-
pension settling below the storm wave base, in lower offshore settings.
The very fine grained packstone beds can be related to materiel shed off
from shallower setting during exceptional storm events.

4.3. Carbon isotope chemostratigraphy of the South-East France Basin

The Slscorg curve of the Reine Jeanne section shows that the mar-
garitatus zone is characterized by a large positive 613C0rg excursion
reaching a climax in the upper part of the zone, followed by a long-term
negative excursion toward the top of the spinatum zone. The 613C0rg
curves from Rochebrune and Le Mousteiret show a similar long-term
trend, from relatively high values in the margaritatus zone toward rela-
tively lower values in the spinatum zone (Fig. 7). This long-term trend is
similarly observed in numerous other basins in both carbonate and
organic matter 513C values (e.g., Valencio et al., 2005; Oliveira et al.,
2006; Rosales et al., 2006; Suan et al., 2010; Korte and Hesselbo, 2011;
Peti et al., 2017; De Lena et al., 2019; Storm et al., 2020; Schollhorn
et al., 2020; Franceschi et al., 2022), highlighting the reliability of the
613Corg record in the South-East France Basin for intra- and inter-basinal
chemostratigraphic correlation.

Within the overall fall of 613Corg after the climax of the margaritatus
zone, a short-lived 613C0rg positive excursion is also observed around the
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margaritatus-spinatum zones transition in the three sections. A similar
behaviour is seen in the high-resolution record of the Mochras core in
Wales (Storm et al., 2020), although this latter is reported within the
uppermost margaritatus zone. This slight difference in biostratigraphic
allocation could either be linked to imprecise biostratigraphic record in
either French sections or the Mochras core. Alternatively, minor lag in
the first appearance datum of ammonites characteristic of the spinatum
zone between the Boreal and the Tethyan realms could also be evoked.

Significant differences in 6‘313C0rg trends appear in the upper spinatum
zone between the three studied sections. At La Reine Jeanne section, a
negative 613C0rg shift is recorded, whereas at Rochebrune this negative
trend is followed by a plateau of negative values, and at Le Mousteiret, a
positive shift follows the negative plateau of 613C0rg values in the up-
permost part of the spinatum zone. These differences in the 613C0rg trends
within the South-East France Basin are attributed to condensation levels
or incompleteness of the sedimentary record. This interpretation is
based on the presence of clearly documented hiatuses or condensation at
the top of the spinatum zone within the basin, and on the chemostrati-
graphic correlation to the reference record of the Mochras core in Wales
(Storm et al., 2020) showing that the Spinatum chronozone is charac-
terized by a large negative carbon isotope excursion followed by re-
covery to pre-excursion values in its uppermost part. In Fig. 7, the
chemostratigraphic correlation between the three studied sections from
France and the Mochras core highlights that the completeness of the
spinatum zone is related to the position of the section within the basins,
with completeness increasing toward the basin centre.

Finally, in the three newly analyzed sections, the Toarcian 613C0rg
record clearly shows the absence of any large negative carbon isotope
excursion that could be attributed to the T-OAE, confirming that only
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the upper part of the serpentinum zone is preserved in this area (cf.
Floquet et al., 2003; Léonide et al., 2012).

4.4. Total organic matter and mercury content in the Bou Oumardoul
n’Imagighn section

In the limestone-marl alternations of the Pliensbachian, the TOC
content fluctuates around 0.75% (Fig. 8). This is followed by a marked
decrease to values around 0.2% in the siliciclastic Tagoudite Formation
(lowermost Toarcian). In the overlaying Tafraout and Azilal Formations
(upper lower Toarcian — upper Toarcian), the TOC values show an
overall background value centred around 0.3% with few horizons
showing values above 0.5%. In the lowermost part of the Tafraout
Formation (upper polymorphum zone), a significant interval of high TOC
values is observed, with values reaching up to 2.4%. This interval cor-
responds to black lagoonal shale deposits rich in continental organic
matter (cf. Bodin et al., 2016; Brame et al., 2019) and is coeval to a small
positive 613C0rg excursion.

The Hg content (Fig. 8) shows an overall background level of ca. 5
ppb, punctuated by 3 intervals of significant enrichment that can be
observed in more than two consecutive samples. The first interval is
centred around the P1/To boundary, with values reaching up to ca. 20
ppb. A second interval of similar Hg enrichment occurs in the lowermost
part of the Tafraout Formation and is associated to the lagoonal black
shales previously described. The third enrichment interval, with Hg
concentration values reaching ca. 30 ppb, covers the lower 2/3 of the T-
OAE interval as defined by the ca. 5%. negative 613Corg excursion in this
section (cf. Bodin et al., 2016).

In the T-OAE interval, Hg anomalies are mirrored by Hg/TOC values,
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supporting a genuine increase of Hg content in the environment. In
contrast, Hg anomalies associated with Hg/TOC close to background
values recorded at the P1/To boundary and in the lower Tafraout For-
mation indicate that Hg is primarily linked to increased organic matter
content in the sedimentary rocks of the the Bou Oumardoul n’Imazighn
section (Fig. 8).

5. Sequence stratigraphy of the South-East France Basin
5.1. Transgressive — regressive cycles and proximal — distal correlation

According to facies stacking patterns and key surfaces marking non-
Waltherian facies changes and/or condensed horizons, three orders of
transgressive — regressive (T-R) trends can be identified in most of the
sections (Figs. 2-5 and Fig. 9). The top of the lower Pliensbachian marks
the end of a long-term regression recognized regionally (de Graciansky
et al,, 1993). The upper Pliensbachian is recording one long-term
asymmetric T-R sequence with a maximum flooding surface (MFS) sit-
uated within the margaritatus zone (subnodosus subzone). Its lower and
upper boundary (maximum regressive surface; MRS) are the two
regional unconformities well recognisable by the presence of hard-
ground and phosphatic crust/nodules, and by biostratigraphic hiatus.
The Upper Pliensbachian long-term cycle can be subdivided into two
medium-term sequences; a first one spanning the margaritatus zone, and
a second one spanning the spinatum zone. The MFS of the first medium-
term sequence is the same as the Upper Pliensbachian long-term cycle
MFS, whereas the MFS of the second medium-term sequence is situated
in the lower part of the spinatum zone (apyrenum subzone). In the more
distal sections (Reine Jeanne, Rochebrune, Le Mousteiret), the MRS
separating these two medium-term sequences is placed on top of the
more carbonate-rich beds belonging to the uppermost margaritatus zone
and preceding a marked facies-deepening trend in the lowermost part of
the spinatum zone. In the Barles section, the MRS corresponds to the
erosive base of a 1 m thick bed within the lowermost part of the
“Calcaires roux” unit. These long- and medium-term sequences are
consistent with the sequence stratigraphy interpretation of de Gracian-
sky et al. (1993). They have an asymmetric stratigraphic character,
implying relatively fast and/or condensed transgression period/record,
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followed by a relatively long and/expanded progradation period/
record.

The number of short-term sequences within the Upper Pliensbachian
differs in between all the studied sections (Fig. 9). In the La Baume
section, only one short-term cycle (Ma3) is recorded between the two
iron-rich hardground surfaces delimiting the here-interpreted Upper
Pliensbachian. In the Barles sections, 4 short-term sequences are present;
3 in the margaritatus zone (Ma2, Ma3, Ma4), and a last one in the spi-
natum zone (Spl). In the Reine Jeanne section, 4 sequences are recog-
nized in the margaritatus zone (Mal, Ma2, Ma3, Ma4) and 3 in the
spinatum zone (Spl, Sp2, Sp3). The Upper Pliensbachian of the Roche-
brune and Le Mousteiret was not logged in its entirety. Nevertheless, one
complete sequence can be recognized in the uppermost part of the
margaritatus zone in the Rochebrune section (Ma4), followed by 4 se-
quences in the spinatum zone (Sp1, Sp2, Sp3, Sp4). In the Le Mousteiret
section, 3 complete sequences can be recognized in the spinatum zone
(Sp2, Sp3, Sp4). The basal part of this section shows the upper regressive
part of an initial sequence (Sp1), whereas the top of the spinatum zone
records the beginning of a transgressive trend (Sp5) interrupted by the
major unconformity of the Pliensbachian/Toarcian boundary. Overall,
taking into account that the spinatum zone was not completely covered
by our survey in the two most distal sections, a marked increase in the
number of short-term sequences can be recognized along the proximal-
distal transect represented by these sections.

Given that the vast majority of these Upper Pliensbachian short-term
sequences are inscribed within a long-term regressive trend, this dif-
ference in the number of short-term sequences is best explained by a
progradational stacking pattern (Fig. 9). This implies that in the most
proximal sections, a significant amount of the Spinatum chronozone is
missing at the top of the Upper Pliensbachian. The more proximal the
section is, the more time is missing. Of particular importance here is that
this sequence stratigraphy interpretation is fully consistent with the §'>C
chemostratigraphic correlation that suggests a similar pattern (Fig. 7).
At least 4 complete short-term sequences characterize the spinatum zone
in the SE France Basin, in addition to an incomplete one at the top of this
zone represented by the lower part of a transgression trend.

Interestingly, based on the chemostratigraphic correlation between
the South-East France sections and the Mochras core (see
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cyclostratigraphy study in Ruhl et al., 2016), a duration of ca. 1.7 Myr
can be inferred for the medium-term sequence in the spinatum zone.
Assuming an equal duration of the short-term sequences, and
acknowledging that an incomplete 5th one is occurring at the top of the
Upper Pliensbachian, an average duration in the order of the long ec-
centricity cycle (i.e., 405 kyr) can be deduced for these short-term se-
quences. This suggests that they could be driven by Milankovitch
forcing, and possibly the waxing/waning of continental ice during one of
the coldest time intervals of the Jurassic (Rosales et al., 2004; Suan et al.,
2010; Korte and Hesselbo, 2011; Ruebsam et al., 2019).

The cross-section along the proximal-distal transect in the South-
East France Basin (Fig. 9) illustrates the general progradation during
the latest Pliensbachian and the diachronic onset of the “calcaire roux”
unit. The presence of a short-term Late Regressive systems tracts (i.e.,
Falling Stage and Lowstand systems tracts) is suspected in distal sections
for the last sequence of the margaritatus zone (Ma4) due to the presence
of an erosive surface marking the margaritatus/spinatum zones boundary
in the more proximal section of Barles. This later surface corresponds
thus to a basal surface of forced regression (BSFR). Based on the pres-
ence of thick beds bundles in the upper part of the Sp2 and Sp3 se-
quences in the Rochebrune and Le Moustereit sections, the presence of
Late Regressive systems tracts is also interpreted for these sequences,
although firm evidence for short-term hiatuses in more proximal section
could not be established. Finally, in the upper part of the last sequence of
the spinatum zone (Sp4 sequence) in the Le Mousteiret section, the
presence of a late regressive systems tract is also interpreted to explain
the occurrence of the positive 8'3C shift at the top of the Upper Pliens-
bachian in this section (Fig. 7), which is otherwise absent in the more
proximal Rochebrune section.

5.2. Supra-regional correlations

The correlation of sequence stratigraphy frameworks across several
basins is intrinsically limited by available literature and the precision of
the sequence stratigraphy approach in each basin, which is itself limited
by the number of available sections/cores and the precision of their
chronostratigraphic constraints. Given that fluctuation of relative sea-
level can only be confidently assessed in shallow-marine records, sedi-
mentary records from terrestrial or deep-marine environments are also
inadequate for this endeavour, limiting de facto the number of available
studies. Moreover, the exact chronostratigraphic position of MRS and
MEFS can also slightly vary in between each basin, due to either impre-
cision in chronostratigraphic attribution, or difference in regional sub-
sidence and/or sedimentation rates which can induce heterochronicity
in the timing of the transgression (Csato and Catuneanu, 2012; Krencker
et al., 2022). Given all these limitations, it is nevertheless remarkable to
note that the sequence stratigraphy pattern inferred in the South-East
France Basin can be correlated to other basins from which detailed
sequence stratigraphic studies are also available. This indicate that
eustatic sea-level fluctuations were likely the main driver of these se-
quences deposition despite different subsidence and sediment supply
history specific to each basin.

In numerous localities, the upper Pliensbachian is associated with a
long-term T-R cycle with a MFS situated within the margaritatus zone.
This is documented in both northern and southern hemisphere (Legar-
reta and Uliana, 1996; Pienkowski et al., 2008; and reference therein).
Unambiguous evidence for subaerial exposure on top of the Pliensba-
chian is also documented in numerous regions, such as in Italy (Carbone,
1984), Poland (Pienkowski, 2004), and Morocco (Merino-Tomé et al.,
2012; Krencker et al.,, 2022). Interestingly, this long-term cycle co-
incides with a well-marked swing of seawater temperature, with peak
temperature reached during the Margaritatus chronozone, followed by a
long-term cooling toward the Spinatum chronozone (Rosales et al.,
2004; Suan et al., 2010; Korte and Hesselbo, 2011; Baghli et al., 2020). A
climate-driven eustatic sea-level cycle is hence likely at the origin of this
long-term global T-R sequence.
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Two upper Pliensbachian medium-scale sequences are also observed
in the high-resolution studies from the British Isles (Howard, 1985;
Hesselbo and Jenkyns, 1998), Poland (Pienkowski, 2004), SW France
(Brunel et al., 1999). They can also be inferred from the northern Spain
record (Quesada et al., 2005), although not explicitly reported due to the
longer time scale resolution focus of this study. One medium-scale
sequence is also observed in the margaritatus zone (subnodosus and gib-
bosus subzones) of Portugal (Silva et al., 2015). Unfortunately, this latter
study did not make a sequence stratigraphy investigation of the spinatum
zone in this basin. In NE France, Germany, and Denmark (Pienkowski
et al., 2008; and reference therein), these two medium-scale sequences
are however not reported, but it should be noted that in these regions,
only a subdivision at the long-term scale can be achieved due to the
relatively deep depositional environment of the studied sections/cores
during most of the upper Pliensbachian. In Poland, the MRS at the top of
the margaritatus zone sequence is marked by the occurrence of conti-
nental deposits over a large portion of the polish basin (Pienkowski,
2004), implying a substantial fall of relative sea-level. No direct evi-
dence for subaerial exposure has been observed in South-East France,
but a hiatus spanning the upper margaritatus zone (gibbosus subzone) is
generally often reported in France (Enay et al., 1980), which could be an
indirect indication for shallowing and/or subaerial exposure over large
part of the French basins. A similar erosion surface and hiatus is also
reported from the Cleveland Basin (England; Howard, 1985; see also
McArthur et al.,, 2000). The widespread distribution of these two
medium-term sequences suggests that their formation was also driven by
eustatic sea-level fluctuations.

The short-term sequences observed in South-East France can only be
compared to the sequence stratigraphic frameworks from Poland and
Great Britain, where similar high-resolution studies are also available. In
the Cleveland Basin, 3 short-term sequences are reported in the mar-
garitatus zone by Hesselbo and Jenkyns (1998), but this is mostly based
on the Hawsker Bottom section, whereas regional correlations suggest
the existence of at least 5 short-term sequences (Howard, 1985). Addi-
tionally, one short-term sequence is reported in the spinatum zone by
Hesselbo and Jenkyns (1998). In the precise lithological column of the
Robin Hood’s Bay section (Hesselbo and Jenkyns, 1995), a first sub-
ordinate shallowing of facies can nevertheless be observed in the mid-
dle part of the apyrenum subzone (Fig. 10). Two complete short-term
sequences in the spinatum zone could thus be inferred from this re-
gion. In Poland, 4 short-term sequences are reported in the margaritatus
zone (sequence VI in Pienkowski et al., 2020), and 2 in the following
sequence VII spanning the spinatum zone (Pienkowski et al., 2020). The
number of short-term sequences is therefore remarkably similar in the
margaritatus zone in these three basins, but variable in the spinatum zone.
As highlighted by the SE France transect, this can be linked to the long-
term sequence development of the upper Pliensbachian, with relatively
large amount of accommodation space creation during the transgression
and early regression stage of the margaritatus zone, followed by rela-
tively low accommodation space creation during the late regression
stage of the spinatum zone, inducing significant progradation of the
shoreline. Importantly, this suggests that a hiatus is present at the top of
the Pliensbachian in both British and Polish records.

6. Discussion

6.1. A negative carbon isotope excursion spanning the Pliensbachian/
Toarcian boundary?

A negative 5'3C excursion, reaching a nadir in the lowermost Toar-
cian, was first observed by Hesselbo et al. (2007) from the bulk car-
bonate record of the Peniche section. The validity of this excursion as a
chemostratigraphic marker for the base of the Toarcian was confirmed
by the work of Littler et al. (2010) who highlighted the occurrence of a
negative carbon isotope excursion spanning the P1/To transition in the
bulk organic matter of Hawsker Bottom section. Since this study,
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Fig. 10. Chemo-sequence stratigraphy correlation between the Hawsker Bottom (Cleveland Basin, UK) and La Reine Jeanne (SE France Basin) sections. The Hawsker
Bottom section is redrawn after Hesselbo and Jenkyns (1995). C-isotope data are from Littler et al. (2010) and Korte and Hesselbo (2011). In the spinatum zone, the
presence of a similar number of short-term sequences between the two sections as well as the absence of a complete negative C-isotope excursion (cf. correlation to
data from Mochras core; Storm et al., 2020; Fig. 7) indicate that the top of the Spinatum chronozone is similarly missing in these two sections.

numerous studies have based their chronostratigraphic attribution on
this chemostratigraphic feature to identify the Pl/To boundary (e.g.,
Ruebsam and Al-Husseini, 2020, and references therein). By analogy to
the negative 5'°C excursion of the T-OAE, release of 3C-depleted
greenhouse gas inducing global warming was posited to explain the
negative 5!3C excursion and by extension, the P1/To event (Littler et al.,
2010). However, the absence of the negative carbon isotope excursion
spanning the Pl/To boundary in the high-resolution organic carbon
isotope records from other biostratigraphically well-constrained sec-
tions such as in Morocco (Bodin et al., 2016), Chile (Fantasia et al.,
2018), the Mochras core (Storm et al., 2020), or Argentina (Al-Suwaidi
et al., 2022) have recently challenged the widely used assumption of a
ubiquitous 8'°C negative trend starting in the latest Pliensbachian,
reaching a nadir at the P1/To boundary, and followed by a return to pre-
excursion values immediately after. In these sections, instead of a
negative trend, a positive trend of 5'>Corg values is recorded across the
Pl/To boundary, thereafter followed by a negative excursion in the
lowermost Toarcian (lower tenuicostatum zone). This discrepancy ques-
tions thus our understanding of the carbon cycle change across the P1/To
boundary and the reliability of some of the published isotopic curves as a
global carbon cycle tracer.

A first important point is the fact that for sites where both carbonate
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(Slsccarb) and organic (813C0rg) carbon isotope records are available,
different trends across the P1/To transition are systematically observed
(Bodin et al., 2016; Fantasia et al., 2019; Schollhorn et al., 2020; Ull-
mann et al., 2022). Several studies have highlighted that carbon isotope
values from bulk carbonates are less reliable as a tracer of global carbon
cycle change during the Jurassic due to the absence of a significant
pelagic carbonate factory as well as diagenetic overprinting (Bodin
etal., 2016; Ullmann et al., 2022; Fantasia et al., 2022). This is linked to
the fact that carbonate produced by neritic organisms in platform set-
tings have higher 8'3C values than those produced by pelagic organisms
(Swart and Eberli, 2005; Godet et al., 2006). There is thus a positive
correlation between the relative amount of platform-derived carbonate
in offshore deposits and their bulk carbonate 613Ccarb value. Addition-
ally, remineralization of organic matter will also create '3C-depleted
carbonate that might significantly lower 5'3Cearp values in carbonate-
poor rocks (e.g., Bodin et al., 2016; Wohlwend et al., 2016). Hence,
5'3Cearp trends can be significantly influenced by change in carbonate
content that can override interpretations of the carbon cycle dynamics.
This can for example be observed in the high-resolution §'3Cearp record
of the Pl/To transition in the Peniche section where short-term, 1%o
oscillations of the 613Ccar|J are in phase with carbonate content fluctu-
ations (Hesselbo et al., 2007). Given the collapse of both neritic and
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pelagic carbonate production associated with the P1/To event, it is thus
not surprising to see in carbonate-dominated settings (e.g., Portugal,
Morocco, Cardigan Bay) a negative 8 >Ceay, excursion spanning the Pl/
To transition but which is not faithfully reproducing the shape of the
§"3Corg curve (e.g., Bodin et al., 2006; Fantasia et al., 2018, 2019; Ull-
mann et al., 2022). This latter type of record can also suffer from po-
tential biases, as 613COrg is influenced by organisms’ growth rate,
atmospheric pCO- changes, and other environmental factors (e.g., Hayes
et al., 1999; Grocke, 2002), as well as subject to potential pitfalls linked
to mixing of different type of organic matter (Suan et al., 2015), but this
latter can be easily assessed using Rock-Eval pyrolysis or palynological
analyses. Overall, Jurassic 813Corg records appear nevertheless more
robust than 8'3Cearp, records to depict global change in the exogenic
carbon cycle. These latter records show that the Pl/To boundary is
characterized by a positive §'3C trend, associated with the recovery part
of the Spinatum chronozone negative carbon isotope excursion.

The inconsistency between the 613C0rg record from the Yorkshire
coast and those from Morocco, Wales, Chile, Argentina, and France can
be resolved when applying a coupled chemo-sequence stratigraphy
approach, allowing an improved chronostratigraphic precision beyond
the resolution achieved by the sole ammonite biostratigraphy. Hence, in
the Hawsker Bottoms section, the spinatum zone is 10 m-thick (Hesselbo
and Jenkyns, 1995), out of which the upper third encompasses the
negative §13C shift forming the lower part of Littler et al. (2010)’s P1/To
negative excursion (Fig. 10). This negative 8'3C shift is however the
continuation of a longer-term negative trend initiated in the upper
margaritatus zone as recorded in fossil shells and wood fragments (Korte
and Hesselbo, 2011). When compared to other records, the negative
trend in the spinatum zone of the Hawsker Bottoms section is thus best
correlated to the negative shift of §'3C values that covers the margar-
itatus/spinatum zones transition (Fig. 7), e.g., in the Mochras core (Storm
et al., 2020), the Sancerre core (Peti et al., 2017), or the Breggia section
(Schollhorn et al., 2020). In fact, the Hawsker Bottom record is very
similar to the Reine Jeanne record, where the spinatum zone is only
recording a negative 813Corg shift initiated in the uppermost margaritatus
zone. From a sequence stratigraphy point-of-view, there are also
numerous similarities between the Hawsker Bottom and the Reine
Jeanne sections. In particular, at both sites, only two short-term se-
quences encompass the stratigraphic interval covered by this negative
613C0rg shift (Fig. 10). This suggest that only the two first short-term
sequences of the Spinatum chronozone are present in the Hawsker
Bottom section.

Altogether, these observations reinforce the interpretation that the
uppermost Spinatum chronozone is missing in the Hawker Bottom sec-
tion. As already suggested by Morard et al. (2003), this hiatus explains
the absence of the elisa subzone (upper hawskerense zone) in this section,
and generally in NW European sections. Importantly, it falsifies the
description of a negative §'3C excursion spanning the P1/To boundary,
and by extension our understanding of the P1/To event.

6.2. Condensation/hiatus in lowermost Toarcian

The negative 813Corg excursion observed in the lower tenuicostatum
zone (lowermost Toarcian) in the reference record of the Mochras core
(Xu et al., 2018; Storm et al., 2020; Fig. 7), in Morocco (Bodin et al.,
2016), Chile (Fantasia et al., 2018), Portugal (Hesselbo et al., 2007;
Fantasia et al., 2019), and Argentina (Al-Suwaidi et al., 2022) suggests
nevertheless that a global perturbation of the carbon cycle occurred
during this time interval. However, differences in the shape, amplitude,
and relative thickness varies significantly among these sections. We here
advocate that this difference is linked to the frequent presence of
condensation or hiatus in the lowermost Toarcian induced by the
outstanding environmental and sediment supply changes accompanying
the unfolding of the P1/To event.

In the Dades Valley (Central High Atlas, Morocco), outstanding
exposure allows to visualize the effect of these drastic changes during

15

Palaeogeography, Palaeoclimatology, Palaeoecology 610 (2023) 111344

the P1/To transition and replace them within a detailed context of sea-
level change (Krencker et al., 2020, 2022; Andrieu et al., 2022;
Fig. 11). The P1/To boundary slightly postdates the onset of environ-
mental perturbations, as recorded by decreasing neritic carbonate pro-
duction and export to the basin, leading to the formation of the
“transition beds” (originally defined as the “couches de passage” in
Portugal by Mouterde, 1955; cf. da Rocha et al., 2016; Bodin et al.,
2016). This is coeval to the onset of nutrient level rise in the seawater
(Bodin et al., 2010) and increased continental weathering (Krencker
et al., 2020; step #1-2 in Fig. 11). During the earliest Toarcian, esca-
lation of environmental deterioration led to the shrinking of neritic
carbonate production that lost its capacity to shed carbonate mud into
the basin (step #3-4 in Fig. 11). This resulted in the formation of a
cryptic condensation surface in deep-water setting (Krencker et al.,
2022; Andrieu et al., 2022). Ultimately, the carbonate factory collapsed
(step #5 in Fig. 11) and was replaced by voluminous siliciclastic supply
fed by a deltaic system (step #5-6 in Fig. 11). This last step occurred
concomitantly to a significant (ca. 40 m) sea-level fall as deduced from
karstification on top of the Choucht carbonate platform and geometric
relationship with the following siliciclastic deposits, showing conti-
nental deposits 40 m below the top of this platform (Krencker et al.,
2020, 2022). This accounts for further condensation in the lowermost
Toarcian in localities that were far away from the deltaic system, i.e.,
from the sediment supply source.

With the exception of the vigorous coarse siliciclastic sedimentation
in the aftermath of the carbonate collapse, a similar scenario can also be
suggested in the Lusitanian Basin (Pittet et al., 2014), as well as inferred
for numerous circum-Tethys localities where offshore sedimentation
during the P1/To transition is characterized by first a decrease of car-
bonate content (equivalent of the “transition beds”), followed by an
abrupt loss of carbonate content (e.g. Brunel et al., 1999; Mattioli and
Pittet, 2004; Danise et al., 2019). In the Peniche section, condensation at
the top of the last carbonate “transition” bed (bed 15e) is well known
(Mouterde, 1955; Pittet et al., 2014; da Rocha et al., 2016) and marked
by an unusual concentration of belemnite rostra (Rita et al., 2019). It is
also clearly visible from the abrupt shift of clay mineral assemblage and
trace elements concentration at the top of the bed, as well as a ca. 3%o
abrupt negative shift of 813C0rg values (Fantasia et al., 2019). A signif-
icant amount of time must therefore be lacking at the top surface of bed
15e, changing the perspective about the paleoenvironmental informa-
tion derived from this section for the Pl/To event. It is however
impossible to quantify directly the amount of time that is missing or
condensed here. Nevertheless, by analogy to the learnings from the
Central High Atlas Basin (Krencker et al., 2022), one can suspect that the
absence of coarse siliciclastic sediment supply during the earliest
Toarcian in the Peniche area would imply that the top of Bed 15e is even
more condensed that its equivalent in the Dades Valley. Given the
collapse of neritic carbonate production during the P1/To event, only
sections close to an entry point of siliciclastic sediments show an almost
complete record of the Pl/To event, whereas condensation time in-
creases with relative distance to this entry point due to the time involved
in the progradation of the siliciclastic system (Krencker et al., 2022). In
the Cleveland basin, a small negative 613C0rg excursion is observed in the
lowermost Toarcian, ca. 1 m above the Pl/To boundary (Littler et al.,
2010), within an overall transgressive context (Hesselbo and Jenkyns,
1998). This excursion is strongly correlated to enrichment of organic
matter content in the sediments, suggesting that it might reflect
admixing of marine organic matter in the TOC rather than a genuine
perturbation of the global carbon cycle (e.g. Suan et al., 2015). We
therefore postulate that this negative excursion is not to be correlated to
the lowermost Toarcian negative 5'C excursion as observed in Morocco
and in the Mochras core. Rather, we here suggest that the base of the
Polymorphum chronozone is absent if the Hawsker Bottoms section, and
that only the uppermost part of the Pl/To negative 5'3C excursion, i.e.
the positive trend toward pre-excursion values, is recorded. This is
consistent with the positive trend of §'°C values measured from
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decrease of neritic carbonate production accompanied by a shoreline retrogradation during relative sea-level rise (Step #2). A progressive reduction of neritic
carbonate export into basin, together with increased siliciclastic mud flux and decreased relative sea-level rise, lead to renewed progradation but reduced sedi-
mentation rates in the basin (Step #3). This step corresponds to the formation of the “transition beds”. In the final stage of altered neritic carbonate production (Step
#4), the carbonate production area shrinks drastically, leading to a halt of carbonate export in the basin. This initiates the creation of a hiatal surface at the top of the
“transition beds”. The “coup-de-grace” to the neritic carbonate production is provided by a 40 m sea-level fall accompanied by the arrival of coarse siliciclastic
sediments at the shoreline (Step #5). Away from the entry point of siliciclastic sediments, little to no sedimentation occurs as it takes time to the siliciclastic
sediments to be transported into distal marine settings (Step #6). At the end of the P1/To event, carbonate production resumes in a mixed carbonate-siliciclastic mode
(Step #7). This occurs during a strong relative sea-level rise, inducing a flooding of the entire region. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

belemnite rostra in this part of the section (Korte et al., 2015). This also these two other European sections, which are generally considered as
agrees with observations from Morocco that indicate a relative sea-level expanded Toarcian records in the available literature (Ruhl et al., 2016).
rise during the end of the P1/To event and its immediate afterwards. In Fig. 12, in order to represent a similar relative thickness for the T-

The effect of differential sediment supply in the earliest Toarcian can OAE, a 2x and 5x vertical exaggeration has to be applied to the Mochras
be well-pictured from the comparison of the 613C0rg record from the Bou core and Peniche section, respectively. Yet, even with this vertical
Oumardoul n’Imazighn section (Dades Valley, Morocco), the Mochras exaggeration, the relative thickness of the polymorphum zone in the Bou
core, and the Peniche section (Fig. 12). The sections from the Dades Oumardoul n’Imazighn section is twice as much than in the two other
valley show an overall higher sediment accumulation rate compared to records. This is even more remarkable given that within the
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Fig. 12. Correlation of uppermost Pliensbachian — early Toarcian bulk organic matter §'3C curve between the Bou Oumardoul n’Imazighn section (Morocco), the
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section, respectively. The position of the Pliensbachian/Toarcian boundary in the Mochras core is the same as in Fig. 7. This correlation highlights the highly
expanded character of the polymorphum zone in the Bou Oumardoul n’Imazighn section. When not affected by hiatus such as in the Peniche section, the P1/To event is
characterized by an initial positive carbon isotope excursion spanning the Pliensbachian/Toarcian boundary, followed by a negative carbon isotope excursion in the
lowermost Toarcian. “+ve CIE”: Positive carbon isotope excursion; “-ve CIE”: Negative carbon isotope excursion.

polymorphum zone, the top of the Tagoudite Formation coincides with a
significant bypass level due to strong progradational pattern associated
with a maximum regressive surface (MRSt;¢ in Krencker et al., 2022),
and that the top of the Polymorphum chronozone is absent in this sec-
tion due to a 50 m relative sea-level fall and the creation of an incised
valley prior to the onset of the T-OAE (Krencker et al., 2019). The highly
expanded character of the Bou Oumardoul n’Imazighn section is a direct
consequence of its peculiar paleo-location: at the toe-of-slope of the
Pliensbachian Choucht carbonate platform (Andrieu et al., 2022) and at
the delta front of the earliest Toarcian siliciclastic system (Krencker
et al., 2022). Thus, despite a 40 m sea-level fall and the carbonate fac-
tory collapse during the earliest Polymorphum chronozone (Krencker
et al., 2022), this peculiar setting implies high available accommodation
space and elevated sediment supply during the earliest Toarcian. To our
knowledge, the Bou Oumardoul n’Imazighn section therefore provides
the most complete and expanded record of the earliest Toarcian envi-
ronmental perturbation.

Acknowledging condensation/hiatus level and highly fluctuating
sedimentation rates within and among each section, the chemostrati-
graphic correlation presented in Fig. 12 clearly highlights the similar-
ities of the three 613C0rg record trends in the polymorphum zone, nicely
exemplified by the two small 5'3C positive excursions in the upper pol-
ymorphum zone that terminate a long-term positive trend initiated in the
upper spinatum zone. In the Bou Oumardoul n’Imazighn section, the
upper part of the second small 613C0rg positive excursion is however
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absent due to the hiatus associated with the 50 m sea-level fall during
the latest Polymorphum chronozone (SBrgg in Krencker et al., 2022).
In the lower part of the polymorphum zone, a negative 613C0rg
excursion is observed and associated with the P1/To event. The exact
timing of this negative excursion differs nevertheless between the three
records (Fig. 12). This can be explained by a misplacement of the P1/To
boundary in the Mochras core and the hiatus/condensation on top of bed
15e in the Peniche section. Hence, in the Mochras core, the position of
this boundary has so far been based on the first occurrence of Dactylio-
ceras ammonites at 863.50 m downcore (Ivimey-Cook, 1971). This
attribution is nevertheless speculative given that the last occurrence of
amaltheid ammonites is reported at 868.17 m (Ivimey-Cook, 1971). This
is due to a 4.67 m ammonite-barren interval within this part of the core,
implying an uncertainty range for the position of the Pliensbachian/
Toarcian boundary using only ammonite biostratigraphy. In a recent
high-resolution nannofossil study, Menini et al. (2021) have placed the
base of the NJT5c nannofossil subzone (first occurrence of the nanno-
fossil Zeugrhabdothus erectus) in the Mochras core at 868.32 m. This is 15
cm below the last occurrence of Amaltheids in this core. Given that the
base of the NJT5c subzone is situated slightly above (ca. 0.5 m) the
Pliensbachian/Toarcian boundary in Peniche section (da Rocha et al.,
2016; Ferreira et al., 2019), which is the GSSP for the Toarcian stage, the
last appearance of Amaltheid ammonites and first appearance of
Z. erectus seems to be almost contemporaneous over the Euro-Boreal
realm. Therefore, we adopt here the last appearance of Amaltheid
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ammonites as a better indicator for the P1/To boundary in the Mochras
core. By doing this, a consistent 613C0rg picture emerges between the
Mochras core and the Bou Oumardoul n’Imazighn section. The P1/To
boundary is thus characterized by a positive trend in 613C0rg values
peaking in the lowermost polymorphum zone, followed by a negative
SISCorg excursion associated with the upper part of the P1/To event re-
cord. This correlation also highlights that in the Peniche section, this
peak of 613C0rg values (and also likely the lower part of the Pl/To
negative excursion) is however absent due to the hiatus/condensation
associated with the top of Bed 15e.

6.3. Was the Pliensbachian/Toarcian boundary event triggered and ended
by volcanism?

The origin of the P1/To event is often attributed to a first eruptive
phase of the Karoo-Ferrar large igneous province (LIP), as evidenced by
a Hg anomaly occurring at this stratigraphic interval in numerous lo-
calities (Percival et al., 2015; Al-Suwaidi et al., 2022; Ruhl et al., 2022).
Nevertheless, in the reference section of Peniche, a high-resolution Hg
investigation failed at reproducing a significant Hg/TOC anomaly across
the P1/To event (Fantasia et al., 2019). Although the Hg concentration
data from the Bou Oumardoul n’Imazighn section shows an enrichment
across the P1/To boundary (Fig. 8), once normalized with TOC values, no
anomalous Hg enrichment can be observed except for one point in the
uppermost Ouchbis Formation. The Hg/TOC values are slightly higher
in the Tagoudite Formation compared to the Ouchbis Formation, but
this seems to be linked to the relatively low TOC values in this Formation
(< 0.2%) rather than to a genuine enrichment of Hg in the environment.
Contrary to the T-OAE, the presence of Hg anomaly across the P1/To
boundary is therefore not ubiquitous. The absence of such Hg anomaly is
however not on its own disproving a volcanic trigger for the P1/To event,
as not all types of volcanism are expected to create global enrichment of
Hg in the environment (Percival et al., 2021). Moreover, the presence of
a hiatus at the top of the Bed 15e could also explain the rather subdued
Hg anomaly across the P1/To interval in the Peniche section.

Another factor of uncertainty arises from the study of Them et al.
(2019) who questioned the validity of Hg enrichment in sedimentary
rocks as a tracer for global volcanism. Hence, these authors argued that
Hg anomalies are primarily caused by change in the flux of terrestrially
sourced materials. The Bou Oumardoul n’Imazighn dataset challenges
however this claim. As a matter of fact, the Hg concentration anomaly
across the P1/To boundary is recorded in offshore limestone-marl al-
ternations (carbonate content between 40% and 80%; Krencker et al.,
2022), whereas the following siliciclastic-dominated sediments (car-
bonate content around 20%; Krencker et al., 2022) from the lower
Tagoudite Formation shows no peculiar Hg enrichment, as would be
expected if Hg concentration would be primarily correlated to terrestrial
clastic flux. On the contrary, it could be argued that the absence of any
significant Hg anomaly in the lowermost Toarcian of Morocco could be
induced by the very high sedimentation rates observed in the deltaic
deposits of the lower Tagoudite Formation. In a Hg supply-limited
environment, such high terrestrial sedimentation rates would thus
dampen the Hg signal rather than being at the origin of anomalous
enrichment.

The absence in some sections of significant Hg anomalies across the
P1/To event can thus be explained by local factors. Therefore, given the
well-established link between large igneous province eruptions and
mass extinction events (e.g., Bond et al., 2014), and the available Hg
data, unusual volcanic activity across the P1/To boundary is the best
working hypothesis to explain the environmental disaster at the dawn of
the Toarcian age.

The end of the P1/To event coincides with the first small 613C0rg
positive excursion, as well as with scattered Hg/TOC anomalies in the
lowermost Tafraout Formation (Fig. 8). According to the recent dating of
the onset of the T-OAE (tenuicostatum/serpentinum zonal boundary) at
182.77 4+ 0.11/— 0.15 Ma (Al-Suwaidi et al., 2022), it appears that
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numerous dating derived from Karoo igneous rocks pre-dates the onset
of the T-OAE by ca. 400 kyr and, interestingly, correlate to the same first
small 613Corg positive excursion in the Mochras core (cf. Fig. 5 in Al-
Suwaidi et al., 2022, and references therein), as well as with a small Hg/
TOC enrichment in the Mochras core (Percival et al., 2016; Xu et al.,
2018: Ruhl et al., 2022). A second eruptive phase of the Karoo-Ferrar LIP
during the Polymorphum chronozone seems thus to be coeval with the
end of the Pl/To event. Sequence stratigraphy analyses from the
Moroccan record shows that this 613C(,rg positive excursion coincides
with the onset of a significant transgression in this basin (TSTr1g;
Krencker et al., 2022; Fig. 8). The coexistence between the two events
potentially suggests that this transgression and the end of the Pl/To
event are related to a global sea-level rise induced by volcanic-driven
environmental change.

6.4. An updated scenario for the Pliensbachian/Toarcian boundary event

Taking into account the outcome of the previous discussion, we
propose a new scenario for the P1/To event based on a combined sedi-
mentological and geochemical approach, and highlight numerous un-
knowns that derive from the understanding of a highly incomplete
sedimentary record across the Pl/To boundary in many localities
(Fig. 13).

The onset of carbonate production decline in both pelagic and neritic
carbonate factories (as deduced from nannofossil analysis and the
occurrence of the “transition beds” in numerous Tethyan localities,
respectively) indicates that the onset of the P1/To event slightly precedes
the P1/To boundary (Suan et al., 2008; Bodin et al., 2016; Menini et al.,
2021; Peti et al., 2021). In Morocco, the base of the Toarcian stage co-
incides with the MFStqo (Krencker et al., 2022). The initial part of the
P1/To event is therefore associated with a transgression occurring in the
latest Pliensbachian. This transgression is accompanied by a positive
excursion of 613Corg value. Such positive carbon isotope shift is usually
interpreted to reflect enhanced organic matter burial on a global scale
(Scholle and Arthur, 1980), in agreement with sulfur isotope record
from Japan which implies increased marine organic matter and pyrite
burial during the P1/To event (Chen et al., 2022). No peculiar enrich-
ment in TOC is however observed in the European reference sections of
Peniche (Fantasia et al., 2019), in the Mochras core (Storm et al., 2020),
or in Morocco (e.g., Bodin et al., 2010; Ait-Itto et al., 2017; see also
Fig. 8). TOC enrichment related to the P1/To event is nevertheless re-
ported from Japan (Kemp et al., 2022), Argentina (Al-Suwaidi et al.,
2022), and could also be inferred from northwest America data (Them
etal., 2017a). This suggests that the Panthalassa Ocean could have acted
as the principal carbon sink during the P1/To event due to the devel-
opment of bottom-water anoxia (Kemp et al., 2022). This can be directly
linked to increased global weathering rates and oceanic nutrient level
during the P1/To event (Bodin et al., 2010; Brazier et al., 2015; Percival
et al., 2016; Them et al., 2017b; Krencker et al., 2020).

As discussed earlier, the P1/To event is potentially driven by unusual
volcanic activity, probably related to a first pulse of the Karoo-Ferrar
LIP. Global sea-level rise and increased burial of organic matter is
commonly observed during other episodes of environmental upheaval
linked to LIP activity (e.g., Keller et al., 2004; Jenkyns, 2010).
Depending on the balance and timing between greenhouse gases emis-
sion from volcanic activity and global carbon burial, cooling episodes
during OAEs can occur if the latter outpaces the former (Jenkyns, 2018).
The OAE 2 is one of the best documented examples of such a scenario
with the occurrence of the Plenus cold event coinciding with a first peak
of the 5'3C record (Jarvis et al., 2011) and a pronounced sea-level fall at
its base (e.g., Janetschke and Wilmsen, 2014), potentially indicating the
transient development of polar ice during this event. Interestingly, the
second part of the P1/To event corresponds as well to a large (ca. 40 m)
sea-level fall initiated at the climax of a positive 8'3C excursion
(Krencker et al., 2022). A parallel could thus be drawn between these
two events, suggesting cooling-driven sea-level fall during the second
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Fig. 13. Summary of paleoenvironmental changes taking place during the Pliensbachian — Toarcian transition. No exact time-scale is implied on the vertical axis. The
color shading of the P1/To event C-isotope interval is the same as in Fig. 12. For the temperature evolution curve, two options are presented: cooling or warming
during the Pl/To event negative 8'>C excursion. The cooling scenario is the most likely as it coincides with a 40 m sea-level fall interval (see text for discussion).
Abbreviations: “+ve CIE”: Positive carbon isotope excursion; “-ve CIE”: Negative carbon isotope excursion.

part of the Pl/To-event, which is characterized by a negative 5!3C
excursion that could be linked to a diminution of global organic carbon
burial.

There is however no clear evidence for an earliest Toarcian cooling in
the literature. On the contrary, available data suggest that warming
might have accompanied the unfolding of the P1/To event. Hence, in the
Peniche section, in the condensed top of bed 15e that encapsulates most
of the time equivalent of this sea-level fall episode, a 580 negative
excursion in brachiopod shells was interpreted by Suan et al. (2008) as a
major rise of seawater temperature during this event. According to these
authors, this interpretation is supported by ammonite migration pattern
indicating a northward expansion of Tethyan fauna. Additionally, 5§80
values measured in belemnite rostra in the Almonacid de la Cuba section
(Spain; Comas-Rengifo et al., 2010), and TEXge data from La Cerradura
section (Spain; Ruebsam et al., 2020) also suggest seawater warming
during the P1/To event. This is in opposition to 5!%0 values measured in
brachiopod shells from the Barranco de la Canada (Spain) and Fonte
Coberta/Rabacal (Portugal) sections that suggest relatively cool tem-
perature during the earliest Toarcian (Ullmann et al., 2020). Neverthe-
less, for the brachiopod and belemnite 5'%0 values, it is also
questionable whether those only reflect paleotemperature change.
Hence, they could alternatively also be interpreted as reflecting a
lowering of the seawater %0 value due to the enormous increase of
riverine runoff during the unfolding of the Pl-To event in this region
(Krencker et al., 2020; Fantasia et al., 2019), although the presence of
stenohaline organisms such as brachiopods excludes any important drop
of seawater salinity (Ullmann et al., 2020). The chronostratigraphic
attribution in La Cerradura section is also questionable due to a scarcity
in biostratigraphic markers as well as the very reduced thickness of the
polymorphum zone in this section. In the light of the learning of the
present study, the absence of a negative §'2C excursion in the lowermost
Toarcian of La Cerradura section suggests that the hiatus at the top of the
last limestone bed (2-4 m above the P1/To boundary; Ruebsam et al.,
2020) corresponds to the top of the “transition beds”, implying that the
upper part of the P1/To event, as well as most of the polymorphum zone,
is missing in this section. In this case, it is nevertheless important to note
that a positive excursion of TEXge values spans the P1/To boundary in
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this section; this latter indicates a warming event that can be linked to
increased greenhouse conditions due to volcanic activity in the first part
of the Pl/To event. Given that the Pl/To negative carbon isotope
excursion is associated with a 40 m sea-level fall, a cooling event is also
more likely to have taken place during this time interval rather than a
warming event, in agreement with the high-resolution brachiopod §'0
values presented by Ullmann et al. (2020). As a matter of fact, such an
ample and rapid sea-level fluctuation can only be confidently explained
by glacio-eustatism; a mechanism already thought to have operated in
the late Pliensbachian and the early Toarcian (Korte and Hesselbo, 2011;
Krencker et al., 2019; Ruebsam et al., 2019). In the opposite case,
aquifer-eustasy should be invoked, but a recent study has casted serious
doubt about the capacity of this mechanism to induce eustatic sea-level
fluctuation higher than 5 m of amplitude (Davies et al., 2020).

The end of the P1/To event is associated with a maximum regressive
surface (MRSt in Krencker et al., 2022) and the onset of a first minor
positive 613Corg excursion observed as well in the European records
(Fig. 12). Renewed climate warming and sea-level rise can thus be
postulated to have taken place at the termination of this event. As dis-
cussed earlier, an eruptive phase of the Karoo-Ferrar LIP seems to be at
the origin of this environmental overturn.

7. Conclusions

The Pliensbachian/Toarcian transition was a time interval marked
by pronounced environmental changes. During the latest Pliensbachian,
a pronounced progradation pattern is observed in numerous basins due
to a long-term global sea-level lowstand combined with high-frequency
sea-level fluctuations likely paced by glacio-eustasy. As a result, only
localities situated in distal basin settings are likely to present a complete
record of the Spinatum chronozone. During the earliest Toarcian, a
global collapse of neritic carbonate production occurred in combination
with a rapid eustatic sea-level fall. Combined with this, the absence of
sufficient siliciclastic sediment supply also favoured sediment starvation
in offshore settings whereas erosion/karstification took place in prox-
imal settings. This combination of causes explains the ubiquitous pres-
ence of hiatuses and condensation horizons in the sedimentary record,



S. Bodin et al.

impairing an accurate and complete record of the Pl/To event in
numerous localities.

A comparison of the 613Corg records of the Mochras core (Wales) and
the Bou Oumardoul n’Imazighn section (Morocco), which are the two
most expanded records of the Pliensbachian/Toarcian transition, shows
that the P1/To event is characterized by a twofold 613Corg evolution. Its
lower part is thus characterized by a small positive 613Corg excursion
spanning the P1/To boundary. This occurs during a time of pronounced
sea-level rise. The upper part of the P1/To event is characterized by a
negative 613C0rg excursion in the lowermost Toarcian that is concomi-
tant to a large sea-level fall and halt in carbonate sedimentation. This
combination of causes explains that this time interval is often not pre-
served. The end of the P1/To event is characterized by renewed sedi-
mentation in most basin and relative sea-level rise.

Due to the widespread hiatus/condensation occurring at the Pliens-
bachian/Toarcian transition, there is currently no high-resolution
paleotemperature reconstruction available for this entire time interval.
A warming pulse can nevertheless be inferred for the first part of the P1/
To event, whereas the large sea-level fall occurring in its second part
argues for a succeeding cooling event, likely caused by enhanced burial
of organic matter in the Panthalassa regions. Both onset and termination
of the P1/To event seems to be related to volcanic activity, although
further investigations are needed to confirm this hypothesis, especially
for the termination of the event.

In general, this study highlights the difficulty of getting complete
sedimentary records from chronostratigraphic interval that have expe-
rienced significant sediment supply and sea-level variations, peculiarly
before the late Mesozoic, when a vigorous pelagic carbonate factory was
not yet established. The uncertainties generated by these unsteady
conditions can however be lifted by a basin scale approach combining
sequence stratigraphy and high-resolution chronostratigraphy.
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