N

N

Constraints on the duration of the early Toarcian
T-OAE and evidence for carbon-reservoir change from
the High Atlas (Morocco)

Slah Boulila, Bruno Galbrun, Driss Sadki, Silvia Gardin, Annachiara Bartolini

» To cite this version:

Slah Boulila, Bruno Galbrun, Driss Sadki, Silvia Gardin, Annachiara Bartolini. Constraints on the
duration of the early Toarcian T-OAE and evidence for carbon-reservoir change from the High Atlas
(Morocco). Global and Planetary Change, 2019, 175, pp.113-128. 10.1016/j.gloplacha.2019.02.005 .
hal-02329596

HAL Id: hal-02329596
https://hal.science/hal-02329596
Submitted on 23 Oct 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02329596
https://hal.archives-ouvertes.fr

BOULILA B., GALBRUN B., SADKI D., GARDIN S. & BARTOLINI A. (2019) - Constraints on the duration
of the early Toarcian T-OAE and evidence for carbon-reservoir change from the High Atlas (Morocco).
Global Planetary Change, 175, 113-128.

Constraints on the duration of the early Toarcian T-OAE and evidence for
carbon-reservoir change from the High Atlas (Morocco)

Slah Boulila ", Bruno Galbrun ', Driss Sadki 3, Silvia Gardin %, Annachiara Bartolini *

' Sorbonne Université, CNRS, Institut des Sciences de la Terre Paris, ISTeP, F-75005 Paris, France.
2 ASD/IMCCE, CNRS-UMRB8028, Observatoire de Paris, PSL University, Sorbonne Université, 77 Avenue Denfert-Rochereau,
75014 Paris, France.
® Moulay Ismail University, Faculty of Science, Department of Geology,
BP. 11201 Zitoune, 50070 Meknes, Morocco.
* Sorbonne Université, MNHN, CNRS, Centre de Recherche sur la Paléobiodiversité et les Paléoenvironnements, CR2P, F-
75005 Paris, France.

* Corresponding author. Tel.: +33 144274163; Fax: +33 144273831

Email addresses: slah.boulila@sorbonne-universite.fr (S. Boulila), bruno.galbrun@sorbonne-universite.fr (B. Galbrun),
driss.sadki@gmail.com (D. Sadki), silvia.gardin@sorbonne-universite.fr (S. Gardin), bartolini@mnhn.fr (A. Bartolini)

Abstract

The Toarcian oceanic anoxic event (T-OAE, ~183 Ma) marks a geologically brief and severe
global warming, associated with a profound perturbation in the global carbon cycle. The carbon cycle
perturbation has been documented worldwide in marine and continental sedimentary records with a
pronounced negative carbon isotope excursion (CIE) in the long-term d'*C profile. However, the
cyclostratigraphically inferred duration of the CIE, which was mainly derived from the Paris (France)
and Lusitanian (Portugal) basins, remains controversial, resulting in two notably different estimates of
300-500 and 900 kyr.

Here, we present an early Toarcian cyclostratigraphic record from the High Atlas in Morocco
(Talghemt section), based on high-resolution d'°C and %CaCO; data, which capture the
Pliensbachian-Toarcian (PI-To) transition event and the T-OAE, and strongly correlate to previous
d"C key records. Orbital tuning based on the short and long, stable 405 kyr (g2-g5) eccentricity
cycles, provides a duration of ~400 to ~500 kyr for the T-OAE. This duration is very close to that
previously inferred from the Sancerre Core in the Paris Basin (300 to 500 kyr), and similar to that
recently revised from the Peniche section (Lusitanian Basin, Portugal) (~472 kyr).

In addition, the 405 kyr %CaCO; timescale at Talghemt calibrates high-frequency d'°C
variations at the PI-To transition and the initiation part of the T-OAE to the obliquity cycle band, thus
concuring with previous studies for obliquity forcing during these time intervals. The 405 kyr calibrated
O1 obliquity period (~30 kyr) is shorter than the astronomically predicted one (~35 kyr), hence
supporting the hypothesis of shortened obliquity periods during the Early Jurassic, and providing
constraints on Earth’s tidal dissipation factor during this geologic epoch.

Finally, a remarkable phase change between %CaCO; and d'°C orbitally paced cycles is
observed for the first time at the T-OAE, suggesting a change in the carbon reservoir in relation with
volcanically released greenhouse gases and major carbonate crisis. However, this phase shift is not
observed at the PI-To event implying different causal mechanisms on the carbon cycle perturbation
between the PI-To and T-OAE events.

Keywords: T-OAE, Pliensbachian-Toarcian transition, High Atlas, Morocco, astronomical timescale,
obliquity, carbon cycle, volcanic greenhouse gases.



Introduction

The early Toarcian oceanic anoxic event (T-OAE, Jenkyns, 1988) documents one of the most
important perturbations in the global carbon cycle during the Phanerozoic eon, expressed in marine
and continental carbon isotopic data (d'°C) as a negative carbon isotope excursion (CIE) (e.g., Duarte,
1998; Hesselbo et al., 2000). Accompanying the carbon cycle perturbation are profound modifications
in other geochemical cycles (Gill et al., 2011; Montero-Serrano et al., 2015), in the hydrological cycle
(Cohen et al., 2004; Cohen and Coe, 2007; Bodin et al. 2011; Brazier et al. 2015; Krencker et al.,
2015; Montero-Serrano et al., 2015; Them et al., 2017a; lzumi et al., 2018), and in biotic cycling
marked by a biomass crisis affecting marine invertebrate macrospecies and biocalcifying organisms
(Harries and Little , 1999; Macchioni and Cecca, 2002; Wignall et al. 2005; Gomez et al. 2008; Mattioli
et al. 2008; Suan et al. 2008a; Dera et al., 2010; Caruthers et al., 2013, 2014; Clémence et al., 2015,
and others).

Timing and duration of the T-OAE is crucial for the determination of magnitudes and rates of
the associated geological processes. Astrochronology is today an emerging approach to measure
geologic times with a good precision (e.g., Hinnov, 2013) in successions devoid of volcanic ash beds,
in conjunction with other classical dating methods (e.g., McArthur et al., 2000; Sell et al., 2014;
Burgess et al., 2015). However, current cyclostratigraphic studies show considerable differences in
cycle interpretation, and thus in the duration of CIE associated to the T-OAE. The
cyclostratigraphically inferred duration of CIE ranges from 300 to 900 kyr (Suan et al., 2008b; Boulila
et al., 2014; Huang and Hesselbo, 2014; Boulila and Hinnov, 2017).

The establishment of a precise astronomical timescale for the T-OAE also allows
quantification of the pronounced short-term d"*C oscillations within the decreasing part of CIE, the
origin of which has still been controversial (see Boulila and Hinnov, 2017, and references therein).
These short-term d'°C oscillations are of particular interest because they may reflect phases of
massive dissociation of gas hydrate and/or of enhanced terrestrial methanogenesis (Hesselbo et al.,
2000; Kemp et al., 2005 ; Hesselbo and Pienkowski, 2011 ; Them et al., 2017b, Ikeda et al., 2018), or
amplified astronomical cycles mediated by volcanically released greenhouse gases (Boulila and
Hinnov, 2017). Significant biomass decline events were also recognized at these short-term d"c
oscillations (e.g., Harries and Little, 1999). In addition, the Pliensbachian-Toarcian (PI-To) transition
records a negative CIE, associated with a significant biodiversity drop (disappearance of upwards
90% of the global ammonite taxa, Dera et al., 2010) and a conspicuous nannofossil turnover (Erba,
2006). It is also marked by a widespread sedimentary gap caused by a severe regression and cooling
event (Guex et al., 2001, 2016; Dera et al., 2009, 2011; Caruthers et al., 2013, 2014; Suan et al.,
2011). The T-OAE is coeval to a second extinction event affecting mainly benthic fauna (foraminifera,
bachiopods, etc) (Bartolini et al., 1992; Joral et al., 2011; Danise et al., 2015), during quite different
paleoenvironmental conditions of super-greenhouse, transgression and anoxia (e.g., Suan et al,,
2011).

Here, we present high-resolution bulk carbonate d"™C and carbonate content data from an
early Toarcian sedimentary (Talghemt) section situated in the High Atlas of Morocco, which covers the
Pliensbachian-Toarcian transition and the totality of T-OAE. The main objectives of the present study
are (i) to resolve the controversies on the duration of T-OAE, (ii) to assess the periodicity of the
prominent short-term d'°C oscillations focused on the decreasing part of CIE, and (iii) to discuss their
potential paleoenvironmental implications.

1. Material and methods
1.1. Geological setting and biostratigraphic framework of the Talghemt section

The Talghemt section is situated in the northeastern part of the central High Atlas of Morocco
(N32°35’34"-W04°31°03"), 25 km from Midelt town (Fig. 1), and crops out along the main road ‘Route
Nationale RN13’ joining Midelt to Rich (Dubar, 1932; El Hariri, 1990; Sadki, 1996). It was located on a
paleo-high in the basinal High Atlas realm, called the "Ride" of Talghemt (e.g., Sadki, 1996; EI Kamar
et al., 1997).

The Talghemt outcrops offer one of the best sedimentary records of the Pliensbachian-
Toarcian transition in the Tethyan realm. The Talghemt sedimentary successsion was previously
proposed as a candidate section for the Toarcian GSSP (Global Boundary Stratotype Section and
Point) (EImi, 2006) given its richness in ammonite fauna and also because of the excellent quality of
outcrops and the easy access to the strata.

A detailed stratigraphic description of the Talghemt section is provided in Figure 2 and Section
1.2. The Pliensbachian-Toarcian transition is composed of marl-limestone alternations of the Ouchbis
Formation (Studer, 1980) (Fig. 2A,C). The limestone beds and marly levels are numbered as in Sadki



(1996), with even numbers for limestones and odd numbers for marls. Beds numbered TdB8 through
TdB28 exhibit large-sized ammonites of the Pliensbachian Emaciatum Zone (Fig. 2C and Plate 1). We
can distinguish the two following parts (Sadki, 1996): (i) the lower part with Emaciaticeras (TdB8
through TdB14), which contains Emaciaticeras emaciatum (Catullo), E. imitator (Fucini), E. lottii
(Gemmellaro), Emaciaticeras sp., Canavaria zancleana (Fucini), C. (Naxensiceras) depravata (Fucini),
Canavaria sp., Lioceratoides lorioli (Bettoni), Lioceratoides sp., Phylloceras sp., and (ii) the upper part
with Tauromeniceras (TdB15 through TdB28), which contains Tauromineceras nerinum (Fucini),
Tauromineceras cf. nerinum (Fucini), T. mazetieri (Dubar), Tauromeniceras sp., Emaciaticeras gracile
(Fucini), Neolioceratoides gr. Hoffmanni (Gemmellaro), Paltarpites sp., Lytoceras sp., and Phylloceras
sp.

The uppermost marly level TdB29 and limestone bed TdB30 contain ammonite fauna of the
Toarcian Polymorphum Zone (Fig. 2C and Plate 2): Eodactylites simplex (Fucini), E. mirabilis (Fucini),
E. pseudocommunis (Fucini), Eodactylites sp cf. E. polymorphum (Fucini), Eodactylites sp., and some
forms already known since the Upper Pliensbachian [Paltarpites paltum (Buckman)], Paltarpites sp.,
Neolioceratoides gr. Hoffmanni (Gemmellaro).

The marl-limestone alternations are overlain by thick silty marls of the Tagoutite Formation
(Studer, 1980) (Fig. 2A,B), and byt characterized by an ammonite fauna comprising some Eodactylites
simplex (Fucini) and Eodactylites sp. (Plate 2)

A first micropaleontological study based on foraminifera and ostracod analyses was provided
by El Kamar et al. (1998). In this study, we investigate calcareous nannofossil analyses as follows.
Ten samples from the upper Pliensbachian, and 68 samples from the lower Toarcian were processed
as simple smear slides according to the standard procedure and analyzed by a Zeiss imaging Il
polarising microscope at 1500X. No less than three traverses of the slide (more than 300 fields of
view) were thoroughly analysed and key taxa were quantified (Plate 3 and Fig. 3). Calcareous
nannofossils are present along the studied section although in low abundance and their preservation
is always poor. Assemblages are characterized by common Calcivascularis jansae, Schizosphaerella
spp., Lotharingius, Biscutum and Calyculus (Plate 3).

Despite the low abundance and poor preservation, some important bio-horizons could be
highlighted (Fig. 3). Lotharingius sigillatus is present from the base of the section but specimens
exceeding 5 ym are observed at 5.80 m. Carinolithus poulnabronei were first observed at 8.1 m, at the
base of Polymorphum Zone. Crucirhabdus primulus last occurs around 21 m within the Polymorphum
Zone. The first reliable specimens of Carinolithus superbus were recorded around 29 m in the upper
part of the Polymorphum Zone. The last Parhabdolithus liasicus was recorded around 37 m in the
Levisoni Zone. One specimen of Discorhabdus striatus at 33.9 m, and three specimens of
Discorhabdus ignotus at 20, 21.70 and 33.9 m were also encountered, but their lowest abundance and
very scattered occurrence prevented confident definition of a bio-horizon.

Despite the low abundance, the non continuous occurrence and the poor preservation of
calcareous nannofossils, the succession of bio-horizons recorded at Talghemt is consistent with those
found in other Tethyan and Boreal basins as reported by Kaenel et al (1996), and Mattioli and Erba
(1999) and helps to strengthen the biostratigraphic framework provided by ammonites.

1.2. Lithological and sedimentological data

The studied stratigraphic interval of the Talghemt section is ~69 m thick, and encompasses
the Pliensbachian-Toarcian transition and early Toarcian pelagic sediments (Fig. 2B).

The lowermost part (0-8 m) of the section (Fig. 2B,C), at the Pliensbachian-Toarcian
transition, is composed of marl-limestone alternations. The rest of the section, within the Polymorphum
and Levisoni ammonite zones, consists of carbonate-rich clays. In detail, the interval from 8 to 29.1 m
consists of homogeneous carbonate-rich clays. Then, the interval from 29.1 to 48.3 m presents
carbonate-rich clays with frequent intercalations of mm- to cm-scale turbidite levels, and with three
dm-scale turbidite levels at around 30.8, 38.2 and 38.7 m, and another thickest (25 cm) turbidite level,
situated at around 42.8 m. The section crops out into two close parts, bounded at 48.5 m by a ~5 cm
thick turbidite level, which was suspected to be a fault surface (e.g., Sadki, 1996, indicated by an
arrow in Figs. 2 and 3). However, there is not any feature of a fault in the outcrops, and in addition
geochemical data do not indicate any abrupt change at the suspected fault (Figs. 3 ad S1). Thus, we
discard the hypothesis of a fault or at least the effects of a possible fault on the stratigraphic continuity
at this level. The overlying interval (48.5 to 69 m) consists of homogeneous carbonate-rich clays with
only two levels of turbidite intercalations at 61 and 68 m.

1.3. Sampling and geochemical data for cyclostratigraphy
The Talghemt section was sampled with an average space of 6 cm for the interval from 0 to



48.35 m, and an average space of 15 cm for the interval from 48.35 to 69 m (turbidite levels were not
sampled). Such high-resolution sampling resulted in 930 samples. The whole samples were measured
for carbonate content (%CaCO3;) following the volumetric method employing a Bernard calcimeter
(uncertainties lower than 0.5%). The half of the collected samples (i.e., 465 samples, one every two
samples) were measured for bulk stable carbon isotopes (d13C). The analyses were performed at the
SSMIM (Service de Spectrométrie de Masse Isotopique du Muséum National d'Histoire Naturelle de
Paris, France) using a Delta V Advantage isotope ratio gas mass spectrometer (Thermofischer
Scientific) which was directly coupled to a Kiel IV automatic carbonate preparation device (reaction at
70 °C under vacuum) and calibrated via NIST 19 to the VPDB (Vienna Pee Dee Belemnite) scale. The
overall precision of the measurements was better than 0.03 and 0.04% for carbon and oxygen,
respectively. The precision of d"®C measurements, estimated as the standard deviation of the mean
calculated for replicate analyses, is £0.03%eo.

High-resolution %CaCO3; and d"™®C data are described below (Section 2.1), then treated to
seek for cyclicities via the multitaper method (MTM) spectral analysis (Thomson, 1982) (Section 2.1).
Prior to spectral analysis, data were detrended using the weighted-average lowess method
(Cleveland, 1979) (30% for d"*C and 15% for %CaCOs;). The MTM spectra were conducted using
three 2p tapers, together with the robust red noise test (Mann and Lees, 1996). We used the gaussian
filter (Paillard et al., 1996) to extract the dominant sedimentary cycles. Finally, we tuned the data using
the stable 405 kyr eccentricity orbital parameter (Laskar et al., 2004), conjointly with the short
eccentricity (mean 110 kyr) in order to assess the duration of the T-OAE.

2. Results
2.1. CaCO; and d'°C data

High-resolution d"®C data capture the two negative excursions of the Pliensbachian-Toarcian
(PI-To) and T-OAE events with amplitudes of 2.3% and 2.7% resPectiver (Figs. 3 and S1). A
diagenetic imprint on d'°C could not be excluded given the lighter d'°C values along the Talghemt
section, compared to other key records (e.g., Peniche, Hesselbo et al., 2007; Sancerre, Hermoso et
al., 2009). However, the good correlation with other d"c key records suggest that the curve pattern at
PI-To and T-OAE events are not diagenetically obliterated (Section 3.1).

A possible interpretation of the extent of CIE of the T-OAE at Talghemt is thus proposed as
minimum and maximum, depending especially on the end of CIE (Fig. 3). In addition to the detection
of PI-To and T-OAE events, d"°C data show high-frequency cyclicities, which are explored in Section
2.2,

High-resolution CaCO; data show strongly cyclic variations at different wavelengths (Figs. 3
and 4). The Pliensbachian-Toarcian transition interval exhibits high-amplitude (~20 to ~70%) CaCO;
cycles associated with the marl-limestone alternations. The marly interval of Polymorphum Zone
shows cycles with weaker amplitudes, ranging from ~15 to ~40%. Interestingly, the lower part of the
Levisoni Zone exhibits strong CaCOj; fluctuations (~5 to ~60%), related to the T-OAE. Finally, the
upper part of the Levisoni Zone, overlying the T-OAE interval, shows weaker cyclic variations (~15 to
~35%). All these CaCO;j; cyclicities are treated below via spectral analysis.

2.2. Time-series analysis

Spectral analysis of CaCO; and d'°C data in the stratigraphic (m) domain shows multiple
significant peaks (Fig. 4). The strongest, low-frequency peak is centred on 13 m in CaCOzand on 12.4
m in d"C. Another possible common, dominant low-frequency peak is centred on 3.5 m in CaCO5and
on 3.2 min d"°C. High-frequency peaks are with weak powers, and range from ~0.3 to 1.8 m in
CaCOsand from ~0.5 to 3.2 m in d"°C.

The above two low-frequency peaks have a wavelegth ratio of about ¥4 implying a frequency
ratio of short (110 kyr, mean of 95 and 125 kyr) and 405 kyr eccentricity. Accordingly, we interpreted
the 12.4 and 13 m as reflecting the 405 kyr eccentricity cycle and the 3.2 and 3.5 m as the short
eccentricity (110 kyr) cycle. Then, we tuned the CaCO; and d'°C data to 405 and 110 kyr periods
(Fig. 5). Spectral analysis of CaCO; and d'°C data in the 405 kyr time domain (Fig. 5) calibrates the
wavelegths of 3.2 and 3.5 m to periods of 106 and 118 kyr in d"™®C and CaCO;, matching the short
eccentricity cycle band.

Wavelengths of 0.3 to 1.8 m are tuned in part to precession and obliquity cycle bands. At
these high frequencies, we can first note that the common peak at 1.8 m in CaCO; and d'°C is tuned
to 61 kyr, which persists strong in the tuned CaCO3 but becomes very weak in the tuned d'°C. Such
61 kyr period does not match Milankovitch cycle band. The strong peaks at around 1 m are calibrated
to periods of 30-33 kyr in the 405 kyr tuned CaCOj; data (Fig. 5), which are shorter than the



astronomically (early Jurassic) predicted 35 kyr period (Laskar et al., 2004). In order to check this
mismatch, we applied successive tunings at the obliquity band by changing its (target) period with a 1-
kyr increment, and looking in parallel at the calibrated g2-g5 eccentricity term. The optimal obliquity
target period that provides a 405 kyr period for g2-g5 orbital term (Laskar et al., 2004) is about 30 kyr,
thus supporting a shorter obliquity period than that astronomically predicted, i.e. 35 kyr, for the
Toarcian (Fig. 6).

Although the 405 kyr d"c tuning provides calibrated precessmn obliquity and short
eccentricity periods that are close to those in the 405 kyr CaCOs, dc filtering at the 405 kyr band
does not show coherent cycle phase compared to 405 kyr CaCOsfiltering (Fig. 7). We suspect that
d"C trends from T-OAE and PI-To events may have affected cyclic oscillations related to the 405 kyr
cycles. Therefore, we retained only the 405 kyr tuning from CaCO3 data.

Spectral analysis of the 110 kyr tuned CaCO3; and d"®C data provides consistent results W|th
respect to the 405 kyr tuning. The long eccentricity is calibrated to 402 and 415 kyr in CaCO3 and d"c
respectlvely The strongest obliquity related peaks are calibrated to 30-34 kyr and 29-31 kyr in CaCO3
and d"°C respectively, which are again shorter than the astronomically predicted 35 kyr period.

The 405 kyr tuning permits calibration of the duration of the T-OAE as ~400 kyr (minimum)
and ~500 kyr (maximum) (Fig. 7). The pronounced high-frequency cycles expressed as marl-
limestone alternations at the Pliensbachian-Toarcian transition are tuned to the obliquity cycle band
(Figs. 4 and 5). The high-frequency cycles at the decreasing part of CIE are also calibrated to the
obliquity band (Figs. 7 to 9). Finally, a striking change in the phase of cyclicities in CaCO3 and d'°C
data has been noticed (Fig. 7), which may have potential implications for the carbon cycle during the
T-OAE (discussed in Section 3.2).

3. Discussion
3.1. Correlation with previous T-OAE key records

A number of studies of the late Pliensbachian through the Toarcian have been conducted in
the High Atlas of Morocco, and highlighted the Pliensbachian- ToarC|an (PI-To) and T-OAE events
(Bodin et al., 2010, 2011, 2016; Krencker et al., 2014). A detailed d'*C correlation between sections
from the High Atlas Basin along with key records from other sites was provided by Bodin et al. (2016)
(their Figure 8). In figure S2, we present a d"*C correlation between Talghemt (the present study), and
Boumardoul n’Imazighn and Amellago sections (Bodin et al., 2010 2011, 2016) of the High Atlas in
Morocco. Although there is a very likely diagenetic imprint |n d"C data at Talghemt, correlation with
Amellago indicates similar amplitudes within the T-OAE, ~2.7%. at Talghemt (Section 2.1) and ~3%o. at
Amellago (Bodin et al., 2010, 2016).

In addition, the amplitude of the d"®C within the T-OAE between Talghemt and the Peniche
reference section suggests similar trends, except at the ‘Plateau’ interval. There could be a reduced
‘Plateau’ or likely no ‘Plateau’ at Talghemt (Fig. 8A). At Peniche, there are almost 2.5%o d"*C from the
onset of T-OAE to the ‘Plateau’, and almost 3% up to the first most significant shift. At Talghemt, we
note 2.7%o from the onset of T-OAE to the most significant shift. Thus, the 2.7%o d"®C amplitude at
Talghemt is comparable to the 3%. at Peniche.

Therefore, we suggest that the diagenetic imprint may affect the entire d"c signal at Talghemt
towards lighter values, but does not alter the shape of CIEs of PI-To and T-OAE events. A detailed
d"®C correlation between Talghemt and Peniche corroborates this hypothesis (Fig. 8A). Although we
point out the preservation of the shape of CIEs at Talghemt, diagenetic processes could also alter the
amplitude of CIEs. For instance, CIE associated with the T-OAE from other sections in NW Europe
possesses an amplitude of more than 6%0 (e.g., Kemp et al., 2005, 2011; Hermoso et al., 2009).

The sedimentological and d"®C data of the Talghemt and Penlche sections show several
surprising similarities. The latest Pliensbachian and the Pliensbachian-Toarcian (PI-To) transition are
characterized by marl-limestone alternations in both sections, along with a remarkably negative d"c
shift marking the PI-To transition event.

Three main (thicker) turbidite levels are readily correlative. The two lower ones are situated
within the T-OAE and the upper one is immediately above the T- OAE Although Talghemt and
Peniche sections show some common, main sedimentological and d"C features, implying similar
depositional environments, we have to note that other previously studied basinal sections in the High
Atlas do not show similar sedimentological and d'°C features than Talghemt (Bodin et al., 2016, Fig.
S2). It is very likely that the specific paleogeographic position of Talghemt at a paleo-high |n the basin
(e.g., Sadki, 1996; El Kamar et al., 1997) gives some different characteristics to this section, but the
question remains open on the potential correlative turbidite levels with Peniche (Lusitanian basin).



We also propose a correlation with two other key d"C records at Sancerre (Paris Basin) and
Yorkshire (UK) (Fig. 8B). The negative CIE associated with the PI-To transition event is recorded at
Talghemt, Peniche and Yorkshire, but not at Sancerre. The CIE associated with the T-OAE share
some features between the four sections. A detailed correlation of the decreasing part of CIE is
provided in Section 3.3. Nevertheless, the remarkable difference in T-OAE CIE between the four
records is the presence of a significant ‘Plateau’ at Peniche, which is not recorded at Sancerre,
Yorkshire, and likely at Talghemt.

3.2. On the duration of T-OAE

The duration of the negative carbon isotope excursion (CIE) of the T-OAE (hereafter "the
duration of the T-OAE") has been controversial during the last decade (Suan et al., 2008b; Kemp et
al., 2011; Boulila et al., 2014; Huang and Hesselbo, 2014; Ruebsam et al., 2014; Boulila and Hinnov,
2015; Burgess et al., 2015; Boulila and Hinnov, 2017). Previous cyclostratigraphic estimates come
mainly from NW European basins, and the Lusitanian Basin (Portugal) at Peniche. Two main
cyclostratigraphically estimated durations of the T-OAE have been proposed. A first duration of 900
kyr was suggested by Suan et al. (2008b) on the basis of Peniche and Dotternhausen (SW Germany)
sections, then supported later by Huang and Hesselbo (2014) using the same sections. A shorter
duration of 300 to 500 kyr was suggested by Boulila et al. (2014) on the basis of Sancerre Core (Paris
Basin), supporting the more likely option among the two cyclostratigraphic interpretations proposed by
Kemp et al. (2011) on Yorkshire (England) and Peniche sections. Independent radioisotope
geochronology (Sell et al., 2014; Burgess et al., 2015) favors a shorter duration, hence corroborating
with cyclostratigraphic results of Kemp et al. (2011) and Boulila et al. (2014). A recent
cyclostratigraphic review of the duration of T-OAE (Boulila and Hinnov, 2017) yields the shorter 300-
500 kyr duration estimate, but still using the same sections, Sancerre and Peniche.

Cyclostratigraphically inferred duration estimates from Dotternhausen, Peniche and Yorkshire
sections were based on high-frequency astronomical cycles (precession, obliquity and/or short
eccentricity), likely because the studied intervals in these sections are not enough long to cover a
sufficient number of low-frequency (405 kyr eccentricity) orbital cycles (e.g., Suan et al., 2008b; Kemp
et al., 2005). The precession and obliquity periods are, however, very poorly constrained in the
Mesozoic because of our limited knowledge on the tidal dissipation factor (see Section 2.2). The short
eccentricity periods, resulting mostly from the orbital motion of the inner planets, are also subject to
instabilities from the chaotic diffusion in the Solar System, and cannot be confidently used alone to
tune the Mesozoic timescale (Laskar et al., 2004). The only reliable orbital eccentricity period that
could be used to tune the Mesozoic timescale is the 405 kyr eccentricity (i.e., g2—g5) because it
results from the gravitational interaction of Venus (g2) and Jupiter (g5), which have relatively stable
orbits (Laskar et al., 2004).

Duration of the T-OAE at Sancerre was based on this 405 kyr stable eccentricity period, which
is continuously recorded throughout 150 m thick succession encompassing the entire Toarcian stage
(~8.3 Myr long) (Boulila et al., 2014). The Talghemt section presented here is an additional T-OAE
record from another realm, and the first cyclostratigraphic T-OAE signal in the High Atlas domain,
which documents the 405 kyr eccentricity. In particular, the %CaCO; cyclostratigraphic signal
documents with high fidelity both high- and low-frequency astronomical cycles. It is likely that
diagenesis and turbidites may have some influence on high-frequency cycles, but less on the low-
frequency ones, such as the 405 kyr eccentricity component, used here to tune the Talghemt record.
The 405 kyr stable eccentricity conjointly with the short eccentricity tunings provide a duration of ~400
to ~500 kyr for the T-OAE, which is in excellent agreement with previous estimates from NW
European basins (e.g., Boulila et al., 2014).

We should note that Huang and Hesselbo s (2014) T-OAE timescale is also based on the 405
kyr eccentricity cycle, retrieved from Peniche d"*C data (their f|gure 3). In the present study, we point
to the difficulty in extractlng the 405 kyr eccentricity cycle from d"*C record (Fig. 7). We suggest that
the abrupt, severe d'°C changes related to the PI-To and T-OAE events, in addition to the presence of
the ‘Plateau’ within the T-OAE (and hiatuses at Pemche e.g., Pittet et al., 2014), make the extraction
of low-frequency (405 kyr) cycles unreliable. Unlike d"C data, the %Ca003 profile is less sensitive to
PI-To and T-OAE events, which was potentially used to calibrate the T-OAE here from Talghemt, and
prewously from Peniche (Boulila and Hinnov, 2017). Additional statistical tests were applided below to
Peniche d'°C data, but at the high-frequency band, to further argue for a shorter duratlon of the T-
OAE. The objective of these additional tests is to compare the number of obliquity related d"c cycles
between Peniche and Talghemt.

Furthermore, the Talghemt CIE is strongly correlatable to Peniche CIE. The two sections
share similar general trends (Fig. 8), which is essential for the definition of CIE. Interestingly, a recent



estimate of the duration of the T-OAE at Peniche yields ~472 kyr (Boulila and Hinnov, 2017), which is
again in excellent accord with the 400-500 kyr duration inferred from Talghemt and with the 300-500
kyr duration obtained from Sancerre (Boulila et al., 2014). The stratigraphic extent of PI-To event is not
easy to define because the onset and the end of the associated CIE do not show abrupt changes but
rather progressive trends. Nevertheless, we propose a rough duration of 120 kyr based on our
definition of the CIE (Fig. 7). Previous cyclostratigraphic estimates from Foum Tillicht section in the
central High Atlas Basin, and Issouka section in the Middle Atlas Basin provided durations for the PI-
To CIE of respectively 0.18-0.27 Myr (Martinez et al., 2017), and 0.24 +0.02 Myr (Ait-Itto et al., 2018).

The thickness of Talghemt section with respect to other sections in the Atlas of Morocco is
relatively reduced. For instance, the Polymorphum ammonite zone interval is almost 30 m thick at
Talghemt section. The same equivalent interval is almost 65 m thick at Amellago section (Bodin et al.,
2010, 2016), and almost 40 m thick at Issouka section (Ait-Itto et al., 2018). The Issouka section was
used for cyclostratigraphy to assess the duration of Polymorphum Zone at 1 £0.08 Myr (Ait-ltto et al.,
2018). Although the upper boundary of Polymorphum Zone is not biostratigraphically well defined at
Talghemt, d"C correlation with other sections (Fig. 8 and Fig. S1) permits placement of this boundary
at nearly 36 m stratigraphic position. Assuming this boundary, a duration of 0.925 Myr could be
retrieved for the Polymorphum Zone at Talghemt, on the basis of the 405 kyr cyclostratigraphic
timescale (Fig. 7). Thus, this duration is very close to the 1 £0.08 Myr duration inferred from the
relatively more expanded Issouka section (Ait-Itto et al., 2018). Accordingly, significant condensation
or hiatus at Talghemt section is unlikely. The same study of Ait-ltto et al. (2018) claimed that the
longer 900 kyr duration (e.g., Suan et al., 2008b) of the T-OAE is more appropriate than the shorter
300-500 kyr duration (e.g., Boulila et al., 2014), while their studied Issouka section does not record the
T-OAE time interval. They further went to estimate ages for the base and end of T-OAE to draw
conclusions on implications of these ages for LIP phases. Ait-Itto et al.’s (2018) main argument for a
longer 900 kyr duration is that the hypothesis of a hiatus of ~700 kyr in the Polymorphum Zone and
within the PI-To transition (Boulila and Hinnov, 2017) is unlikely. They referred to d"°C data (Pittet et

al., 2014) as an indicator against this potential hiatus. However, Pittet et al. (2014) pointed out multiple
sedimentary discontinuities at Peniche and elsewhere in the Lusitanian Basin, with the most important
ones occurred near the PI-To transmon and in the Polymorphum Zone before or close to the onset of
T-OAE. Correlation based on d'C data could point to possible hiatuses (Pittet et al., 2014), however,
the cyclostratigraphic approach could, in addition, quantify their duratlons (Boulila and Hinnov, 2017).
In Figure 9, we provide additiononal time-series analysis of Peniche d"*C data to further argue for a
shorter duration of the T-OAE, and for a potential hiatus in the Polymorphum Zone. A strong evidence
for a possible hiatus in the Polymorphum Zone at Peniche comes from d"®C correlation, together with
comparison of the differential thickness among different parts between Talghemt and Peniche sections
(Figs. 8A and 9). The total thickness of CIE at Peniche is ~24 m versus only ~18 m at Talghemt (Fig.
10A). This implies that sedimentation rate within the CIE at Peniche should be higher than at
Talghemt. This result is supported by the wavelength of obliquity related spectral peak, which is ~1.4
m at Peniche (Kemp et al., 2011 Boulila and Hinnov, 2017), but only ~1 m at Talghemt (Fig. 4). Also,
the T-OAE includes 15 to 17 d’ C obliquity related cycles (maximal duration) at Peniche (Fig. 9), and
16 to 17 cycles (maximal duration) at Talghemt (Fig. 7). Boulila and Hinnov (2017) inferred only 13.5
to 14.5 obliquity cycles from %CaCO; data at Peniche, however, they missed one cycle and a half in
their counting (see their Fig. 5C). The interval from the base of CIE to the end of %CaCO; signal
encompasses 14 to 15 obliquity cycles, in addition to the extrapolated cycle in the uppermost part of
CIE (to reach its end). Thus, the T-OAE should mclude 15 to 16 %CaCO; obliquity related cycles,
which is in accord with the 15 to 17 cycles from d"°C data (Fig. 9). The close number of obliquity
cycles within the T-OAE at Peniche and Talghemt sections provides strong evidence for the
completeness of CIE in both sections.

In contrast, the interval from the PI-To boundary till the onset of T-OAE is only ~7.5 m thick at
Peniche versus ~28 m at Talghemt (see Fig. 8A, note that the two sections Talghemt and Peniche in
Fig. 8A are reset to the same stratigraphic scale). Thus, such considerable difference in thickness
along with time-series analysis (Figs. 7 and 9) further support the hypothesis of a significant hiatus of
about 700 kyr in the Polymorphum Zone including the PI-To transition.

In summary, the close duration of T-OAE obtained from Talghemt cyclostratigraphy (Section
2.2) and previous T-OAE cyclostratigraphies, especially from NW Europe (Boulila et al., 2014), hints at
less influence of sedimentary hiatuses within the CIE. The Talghemt section is the first
cyclostratigraphic record from the High Atlas of both PI-To and T-OAE events, possibly owing to its
specific sedimentary environment (Section 1.1). The duration of 300-500 kyr of the T-OAE is also
supported by lkeda et al. (2017, 2018) from deep-sea sedimentray successions in Japan. Finally, this
shorter duration is compatible with carbon-cycle modeling of the magnitude of CIE (e.g., Beerling and



Brentnall, 2007; Them et al., 2017a), but also with numerical modeling of other geochemical cycles
(e.g., Them et al., 2017a).

3.3. Obliquity dominance during the PI-To and T-OAE events

The Pliensbachian-Toarcian (PI-To) transition at Talghemt is lithologically marked by
pronounced alternations of limestones and marls (Fig. 2). The 405 kyr tuning calibrates the mean
thickness of these marl-limestone alternations to the obliquity cycle band (Figs. 4 and 5). The
occurrence of strong obliquity cycles with weak precession cycles at the PI-To transition was
previously detected at Sancerre (Paris Basin) (Boulila and Hinnov, 2017). It has been postulated that
significant paleoenvironmental and sea-level changes (from glacio-eustasy) may have been driven by
obliquity, a hypothesis consistent with transient ice sheets at PI-To transition (e. g., Hinnov and Park,
1999; Price, 1999; Hinnov et al., 2000; Cobianchi and Picotti 2001; Guex et al., 2001, 2016; Bailey et
al. 2003; Morard et al. 2003; van de Schootbrugge et al. 2005; Suan et al. 2010; Guex, 2016).

In addition, the obliquity signal dominates the decreasing part of the T-OAE CIE (hereafter
DP-CIE, see Boulila and Hinnov, 2017, for a review). There are seven or eight short-term d"c
oscillations at Talghemt, calibrated to the obliquity cycle band (Fig. 10).

Six or seven d'C obliquity related oscillations within the DP-CIE are recorded in the supposedly more
complete section at Sancerre (Fig. 10; Boulila and Hinnov, 2017). At Yorkshire, there are only four or
five d"°C oscillations implying a possible hiatus of one to three obliquity cycles (Kemp et al., 2011;
Boulila and Hinnov, 2017). At Peniche, there are only five or six d"c obliquity cycles, depending on
the selected onset of CIE. These five or six d'°C obliquity cycles at Peniche end by a thick (~50 cm)
turbidite level, which marks the base of the ‘Plateau’. Kemp et al. (2011) correlated the turbidte level to
the aforementioned hiatus at Yorkshire, and suggested an erosional surface within the turbidite level
at Peniche. This proposed hiatus should be minor and may not significantly affect the total duration of
CIE since recent cyclostratigraphic reinterpretation of Peniche arrived at a duration similar to those
inferred from other sites (Section 3.1). Furthermore, the DP-CIE at Peniche does not end at the
turbidte level. The most prominent d"c obliquity-scale cycle could be observed immediately after the
‘Plateau’, which is very similar to cycle number 7 at Talghemt (Fig. 10).

Although the Talghemt general CIE is strongly correlatable to Peniche CIE (Fig. 8), correlation at high-
frequency obliquity d"c cycles is not evident between the two sections (Fig. 10) because there is a
significant ‘Plateau’ at Peniche versus a reduced ‘Plateau’ or no ‘Plateau’ at Talghemt (Fig. 8). Thus,
the presence of the ‘Plateau’ at Peniche makes the definition of the end of DP-CIE delicate (Boulila
and Hinnov, 2017), hence the comparison of the number of recorded obliquity cycles within the DP-
CIE, between Peniche and Talghemt sections, unmeaningful. Comparison of the number of obliquity
cycles within the whole CIE shows, however, consistent results between the two sections (Section
3.2).

The presence of turbidite levels as well as the potential effects of diagenesis on d"C record at
Talghemt could not be excluded (Section 3.1). The T-OAE cyclostratigraphic records that we have
today come either from condensed sections in NW Europe or from sections with relatively higher
sedimentation rates, but with frequent turbidite levels, in the Lusitanian and High Atlas basins.

In summary, the Talghemt section shows an additional record of the obliquity within the DP-
CIE (Fig. 10). The expression of the obliquity during the T-OAE was ascribed to its modulating effect
on the carbon cycle by lengthened continental plant growing season (organic phenology, e.g., Reyes-
Fox et al., 2014), beneath substantially enhanced greenhouse CO, and the resulting global warming
from volcanism (Boulila and Hinnov, 2017). There is increasing evidence for the impact of T-OAE
global warming and the released CO, on continental paleoenvironments such as the acceleration of
weathering rates and intensification of the hydrological cycle (e.g., Cohen et al., 2004; Bodin et al.
2011; Brazier et al., 2015; Montero-Serrano et al. 2015; Boulila and Hinnov, 2017; Them et al., 2017a;
Izumi et al., 2018). Other scenarios to explain obliquity paced d"c cycles during the T-OAE are listed
in the Section below.

3.4. Evidence for carbon-reservoir change across the T-OAE and paleoenvironmental
implications

In this study we show the first direct evidence for change in C reservoir during the T-OAE.
This change in C reservoir is expressed as a shift in the phase between %CaCO; and d"c orbitally
related cyclicities (Fig. 7). Within the T-OAE, the %CaCO; and d'°C cycles are sometimes phase
shifted, but sometimes in opposite phase. Outside the T-OAE, cycles are mostly in coherent in-phase
(Fig;. 7). This phase change could also be observed at Peniche, where high-resolution %CaCO3; and
d"C data before and within the T-OAE allows such finding. At Peniche, the onset of CIE marks a



phase change from in-phase to opposite-phase between %CaCO; and d"c obliquity related cycles
(see figure 9 of Boulila and Hinnov, 2017).

The negative CIE of the PI-To event has a shorter duration (~120 kyr) than the negative CIE
associated to the T-OAE (~400 to ~500 kyr) (Fig. 7). Moreover, %CaCO; and d"c cycles are in phase
during the PI-To event, but phase shifted during the T-OAE. This may imply different driving
mechanisms on the carbon cycle perturbation during the two events. Interestingly, a recent study
suggests different paleoenvironmental implications of the two events, both linked to the Karoo-Ferrar
magmatic activity but in two distinct phases (Guex et al., 2016).

The PI-To event may have been caused by sulfur release from plume-cratonic lithosphere
interaction (Guex et al., 2016). Such sulfur release, with an estimated flux of 90 Mt/yr and lasting ~120
kyr (our estimate, Fig. 7), might explain severe climatic cooling, transient ice sheets and glacioeustatic
fall (e.g., Guex et al., 2001; Suan et al., 2010; Dera et al., 2011). Such paleoenvironmental conditions
may be responsible for the initiation of the main phase of mass extinction, associated with the PI-To
event. Thus, the predominance of the obliquity at the PI-To transition may reflect its role on transient
ice sheets (Section 3.3).

During the T-OAE, a second Karoo-Ferrar magmatic phase, which may be characterized by
flood basalt volcanism, CH, thermogenic release by dyke and sill emplacement into organic matter
rich sedimentary sequences, and huge CO, degassing (Guex et al., 2016). Thus, the amplification of
the obliquity at the T-OAE may have impacted on the carbon cycle via volcanically released
greenhouse gases (see different scenarios below). Substantial release of CO, and widespread
oceanic anoxia (e.g., Jenkyns, 1988, 2010; lkeda et al.,, 2018; Them et al., 2018) were likely
responsible for the second biological crisis of the T-OAE affecting mainly benthic fauna and less
nectonic fauna (e.g., Bartolini et al., 1992; Morard et al., 2003; Guex et al., 2016). Although calcareous
phytoplankton did not suffer from a major extinction crisis, a decreased nannofossil CaCO; flux to the
bottom seawater, a succession of calcareous nannofossil extinction events as well as a reduction in
size of the major pelagic carbonate producers (Schizosphaerella) have been observed (Tremolada et
al., 2005; Mattioli et al., 2008, 2009; Suan et al., 2008a; Clémence et al., 2015). This concurs with a
diminished CO, biological pump efficacy and with an increased volcanic CO, emission (Gardin and
Bartolini 2016).

From the above discussion, the resulting forcing processes from volcanism during the T-OAE
and PI-To events may not be the same (Guex et al.,, 2016), and could be supported here by the
different phase relationship between CaCO; and d'°C obliquity related cycles.

Despite the general decrease of %CaCO; values at the initiation part of T-OAE at Talghemt
(Fig. 2), but also at other T-OAE equivalent sections (e.g., Peniche, see figure 5 of Boulila and Hinnov,
2017), we note high-amplitude oscillations at the scale of obliquity cycles, especially within the DP-
CIE. These high-amplitude %CaCOj; variations could result from strong climate response to
substantially released greenhouse gases (e.g., Boulila and Hinnov, 2017; Them et al., 2017b), likely
CH, thermogenic release by dyke and sill emplacement into organic matter rich sedimentary
sequences (e.g., McElwain et al., 2005; Svensen et al., 2007, 2012; Sell et al., 2014). Amplification of
obliquity forced insolation may reflect highly contrasted seasonality during the general warming trend
of T-OAE (e.g., Hermoso et al., 2012 their figure 1). Higher temperatures and more intense
precipitation (e.g., Dera and Donnadieu, 2012) would enhance continental weathering and intensify
the hydrological cycle (e.g., Cohen et al., 2004; Bodin et al. 2011; Kemp and Izumi, 2014; Brazier et
al., 2015; Krencker et al., 2015; Montero-Serrano et al. 2015; Boulila and Hinnov, 2017; Them et al.,
2017a; Han et al., 2018; lzumi et al., 2018; Xu et al., 2018). In addition, the T-OAE interval was
marked by a global sea-level rise (e.g., Hallam et al., 1981 ; Haq et al., 1987), that caused drowning
carbonate platforms, leading to extinction of carbonate-platform depositional system in the High Atlas
Basin (e.g., Bassoullet and Baudin, 1994; Blomeier and Reijmer, 1999; Wilmsen and Neuweiler,
2008). Thus, the pelagic carbonate factory during the early Toarcian may be the principal source of
carbonate production in the Talghemt site. Accordingly, we suggest that the phase change between
%CaCO; and d'°C obliquity cycles was related to a disturbance in the carbonate production in the
pelagic environment. Several scenarios could be evoked to explain this phase change at the T-OAE,
such as obliquity modulated: (1) ocean circulation leading to ventillation cycles, (2) formation of
upwelling cells, (3) inputs of methane from clathrate reservoirs (Hesselbo et al., 2000; Kemp et al.,
2005 ; Hesselbo and Pienkowski, 2011) or from terrestrial methanogenesis (Them et al., 2017b), and
(4) ocean acidification counterbalanced by continental weathering.

The first scenario of obliquity paced ventillation cycles could not be applied to the High Atlas
Basin because there aren’t strong arguments for anoxia in this basin, or at least at the Talghemt site
(Bodin et al., 2011). The potential of obliquity to drive mass ocean circulation has been suggested for
glacial epochs (e.g., Caley et al., 2011), and the early Cretaceous OAE2 (Meyers et al., 2012).



The second possible scenario of upwellings was previously suggested for the T-OAE (e.g.,
Schouten et al., 2000; McArthur et al., 2008). The formation of upwelling cells during the global T-OAE
warming is likely. A severe warming would enhance atmospheric C|rculat|on and intensify wind
surface, and the creation of upwelling zones, which would bring lower d'®C values to seawater
surfaces. Thus, such mass recycling in the seawater column may explain the observed phase change
during the T-OAE. Nevertheless, the hypothesis of effect of upwellings on d™C would limit the
geographic extent of CIE, but also its global magnitude (e.g., Suan et al., 2011).

The third possible scenario of methane release from clathrate reservoirs is unlikely because
the dominant symmetric nature of obliquity related d"c cycles and the longer duration (240 kyr) over
which the cycles spanned (Boulila and Hinnov, 2017). The problem with invoking successive massive
releases of CH4 from gas hydrate systems (Hesselbo et al., 2000; Kemp et al., 2005) revolves around
carbon total mass recharge. Large amounts of CH4 would have to reform relatively quickly to (partly)
replenish carbon loss following an injection (Dickens, 2011). However, obliquity paced terrestrial
methanogenesis (Them et al., 2017b) remains a potential process because the production of CH4 from
terrestrial environments (e.g. wetlands, lakes, and soils) could be orbitally paced.

The fourth scenario of impact of ocean acidification on biocalcification followed by ocean
alkalinity recovery was also suggested by Trecalli et al. (2012) from the Apennine carbonate platform
in Italy. A dramatic crisis of hypercalcifying organisms in carbonate platform environments (e.g.,
Lithiotis bivalves), as well as of carbonate-saturation sensitive aragonitic Dasycladalean algae and
corals across the T-OAE has been related to ocean acidification (Trecalli et al., 2012). Also, a severe
disturbance in heavily calcifying organisms in pelagic realms (e.g. Schizospherella) was also
documented (e.g., Erba, 2004; Mattioli et al., 2004; Tremolada et al., 2005; Suan et al., 2008a).
Massive injection of volcanic CO, into the atmosphre-ocean system would mcrease ocean
acidification, decrease biocalcification, and may cause the inversion phase between d'°C and CaCO,
variations. However, the cyclic nature of d'®C and CaCO; within the T-OAE would recall another
antagonist process to ocean acidification, to generate such obliquity related cycles. Continental rock
weathering has generally been posited to buffer the excess in CO, in ocean by bringing more alkalinity
to the ocean by rivers. This would counterbalance ocean acidity by keeping seawater surface
supersaturated, hence lead to burial of CaCO;. Nevertheless, the two above processes could occur at
different timescales, 1 kyr to tens of 10 kyr for ocean acidification, and 1 kyr to 100 kyr for the
weathering process (e.g., Panchuk et al., 2008; Zeebe et al., 2009). These two timescales fall into the
obliquity time variations. Thus, obliquity forcing could act as a modulator of these two processes,
without requiring the symmetric vs asymmetric nature of d'*C and CaCO; cyclic variations (Boulila and
Hinnov, 2017). During protracted volcanic activity of the Karoo-Ferrar LIP (Courtillot et al., 1999; Palfy
and Smith, 2000; Svensen et al., 2007, 2012; Jourdan et al., 2008; Sell et al., 2014; Burgess et al.,
2015; Moulin et al., 2017), higher levels of atmospheric pCOz may have caused the general trend of
CIE, while obliquity forcing may control d"c swings by modulating the intensity of relative injection of
CO; into the ocean, counterbalanced by the weathering process. This last scenario is plausible,
however, it needs more investigation in order to approach the couple process of ocean acidification
and alkalinity recovery in the expression of obliquity-scale cycles.

4. Conclusions

High-resolution d"®C data of the early Toarcian Talghemt sedimentary section (High Atlas,
Morocco) captures the two negative carbon |sotope excursions (CIE) of T-OAE and Pliensbachian-
Toarcian (PI-To) transition. The Talghemtd °C data strongly correlates to Peniche (Portugal) d"c
reference data, and to other key d"*C records from the NW European basins.

A cyclostratigraphic study based on high-resolution carbonate content (%CaCO3) and d'C
data of Talghemt section shows evidence for astronomical forcing by the precession, obliquity, short
eccentricity (~110 kyr) and the stable 405 kyr eccentricity. Orbital calibration of the early Toarcian
based on the 405 kyr stable period yields a duration of the T-OAE ranging from 400 to 500 kyr,
supporting previous estimates (300 to 500 kyr) from Sancerre Core (Paris Basin).

In addition, the 405 kyr orbital tuning of the Talghemt section calibrated the principal obliquity
period O1 to a ~30 kyr period, which is significantly shorter than the theoretically predicted 35 kyr
period in the La2004 astronomical model. This implies a possible early Jurassic tidal dissipation factor
of the Earth different to that theoretically predicted.

Finally, the 405 kyr tuning calibrates the high-frequency dc cyclicities at the PI-To transition
and those at the decreasing part of CIE associated to T-OAE to the obliquity cycle band. We suggest
that the dominance of the obliquity at the PI-To transition may reflect its role on transient ice sheets,
while the amplification of the obliquity at the T-OAE may have rather impact on the carbon cycle via
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volcanicall¥ released greenhouse gases. This hypothesis is supported by a significant phase change
between d'°C and %CaCOs cycles at the T-OAE, but not at the PI-To transition.
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Figure 1: Present and Toarcian location of the Talghemt section. (A) Palaeogeographic map of
Western Tethys area during the Toarcian (after Thierry et al., 2000, modified by Merino-Tomé et al.,
2012) showing the location of the High Atlas (HA) (Morocco), the Lusitanian Basin (LUS) (Portugal),
the Paris Basin (PAR) (France) and the United Kingdom (UK). The red-dashed rectangle roughly
indicates the expanded view in ‘B’, but for the present location. (B) Simplified structural map of
Morocco (after Lachkar et al., 2009, modified by Bodin et al., 2010) showing the location of the
Talghemt studied section (indicated by a red star) and Amellago section (Bodin et al., 2010) (indicated
by a black star). The Atlas range is colored in brown.
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Figure 2: Bio-lithostratigraphy and sedimentological description of the Talghemt section. (A) Main
Jurassic sedimentary formations in the Talghemt outcropping area (Sadki et al., 1999). (B) Bio-
lithostratigraphy and sedimentological description of the studied Talghemt section. (C) Expanded view
of the the Pliensbachian-Toarcian transition along with ammonite distribution (see Plates 1 and 2). The
stratigraphic positions of ammonite taxa identified on Plates 1 and 2 are referred to the numbers of
beds (Column ‘Bed number’ in ‘C’).
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Fi%ure 3: Integrated bio-lithostratigraphy, carbonate content (%CaCO3) and stable carbon isotopes
(d°C) at Talghemt section (High Atlas, Morocco). The Polymorphum/Levisoni boundary was
tentatively placed by Sadki (1996) at around 30 m, according to turbidite occurrence (dashed line with
question mark), and replaced here at around 40 m (dashed line) according to d"®C correlation with
Peniche (see Fig. 8). The Pliensbachian-Toarcian (PI-To) boundary event, and the Toarcian Oceanic
Anoxic Event (T-OAE) along with two possible interpretations are shown. The option of the uppermost
boundary of CIE does not correspond to the seemingly d"*C outlier (at ~52 m). We have fixed the end
of CIE on the basis of the smoothed d'°C data, which shows less noise than the raw data (see Fig.
10A). For the lithological description see Fig. 2 and Section 1.2.
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Figure 4: Power spectra of %CaCO3 and d'°C Talghemt data in the stratigraphic domain. (A) Power
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eccentricity, ‘@100’ for the short eccentricity, ‘Obl.’ for the obliquity and ‘Prec.’ for the precession.
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Figure 5: Power spectra of %CaCOj; and d'°C Talghemt data in the time domain (405 and 110 kyr
eccentnmty tunings). (A) Power spectra of the tuned %CaCOj; data. (B) Power spectra of the tuned
d"C data. Abbreviations: ‘E405’ for the 405 kyr eccentricity, ‘€100’ for the short eccentricity, ‘Obl.” for
the obliquity and ‘Prec.’ for the precession.
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time series was 1x zero-padded before spectral analysis. Note the optimal O1 obliquity tuning is at
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Figure 7: Bandpass filtering of the detected astronomical cycles in the 405 kyr tuned %CaCO3; and
d"C data of Talghemt section, along with the Pliensbachian-Toarcian (PI-To) boundary event and the
Toarcian Oceanic Anoxic Event (T-OAE). d"C time series is anchored to %CaCO; timescale. The
total duration of the studied interval is ~2250 kyr. Two possible interpretations of the T-OAE CIE
provide durations of ~400 and ~500 kyr. Note that there is no coherent phase relationship at the 405
kyr band between %CaCO; and d*c, possibly because of the effect of events on long-term d"c
cycling. However, an exceptional phase relationship could be seen at the obliquity and short
eccentricy bands: the two %CaCO; and d"c proxies are in phase outside the T-OAE, but out of
phase within the T-OAE (Section 3.2).
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Figure 8: Stable carbon |sotopes (d13C) and sedimentological correlation between Talghemt and
Peniche sections (A) and d'°C correlation between Talghemt, Peniche, Sancerre and Yorkshire (B).
Note that the two sections Talghemt and Peniche in ‘A’ are reset to the same stratigraphic scale.
Talghemt data are from the present study Peniche bulk carbonate d'°C data are from Hesselbo et al.
(2007). Sancerre bulk carbonate d'°C data are from Hermoso et al. (2009, 2012, 2013). Yorkshire

organic carbon d'°C data are from Kemp et al. (2005) and Cohen et al. (2004).

A Talghemt
(High Atlas, Morocco)
218>
HREE
S|Ee|E|o Bulk §'*C (%o vs V-PDB)
SIES|IE|E | 3 2 | 0 1
D <N |J
£ =)
= |60
N
>
2 50 Fault?

Plien.| Toarcian
Emac-| L
iatum Polymorphum .

§'3C correlation
Possible correlatable turbidite levels

51C,, (%o V-PDB)

Peniche
(Lusitanian Basin)

Lithology
(m)| Thickness|
|Bifr- Ammonite!
ons|zone

Stage

»H
o
Levisoni

Toarcien

10

Sancerre
(Paris, France)
8C_, (%o vs V-PDB)
-4 -2 0 2
B
Talghemt
(High Atlas, Morocco)
Peniche
8"C_,, (%0 vs V-PDB) (Lusitanian Basin, Portugal)
-3 -2 -1 0 1

S = 81C_, (%0 vs V-PDB)
10m 3 3 1
0 —
— =

——— T-OAE =
i —
=
_%—3
10m
0

PI-To
—

Emac-|Polym-
iatum |orphum|

Plien.

Yorkshire
(England, UK)

8"C,,, (%0 vs V-PDB)
31 20 27

10m

22



Figure 9: Spectral analysis of Peniche d"®C data per intervals. Erosional discontinuities are according
to Pittet et al. (2014). Precession bandpass filters are in green, and obliquity bandpass filters are in
red. Note that the period ratio of the two strongest peaks within the three analyzed intervals is nearly
1/2 (precession over obliquity periods), which may correspond to the ratio of precession over the
obliquity (see also figure 6 of Boulila and Hinnov, 2017). Obliquity cycles are numbered from 1 to 25.
Note that the CIE of T-OAE includes 15 to 17 obliquity cycles. At Talghemt, the equivalent interval
includes 16 to 17 obliquity cycles (see Fig. 7 and Section 3.2). Peniche bulk carbonate d'°C data are
from Hesselbo et al. (2007). The ~1.4 m related obliquity peak in %CaCO; data (Kemp et al., 2011;
Boulila and Hinnov, 2017) is the average of the three peaks 1.2 m, 1.2 m and 1.7 m in the three
intervals 11, 12 and I3 respectively.
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Figure 10: (A) High-resolution d"C correlation between Talghemt (Morocco) and Peniche (Portugal)
sections. The Talghemt d'*C data are 5-point smoothed (moving average) to highlight the end of CIE.
The decreasing part of CIE (T-OAE) is dominated by the obliquity, while its increasing part is
dominated by the short eccentricity. (B) High-resolution d"*C correlation at the dreceasing part of CIE
(T-OAE) between Talghemt, Peniche, Sancerre (Paris) and Yorkshire (England). Numbers 1 through 7
are short-term oscillations in d'°C, which have been ascribed to high-frequency obliquity cycles
(Boulila et al., 2014; Boulila and Hinnov, 2017, and the present study from Talghemt section). The
‘Plateau’ hypothesis at Talghemt is unlikely because there is a mismatch in the obliquity cycles
between Peniche and Talghemt. The onset of CIE is placed with uncertainty within one obliquity d"c
related cycle. For ‘asymmetric’ cycles see Boulila and Hinnov (2017). The sources of the used data
are referred in Figure 8 caption.
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Supplementary Figures and Plates

Plate 1: Upper Pliensbachian ammonites from Talghemt section. Scale bar = 1 cm. All beds (TdB, see
Fig. 2) where ammonites were found are indicated below. (A) Emaciaticeras lottii (GEMMELLARO) —
Bed TdB8. (B) Emaciaticeras cf. imitator (FUCINI) — Bed TdB8. (C) Canavaria zancleana (FUCINI) —
TdB12. (D) Tauromeniceras mazetieri (DUBAR) - TdB22. (E) Neolioceratoides aff. hoffmanni
(GEMMELLARO) — TdB28.

26



Plate 2: Lower Toarcian ammonites from Talghemt section. Scale bar = 1 cm. All beds (TdB, see Fig.
2) where ammonites were found are indicated below. (A) Eodactylites sp. - TdB29. (B) Eodactylites
simplex (FUCINI) - TdB30. (C) Paltarpites sp - TdB30. (D) Neolioceratoides gr. hoffmanni
(GEMMELLARO) - TdB30. (E) Eodactylites simplex (FUCINI) - TdB31.
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Plate 3: Micrographs of calcareous nannofossil species from Talghemt section. Scale bar = 5 ym. All
stratigraphic levels of the corresponding samples are indicated in meter (m) between brackets. A:
Lotharingius sigillatus, crossed nicols (0.4 m). B: Same specimen as A, natural light. C: Lotharingius
barozii, crossed nicols (4.8 m). D: Same specimen as C, natural light. E: Lotharingius hauffii, sample
(22 m). F: Similiscutum cruciulus, crossed nicols (57.9 m). G: Same specimen as F, natural light. H:
Crucirhabdus primulus, crossed nicols (4.8 m). |-J: Calcivascularis jansae, crossed nicols (3.2 m). K:
Biscutum grande, crossed nicols (21 m). L: Biscutum finchii, crossed nicols (0.4 m). M: Calyculus
noelae, crossed nicols (4 m). N: Carinolithus superbus, crossed nicols (30.2 m). O: Carinolithus
poulnabronei, crossed nicols (38.9 m). P: Mitrolithus lenticularis, crossed nicols (21.7 m).
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Figure S2: Correlation of the Pliensbachian-Toarcian (PI-To) transition event and the T-OAE between
Talghemt (present study), Amellago and Boumardoul n’Imazighn sections (Bodin et al., 2016).
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