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Abstract

In many locations of the northwestern Tethyan, Boreal and Panthalassic margins, the uppermost
Pliensbachian—Lower Toarcian is characterised by the occurrence of organic-rich sediments.
Significant perturbations of the global carbon cycle, related with an excess of 12C in the atmospheric
and ocean reservoirs, are recorded as a negative carbon isotope excursions (CIE) in carbonate, bulk
organic matter (OM), fossil wood, kerogen and individual organic compounds, linked to the
Pliensbachian-Toarcian Event (PlI-Toa Event) and Toarcian Oceanic Anoxic Event (TOAE).
Contrariwise, the uppermost Pliensbachian—Lower Toarcian successions in northern Africa and
most of Iberian Peninsula basins (Central-Northern Atlantic margin) are poor in OM. It is
hypothesized that OM deposition and preservation in northern Africa and most of the Iberian
Peninsula basins during the PI-Toa Event and TOAE was controlled by the interplay of local—
regional constraints and global forcings, therefore resulting in unique OM assemblages and
differentiated from the organic-rich northern European basins. The main objective of this thesis
was the analysis of kerogen assemblages from the uppermost Pliensbachian—Lower Toarcian
references sections of the Middle Atlas (northern Africa), Betic Cordillera, Lusitanian and Asturian
(Iberian Peninsula) basins based on total organic carbon (TOC), palynofacies, and 5*°C in kerogen
(33Cxerogen)-

The obtained results indicate that the studied sections generally have low TOC contents (below 1
wt.%). The TOAE interval in the Asturian Basin and a discrete level in the Peniche section
(Lusitanian Basin) recorded high TOC values, reaching up to 2.9 wt.% at Asturian Basin and likely
signalling local episodes of OM preservation promoted by dysoxic conditions. The obtained
8% Crkerogen profiles in this study presented similarities with previously published high-resolution
8Cwood and 3%Corg records. Even with small differences between the studied sections, the
8Crerogen  record presented a positive trend during the Emaciatum/Spinatum and
Polymorphum/Tenuiscostatum zones, followed by the negative trend associated with the TOAE.
The difference in magnitude between 83C records from different locations probably reflects the
impact of local and/or regional environmental processes over global forcing. The kerogen
assemblages are characterised almost exclusively by terrestrial OM, with a high abundance of
opaque phytoclasts, suggesting that the OM was sourced from an area characterised by semi-arid
or arid climate. Around the base of Polymorphum/Tenuiscostatum and Levisoni/Serpentinum
zones, small increments in terrestrial OM were observed and represented by non-opaque
phytoclasts, and terrestrial palynomorphs (sporomorphs, tetrads, and agglomerates). These were
interpreted to represent an increase in fluvial runoff associated with the palaesoenvironmental
perturbations of the PI-Toa Event and TOAE.

The subsequent change to higher §*Crkerogen values during the TOAE §'*C positive trend is more
abrupt in the Asturian Basin (probably reflecting a low sedimentation rate) and more gradual in the
western Iberian sections. During the middle part of the Levisoni/Serpentinum Zone, the §°C

remains relatively stable with the return to more positive *2C values and it was suggested that after
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the carbon cycle perturbation the climates gradually cooled, favouring kerogen assemblages similar
to the ones observed before the TOAE.

Keywords: Organic matter, Palynofacies, Organic and isotopic geochemistry, Pl-Toa Event,
TOAE, Middle Atlas and Iberian basins.
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Resumo

Em diversos locais das margens noroeste do Tétis, Boreal e Pantalassa, o topo do Pliensbaquiano
Superior—Toarciano Inferior é caracterizado pela ocorréncia de sedimentos ricos em matéria
organica (MO). Perturbacdes significativas do ciclo global de carbono, relacionadas com excesso
de 2C nos reservatorios atmosféricos e ocednicos, sdo registadas como excursdes isotopicas
negativas em carbonatos, MO, fragmentos de fosseis vegetais, querogénio e compostos individuais
organicos, e relacionadas com o Evento do Pliensbaquiano—Toarciano (Evento PI-Toa) e o0 Evento
Oceanico Andxico do Toarciano (EOAT). Por outro lado, nas sucessdes do norte de Africa e na
maioria das bacias da Peninsula Ibérica (margem Central-Norte do Atlantico), o topo do
Pliensbaquiano Superior—Toarciano Inferior € pobre em MO. Supde-se que a deposicdo e
preservacio de MO nas bacias do norte de Africa e da Peninsula Ibérica durante o Evento PI-Toa
e EOAT foi controlada pela interacdo de restri¢des locais—regionais e eventos globais, resultando
em associagdes unicas de MO e diferenciadas das bacias ricas em MO do norte da Europa. O
principal objetivo desta tese foi a analise de associagdes de querogénio de sec¢des de referéncia do
topo do Pliensbaquiano Superior—Toarciano Inferior nas bacias do Médio Atlas (norte de Africa),
Cordilheira Bética, Lusitanica e Astlrias (Peninsula Ibérica), com base no carbono organico total
(COT), palinofécies e 3*C em querogénio (8**Cquerogenio)-

Os resultados obtidos indicam que as secgdes estudadas apresentam geralmente baixos conteddos
de COT (abaixo de 1%). O intervalo do EOAT na Bacia das Asturias e um nivel discreto na sec¢do
de Peniche (Bacia Lusitanica) registam valores elevados de COT, atingindo cerca de 2,9% (ha
Bacia das Asturias), provavelmente associados com episddios locais de preservacdo da MO,
promovidos por condicdes disoxicas. Os perfis de 3*Cquerogenio Obtidos neste estudo apresentam
similaridades com os registos de alta resolugéo de 5*3C em fragmentos de fdsseis vegetais e MO,
anteriormente publicados. Mesmo com algumas diferencas entre as seccGes estudadas, o registo do
8Cquerogenio  apresenta  uma tendéncia positiva nas zonas de Emaciatum/Spinatum e
Polymorphum/Tenuiscostatum, seguida pela tendéncia negativa associada ao EOAT. A diferenga
de magnitude entre os registos de §3C em diferentes locais, provavelmente reflete o impacto dos
processos ambientais locais e/ou regionais sobrepostos aos eventos globais. As associacdes de
querogénio sao caracterizadas quase exclusivamente por MO terrestre, com abundancia de
fitoclastos opacos, sugerindo que a MO sera proveniente de uma area caracterizada por clima
semidrido ou &rido. Na base das zonas Polymorphum/Tenuiscostatum e Levisoni/Serpentinum, sdo
observados pequenos incrementos de MO terrestre, representados por fitoclastos ndo opacos e
palinomorfos terrestres (esporomorfos, tetrades e aglomerados). Estas alteracGes sdo interpretadas
como representantes de uma intensificacdo do escoamento fluvial associado as perturbacGes
paleoambientais do Evento PI-Toa e EOAT.

A consequente mudanga para valores de §"Cquerogenio Mais positivos durante a parte superior do
EOAT é mais abrupta na Bacia das Astirias (provavelmente reflexo de uma baixa taxa de
sedimentacdo) e mais gradual nas sec¢fes da Ibéria ocidental. Durante a parte média da Zona
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Levisoni/Serpentinum, os valores de §*3C permanecem relativamente estaveis, com o retorno de
valores mais positivos de 5'3C e sugere-se que apds a perturbacdo do ciclo do carbono os climas
arrefeceram gradualmente, favorecendo as associacdes de querogénio semelhantes aos observados
antes do EOAT.

Palavras-chave: Matéria organica, Palinofacies, Geoquimica orgéanica e isotdpica, Evento Pl-Toa,
EOAT, Bacias do Médio Atlas e da Iberia.
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l. Introduction

The Upper Pliensbachian—Lower Toarcian (Lower Jurassic) in the Central (northern
Gondwana margin) and part of Northern Atlantic (Iberian Massif) basins is characterised by thick
carbonate successions, prominent in many areas around northern Africa [High and Middle Atlas
(Morocco; e.g. Wilmsen and Neuweiler, 2008; Bodin et al., 2010, 2016; Ait-Itto et al., 2017)] and
Iberian Peninsula [Betic Cordillera (southern Spain; e.g. Jiménez and Rivas, 2007; Rodriguez-
Tovar and Reolid, 2013; Reolid et al., 2014, 2018), Lusitanian (western Portugal; e.g. Duarte,
1997; Azerédo et al., 2003, 2010; Duarte et al., 2007, 2018a, 2018b; Silva et al., 2015), Asturian
and Basque-Cantabrian (northern Spain; e.g. Valenzuela, 1988; Quesada et al., 2005; Gémez et
al., 2008; Gomez and Arias, 2010; Gomez and Goy, 2011)] basins.

A particular feature of the Late Pliensbachian—Early Toarcian interval is that it coincides
with a series of major palaeoenvironmental perturbations (e.g. ocean anoxia, warming, possible
ocean acidification) and dramatic changes in the marine biota, expressed as a 2"-order mass
extinction event in benthic and pelagic groups (e.g. Harries and Little, 1999; Mattioli et al., 2009;
Gomez and Arias, 2010; Danise et al., 2013; Caruthers et al., 2014). This interval is also a period
of enhanced preservation of organic matter (OM), with the widespread occurrence of organic-rich
sediments in many locations of the northwestern Tethyan, Boreal and Panthalassic margins (Fig.
1.1; e.g. Jenkyns and Clayton, 1986; Fleet et al., 1987; Jenkyns, 1988, 2010; Baudin et al., 1990;
Rohl et al., 2001; Suan et al., 2011, 2015; Caruthers et al., 2014; Al-Suwaidi et al., 2016; Them
Iletal., 2017; Silvaetal., 2017; Fantasia et al., 2018a; Ruebsam et al., 2018; Fonseca et al., 2018;
Suan et al., 2018). This interval is known as the Toarcian Oceanic Anoxic Event (TOAE; Jenkyns,
1988, 2010) and is associated with a significant perturbation of the global carbon cycle, linked
with an excess of 2C in the atmospheric and ocean carbon reservoirs. The carbon cycle
perturbation is recorded as §**C negative carbon isotope excursion (CIE) occurring at the base of
the Levisoni/Serpentinum/Falciferum ammonite Zone in carbonate (8*Ccan), bulk OM (5*Corg),
fossil wood (8*3Cwood), kerogen (8%*Ckerogen) and individual organic compounds (3%Csgio) (€.g.
Jenkyns and Clayton, 1986; Jenkyns, 1988, 2010; Hesselbo et al., 2000, 2007; Jenkyns et al.,
2002; Cohen et al., 2004; Hermoso et al., 2009; Bodin et al., 2010, 2016; Littler et al., 2010; Al-
Suwaidi et al., 2010; Suan et al., 2010, 2011, 2015; Reolid et al., 2012; French et al., 2014;
Kafousia et al., 2014; Caruthers et al., 2014; Kemp and Izumi, 2014; Neumeister et al., 2015;
Piefikowski et al., 2016; Silva et al., 2017; Them Il et al., 2017; Xu et al., 2017; Fantasia et al.,
2018a, 2018b, 2019; Ruebsam et al., 2020a; Ruebsam and Al-Husseini, 2020).

Before the TOAE, in several successions of the Western Tethys, the Pliensbachian—
Toarcian boundary also archive evidence of another carbon cycle perturbation, i.e. the
Pliensbachian-Toarcian Event (PI-Toa Event; e.g. Littler et al., 2010; Ruebsam et al., 2019). The
Pl-Toa Event is characterised by a smaller negative CIE, palaeoenvironmental changes (e.g.
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enhanced sea surface temperature and continental weathering) and it is coincidental with an
extinction pulse in marine benthos at the base of the Polymorphum Zone (e.g. Little and Benton,
1995; Littler et al., 2010; Caruthers et al., 2013).

The PI-Toa Event and TOAE record in northern Africa and the Iberian Peninsula basins
have been the focus of an intense investigation, focusing mainly on stable carbon isotope and
macro- and micro-invertebrate analysis (see references above). Notwithstanding, these studies
seldom approach the study of kerogens in a multidisciplinary way, i.e. by incorporating
sedimentology, typology (palynofacies), and geochemistry (elemental, isotopic, and organic)
analysis. The integration of these methods is a powerful tool for palaeoenvironmental research
(e.g. Tyson, 1995; Bombardiere and Gorin, 2000; Mendonca Filho et al., 2012; Gongalves et al.,
2013; Silva et al., 2014; Rodrigues et al., 2016; Mendonga Filho and Gongalves, 2017; Fonseca
etal., 2018). Considering the observed variability of organic facies and lithofacies associated with
the PI-Toa Event and TOAE in the Middle Atlas, Betic Cordillera, Lusitanian and Asturian basins
(Fig. 1.1; e.g. Valenzuela, 1988; Benshili, 1989; Duarte, 1997; Jiménez and Rivas, 2007; Duarte
et al., 2007, 2018a, 2018b; Gomez et al., 2008; Gomez and Goy, 2011; Rodriguez-Tovar and
Reolid, 2013; Reolid et al., 2014, 2018; Ait-Itto et al., 2017), the intersection of palynofacies
methods with classical sedimentological techniques may provide important insights to (1) better
understand the OM inventory of each studied basin and (2) clarify palaeoenvironmental changes
associated (driving?) with continental weathering and discharge, OM productivity, preservation,
and diagenesis processes, and depositional processes. Also, the study of palynofacies and
geochemistry holds the potential to contribute to current investigations of modern climate and
planetary-scale changes.

l.1. Objectives

As aforementioned, it can be demonstrated that some of the effects associated with the
PI-Toa Event and TOAE occurred at a planetary scale (e.g. Jenkyns, 2010). The global nature of
the PI-Toa Event and TOAE is expressed mainly by a perturbation of the carbon cycle, increased
rate of extinctions and the widespread occurrence of organic-rich sediments in many locations
during the TOAE (see references above). The deposition of organic-rich facies during the PI-Toa
Event and TOAE has been widely attributed to time intervals characterized by “extensive” anoxic
(and euxinic) oceans (e.g. Schouten et al., 2000; Schmid-Ro6hl et al., 2002; Schwark and Frimmel,
2004; van Breugel et al., 2006; Pearce et al., 2008; French et al., 2014; Thibault et al., 2018;
Ruebsam et al., 2018). However, it is argued that the anoxic conditions were not a widespread
phenomenon (e.g. McArthur et al., 2008; McArthur, 2019) nor responsible for the TOAE
extinction event (e.g. Gémez et al., 2008), raising some pertinent questions regarding the OM
record of these particular time intervals. For example: which were the dominant controls on OM
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production and preservation in individual sedimentary basins? At which point, global events
offset basin constraints and, conversely, local basinal conditions override global environmental

drivers?

[ Emerged

[ Possible emerged
[ Carbonate platforms
[ Deep marine

[ Deep ocean

——- Present day coastline
B3 Organic-rich facies
EE=5 Low TOC contents

® Fuente Vidriera
® |ssouka

O La Cerradura

© Minde

® Peniche

® Rabagal

@ Ribeira de Cima
@ Rodiles

O Vale das Fontes

Figure 1.1. Global palaecogeography during the Pliensbachian—Toarcian interval (modified from Dera et al.,

2009). The black rectangle shows the limit of the map (A). A. Palaeogeographic map of the western Tethys
during the Early Jurassic (modified from Bassoulet et al., 1993; Thierry and Barrier, 2000) with the general
locations of the studied basins and sections. MA — Middle Atlas Basin (Morocco), BC — Betic Cordillera
(southern Spain), LB — Lusitanian Basin (western Portugal) and AB — Asturian Basin (northern Spain). SP
— Saharan platform; IM — Iberian Massif; AM — Armorican Massif; LT — Laurentia; EES — European
Epicontinental sea; IrM — Irish Massif; BM — Bohemian Massif; ECC — East European Craton.

It is hypothesised that OM deposition and preservation in northern Africa and most of the
Iberian Peninsula basins during the PI-Toa Event and TOAE was controlled by the interplay of
local-regional constraints and global forcings, therefore resulting in unique OM assemblages and
differentiated from northern European locations. This hypothesis will be tested by analysing the
variation of the kerogen assemblages during the uppermost Pliensbachian—-Lower Toarcian in the
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Central and part of Northern Atlantic basins (Middle Atlas, Betic Cordillera, Lusitanian and
Asturian; Fig. 1.1).

To achieve the proposed objectives, a regional survey focused on the study of
sedimentary OM was conducted at the northern Africa sections of Ait Moussa and Issouka
(Middle Atlas Basin) and the Iberian Peninsula sections of La Cerradura and Fuente Vidriera
(Betic Cordillera), Peniche, Rabagal, Vale das Fontes, Cantanhede, Alcabideque, Ribeira de
Cima, Minde (Lusitanian Basin) and Rodiles (Asturian Basin) (Fig. 1.1). This study comprehends
a total of one hundred forty-one (141) marly samples and four (4) wood fragments. Ninety-four
(94) marly samples were analysed for total organic carbon (TOC), total sulfur (TS), 3*Ckerogen,
prepared for palynofacies according to standard techniques and were performed in the
Palynofacies and Organic Facies Laboratory (LAFO) of the Rio de Janeiro Federal University
(Rio de Janeiro, Brazil) and MAREFOZ (Coimbra University, Portugal). A wood fragment was
analysed for the 8%3Ckerogen. Furthermore, twenty-nine (29) marly samples and three wood
fragments (3) previously collected from Alcabideque and Rodiles sections were analysed for the
8'%Crerogen dataset. The eighteen marly (18) samples from Peniche have not been subjected to
8% Crerogen analysis. To evaluate the thermal maturation, eight (8) samples from the Middle Atlas
and Betic Cordillera basins were analysed at the LAFO. Detailed information on laboratory
procedures is given in the material and methods section of the four main chapters (ll, 111, IV and
V).

[.2. Thesis structure

The main body of this thesis is presented in an article-based format, composed of four
main chapters. The research resulted in twelve (12) scientific publications, from presentations at
international meetings to papers published in international peer-reviewed journals.

In addition to the presentation of the thesis structure, several important subjects are
described to allow a better comprehension of the studied theme and discussed in this work, such
as the main objectives and the motivation that led us to initiate this doctoral project.

The chapters organization follow a northward trend, from the northern Gondwana margin
(Middle Atlas Basin; northern Africa) to the northern Iberian Massif (Betic Cordillera, Lusitanian
and Asturian basins in the Iberian Peninsula). A brief outline of the main chapters is presented
below:

Chapter Il is focused on sea-level changes, climate, tectonics, and impact on depositional
environments in the Ait Moussa and Issouka sections (Middle Atlas Basin; Morocco) during the
Late Pliensbachian—Early Toarcian and the PI-Toa Event. This chapter was published in the
International Journal of Coal Geology.
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Chapter 111 focuses on the link between 3C fractionation during photosynthesis in C3
plants and climate change during the Early Toarcian in the External subbetic, Betic Cordillera
(southern Spain). This chapter was published in the journal Palaeogeography, Palaeoclimatology,
Palaeoecology.

Chapter 1V corresponds to a study focused on the impact and response of Early Toarcian
environmental changes (related to the PI-Toa Event and TOAE) in the land-based ecosystems
bordering the marine environments of the Lusitanian Basin. At the date of the submission of this
thesis, this chapter was submitted in the journal Palaeogeography, Palaeoclimatology,
Palaeoecology.

Chapter V focuses on the deposition and preservation of OM during the latest
Pliensbachian—Early Toarcian in the Asturian Basin (northern Spain). The occurrence of OM-rich
facies during the TOAE in northern Spain allows investigating the relationship between OM
production, depositional conditions, and palaeoceanographic controls and the relationship with
the neighbouring counterparts (to be submitted).

A summary of the main conclusions is presented in the final remarks section, along with
contributions to the scientific background and geological applications regarding the climatic
events during the Early Toarcian in the studied sections. Additionally, considerations regarding
future studies are presented.
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ll. Late Pliensbachian—Early Toarcian palaeoenvironmental
dynamics and the PI-Toa Event in the Middle Atlas Basin
(Morocco)

Adapted from:

Rodrigues, B., Silva, R.L., Mendonca Filho, J.G., Driss, S., Mendonga, J.O., Duarte, L.V., 2020.
Late Pliensbachian—Early Toarcian palaeoenvironmental dynamics and the PI-Toa Event in the
Middle Atlas Basin (Morocco). International Journal of Coal Geology, 217, 103339.
doi.org/10.1016/j.coal.2019.103339.

Accepted: 5 November 2019

Abstract

Geochemical and palynofacies analysis of 38 samples from the Middle Atlas Basin (Ait
Moussa and Issouka sections, Morocco) allowed to investigate sea-level changes, climate, and
tectonics and impact on depositional environments in the westernmost Tethyan Gondwana-
margin during the Late Pliensbachian—Early Toarcian and the Pliensbachian—Toarcian Event (PI-
Toa Event).

The studied sections from the Middle Atlas Basin have low total organic carbon contents.
Overall, kerogen assemblages are dominated by the Phytoclast Group, thus showing a strong
terrestrial affinity and some degree of proximity to the source. Deposition occurred dominantly
in oxic and proximal environments.

Upper Pliensbachian kerogen assemblages from Ait Moussa are dominated by terrestrial
particles and agree with the overall regressive character of the sedimentary succession. Uppermost
Pliensbachian—lowermost Toarcian kerogen assemblages from Ait Moussa show an increase in
marine particles. Considering the overall sedimentological context of the Middle Atlas Basin,
these kerogen assemblages are interpreted to reflect local variation in accommodation space
(driven by different sedimentation rates or tectonic compartmentalization) or ecological
conditions (such as nutrient availability, temperature, turbidity, etc). In the Early Toarcian, above
a major regional discontinuity and at the beginning of the Pl-Toa Event, increases in
Botryococcus sp., amorphous organic matter (AOM), and terrestrial palynomorphs suggest
episodes of coastal erosion associated with transgression, likely driven by a combination of
eustatic/tectonic changes and warmer and more humid climates leading to an increase in
continental weathering and fluvial runoff. On the other hand, increases in sporomorphs and pollen
grains occurring in tetrads and agglomerates indicate regressive episodes associated with
increased sedimentation rates driven by enhanced continental weathering and fluvial runoff.
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This study shows the strong relationship between sea-level and the combined response of
litho-, hydro-, and biosphere during the Early Toarcian, with implications to understand organic
productivity and organic matter accumulation and preservation in the Tethys Ocean during the
Pl-Toa Event.

Keywords: Organic matter; organic geochemistry; palynofacies; transgressive event; Pl-Toa
Event; Middle Atlas; Morocco.

[1.1. Introduction

Although still poorly constrained and understood, recent studies (e.g. Hesselbo et al.,
2007; Littler et al., 2010; Suan et al., 2010; Xu et al., 2018) demonstrated that sedimentary
successions spanning the Pliensbachian—Toarcian boundary archive evidence of a significant
perturbation of the carbon cycle, i.e. the Pliensbachian—Toarcian Event (PI-Toa Event; Littler et
al., 2010), associated with major sea-level, biological, and environmental changes. This event is
characterised by a negative carbon isotopic excursion at the base of the Lower Toarcian
(Polymorphum Zone) and is coincidental with an extinction phase in marine benthos at the base
of the Toarcian (e.g. Little and Benton, 1995; Littler et al., 2010; Caruthers et al., 2013). Percival
et al. (2015, 2016) suggested that this interval may have witnessed significant continental
weathering and volcanic activity. The PI-Toa Event has been documented in Europe (Hesselbo
et al., 2007; Littler et al., 2010; Piefikowski et al., 2016; Xu et al., 2018; Ruebsam et al., 2019;
Rodrigues et al., 2019), Japan (Grocke et al., 2011; Izumi et al., 2018) and South America (Al-
Suwaidi et al., 2010; Fantasia et al., 2018b).

In the Middle Atlas Basin, Morocco (Fig. 11.1), Upper Pliensbachian—Lower Toarcian
sedimentary successions are poor in organic matter (OM) and expanded (~ 80 m of Lower
Toarcian sediments) when compared with several European counterparts (see, for example,
Hesselbo et al., 2007; Ait-Itto et al., 2017, 2018). The Pliensbachian—Toarcian transition in much
of this basin is characterised by a sharp lithological change, from limestone- to shale-dominated.
This lithological variation is interpreted to have resulted from a major “deepening” phase (i.e.,
Wilmsen and Neuweiler, 2008), leading to changes in proximity to the shoreline, terrigenous
sediment supply and carbonate factories, water column depth, light availability, among many
other parameters (e.g. Wright, 1992; Schlager, 2005; Catuneanu, 2018). Distribution of
sedimentary OM along continental margins strongly depends on local to regional biological,
hydrological, geological, climatic, and depositional constraints. Investigation of kerogen
assemblages from the Middle Atlas Basin may provide important insights to the understanding of
Late Pliensbachian—Early Toarcian environmental changes and the Pl-Toa Event (see other
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examples, Tyson, 1995; Bombardiere and Gorin, 2000; Silva et al., 2014; Rodrigues et al., 2016;
Mendonga Filho and Gongalves, 2017).

In this study, we analysed 38 marl samples from the Ait Moussa and Issouka sections of
the Middle Atlas Basin [total organic carbon (TOC), sulphur (TS), total carbonate content,
palynofacies, and thermal maturity analysis]. The main goal was to characterise the Upper
Pliensbachian—-Lower Toarcian kerogen assemblages (content and type) and investigate
sedimentary OM source, sea-level changes, climate, and the record of the PI-Toa Event in the
western Tethyan margin. This study shows the strong relationship between sea-level and the
combined response of litho-, hydro-, and biosphere during the Early Toarcian, with implications
to understand organic productivity and OM accumulation and preservation in the western Tethyan
margin during the PI-Toa Event.

II.2. Geological background

The Atlas Mountain Range of northern Africa, spanning from the Moroccan Atlantic
margin to Tunisia, consists of several Phanerozoic sedimentary basins greatly affected by tectonic
processes (e.g. Piqué et al., 2002). The Middle and High Atlas Mountains expose the history of
two closely related intracontinental rift basins (Mattauer et al., 1977), encompassing sediments
from the Triassic to the Neogene, and deformed and exhumed during the Alpine Orogeny as part
of an aulacogen rift system (e.g. Frizon de Lamotte et al., 2008).

The Atlas rift basins recorded two main phases of crustal extension: i) Triassic to Early
Jurassic, with fault block mosaics, red beds, evaporites and basalts (e.g. Mattis, 1977); and ii)
Early Jurassic, with shallow- and deep-water argillaceous limestones, shallow and deep-water
carbonate build-ups, and carbonate platform depositional environments (Warme, 1988).

During the Early Jurassic, the Middle Atlas Basin was open towards the southwestern
end of the Tethys Ocean and was separated from the nascent northern Atlantic Ocean by the
Moroccan Meseta (Bassoulet et al., 1993). The sedimentary evolution of this basin was mostly
controlled by tectonic activity, combined with changes in the sedimentation rates and global
eustatic variations (Wilmsen and Neuweiler, 2008).

In the Middle Atlas, extensive shallow-water carbonate production during the
Hettangian—Pliensbachian (e.g. Wilmsen and Neuweiler, 2008) was followed by the rapid demise
of neritic carbonate production during the Pliensbachian—Toarcian transition. The demise of the
neritic carbonate factories resulted in a major lithological break in both shallow- and deep-water
settings. Carbonate-rich Pliensbachian rocks (informal unit of “Calcaires de 1'Ouarirt”;
Benzaquen et al., 1965) are overlain by marls at the base and siliciclastic-rich Toarcian sediments
at the top (“Couches d’Issouka”) (Benshili, 1989). This lithological break is associated with a
major climatic shift, from arid towards more humid, and global eustatic variations during the
earliest Toarcian (e.g. Bodin et al., 2016) which, associated with an increase in accommodation
Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
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space, allowed for the deposition of an expanded and continuous sedimentary record spanning the
Pliensbachian—Toarcian interval (Piqué et al., 2002). The biostratigraphy in the Middle Atlas has
been established with ammonites (zonation based on the Mediterranean zonation; Benshili, 1989;
El Hammichi et al., 2008) with further biostratigraphic data provided by benthic foraminifera
(Bejjaji et al., 2010).

[1.2.1. Description of the studied sections of the
Middle Atlas Basin

[1.2.1.1. Ait Moussa section

The Ait Moussa section is located SE of the village of Ait Moussa (N33°25'21.92";
W4°20'34.45™), exposed along the left side of the Ait Bazza wadi (Fig. 11.1). This outcrop exposes
approximately 60 m of a succession of alternating limestones, marly—limestone, and marls, with
ammonites, foraminifera, and other fauna. Previous studies and new ammonite data (unpublished
data) collected from the Ait Moussa section allow to identify the Algovianum, Emaciatum, and
Polymorphum zones (see also Benzaquen et al., 1965; Benshili, 1989; El Arabi et al., 2001; El
Hammichi, 2002). The lower part of the Upper Plienshbachian (Algovianum Zone) is dominated
by limestones with marly interbeds. The Algovianum—Emaciatum zone transition marks a gradual
increase in argillaceous sedimentation, characterised by an increase in the thickness of marl beds.
In general, limestones consist of fossiliferous biomicrites/wackestones, rich in belemnites and
ammonites. The Toarcian sediments (Polymorphum Zone) consist at the base of ~ 1.5 m of thin
marl-limestone alternations that become progressively more argillaceous upwards with rare thin
(centimetric) limestone beds.

[1.2.1.2. Issouka section

The Issouka section is located SW of Immouzer Marmoucha, near the village of Issouka
(N33°26°55.56°"; W4°20°33.83°") (Fig. 11.1). The outcrop exposes approximately 136 m of grey
and dark marls and limestones (e.g. Bejjaji et al., 2010), locally rich in ammonites. This study
analysed about 32m of the Toarcian succession. The topmost part of the Pliensbachian comprises
bioclastic limestones enriched in belemnites, bivalves, brachiopods, and siliceous sponges (see
also Ait-1tto et al., 2017, 2018). The beginning of the Lower Toarcian succession (Polymorphum
Zone) is characterised by marl-limestone alternations with foraminifera, belemnites, echinoids,
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and gastropods (Benshili, 1989; Bejjaji et al., 2010). Upwards, marls become dominant and with
intercalation of thin limestones beds (see also Ait-Itto et al., 2017, 2018).

[1.3. Material and methods

Thirty-eight marly samples were collected from the Upper Pliensbachian—Lower
Toarcian interval at the Ait Moussa (24 samples) and Issouka (14 samples from Lower Toarcian)
sections (Fig. 11.1) and analysed for TOC, TS, carbonate content, palynofacies, and thermal
maturity. TOC, TS, carbonate content, palynofacies, and thermal maturity analyses were
conducted in the Palynofacies and Organic Facies Laboratory (LAFO) of the Rio de Janeiro
Federal University (Rio de Janeiro, Brazil).

11.3.1. Kerogen isolation

Kerogen was isolated from the rock matrix using the standard, non-oxidative procedure
described, for example, by Tyson (1995) and Mendonga Filho et al. (2012), among others. First,
all samples were mechanically disaggregated to approximately 2 mm rock chips. Afterwards, each
sample was sequentially acid-treated to remove carbonates (HCI 37% for 18h), then silicates (HF
40% for 24h), and finally neoformed fluorides (HCI 37% for 3h). Between each step, pH was
neutralised with distilled water. The organic and non-organic materials were separated by
flotation using ZnCl (density between 1.9-2.0 g/cm®). The organic fraction was recovered, and
the heavy liquid was eliminated using drops of HCI (10%) followed by a wash with distilled
water. After this procedure, strew slides and plugs of concentrated kerogen were prepared.

11.3.2. Geochemical analysis

After acidification for carbonate content determination, TOC and TS were analysed with
LECO SC 144 device, following the ASTM Standard D4239-08 (2008) and NCEA-C-1282
(United States Environmental Protection Agency, U.S.EPA, 2002) methods.

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
10



- Jurassic gabbro
:] Mid. and Up. Jurassic outcrops
- Lower Jurassic outcrops

«-Errachidia

Demnat
Marrakech =

@ At Moussa studied section
‘Boumaine Q  ssouka studied section

0]

s .| 8 [Al Ait Moussa s .| 8 [ Issouka
&8s &8 B
(}49 E’l & c}‘@ é %)
Key. 114
G_reymarls 113
= £ Limestones »
D Discontinui O
§ 5 D Doy AEIE
e|s o Ss '§
g 38
2z E o8[5
|8 g S <)
Q s
& . 3|3
e U Lo
2ls|2 - llensbachian m
58|38
Bg ©
(e} &
J|2|d
e
B S
=
;.9
= | §’ -— “ i | & :
o tmn— ok ‘v 3 AT S '.-:‘a

Figure 11.1. General geological setting of the Ait Moussa and Issouka sections, Middle Atlas Basin
(Morocco). A. Palaeogeographic map of the western Tethys during the Early Jurassic (adapted from
Bassoulet et al., 1993; Mattioli et al., 2008). The black dash rectangle shows the limit of the map (B). B.
Geological map of the Jurassic outcrops in the Middle and High Atlas (Morocco; adapted from Hollard et
al., 1985). The black dash rectangle shows the limit of the studied outcrops (C). C. A - Ait Moussa section;
I - Issouka section. The duration of the PI-Toa Event is based in Ait-Itto et al. (2017, 2018). Ammonite
reference levels: 1 — Pleuroceras solare, Leptaleoceras accuratum, Leptaleoceras sp., Arieticeras
algovianum and Arieticeras bertrandi; 2 — Amaltheus sp. and Protogrammoceras meneghinii; 3 —
Amaltheus sp. and Pleuroceras transiens; 4 — Pleuroceras spinatum; 5 — Amaltheus sp.; 6 — Emaciaticeras
emaciatum and Eodactylites sp. Mid. and Up. — Middle and Upper; U.P — Upper Pliensbachian; E —
Emaciatum Zone; Chronostr. — Chronostratigraphy; PI-Toa E. — Pliensbachian—Toarcian Event.
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11.3.3. Palynofacies

Batches of kerogen isolates were sieved (20 pm), and strew slides were prepared
according to the methodological procedure outlined in Tyson (1995) and Mendonca Filho et al.
(2012). Additionally, unsieved strew slides were also prepared. Transmitted white light (TWL)
and incident blue light (fluorescence mode; FM) microscopic techniques were used for the
qualitative and quantitative (at least 300 particles per slide) examinations of the kerogen groups.
The main palynofacies kerogen groups, i.e., Phytoclast, Amorphous, and Palynomorph, and an
additional group, Zooclast (remains of animal-derived organic particles), were recognised using
pre-established descriptive categories (see Tyson, 1995; Mendonca Filho and Gongalves, 2017),
providing a robust and reproducible identification scheme. Strew slides counts were recalculated
as a relative percentage (%).

11.3.4. Vitrinite reflectance

Vitrinite reflectance (R,) was measured in 3 plugs of concentrated kerogen [two samples
from Ait Moussa (A10 and A19) and one from Issouka (11)]. Analysis followed the standard
procedures (ISO 7404-2, 2009) and was performed with a Carl Zeiss Axioskop 2-Plus microscope
equipped with a spectrophotometer J&M (MSP 200), with 50x objective in immersion oil
(ne=1.518-23 °C), according to ASTM Standard D7708 (2014). The microscope was calibrated
with Spinel (0.425 % R;) standard.

[1.4. Results

[1.4.1. Ait Moussa section

11.4.1.1. TOC, TS and carbonate content

In the Ait Moussa section, TOC average is 0.39 wt.%, reaching up to 0.64 wt.% in the
sample A4 (base of Emaciatum Zone; Fig. 1.2 and Table 11.1). TS varies between 0.01-0.59 wt.%
(average 0.16 wt.%), with the highest TS determined in the sample A7 (Emaciatum Zone; Table

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
12



I1.1). The carbonate content range between 23-78%, falling below 50% during Polymorphum
Zone (between samples A11-A24).

11.4.1.2. Palynofacies

In the Ait Moussa section, kerogen assemblages include the main kerogen groups:
Phytoclast, Amorphous, and Palynomorph, although dominated by the phytoclast components
(average ~ 60%, reaching up to ~ 82% in sample Al11, base of Polymorphum Zone; Fig. I1.2 and
Table 11.1).

11.4.1.2.1. Phytoclast Group

The Phytoclast Group is the most abundant kerogen group (Fig. 11.2 and Table 11.1), the
lowest contents are observed in samples A21 (32%), A24 (38%), A9 (42%) (Fig. 11.2 and Table
I1.1) and are dominated by opaque (OP; Fig. 11.3A) and non-opaque particles (NOP; Figs. 11.3B
and 11.3C). NOP average content is ~52% and OP average content is ~48%.
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Figure 11.2. TOC, carbonate content, palynofacies associations and main intervals (1 — 9) from Ait Moussa
section, Middle Atlas (Morocco). Phyto — phytoclasts; Palyno — palynomorphs; OP — opaque; NOP — non-
opaque; MP — marine palynomorphs; CAP — continental aquatic palynomorphs; TP — terrestrial
palynomorphs; 1 — recalculated to 100%.
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11.4.1.2.2. Amorphous Group

These particles present diffuse limits or are unstructured and are classified as amorphous
organic matter (AOM). The AOM is rare in all samples (average of ~ 6%; Fig. 1.2 and Table
11.1). AOM colouration varies between brown to pale brown in TWL (Figs. 11.3A and 11.3G) and
yellow to orange in FM and presents inclusions of palynomorphs (Figs. 11.3F and 11.3G).

11.4.1.2.3. Palynomorph Group

Particles belonging to the Palynomorph Group occur in moderate amounts in most
samples (average of ~ 30%), ranging from 12% (A11) to 60% (A24). Terrestrial palynomorphs
are mainly represented by sporomorphs (Figs. 11.3B and 11.3C), with some pollen grains occurring
in tetrads (Figs. 11.3C and 11.3F) or agglomerates (Fig. 11.3C). Pollens grains belonging to the
genus Classopollis (Fig. 11.3B) are present. Continental aquatic palynomorphs are represented by
very low amounts of zygospores of zygnemataceae and Botryococcus sp. (Fig. 11.3D and 11.3E).
The first occurrence of the genus Botryococcus sp. occurs in the sample A4, increasing in the base
of the Polymorphum Zone (samples Al12 and Al3; 61% and 21%, respectively). Marine
palynomorphs, such as dinoflagellate cysts (Nannoceratopsis gracilis (Fig. 11.3F), Luehndea
spinosa (Fig. 11.3G), acritarchs (Figs. 11.3B and 11.3F), and prasinophyte algae occur in low
amounts, peaking between samples A8-A13 (average of 13%). The Zoomorph subgroup is
mainly represented by foraminiferal test-linings.

11.4.1.3. Vitrinite Reflectance

Vitrinite reflectance values in the Ait Moussa section vary between 0.45% and 0.46% Ro.

11.4.2. Issouka section

11.4.2.1. TOC, TS and carbonate content

TOC contents in the Issouka section average 0.21 wt.%, reaching up to 0.31 wt.% in
sample 11 (base of the Polymorphum Zone). TS content is very low, ranging from 0.02 wt.% to
<0.01 wt.% (Table 11.2). The carbonate content ranges between 26-52%, with an average value
of 37% (Fig. 11.4 and Table 11.2).
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11.4.2.2. Palynofacies

In the Issouka section, Phytoclast Group is the most abundant kerogen group (average of
~ 88% and reaching up to ~ 99% in the sample 110; Fig. 11.4 and Table 11.2).

11.4.2.2.1. Phytoclast Group

Sample 19 records the lowest content of phytoclasts, 58% (Fig. 11.4 and Table 11.2). The
NOP (Fig. 11.5A) and OP (Fig. I1.5B) present average value of ~51%, and ~49%, respectively.

w

SP Tetrads
S

@

”

Sp Sp

Botryococcus sp.

3
H]

/ / %

by y

Pollen grain
agglomerate!

.....

Figure 11.3. Transmitted white light (TWL) and Fluorescence Mode (FM) photomicrographs of the studied
kerogen assemblages from the Ait Moussa section, Middle Atlas (Morocco). A. Sample A6 (Emaciatum
Zone) with opague (OP) and amorphous organic matter (AOM); B. Sample from Polymorphum Zone (A20)
with non-opaque phytoclasts (NOP), sporomorphs, Classopollis-pollens (orange arrow) and acritarch; C.
Sample A24 (Polymorphum Zone) with OP, NOP, sporomorphs, tetrads and pollen grain agglomerate; D.
TWL and FM images from sample Al2 (base of Polymorphum Zone) with Botryococcus sp. and
sporomorph; E. Example of degraded Botryococcus sp. from Polymorphum Zone; F. FM image of
Nannoceratopsis gracilis, AOM, sporomorphs, tetrad and small acritarch from sample A17 (Polymorphum
Zone); G. TWL and FM images from sample A9 (top of Emaciatum Zone) with Luehndea spinosa and
sporomorph; H. Examples of fungal spores from Polymorphum Zone (sample A20 with fungal spore and
sporomorph and sample A21). OP — Opaque phytoclast; NOP — Non-opaque phytoclast; Sp — Sporomorph;

AOM — Amorphous organic matter; N. gracilis — Nannoceratopsis gracilis.
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Table I1.1. TOC, TS, carbonate content and palynofacies data from Ait Moussa section, Middle Atlas Basin (Morocco).

Phytoclast! Palynomorph* ]
Sa:‘gple (\'AI'IIO;(:) ) TS (wt.%) (S?.';Z) 2?3’5%0:32; OP (%) NOP AéTOOJgQ%S nggfg‘(‘;/?;h Mar? Contin.® Continental palynomorphs(%) %{;}o). Zggg?;ggf:
(%) (%) (%) Sp. Tet. Agg. Botryo. 2yg.
A24 0.20 0.018 40 38 40 60 1 60 1 99 90 7 3 0 0 1 PA9
A23 0.22 0.013 43 65 52 48 1 34 1 99 93 6 1 0 0 1
A22 0.33 0.030 48 64 39 61 2 34 1 99 93* 3 2 1 1 0 PAS
A2l 0.22 0.16 49 32 24 76 24 35 1 99 99* 0 0 0 1 10
A20 0.45 0.056 47 51 39 61 10 36 0 100 96* 2 0 0 2 4 PAT
A19 0.51 0.098 39 71 59 41 5 23 0 100 97 0 0 3 0 1
Al8 0.54 0.23 41 62 59 41 2 33 2 98 98 0 0 2 0 3
Al7 0.46 0.15 40 76 54 46 2 19 6 94 98 0 0 2 0 3 PA®
A 16 0.33 0.075 33 69 39 61 1 29 0 100 96 2 1 0 1 2
Al5 0.57 0.20 35 64 56 44 2 29 0 100 78 8 9 5 0 5
Al4 0.32 0.012 39 77 37 63 1 21 0 100 87 5 2 5 2 1 PA5
A 13 0.25 0.012 23 49 41 59 3 45 10 90 74 0 3 21 3 4
A12 0.37 0.41 41 76 51 49 6 14 21 79 39 0 0 61 0 4
All 0.35 0.03 42 82 39 61 4 12 5 95 90 2 0 6 2 2 PAd
A10 0.56 0.31 57 46 46 54 9 40 15 84 93 1 0 2 4 4
A9 0.63 0.27 61 42 58 42 4 50 10 90 95 2 0 2 2 4 PA3
A8 0.29 0.13 - 65 54 46 9 21 15 85 90 3 0 5 3 5
A7 0.35 0.59 42 67 51 49 15 14 7 92 91 7 0 1 1 4
A6 0.28 0.12 39 55 55 45 9 30 3 97 98 0 0 2 0 6
A5 0.45 0.33 78 46 49 51 5 46 5 95 96 0 0 4 0 3 PAZ
A4 0.64 0.28 64 55 47 53 14 27 0 100 98 2 0 0 0 4
A3 0.27 0.15 41 58 45 54 8 20 2 98 96 3 1 0 0 13
A2 0.53 0.053 63 52 59 41 11 34 3 97 98 2 0 0 0 3 PAl
Al 0.22 0.12 53 64 44 54 7 29 2 98 90 7 3 0 0 0

Carb — carbonate content; OP — opaque; NOP — non-opaque; Mar — marine; Contin. — continental; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; Botryo. — Botryococcus sp; Zig. — Zygospores  of zygnemataceae; Zoo. — Zooclasts; * — recalculated to 100%; 2 — total marine
microplankton (dinoflagellate cysts, acritarchs and prasinophyte algae); ° — total continental palynomorphs (sporomorphs, tetrads, agglomerates, Botryococcus sp. and zygospores of zygnemataceae); *observation of fungal spores.
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11.4.2.2.2. Amorphous Group

Despite the very low abundance of AOM in the Issouka section (average of ~ 1%; Fig.
I1.4 and Table 11.2), AOM particles exhibit the same features as observed in the Ait Moussa
section. Colouration ranges between yellow and orange in FM and brown to pale brown in TWL.
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Figure 11.4. TOC, carbonate content, palynofacies associations from Issouka section, Middle Atlas
(Morocco). Layers with “x” — poorly exposed; Phyto — phytoclasts; Palyno — palynomorphs; OP — opaque;
NOP — non-opaque; MP — marine palynomorphs; CAP — continental aquatic palynomorphs; TP — terrestrial
palynomorphs; * - recalculated to 100%.

11.4.2.2.3. Palynomorph Group

Continental and marine palynomorphs occur in low amounts in most of the samples from
the Issouka section (Fig. 11.4 and Table 11.2), ranging from 1% (sample 110) to 40% (sample 19).
The observed palynomorphs consist mostly of sporomorphs (Figs. 11.5A-C), with some belonging
to the genus Classopollis. Tetrads (samples 11, I3, 15 to 17, 19, and 113, reaching up ~ 25% at 17)
and agglomerates of pollen grains (samples 11, I5, and 16; Fig. 11.5D) are also present. Despite the
presence of zygospores Of zygnemataceae, continental aquatic palynomorphs are mainly
composed by Botryococcus sp., with an increase during the base of Polymorphum Zone (samples
11 to I5, reaching up 60% at the sample 15; Fig. 11.5E). Marine components, such as dinoflagellate
cysts (Luehndea spinosa), acritarchs (Fig. 11.5F), and prasinophyte algae [Cymatiosphaera (Fig.
11.5G) and Tasmanites (Fig. I1.5H)] are present.
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Figure 11.5. Transmitted white light (TWL) and Fluorescence Mode (FM) photomicrographs of the studied
kerogen assemblages from Issouka section, Middle Atlas (Morocco). A. Sample 13 with opaque (OP), non-
opaque phytoclasts (NOP) and sporomorphs; B. TWL image with several OP, few sporomorphs and
amorphous organic matter (AOM); C. OP and sporomorphs; D. Sample 11 with pollen grain agglomerate
of Classopollis and OP; E. Several examples of Botryococcus sp. (sample 11); F-H. FM marine
palynomorphs: acritarch, Cymatiosphaera, and Tasmanites. OP — Opaque phytoclast; NOP — Non-opaque
phytoclast; Sp — Sporomorphs; Amorphous organic matter — AOM.

11.4.2.3. Vitrinite Reflectance

Vitrinite reflectance value in Issouka section is 0.48% R,.
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Table I1.2. TOC, TS, carbonate content and palynofacies data from Issouka section, Middle Atlas Basin (Morocco).

Sample TOC TS Carb Phytoclast CI):’:yto—cIa;\sltcl)P Amorphous | Palynomorph MZ?ZIynOT;sE; 3 Continental palynomorphs'(%) Zoo. Palynofacies
ID (wt.%) (wt.%) (wt.%) Group (%) (%) %) Group (%) Group (%) (%) (%) ’ 5. ot ig; BoFt)ryo. v (%) associations
114 0.27 0.02 34 96 51 49 1 3 0 100 100 0 0 0 0 0
113 0.21 <0.01 42 90 33 67 0 9 4 96 92 8 0 0 0 1
112 0.24 0.01 34 98 56 44 0 2 20 80 100 0 0 0 0 0 PA13
111 0.18 <0.01 40 91 38 62 0 9 0 100 100 0 0 0 0 0
110 0.17 <0.01 26 99 73 27 0 1 0 100 100 0 0 0 0 0
19 0.16 <0.01 52 58 48 52 1 40 3 97 96 2 0 0 2 1 PA12
18 0.16 0.02 31 96 51 49 1 25 75 100 0 0 0 0 0
17 0.18 0.02 30 96 54 46 1 2 20 80 50 25 0 0 25 1 PA11l
16 0.15 <0.01 32 83 48 52 0 16 2 98 96 2 2 0 0 1
15 0.21 0.01 37 95 55 45 1 4 17 83 0 10 10 60 20 0
14 0.22 0.02 32 90 50 50 1 9 0 100 57 0 0 36 7 0
13 0.27 0.01 40 88 59 41 1 10 6 94 58 3 0 39 0 1 PA10
12 0.28 0.01 48 82 47 53 0 18 0 100 65 0 0 35 0 0
11 0.31 0.01 46 74 51 49 0 26 0 100 52 5 4 39 0 0

Carb — carbonate content; OP — opaque; NOP — non-opaque; Mar — marine; Contin. — continental; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; Botryo. — Botryococcus sp; Zig. — Zygospores of zygnemataceae; Zoo. — Zooclasts; * —
recalculated to 100%; 2 — total marine microplankton (dinoflagellate cysts, acritarchs and prasinophyte algae); ® — total continental palynomorphs (sporomorphs, tetrads, agglomerates, Botryococcus sp. and zygospores of zygnemataceag).
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[1.5. Discussion

11.5.1. Thermal maturity

Vitrinite reflectance data from the Upper Pliensbachian—Lower Toarcian interval are within
the same range as data obtained for the lower and middle Pliensbachian in Ait Moussa by Sachse
etal. (2012), although slightly lower (vitrinite reflectance values between 0.5 and 0.6 % R,). In this
study, vitrinite reflectance indicates that the studied successions are immature (between 0.45 and
0.48 % R,). However, and at a basin-scale (see Bejjaji et al., 2010), thermal maturity might be
higher in regions with a different burial history.

11.5.2. Deposition and environmental conditions
during the Late Pliensbachian—Early Toarcian in the Middle
Atlas Basin inferred from kerogen assemblages

TOC contents in the Ait Moussa and Issouka sections reach up to 0.64 wt.% (Tables I1.1
and 11.2). The very low amounts of particles belonging to the Amorphous Group and the high
abundance of phytoclasts and terrestrial palynomorphs indicate that kerogen assemblages are
mostly of terrestrial affinity, suggesting proximity to the parent flora (Fig. 11.6). Marine organic-
walled microplankton, such as dinoflagellate cysts (Luehndea spinosa and Nannoceratopsis sp.),
acritarchs, and prasinophyte algae (Cymatiosphaera and Tasmanites), coupled with the presence of
marine macrofauna, such as belemnites and ammonites, show that deposition occurred in a marine
depositional environment.

In the ternary kerogen and palynofacies plot for marine series of Tyson (1995), the
dominance of the Phytoclast Group with low to moderate amounts of continental palynomorphs
indicates deposition in oxic and proximal depositional environments, although with some variation
(Fig. 11.6). Sample A21 from Ait Moussa falls in field V (near route D, see Figure 11.6 caption) and
has the highest AOM content, suggesting the punctual occurrence of suboxic-dysoxic conditions.
In general, palynofacies data from the Middle Atlas Basin are consistent with the overall
palynological context of the neighbouring High Atlas Basin (Fig. 11.1), where kerogen assemblages
are mostly of terrestrial affinity and with a minor contribution of marine microplankton (Bodin et
al., 2016).
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Figure 11.6. Ternary kerogen and palynofacies plots for marine series (Tyson, 1995) based on the relative
abundance of Phytoclast, Amorphous and Palynomorph Groups in the Ait Moussa and Issouka sections,
Middle Atlas (Morocco). Palynofacies and environmental fields: (1) highly proximal shelf or basin, (II)
marginal dysoxic-anoxic basin, (I11) heterolithic oxic shelf (proximal shelf), (1) shelf to basin transition,
(V) mud-dominated oxic shelf (distal shelf), (V1) proximal suboxic-anoxic shelf, (V1) distal dysoxic-anoxic
shelf, (VIII) distal dysoxic-oxic shelf and (1X) distal suboxic-anoxic basin. Transport paths: (A) direct path
from source to anoxic basin, (B) Phytoclasts move away from the source out across shallow-marine shelf,
(C) redirection of phytoclasts into the basin from route B, (D) continuation of route B with further reduction
in phytoplankton organic carbon values and progressive sorting of phytoclasts and palynomorphs and (E)

poorly defined shelf to basin pathway.

Based on the relative amount and occurrence of kerogen particles, the studied successions
were divided into several Palynofacies associations (PA); nine (1 to 9) in Ait Moussa and four in
Issouka (10 to 13). These PAs are interpreted to represent distinct intervals associated with Early
Toarcian palaeoenvironmental changes in the Middle Atlas Basin.

[1.5.2.1. Ait Moussa section

Palynofacies Association 1

This association corresponds to the lower part of the Ait Moussa section (Algovianum
Zone; Fig. 11.2 and Table 11.1). TOC reaches up 0.53 wt.%, and the carbonate content varies
between 41-63 wt.%. PAL kerogen assemblages are dominated by the Phytoclast Group (varying
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between 52-64%; Fig. 11.2 and Table I1.1). The Palynomorph Group is the second group in
dominance (reaching up 34%), mainly composed of terrestrial palynomorphs.

The relatively high amounts of terrestrial sporomorphs (some pollen grains occurring in
tetrads and agglomerates), low amounts of marine palynomorphs, and overall sedimentological
characteristics (alternation of thin marls and medium-bedded fossiliferous limestones rich in
belemnites and ammonites) suggest that deposition occurred in an oxic shallow-marine carbonate
depositional environment (Fig. 11.6).

Palynofacies Association 2

PA2 is characterised by the occurrence of Botryococcus sp. associated with low amounts
of marine palynomorphs. TOC contents are similar to PA1, with TOC reaching up 0.64 wt.%. PA2
is dominated by the Phytoclast Group, between 46-67% (Fig. 11.2 and Table 1l.1). The
Palynomorph Group is dominated by terrestrial palynomorphs, mainly by the sporomorph
subgroup.

Botryococcus sp. commonly thrives in shallow and oxygenated continental freshwater
lakes, ponds, or other stagnant water bodies, although it can be found in a variety of depositional
environments (mostly due to redeposition and fluvial transport) (Tyson, 1995). PA2 is interpreted
to broadly correspond to the same depositional environment as PA1 (most samples fall within field
I11; Fig. 11.6), however representing more proximal deposition.

Palynofacies Association 3

PA3 interval is characterised by an increase in marine palynomorphs (acritarchs and
dinoflagellate cysts) when compared with PA2. It corresponds to the Pliensbachian Toarcian
transition. TOC average is 0.49 wt.%, reaching up to 0.63 wt.% and carbonate content reach up to
61 wt.%. The Palynomorph Group increases in importance and is dominated by terrestrial
palynomorphs (sporomorphs).

PA3 is indicative of deposition in an oxic proximal marine environment (Fig. 11.6), as
suggested by the increased occurrence of marine palynomorphs, significant amounts of phytoclasts,
and the general sedimentological framework of the studied succession, i.e. increase in marly
(argillaceous) sedimentation. PA3 is difficult to interpret within the broad context of the Middle
Atlas Basin as it is lithologically different from Issouka, where the correlative interval is
dominantly calcareous. The sedimentological differences between these two nearby locations likely
reflect local variation in accommodation space, either driven by changes in sediment supply and
sedimentation rates or tectonic compartmentalization (Fedan, 1978). The increase in marine
components (acritarchs and dinoflagellate cysts) may also reflect local ecological conditions
associated with the posited Late Pliensbachian cooling (e.g. Price, 1999; Dera et al., 2011; Korte
and Hesselbo, 2011; Correia et al., 2017b), corroborated by belemnite §'®0 data from the Issouka
section (Ait-Itto et al., 2017), and preceding the palaeoenvironmental changes of the PI-Toa Event
(Littler et al., 2010) (Fig. 11.7).
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Palynofacies Association 4

PA4 corresponds to the first sediments deposited after the stratigraphic discontinuity
observed at the extreme base of the Lower Toarcian (around the Pliensbachian—Toarcian boundary)
and is characterised by an accentuated increase in Botryococcus sp. and phytoclasts particles (Fig.
11.2 and Table I1.1). TOC varies between 0.35-0.37 wt.%, and carbonate content reaches up to 42
wt.%.

The peak occurrence in Botryococcus sp. (61% in sample Al2) and the increase in
phytoclasts particles is interpreted to have resulted from a major transgressive pulse, retrogradation
of the shoreline and erosion of coastal areas (leading to re-sedimentation of Botryococcus sp. and
Phytoclast Group particles in offshore areas), and increased riverine OM input. The relatively good
preservation of Botryococcus sp. particles suggests some degree of environmental (oxygen)
restriction. This PA corresponds to the onset of the PI-Toa Event in the Middle Atlas Basin.

Palynofacies Association 5

PAGS is characterised by a decrease in Botryococcus sp. and an increase in sporomorphs and
tetrads and agglomerates of pollen grains. TOC reaches up 0.57 wt.%, and carbonate content vary
between 23-39 wt.% (Fig. 11.2 and Table I11.1).

The increase in sporomorphs, tetrads, agglomerates of pollen grains, and NOP are
interpreted to represent increased proximity to the shoreline (e.g. Tyson, 1995; Piefikowski and
Waksmundzka, 2009; Mendonga Filho et al., 2012). Progradation of the shoreline (regression) was
the result of high sedimentation rates due to intensification of continental weathering and increased
fluvial runoff and flux of terrestrial OM into the marine systems, consistent with warming and
enhancement of the hydrological cycle during the Pl-Toa Event and the Early Toarcian (e.g.
Jenkyns et al., 2002; Cohen et al., 2004; Hesselbo and Piefikowski, 2011; Kemp et al., 2011; Brazier
et al., 2015; Krencker et al., 2015; Percival et al., 2016; Them Il et al., 2017; Xu et al., 2017, 2018;
Izumi et al., 2018).

Palynofacies Association 6

PAG is characterised by the sporomorph subgroup dominance (average of 97%). PA6
kerogen assemblages are dominated by the Phytoclast Group, varying between 62-76% (Fig. 11.2
and Table 11.1). The Palynomorph group reaches up to 33% (Table 11.1). TOC average is ~ 0.46
wt.%, reaching up to 0.54 wt.%, and carbonate content varies between 33-41 wt. %.

PAG is interpreted as representing deposition in proximal and oxic environments, close to
the source area (Fig. 11.6), and in continuity with PA5. The presence of sporomorphs and
phytoclasts after PA5 reflects the adjustment to the depositional conditions to a decrease in
accommodation space and an increase of the energy of the depositional environment (regression)
(see PA5). The PI-Toa Event ends within PAG.
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Palynofacies Association 7

PA7 corresponds to the most complex kerogen assemblage of the studied samples, with
TOC values reaching up 0.45 wt.% and carbonate content averages of 48 wt.% (Fig. 11.2 and Table
I1.1). This PA is characterised by the lowest content of phytoclasts (32% in sample A21) with the
highest amounts of AOM and particles of the Zooclast Group (probably remains of foraminiferal
test-linings). Fungal spores are observed in the kerogen assemblages (Table 11.1).

PA7 isinterpreted to be the result of a transgressive episode associated with coastal erosion,
offshore sediment transport, and basin restriction (oxygen stressed) (Fig. 11.6). In addition to the
occurrence of spores and pollen grains, the presence of fungal spores suggests a strong connection
with climate-driven processes, i.e. increased warming and humidity in the source area (Tyson,
1995; Piefikowski et al., 2016). The occurrence of fungal debris in coastal sediments probably
represents allochthonous terrestrial material associated with the degradation of wood and leaves
(Tyson, 1995 and references therein) in continental/transitional environments.

Palynofacies Association 8

PA8 kerogen assemblages are dominated by phytoclasts, terrestrial palynomorphs, and low
AOM contents (Fig. 1.2 and Table I11.1). TOC reaches up 0.33 wt.%, and the carbonate content
vary between 43-48 wt.%.

The change from PA7 to PA8 is here interpreted to represent an initial regressive episode
and decreased environmental restriction.

Palynofacies Association 9

PA9 is dominated by palynomorphs, reaching up 60% (highest recorded value; Fig. 11.2
and Table 11.1), with low TOC values (0.2 wt.%) and low carbonate content (40 wt.%). This interval
is characterised by high relative content of sporomorph subgroup, marked by an increase of
sporomorphs, tetrads, and agglomerates of pollen grains.

The change from PA8 to PA9 is here interpreted to represent the continuation of the
regressive episode initiated in PAS.

11.5.2.2. Issouka section

Palynofacies Association 10

PA10 corresponds to the first sediments deposited after the stratigraphic discontinuity at
the base of the Toarcian. Although this discontinuity is more evident at Issouka than in Ait Moussa
(Fig. 11.1), TOC, carbonate content and the kerogen assemblages are broadly similar to PA4 of Ait
Moussa. TOC and carbonate content present average value of 0.26 wt.% and 41 wt.%, respectively.
PA10 is essentially characterised by the high amount of Botryococcus sp. and phytoclasts (Fig. 11.4
and Table 11.2). The occurrence of Botryococcus sp. in these intervals reflects the same
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transgressive tendency observed at Ait Moussa (PA4). The PlI-Toa Event is circumscribed to this
interval (see Ait-Itto et al., 2017, 2018).

Palynofacies Association 11

PA11 is characterised by a sharp decrease in Botryococcus sp. and is dominated by the
phytoclasts with small amounts of terrestrial palynomorphs (sporomorphs, tetrads and
agglomerates of pollen grains). TOC values reaching up 0.18 wt.% and carbonate content averages
31 wt.% (Fig. 11.4 and Table 11.2). The change from PA10 to PAL11 is interpreted to be related to
aggradation/progradation of the shoreline in a regressive context reflecting the same response to
the environmental changes registered at Ait Moussa (PA5 and PAG).

Palynofacies Association 12

PA12 is characterised by the sharp decrease of phytoclast content and the increase in
palynomorphs. TOC value in this interval is 0.16 wt.%, and carbonate content reaches up to 52
wt.%. The Palynomorph Group assemblages are enriched in sporomorphs and small amounts of
tetrads of pollen grains (Fig. 11.4 and Table 11.2).

PA12 is interpreted to be the result of the same transgressive episode observed at Ait
Moussa (PA7). Although this episode is more intense at Ait Moussa when compared to Issouka,
the increase in terrestrial palynomorphs suggests a connection with climate-driven processes, i.e.
increased warming and humidity in the source area (Tyson, 1995; Piefikowski et al., 2016),
associated with coastal erosion and offshore sediment transport. The differences observed in
kerogen assemblages between these two nearby locations reflect local changes in sediment supply.

Palynofacies Association 13

PA13 kerogen assemblages are dominated by phytoclasts, varying between 90-99%. The
Palynomorph Group reaches up 9 %. TOC average is 0.21 wt.%, reaching up to 0.27 wt.%, and
carbonate content varies between 2642 wt. % (Fig. 1.4 and Table 11.2).

PA13 is interpreted as representing deposition in proximal and oxic environments, close to
the source area (Fig. 11.6). The presence of phytoclasts and sporomorphs after PA12 reflects the
adjustment to the depositional conditions associated with a decrease in accommodation space
together with an increase of the energy of the depositional environment (regression).

11.5.3. Changes in relative sea-level during the Late
Pliensbachian—Early Toarcian and the PI-Toa Event in the
Middle Atlas Basin
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Overall, the Late Pliensbachian Emaciatum (=Spinatum) Zone is regarded as a cool climate
interlude, speculatively leading to the development of ice-house conditions (e.g. Price, 1999; van
de Schootbrugge et al., 2005; Dera et al., 2011; Korte and Hesselbo, 2011; Suan et al., 2011; Price
et al., 2013; Silva and Duarte, 2015; Ruebsam et al., 2019). This cooling event was associated with
a significant eustatic sea-level fall and the occurrence of widespread hiatuses and other major
erosional surfaces throughout the West Tethys and Arctic shelf seas (e.g. Marjanac and Steel, 1997,
Hardenbol et al., 1998; Hallam, 2001; Suan et al., 2011; Barth et al., 2018). The Emaciatum Zone
in both studied sections of the Middle Atlas Basin is characterised by the dominantly regressive
calcareous “Calcaires de 1’Ouarirt” (Figs. II.1, 1.2, 11.4 and I1.7). Similar limestone-dominated
units are observed in the High Atlas Basin (Ouchbis Formation; Bodin et al., 2016) and Lusitanian
Basin (Lemede Formation; Duarte, 2007). This regressive trend is traceable across several
European locations (e.g. Hardenbol et al., 1998; Morard et al., 2003; Quesada et al., 2005; Dera et
al., 2010).

The earliest Toarcian is characterised by a major eustatic sea-level rise (locally associated
with tectonic activity), which led to a major transgression in many basins worldwide (e.g. Hallam,
2001; Hardenbol et al., 1998; Wilmsen and Neuweiler, 2008; Duarte et al., 2010; Haq, 2018). This
transgression was coincidental with a change to warmer and more humid climates and increased
continental weathering and fluvial runoff (e.g. Cohen et al., 2004; McArthur et al., 2008; Bodin et
al., 2010; Jenkyns, 2010; Korte and Hesselbo, 2011; Percival et al., 2015). In many locations,
including the reference section of Peniche (Portugal) where the Toarcian GSSP is defined (see Pittet
et al.,, 2014; Rocha et al., 2016), this time interval is characterised by the rapid transition
(transgression) from shallow marine carbonates to hemipelagic marls (e.g. El Arabi et al., 2001;
Wilmsen and Neuweiler, 2008; Duarte et al., 2010; Suan et al., 2010). In the Middle Atlas Basin,
this transgressive event is materialized by the widespread deposition of marls and shales (“Couches
d’Issouka”), owing to the combined action of 1) tectonic activity (Benshili, 1989), ii) the onset of
the Early Toarcian eustatic sea-level rise (e.g. Hardenbol et al., 1998; Hallam, 2001; Haq, 2018)
and iii) the demise in the neritic carbonate factories which resulted in a major lithological break in
both shallow- and deep-water settings, as reported in High Atlas Basin (see Wilmsen and
Neuweiler, 2008; Bodin et al., 2016) (Fig. 11.7). As aforementioned, the extreme base of the Lower
Toarcian in the Middle Atlas Basin represents a 2"-order transgressive-regressive (T-R) cycle
boundary (Hardenbol et al., 1998; Jacquin and de Graciansky, 1998). Due to the resolution of this
study, 3™-order depositional sequences are not recognised in the Early Toarcian. The succession
from the Late Pliensbachian (Emaciatum Zone) may correspond to the 3"-order regressive phase
in Hardenbol et al. (1998); the low-resolution sampling of the Algovianum Zone (PA1l) and
transition with Emaciatum Zone does not allow a clear identification of the 3"-order transgressive
phase (Fig. 11.7).

Variation of sedimentary OM during the Early Toarcian (Polymorphum Zone) in the
Middle Atlas Basin is interpreted to be associated with 4"™-order relative sea-level changes driven
by a combination of eustatic/tectonic and climatic/environmental forcing (Fig. 11.7). Due to the
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poor constraint or absence of the top of the Polymorphum Zone and the different hierarchical
sequential schemes (3"-order in Pittet et al. (2014) and 4™-order in this work), it is not possible to
establish a sequential correlation with the reference section of Peniche.

Overall, PA2 follow the Late Pliensbachian regressive trend (Figs. 11.6 and I1.7).
Deposition in a proximal shallow-water environment with continental influence is indicated
through the high abundance of phytoclasts particles, presence of Botryococcus sp., and
sporomorphs.

During the Pliensbachian—Toarcian transition, depositional conditions differed between Ait
Moussa (PA3) and Issouka. The sedimentological differences between these two nearby locations
reflect local changes in accommodation space, likely driven by variation in sediment supply and
sedimentation rates, tectonic compartmentalization, or other ecological parameters, such as nutrient
availability, water column depth, turbidity, etc. The increase in marine palynomorphs abundance
(Nannoceratopsis gracilis and Luehndea spinosa) at Ait Moussa (PA3) is coincidental with the
posited Late Pliensbachian cooling (see references above), which predated the PI-Toa Event.

Lower Toarcian kerogen assemblages from Ait Moussa and Issouka record two short-term
transgressive events (PA4, PA7, PA10 and PA12, respectively), where increases in Botryococcus
sp., AOM particles and terrestrial palynomorphs indicate probable episodes of coastal erosion
associated with transgression (of eustatic/tectonic? origin) concomitant with warmer and more
humid climates leading to an increase in continental weathering and fluvial runoff. PA4 and PA10
correspond to the onset of the PI-Toa Event.

Regressive intervals (PA5, PA6, PA8, PA9, PAl1l and PA13) are characterised by
phytoclasts particles and increases in sporomorphs, tetrads, and agglomerates of pollen grains.
Kerogen assemblages from the Middle Atlas Basin (PA4, PA5, PA6, PA8, PA9, PA10, PA11 and
PA13) suggest increased riverine runoff and terrestrial OM flux to the marine environments,
indicating that regression occurred when sedimentation rates outpaced the rates of Early Toarcian
sea-level rise (Posamentier and Allen, 1999; Catuneanu, 2006, 2017; Hag, 2018). Increased
sedimentation rates in the Middle Atlas Basin resulted from the posited warming and intensification
of the Lower Toarcian hydrological cycle, leading to enhanced continental weathering and
increased fluvial runoff and riverine OM input into marine areas (e.g. Jenkyns et al., 2002; Cohen
etal., 2004; McArthur et al., 2008; Bodin et al., 2010; Littler et al., 2010; Hesselbo and Piefikowski,
2011; Brazier et al., 2015; Krencker et al., 2015; Percival et al., 2016; Them Il et al., 2017; Xu et
al., 2017, 2018; lzumi et al., 2018). PA5 and PAG6 are included in the later stages of the PI-Toa
Event interval (Jenkyns, 1988; Cohen et al., 2004; Percival et al., 2016; Them Il et al., 2017; Xu et
al., 2017; Izumi et al., 2018).
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Figure 11.7. Inferred Transgressive—Regressive (T-R) cycles, palynofacies associations and shoreline
trajectories, main sedimentary events, tentative of palaeoenvironmental evolution, correlation with belemnite
580 data (Ait-1tto et al., 2017), and comparison with the T-R cycles in the Tethyan areas for the Upper
Pliensbachian (Algovianum Zone)-Lower Toarcian (Polymorphum Zone) at the Ait Moussa section, Middle
Atlas (Morocco).

11.6. Conclusions

This study presents new geochemical, palynofacies and thermal maturity data from the
Upper Pliensbachian—-Lower Toarcian marine successions at Ait Moussa and Issouka (Middle Atlas
Basin, Morocco). From these datasets and their interpretation, it is possible to conclude that:

- The studied successions have low TOC contents and kerogen assemblages are dominated
by organic particles from the Phytoclast Group. Vertical palynofacies variation was controlled by
proximity to the shoreline, water depth, environmental restriction, climate, accommodation space,
and tectonism.

- Vitrinite reflectance data show that organic material in the studied successions is
immature.

- The studied Middle Atlas sections are some of the best examples of the Early Toarcian
sea-level rise and the joint response of litho- and biosphere to sea-level change. Increases in
Botryococcus sp., AOM, and terrestrial palynomorphs indicate episodes of coastal erosion
associated with transgression related with eustatic rises/tectonic pulses? and warmer and more
humid climates, whereas heterogeneous phytoclast assemblages with increases in sporomorphs and
pollen grains occurring in tetrads and agglomerates indicate regressive episodes associated with
increased sedimentation rates. Increased continental weathering, fluvial runoff, and input of
riverine OM into marine areas resulted from warming and enhancement of the hydrological cycle
during the Early Toarcian and the Pl-Toa Event.
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Abstract

The Early Toarcian Oceanic Anoxic Event (TOAE) is characterised by major
palaeoenvironmental and palaeoceanographical changes (ocean anoxia, global warming, ocean
acidification, among others), and a severe perturbation of the global carbon cycle. Although
widespread oceanic anoxia was a significant control on the occurrence of organic-rich facies during
the TOAE in several locations of the northern Tethyan margin, the effects of anoxia, oceanic
productivity, and dilution are poorly understood in other worldwide locations, such as the southern
Tethyan and Iberian margins.

In this study, we report new geochemical [total organic carbon (TOC), sulphur (TS),
CaCOg, 6C from kerogen isolates (3Ckerogen)], palynofacies and thermal maturation data from
the Upper Pliensbachian—Lower Toarcian successions in La Cerradura and Fuente Vidriera,
External Subbetic domain, Betic Cordillera (SE Spain). The obtained results indicate that these
successions have low TOC contents (~ 0.3 wt.%), with TOC reaching up to 0.46 wt.% around the
Polymorphum-Serpentinum ammonite zone boundary in La Cerradura. 5**Ckerogen N€gative carbon
isotope excursions are observed at the base of the Polymorphum Zone, the Pliensbachian—Toarcian
Event (PlI-Toa Event), and base of the Serpentinum Zone (TOAE). Overall, the low maturity
kerogen assemblages are dominated by terrestrial OM and with a minor marine component. Small
increments in terrestrial OM, non-opaque phytoclasts, and palynomorphs are observed just before
and during the TOAE in the studied area.

During the Early Toarcian, in the External Subbetic domain, accumulation and preservation
of OM was low and with a significant terrestrial contribution, similarly to other locations around
the southern margins of Iberia and Tethys. The dominance of the opaque phytoclast subgroup, the
occurrence of Classopollis, and the relatively more positive 5*3C of terrestrial kerogen suggest that
OM was mostly sourced from an area characterised by a semi-arid climate (i.e. with pronounced
arid periods) during most of the Polymorphum Zone. The TOAE negative carbon isotope excursion
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is accompanied by an increase in terrestrial OM, with a slight increase in the non-opaque phytoclast
subgroup and terrestrial palynomorph subgroup. The increase of non-opaque phytoclast and
terrestrial palynomorphs are in line with the posited enhancements of the hydrological cycle and
export of terrestrial OM into marine environments during the TOAE. This study suggests a link
between 3C fractionation during photosynthesis in C3 plants and climate during the Early Toarcian.
This link suggests coupling of the water and terrestrial carbon cycles before and during the TOAE.

Keywords: Organic geochemistry; Palynofacies; °C fractionation; PI-Toa Event; TOAE; Iberian
Peninsula.

l11.1. Introduction

The Early Toarcian records major environmental changes affecting climate, ecosystems,
geochemical cycles, and the widespread occurrence of organic-rich sediments in many locations of
the northwestern Tethyan, Boreal and Panthalassic margins (e.g. Jenkyns and Clayton, 1986; Fleet
et al., 1987; Jenkyns, 1988, 2010; Baudin et al., 1990; Rohl et al., 2001; Suan et al., 2011, 2015;
Caruthers et al., 2014; Al-Suwaidi et al., 2016; Them Il et al., 2017; Silva et al., 2017; Fantasia et
al., 2018b; Ruebsam et al., 2018). An important perturbation of the global carbon cycle is coeval
with the most significant episode of organic matter (OM) deposition and preservation during the
Early Toarcian (e.g. Jenkyns, 1988; Hesselbo et al., 2000). This interval corresponds to the Early
Toarcian Oceanic Anoxic Event (TOAE) and is characterised worldwide by a negative carbon
isotopic excursion (CIE) at the base of the Serpentinum/Falciferum/Levisoni ammonite Zone,
superimposed on a broader early Toarcian positive CIE recorded in carbonates, fossil wood and
OM (e.g. Jenkyns and Clayton, 1986; Jenkyns, 1988, 2010; Hesselbo et al., 2000, 2007; Jenkyns et
al., 2002; Cohen et al., 2004; Hermoso et al., 2009; Bodin et al., 2010, 2016; Littler et al., 2010;
Suan et al., 2010, 2011, 2015; Reolid et al., 2012; Kafousia et al., 2014; Caruthers et al., 2014;
Kemp and Izumi, 2014; Al-Suwaidi et al., 2016; Piefikowski et al., 2016; Silva et al., 2017; Them
Iletal., 2017; Xu et al., 2017; Fantasia et al., 2018b; Ruebsam et al., 2018).

Preservation and accumulation of OM in marine environments depends on the complex
interplay between several mechanisms and feedbacks (e.g. productivity, preservation due to anoxia,
dilution of OM, and water column stratification; Tyson, 1995; Zonneveld et al., 2010). Although
ocean anoxia was a significant control in OM preservation in many locations of the northwestern
Tethyan margin (see Jenkyns and Clayton, 1986; Fleet et al., 1987; Jenkyns, 1988, 2010; Baudin
et al., 1990; Rohl et al., 2001; Xu et al., 2018; Baroni et al., 2018), the relative contributions of
anoxia (or lack thereof), productivity and sedimentary dilution leading to the occurrence of organic-
rich facies in the Tethyan and Panthalassic margins during the Early Toarcian are still poorly
understood.
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There is a marked dichotomy between the northern and southern Tethyan margins
regarding the distribution of OM. Lower Toarcian organic-rich facies are restricted to the
northwestern Tethyan margin, Boreal area, and several Panthalassic sections (e.g. Jenkyns and
Clayton, 1986; Jenkyns, 1988, 2010; Rohl et al., 2001; van de Schootbrugge et al., 2005, 2013;
Hesselbo et al., 2007; Suan et al., 2011, 2015; Caruthers et al., 2014; Them Il et al., 2017; Baroni
et al., 2018; Ruebsam et al., 2018) and contrast with the low organic contents and expanded
thickness of contemporaneous successions of the southern Tethyan and Iberian margins, where the
Lower Toarcian reaches up to ~150 m such us observed in Morocco (e.g. Bodin et al., 2010, 2016).
Contrariwise, the shallow-water Lower Toarcian stratigraphic successions in the Betic Cordillera
(southern Spain) are remarkably thin and poor in OM (low in TOC content; Rodriguez-Tovar and
Reolid, 2013; Reolid, 20144, 2014b; Reolid et al., 2014). Based on geochemical detrital proxies
(Si/Al, K/Al, Rb/Al, Ti/Al, and Zr/Al), Rodriguez-Tovar and Reolid (2013) and Reolid (2014a,
2014b) suggested that organic input from emerged areas broadly dominated sedimentary OM in the
External Subbetic domain (Betic Cordillera) during the Early Toarcian, with subordinated
dependence in marine productivity and redox conditions at the seafloor. Lack of persistent anoxia
(at least in bottom-waters) was favoured by local physiography and vigorous circulation, leading
to the organic-poor sediments of the south Iberian Palaeomargin (Rodriguez-Tovar and Uchman,
2010; Rodriguez-Tovar and Reolid, 2013; Reolid, 2014a, 2014b).
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Figure I11.1. Geological map of the Jurassic outcrops in the Betic Cordillera and the Tabular Cover (south
Iberian Palaeomargin) and location of the La Cerradura section (CE) and Fuente Vidriera section (FV)
(adapted from Rodriguez-Fernandez et al., 2016). Note: Undiffer. — Undifferentiated.

This study is focused on the characterisation of sedimentary OM (palynofacies and §3C
analysis), conducted for the first time in fine-grained marly samples from two key sections in the
External Subbetic: La Cerradura and Fuente Vidriera (Figs. 111.1 and 111.2). The main objective of
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this study is to investigate palaeoclimatic, palaeogeographical, and palaeoceanographical controls
on the occurrence of organic facies during the Early Toarcian in the south Iberian Palacomargin
and, therefore, elucidate on the observed dichotomy regarding the distribution of organic-rich facies
between the northern and southern Tethyan margins.

l1l.2. Geological background

The External Zones of the Betic Cordillera extends across the south and south-eastern
Spain and comprises the Prebetic and Subbetic domains, with a thick Triassic—Miocene
sedimentary column (Vera, 2004). The south Iberian successions were deposited in a large shallow
carbonate platform developed during the earliest Jurassic (Garcia-Hernandez et al., 1989; Vera,
2004). After the Early Pliensbachian, the epeiric platform was fragmented by a rifting episode, and
the Prebetic and Subbetic domains were differentiated. After rifting, the distal setting of the south
Iberian Palaeomargin, represented by the Subbetic domain, was affected by listric faults and
evolved to pelagic swells with low subsidence and central troughs (see Vera, 2004).

The La Cerradura (Jaén; 37°41°47.8""N; 3°37°57.6”"W) and Fuente Vidriera (Murcia;
38°03719.8""N; 2°07°01.7"E) sections are located in the External Subbetic (Fig. I11.1). The studied
Lower Jurassic successions in this area consist of hemipelagic facies of marls and marly limestones
dated as Upper Pliensbachian—Aalenian (Zegri Formation; Fig. 111.2). Ammonite biostratigraphy is
used for correlation and follows Jiménez (1986) and Jiménez and Rivas (2007).

I11.2.1. Description of the studied sections

[11.2.1.1. La Cerradura section

The La Cerradura section is located in the province of Jaén, ~17 km south of the city of
Jaén, and crops out in a road-cut along motorway A44. The section extends from the Algovianum
Zone (Pliensbachian) to the Serpentinum Zone (Toarcian) and consists of about 81 m of marl-
marly limestone rhythmites belonging to the Zegri Formation (Reolid et al., 2018, and references
therein). The studied interval corresponds to ~ 25 m of the upper part of the sedimentary succession
(Fig. 111.2). The lower part of the studied interval consists of white—grey marly limestones and grey
marls with abundant ammonites and trace fossils, and it is dated from the top of Emaciatum Zone
(uppermost Pliensbachian) and Polymorphum Zone (Lower Toarcian) based on foraminiferal
assemblages and ammonites (Ruget and Martinez-Gallego, 1979; Jiménez, 1986). The reduced
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thickness and the large number of ammonites observed at the top of the Polymorphum Zone suggest
the existence of an omission surface at the Polymorphum-Serpentinum boundary.

The Serpentinum Zone is represented by a thick interval of dark grey marls with rare fossils
of invertebrates (Sandoval et al., 2012; Reolid et al., 2014; Baeza-Carratald et al., 2017). The
significant colour change observed (Fig. 111.2) is related to the decrease of carbonate content and
the increase in clay minerals (Reolid et al., 2014, 2019a).

111.2.1.2. Fuente Vidriera section

The Fuente Vidriera section is located in the province of Murcia. This section comprises
approximately 50 m of marls with marly—limestone intercalations and the studied interval
corresponds to ~ 25 m, belonging to Zegri Formation (Polymorphum and Serpentinum zones;
Jiménez and Rivas, 2007) (Fig. I11.2). Chronostratigraphy of Fuente Vidriera section is based on
stratigraphic correlation due to the scarcity of index fossils (Jiménez and Rivas, 2007). In addition,
foraminiferal studies (Ruget and Martinez-Gallego, 1979) have been also conducted in this section.
Despite the chronostratigraphic uncertainty regarding placement of zone boundaries, the
Polymorphum and Serpentinum zones are identified in this location (Jiménez, 1986; Jiménez et al.,
1996; Jiménez and Rivas, 2007).

111.3. Material and methods

Twenty-eight marly samples were collected from the uppermost Pliensbachian—Lower
Toarcian interval at the La Cerradura (18 samples) and Fuente Vidriera (10 samples) sections (Fig.
111.2) and analysed for total organic carbon (TOC), total sulphur (TS), total carbonate content
(CaCO0s), 8'3C in kerogen isolates (8%Crkerogen), palynofacies and thermal maturation. To avoid
contamination and to minimize the impact of weathering related alteration of the sediments, the
sampling was performed after removal of about 15 cm of superficial sediments. TOC, TS, CaCOs,
813Cherogen, palynofacies and thermal maturation analysis were conducted in the Palynofacies and
Organic Facies Laboratory (LAFO) of the Rio de Janeiro Federal University (Rio de Janeiro,
Brazil). 82Ckerogen Was analysed at MAREFOZ Laboratory (University of Coimbra, Portugal).
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Figure 111.2. Simplified stratigraphic logs of the uppermost Pliensbachian—Lower Toarcian interval in the La
Cerradura and Fuente Vidriera sections (modified from Reolid et al., 2014; Reolid, 2014a). The duration of
the TOAE in La Cerradura section is based in Reolid et al. (2014) and Fuente Vidriera in Reolid (2014a). A.
Field view of La Cerradura section; B. Field view of Fuente Vidriera section. Chronostr. —
Chronostratigraphy; Up. Pliens. — uppermost Pliensbachian; Ema. — Emaciatum Zone; Poly — Polymorphum

Zone.

111.3.1. Kerogen isolation

Kerogen was isolated from the rock matrix using the standard, non-oxidative procedure
described, for example, by Tyson (1995) and Mendonga Filho et al. (2012), among others. First, all
samples were mechanically disaggregated to approximately 2 mm rock chips. Afterwards, each
sample was sequentially acid-treated to remove carbonates (HCI 37% for 18 h), then silicates (HF
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40% for 24 h), and finally neoformed fluorides (HCI 37% for 3 h). Between each step, the pH
material was neutralised with distilled water. The organic and non-organic material were separated
by flotation using ZnCl. (density between 1.9-2.0 g/cm?3). The organic fraction was recovered, and
the heavy liquid was eliminated using drops of HCI (10%) followed by a wash with distilled water.

After the flotation process, the isolated kerogen was sieved at 20 pum.

111.3.2. Geochemical analysis

After acidification for CaCOs content determination, obtained by difference through the
insoluble residue, TOC and TS were determined using a LECO SC 144 device, with an analytical
precision of +0.1% and following the ASTM Standard D4239-08 (2008) and NCEA-C-1282
(United States Environmental Protection Agency, U.S.EPA, 2002) methods.

111.3.3. Palynofacies

Batches of kerogen isolates were sieved (20 pm) and unsieved strew slides were prepared
according to the methodological procedure outlined in Tyson (1995) and Mendonca Filho et al.
(2012). Transmitted white light (TWL), reflected white light (RWL), and incident blue light
(fluorescence mode; FM) microscopic techniques were used for the qualitative and quantitative (at
least 300 particles per slide) examinations of the kerogen groups. The main palynofacies kerogen
groups, i.e., Phytoclasts, Amorphous, and Palynomorphs, and an additional group, Zooclast, were
recognised using pre-established descriptive categories (see Tyson, 1995) and Mendonga Filho et
al. (2012), providing a robust and reproducible identification scheme (see Tables 111.1 and 111.2).
The obtained strewn slides counts were recalculated as relative percentage (%).

111.3.4. Vitrinite reflectance

Vitrinite reflectance (R,) was measured in 5 plugs of concentrated kerogen prepared
according to standard procedures (ISO 7404-2, 2009), [2 samples from La Cerradura (CE 15 and
CE 39) and 2 from Fuente Vidriera (FV -1 and FV 18)]. The analyses were performed with a Carl
Zeiss Axioskop 2-Plus microscope equipped with a spectrophotometer J&M (MSP 200), with 50x
objective in immersion oil (ne=1.518-23°C), according to ASTM Standard D7708 (2014). The
microscope was calibrated with Spinel (0.425% Rr) standards.
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111.3.5. 8*3Crerogen

Kerogen concentrates (see section 111.3.1) were mounted in tin capsules and 6*3C was
determined in carbonate-free (8*3Ckerogen) fraction using a Flash EA 1112 Series elemental analyser
coupled online via a Finningan Conflo Il interface to a Thermo Delta V S mass spectrometer.
Internal precision is better than +0.1%o for 3*C (Acetanilide Standard from Thermo Electron
Corporation). Gas species of different mass were separated in a magnetic field then simultaneously
measured using a Faraday cup collector array to measure the isotopomers of CO, at m/z 44, 45, and
46.

111.4. Results

111.4.1. La Cerradura section

111.4.1.1. TOC, TS and carbonate content

TOC average is ~ 0.3 wt.%, reaching up to ~ 0.46 wt.% in sample CE 31 (around the
boundary between the Polymorphum-Serpentinum zones; Fig. 111.3 and Table 1l1.1). TS vary
between 0.01-0.27 wt.% (average value of 0.09 wt.%), with the highest TS contents observed in
sample CE 17. The CaCOs; contents range between 32—-80%, with a slight decrease between samples
CE 35 and CE 15 (Fig. I11.3 and Table 111.1), especially in the dark grey marls of the Serpentinum
Zone.

111.4.1.2. Carbon isotopes

813 Chrerogen VVaries between -23.30 and -20.74%o (Fig. 111.3 and Table II1.1). From uppermost
Emaciatum Zone until the base of Serpentinum Zone, 3*Ckerogen are relatively more positive,
between -22%o and -21%o. At the beginning of the Serpentinum Zone (sample CE 30), a slight
decrease of about 1.3%o is observed, reaching the minimum value of -23.30%o. Upwards, 8**Crerogen

values shift again to more positive values, between -22%o and -21%o (Fig. 111.3 and Table IIIL.1).
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111.4.1.3. Palynofacies

La Cerradura section is thermally immature (vitrinite reflectance values vary between
0.49% R, and 0.51% R,) and the kerogen assemblages include the main kerogen groups: Phytoclast,
Amorphous, and Palynomorph, dominated by the Phytoclast Group (average ~ 92%, reaching up
to ~ 99% in sample CE 6; Figs. 111.3 and 111.4, Table I11.1).
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Figure 111.3. TOC, CaCOgz, 8"Crkerogen and palynofacies associations from La Cerradura section, External
Subbetic (Betic Cordillera, SE Spain). Up. Pliensbachian — Upper Pliensbachian; Poly — Polymorphum Zone;
OP — opaque; NOP — non-opaque; C — continental; M — marine; Sporom. — sporomorphs; Agglom. —
agglomerates.

The Phytoclast Group is the most abundant kerogen group, with the lowest content is
observed in sample CE 31 (83%) (Figs. I11.3 and I11.4, Table 111.1). Opaque phytoclasts are the
main subgroup (average value of ~89%; Figs. I11.5A and I11.5B). The non-opaque phytoclasts
subgroup is the second most represented Phytoclast Group, averaging ~11% (Fig. I11.5A). Other
Phytoclast Group particles, such as cuticles, membranes, and sclereids are extremely rare or absent
(Fig. 111.5C).

The Amorphous Group is rare in all samples (average of ~ 1%; Figs. 111.3 and 111.4, Table
111.1). Particles present diffuse limits or are unstructured and are classified as amorphous organic
matter (AOM). AOM colouration ranges between brown to pale brown in TWL (Fig. 111.5D) and
yellow and orange in FM, presenting inclusions of palynomorphs and pyrite (Figs. I11.5E and
I11.5F).
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Particles belonging to the Palynomorph Group occur in low amounts in most of the
samples, ranging from 0% (CE 6) to 15% (CE 63) (Fig. 111.3 and Table 111.1). Most of the particles
have inclusions of pyrite (Fig. I11.6A).

La Cerradura _Field Depositional Environment Fuente Vidriera
| Higly proximal shelf or basin
Phytoclast (%) Il Marginal dysoxic-anoxic basin Phytoclast (%)

11l Heterolithic oxic shelf ("proximal shelf")
\% Shelf to basin transition

\% Mud-dominated oxic shelf ("distal shelf")
\ Proximal suboxic-anoxic shelf
VIl Distal dysoxic-anoxic shelf
VIl Distal dysoxic-oxic shelf
Distal suboxic-anoxic basin

Amorphous (%) Palynomorph (%) Amorphous (%) Palynomorph (%)
Figure 111.4. Ternary kerogen and palynofacies plots for marine series (Tyson, 1995) based on the relative
abundance of Phytoclast, Amorphous and Palynomorph Groups in the La Cerradura and Fuente Vidriera
sections, External Subbetic (Betic Cordillera, SE Spain). Palynofacies and environmental fields: (1) highly
proximal shelf or basin, (1) marginal dysoxic-anoxic basin, (111) heterolithic oxic shelf (proximal shelf), (1V)
shelf to basin transition, (V) mud-dominated oxic shelf (distal shelf), (VI) proximal suboxic-anoxic shelf,
(V1) distal dysoxic-anoxic shelf, (\VI11) distal dysoxic-oxic shelf and (1X) distal suboxic-anoxic basin.

Continental palynomorphs are mainly represented by terrestrial palynomorph subgroup
such as sporomorphs, with some pollen occurring in tetrads or agglomerates (Figs. 111.6D and
I11.6E). Pollens belonging to the genus Classopollis (Fig. 111.6B) are present. Continental aquatic
palynomorphs are represented by very low amounts of zygospores of zygnemataceae (Fig. 111.6F).

Marine palynomorphs, such as dinoflagellate cysts (Luehndea spinosa and
Nannoceratopsis gracilis; Fig. 111.6G), acritarchs (Fig. 1l11.6H), and prasinophyte algae
(Tasmanites) occur in low amounts in sample CE 59 (20%) and in the intervals between samples
CE 43-CE 31 (average of 23%) and CE 29-CE 25 (average of 17%). The Zoomorph Group is
represented by foraminiferal test-linings (Fig. 111.61).
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Figure 111.5. Transmitted white light (TWL) and Fluorescence Mode (FM) photomicrographs of the studied
kerogen assemblages from La Cerradura and Fuente Vidriera sections, External Subbetic (Betic Cordillera,
SE Spain). A. Sample CE 45 (top of Emaciatum Zone) with opaque (OP), non-opaque phytoclasts (NOP)
and sporomorph; B. OP assemblage with NOP and few sporomorphs from sample FV 19 (Serpentinum
Zone); C. Example of sclereid (Sc) and OP from sample CE 6 (Serpentinum Zone); D and E. TWL and FM
images from sample CE 35 (Polymorphum Zone) with AOM with palynomorphs (red arrow) and framboidal
pyrite (pink arrow) inclusions, OP, and NOP; F. FM image of AOM and tetrads from the genus Classopollis
(blue arrow) from sample CE 31 (around the Polymorphum-Serpentinum zone boundary); G and H. TWL
and FM images from sample FV 13 (Polymorphum Zone) with AOM with OP. OP — Opaque phytoclast;

NOP — Non-opaque phytoclast; Sc — Sclereids; AOM — Amorphous organic matter.
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Figure I11.6. Transmitted white light (TWL) and Fluorescence Mode (FM) photomicrographs of the studied

kerogen assemblages from La Cerradura and Fuente Vidriera sections, External Subbetic (Betic Cordillera,
SE Spain). A. TWL images with sporomorphs with pyrite inclusions, OP, and NOP (sample CE 15;
Serpentinum Zone) and an example of one sporomorph with trilete mark, OP, and NOP (sample FV 13;
Polymorphum Zone); B and C. FM images from sample CE39 (top of Emaciatum Zone) with a Classopollis
pollen grain and two tetrads from the genus Classopollis (blue arrow) and from sample FV 3 (base of
Polymorphum Zone); D and E. FM images from sample CE 25 (Serpentinum Zone) with a pollen grain
agglomerate and several sporomorphs (red arrow; sample CE 31); F. FM image of zygospore of
zygnemataceae and sporomorphs (red arrow) from sample CE 17 (Serpentinum Zone); G. TWL image from
sample FV 13 (Polymorphum Zone), with Luehndea spinosa, AOM, sporomorphs (red arrow), FM image
from samples CE 39 and CE 10 (top of Emaciatum and Serpentinum zones) with Luehndea spinosa and
Nannoceratopsis gracilis; H. FM image of sample CE 29 with acritarch; 1. TWL image from sample CE 39
(top of Emaciatum Zone) with foraminiferal test-linings with chambers filled with pyrite. OP — Opaque
phytoclast; NOP — Non-opaque phytoclast; Sp — Sporomorphs; Ls — Luehndea spinosa.
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Table 111.1. TOC, TS, CaCOj3 content, 5*3Ckerogen and palynofacies data from La Cerradura section, External Subbetic domain (Betic Cordillera, SE Spain).

Phytoclast! Palynomorph!
SRRl S St Al K L
(%) (%) (%) (%) Sp Tet Agg FM
(%) (%) (%) (%)

CE®6 0.17 0.01 66 -20,74 99 86 14 0 0 0 0 0 0 0 0 1
CE 10 0.32 0.16 56 -21.18 89 89 11 0 11 9 91 76 6 9 0 0
CE 12 0.27 0.08 64 -21.40 90 91 9 0 9 7 93 90 3 0 0 0
CE 15 0.31 0.12 46 -21.91 91 90 10 1 8 4 96 92 4 0 0 0
CE 17 0.35 0.27 47 -21.42 87 90 10 0 13 7 93 85 2 2 2 0
CE21 0.33 0.10 37 -21.53 90 82 18 1 10 6 94 91 3 0 0 0
CE 25 0.32 0.08 41 -21.74 92 93 7 0 8 15 85 58 12 4 12 0
CE 29 0.33 0.15 32 -22.78 92 91 9 0 8 19 81 65 8 8 0 0
CE 30 0.37 0.07 38 -23.30 94 96 4 0 6 0 100 89 11 0 0 0
CE31 0.46 0.10 42 -21.98 84 85 15 2 14 9 91 86 2 2 0 0
CE 33 0.34 0.10 55 -22.04 96 92 8 0 3 10 90 60 20 0 10 1
CE35 0.29 0.09 75 -21.84 97 90 10 0 2 29 71 57 14 0 0 0
CE 39 0.31 0.07 57 -21.83 94 86 14 0 5 24 76 71 6 0 0 0
CE 43 0.27 0.05 80 -22.08 96 90 10 2 2 43 57 43 0 0 14 0
CE 45 0.23 0.04 76 -22,07 98 86 14 1 2 0 100 60 0 0 40 0
CE 49 0.30 0.07 66 -22.01 96 82 18 0 3 0 100 89 0 0 11 1
CE 59 0.21 0.05 72 -22.02 93 90 10 0 5 20 80 67 7 0 7 2
CE 63 0.34 0.06 52 -22,59 85 94 6 0 15 2 98 83 4 4 6 0

OP — opaque; NOP — non-opaque; Mar — marine; Contin — continental; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; FM. — freshwater microplankton; * — recalculated to 100 %; 2 — total marine microplankton (dinoflagellate cysts,

acritarchs and prasinophyte algae); ® — total continental palynomorphs [sporomorphs, tetrads, agglomerates and freshwater microplankton (i.e., zygospores of zygnemataceae)].
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[11.4.2. Fuente Vidriera section

111.4.2.1. TOC, TS and carbonate content

TOC contents in Fuente Vidriera section average about 0.3 wt.%, reaching up to 0.44 wt.%
in sample FV -1 (uppermost Emaciatum Zone) and FV 3 (base of Polymorphum Zone; Fig. 111.7
and Table 111.2). TS contents are low, ranging from 0.01 to 0.009 wt.%. CaCQOs content ranges
between 46-77%, presenting an average value of 52% (Fig. I11.7 and Table 111.2).

111.4.2.2. Carbon isotopes

8% Crkerogen Varies between -24.55%o and -21.89%o (Fig. 1I1.7 and Table III1.2). Between
samples FV1 and FV 0b (extreme base of Polymorphum Zone), §*3Ckerogen decreases from -21.89%o
to -24.55%o, stabilising afterwards and maintain a positive trend between -23%o0 and -22%o. In
sample FV 19b (Serpentinum Zone), §*Ckerogen decreases again, reaching the minimum value of
the section (-24.55%o). Upwards, 3**Ckerogen Shifts to more positive values (Fig. 1.7 and Table
11.2).

111.4.2.3. Palynofacies

Fuente Vidriera section is also thermally immature (vitrinite reflectance values vary
between 0.50% R, and 0.51% R,) and the Phytoclast Group is the most abundant kerogen group
(average of ~ 92% and reaching up to ~ 100% in the first two samples; Figs. 111.4 and 111.7, Table
11.2).

Samples FV 3, FV 7t and FV 19b record the lowest Phytoclast Group contents, 76% and
85%, respectively (Fig. 111.7 and Table 111.2). Opaque phytoclast subgroup is the main subgroup
(average value of ~80%; Figs. I11.5B and 111.5G); Non-opaque phytoclast subgroup shows average
values of ~20% (Fig. 111.5B). Other Phytoclast Group particles, such as cuticles, membranes, and
sclereids were not observed.
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Figure 111.7. TOC, CaCOs, 8"Ckerogen and palynofacies associations from the Fuente Vidriera section,
External Subbetic (Betic Cordillera, SE Spain). U.P. — uppermost Pliensbachian; Ema. — Emaciatum Zone;

OP — opaque; NOP — non-opaque; C — continental; M — marine.

The particles from the Amorphous Group in Fuente Vidriera exhibits the same features as
the particles from the La Cerradura section. Colouration ranges between brown to pale brown in
TWL (Fig. I11.5G) and yellow and orange in FM (Fig. 111.5H). Despite the very low abundance of
AOM in the Fuente Vidriera section (average of ~ 3%; Figs. 111.4 and I11.7, Table 111.2), in sample
FV 3 (Polymorphum Zone) AOM constitutes 14% of the kerogen assemblage (Fig. 111.7 and Table

11.2).
Both terrestrial and marine kerogen particles from the Palynomorph Group occur in low

amounts in most of the samples from the Fuente Vidriera section (Fig. 111.7 and Table 111.2), ranging
from 0% (FV -1 and FV 0b) to 13% (FV 19b). The observed palynomorphs consist mostly of
terrestrial palynomorph subgroup such as sporomorphs (Fig. 111.6A), with some belonging to the
genus Classopollis. Tetrads (samples FV 3, FV 7t and FV 19b; Fig. 111.6C) and pollen grain
agglomerates (samples FV 3, FV 19b and FV 19m) are also present. In samples FV 3 and FV 18,
sporomorphs have pyrite framboid inclusions. Very low percentages of zygospores of
zygnemataceae represent continental aquatic palynomorphs, however with an increase in samples
FV 13 and FV 18. Marine palynomorphs, such as dinoflagellate cysts (Luehndea spinosa; Fig.

I11.6G) and acritarchs are rare.
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Table I11.2. TOC, TS, CaCOs3 content, 3*3Ckerogen and palynofacies data from the Fuente Vidriera section, External Subbetic domain (Betic Cordillera, SE Spain).

Phytoclast! Palynomorph?
sample ID TOC TS CaCO3;  8%Ckerogen | Phytoclast op NOP Amorphous | Palynomorph Mar? Contin® Continental palynomorphs' Zooclasts
(wt%) (wt%) (Wt%) (%0) Group (%) %) %) Group (%) Group (%) %) %) s e Adg = (%)
W) %) ) (%)

FV 19 0.25 0.013 46 -23.95 93 70 30 1 5 0 100 100 0 0 0 0
FV 19m 0.22 0.013 55 -22,79 96 69 31 1 4 0 100 91 0 9 0 0
FV 19b 0.19 0.013 47 -24.55 85 63 37 2 13 5 95 83 5 7 0 0
FV 18 0.27 0.012 59 -22.08 94 80 20 2 3 0 100 89 0 0 11 1

FV 17 0.33 0.009 56 -22.13 97 83 17 0 3 22 78 78 0 0 0 0

FV 13 0.36 0.013 49 -22.07 96 92 8 1 3 13 87 75 0 0 13 0

FV 7t 0.28 0.01 36 -22.91 85 79 21 6 9 4 96 89 7 0 0 0

FV3 0.39 0.071 49 -23.34 76 87 13 14 9 0 100 81 4 4 4 0

FV 0b 0.26 0.01 77 -24.55* 100 84 16 0 0 0 0 0 0 0 0 0

FV -1 0.44 0.01 60 -21.89 100 95 5 0 0 0 0 0 0 0 0 0

OP — opaque; NOP — non-opaque; Mar — marine; Contin — continental; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; FM. — freshwater microplankton; * — recalculated to 100 %; 2 — total marine microplankton (dinoflagellate cysts, acritarchs
and prasinophyte algae); ® — total continental palynomorphs [sporomorphs, tetrads, agglomerates and freshwater microplankton (i.e., zygospores of zygnemataceae)].
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[11.5. Discussion

111.5.1. 6%Ckerogen €vents and chemostratigraphic
correlation of the la Cerradura and Fuente Vidriera sections

Stable carbon isotopes are one of the most important and useful tools in sedimentary
geology, as they can be used to characterise, reconstruct, and trace past climatic and oceanographic
changes. The Upper Pliensbachian—Lower Toarcian interval is characterised by a well-known §*3C
pattern (similar in carbonates, fossil wood and OM). Superimposed on a broader Lower Toarcian
positive 8°C trend, the TOAE is characterised worldwide by a negative CIE at the base of the
Serpentinum/Falciferum/Levisoni Zone (e.g. Jenkyns and Clayton, 1986; Jenkyns, 1988, 2010;
Hesselbo et al., 2000, 2007; Jenkyns et al., 2002; Cohen et al., 2004; Hermoso et al., 2009; Bodin
et al., 2010, 2016; Littler et al., 2010; Suan et al., 2010, 2011, 2015; Reolid et al., 2012; Kafousia
et al., 2014; Caruthers et al., 2014; Kemp and lzumi, 2014; Piefikowski et al., 2016; Silva et al.,
2017; Them Il et al., 2017; Xu et al., 2017; Fantasia et al., 2018b). In many locations, a TOAE
positive CIE follows the TOAE negative CIE (e.g. Jenkyns and Clayton, 1986; Jenkyns, 1988,
2010; Hesselbo et al., 2000, 2007; Jenkyns et al., 2002; Cohen et al., 2004; Duarte et al., 2007;
Kafousia et al., 2014; Them Il et al., 2017).

Several mechanisms, or combinations thereof, are suggested as the cause for the TOAE
negative CIE and carbon cycle perturbation: eruption of the Karoo-Ferrar Large Igneous Province
(Palfy and Smith, 2000), rapid release of methane from gas hydrate contained in marine continental-
margin sediments (Hesselbo et al., 2000), thermogenic methane release related to sill emplacement
and magmatic intrusions (McElwain et al., 2005; Svensen et al., 2007), increased CO; input from
terrestrial OM decomposition due to increased fungal activity (Piefikowski et al., 2016), or
increased input of methane from terrestrial environments (Them Il et al., 2017). The TOAE is
preceded by a smaller scale negative CIE around the base of the Toarcian (Polymorphum Zone;
Hesselbo et al., 2007; Ruebsam et al., 2019), the PI-Toa Event (Littler et al., 2010). Littler et al.
(2010) suggested that the PI-Toa Event resulted from a perturbation (most likely analogous to the
one occurring during the TOAE) affecting the entire ocean-atmosphere system and coinciding with
an extinction phase in marine benthos at the Toarcian Stage boundary.

88Ccan from different sites in the External Subbetic show a similar pattern from the
uppermost Pliensbachian-Lower Toarcian, with the record of the TOAE negative CIE (e.g.,
Sandoval et al., 2012; Reolid, 2014a; Reolid et al., 2014). The obtained coarse-resolution 3**Ckerogen
record from Fuente Vidriera reveals a short negative CIE of about 3% between the Upper
Pliensbachian and Lower Toarcian, here interpreted to correspond to the Pl-Toa Event (cf.
Hesselbo et al., 2007; Littler et al., 2010) (Fig. 111.8). The PI-Toa Event excursion is not observed
in the dataset from the La Cerradura section, likely due to the coarse resolution of this dataset. The
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TOAE negative CIE at the base of the Serpentinum Zone is expressed in the 6**Ckerogen datasets
from La Cerradura and Fuente Vidriera (shift of ~1.5%o in La Cerradura and ~2.5%o in Fuente
Vidriera). Whether these values represent the full expression of the TOAE in the External Subbetic
is unknown. Even though these sections have high carbonate contents, a decrease in CaCQOs, more
expressive in La Cerradura, is also observed in this interval, interpreted to be associated with the
biocalcification crisis of the TOAE (Tremolada et al., 2005; Mattioli et al., 2009; Bodin et al., 2010,
2016; Sandoval et al., 2012; Reolid, 2014a; Reolid et al., 2014). After the TOAE negative CIE,
8Crkerogen presents a slight enrichment in °C (interpreted as the recovery interval of the
Serpentinum Zone), although without the well define positive CIE that marks the end of the TOAE
in several other basins (e.g. Hesselbo et al., 2000; 2007; Rohl et al., 2001; Suan et al., 2015; Silva
et al., 2017), probably because only the lower part of the Serpentinum Zone is preserved in both
sections (e.g. Sandoval et al., 2012; Fig. 111.8).

I11.5.2. Sources of organic matter during the Early
Toarcian in the External Subbetic sections

TOC contents from La Cerradura and Fuente Vidriera reaches up to 0.46 wt.% (Fig. 111.8
and Tables 111.1, 111.2), indicating that these sections are poor in OM [Rodriguez-Tovar and Reolid
(2013) reported a sample at the base of the Serpentinum Zone with a TOC content reaching up to
0.98 wt.%)].

The Phytoclast Group dominates the kerogen assemblages from La Cerradura and Fuente
Vidriera, clearly indicating sedimentary OM mostly of terrestrial affinity, with a minor expression
of marine microplankton, such as dinoflagellate cysts (Luehndea spinosa and Nannoceratopsis
gracilis), acritarchs, and prasinophyte algae.

High relative abundances of particles belonging to the Phytoclast Group in the kerogen
assemblages are usually interpreted to reflect high terrestrial supply, preferential preservation of
phytoclasts in oxidising conditions, selective sedimentation due to hydrodynamic equivalence, or
reworking of coastal sediments during transgressions (see Tyson, 1995 and references therein). In
both studied sections, the opaque phytoclast subgroup dominates the Phytoclast Group. Opaque
phytoclasts are not usually discussed in terms of palaeoclimate, palaeovegetation, or other
environmental scenarios, mainly because refractory OM is usually interpreted as an indication of
burial overprint, recycling of older OM, and oxidation either during deposition or weathering (e.g.
Tyson, 1995).
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Figure 111.8. A. Global map, palaeolocation of Polish, Cleveland, Lusitanian, External Subbetic, High Atlas,
Neuquén and Andean basins and Early Jurassic palaeoclimatic belts inferred from sedimentological and
palaeophytogeographic data (modified from Dera et al. 2009); B. Tethyan map modified from Thierry and
Barrier (2000) with the location of the La Cerradura and Fuente Vidriera sections (red star with 4 and 5
numbers, respectively) and other areas discussed in the text regarding Lower Toarcian (Early Jurassic)
palaeogeography. Localities: 1 - Brody-Lubienia (Polish Basin); 2 - Yorkshire (Cleveland Basin); 3 - Peniche
(Lusitanian Basin); 6 - Amellago (High Atlas Basin); C. 8Cenytoctasts, 0-*Corg, 8*3Cwood, and 8*3Crkerogen
records spanning the PI-Toa Event and TOAE. Geochemical data, PI-Toa Event and TOAE limits of Brody-
Lubienia, Yorkshire, Peniche, and Amellago are from Piefikowski et al. (2016), Cohen et al. (2004), Hesselbo
et al. (2007), Baker et al. (2017) and Bodin et al. (2010, 2016), respectively.
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Because these processes would affect the entire kerogen assemblage, the low thermal
maturity of the studied sections (R, between 0.48 and 0.51%), the drastic contrast between opaque
(black) and light brown non-opague phytoclasts, and the high transmittance and bright fluorescence
of AOM particles and terrestrial and marine palynomorphs (Figs. 111.5 and 111.6) rejects maturation
or superficial weathering as the main process leading to the relatively high abundance of opaque
phytoclasts.

Particles of the opaque phytoclast subgroup mostly correspond to oxidised land plant
tissues and charcoal (recycled coalified material may also occur in the opaque phytoclast subgroup)
(Tyson, 1995). Opaque (oxidised) phytoclasts are thought to be formed by desiccation, oxidation,
fungal mouldering of woody material in aerobic conditions in the upper part of soils and peats (e.g.
Styan and Bustin, 1983; Tyson, 1995). Charcoal is the product of the natural pyrolysis of terrestrial
macrophyte material in high temperatures and under conditions of oxygen starvation (e.g. Chaloner,
1989). Several studies suggest that the occurrence of opaque phytoclasts is favoured by strongly
seasonal climates (with pronounced arid periods) and with significant water table fluctuations (e.g.
Tyson, 1995; Lamberson et al., 1996).

It is interpreted here that the dominance of the opaque phytoclast subgroup during the
Lower Toarcian interval in La Cerradura and Fuente Vidriera indicates that terrestrial OM was
mostly sourced from an area characterised by a semi-arid climate (i.e. with pronounced arid
periods). The reworking of phytoclasts in/from neighbouring semi-arid coastal environments
during the Early Toarcian transgression (e.g. Gallego-Torres et al., 2015) may have also contributed
to the high abundances of the Phytoclast Group and the opaque phytoclast subgroup in the studied
sections. The occurrence of pollens Classopollis is an important palaeoclimatic indicator
(Vakhrameyev, 1982), likely indicating dominant warm and dry climates.

The interpretation of a prevalent semi-arid climate in the source area leading to kerogen
assemblages with high abundances of particles belonging to the opaque phytoclast subgroup is
consistent with independent sedimentological proxies and inferred global climatic zonation (Fig.
I11.8A), where the south Iberian Palaecomargin is located in the (hot) semi-arid climatic belt (e.g.
Rees et al., 2000; Dera et al., 2009; Palomo et al., 1985). Computer simulations also suggest a
decrease in net moisture in this area during the Early Toarcian warming event (Dera and Donnadieu,
2012). In addition, comparison with the more ‘humid’ northern areas, such as the Polish Basin
(Piefikowski et al., 2016) and the Grands Causses and Quercy basins (Fonseca et al., 2018),
demonstrates a regional pattern in opaque phytoclasts distribution, where the northern sections have
lower amounts of opaque phytoclasts than sections from the External Subbetic. This observation
reinforces the interpretation that climate may have been a first-order control in the OM source area
in the south Iberian Palaecomargin.
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111.5.2.1. The effect of the TOAE carbon cycle
perturbation on OM input and preservation in the Betic
Cordillera

The Early Toarcian carbon-cycle perturbation (associated with enhanced greenhouse
effect) is interpreted to have promoted wetter climates in mid-latitudes and an accelerated
hydrological cycle, thus leading to an intensification of continental weathering, fluvial runoff, and
flux of sediments and terrestrial OM to epicontinental areas, continental margins, and deeper
marine basins (e.g. Jenkyns et al., 2002; Cohen et al., 2004; Kemp et al., 2011; Dera and Donnadieu,
2012; Brazier et al., 2015; Krencker et al., 2015; Percival et al., 2016; Them Il et al., 2017; Xu et
al., 2017, 2018; Izumi et al., 2018; Baroni et al., 2018). Ultimately, increased nutrient delivery and
stimulated primary productivity may have resulted in marine hypoxia, anoxia, and potentially
euxinia in nearshore environments, especially in areas of the northwestern Tethyan margin (e.g.
Jenkyns, 2010; Baroni et al., 2018).

The relatively small increase in the non-opaque phytoclast subgroup just before and during
the TOAE negative CIE (Figs. 111.3, 1.7 and Tables 111.1, 111.2) in Fuente Vidriera fits the overall
TOAE model and is interpreted to be the combined result of: a) the decreased contribution of
opaque phytoclasts from emerged areas due to generally slightly wetter conditions (decreased
potential for oxidation of phytoclasts in soils and peats, e.g. Lamberson et al., 1996) and slightly
lower atmospheric oxygen (decreased charcoal contribution by decreasing forest fire frequency;
Lamberson et al., 1996; Baker et al., 2017). b) the increased transport of non-opaque phytoclasts
(and terrestrial palynomorphs) to the marine environment due to increased fluvial runoff (Tyson,
1995 and references therein);

Despite the abundance of the Phytoclast Group (opaque and non-opaque phytoclasts) in La
Cerradura and Fuente Vidriera, it is possible to observe an increase in the Palynomorph Group at
specific intervals. In La Cerradura, increases in pollens occurring in tetrads and agglomerates are
observed between samples CE 39-25 (topmost Emaciatum-Serpentinum zones), peaking between
samples CE 30-25 (topmost Polymorphum/base of Serpentinum zones?) (Fig 11.3 and Table 111.1).
In Fuente Vidriera, increases in tetrads and agglomerates are observed in samples FV 3 and FV 7t
(Polymorphum Zone) and FV 19b (base of Serpentinum Zone) (Fig. 111.7 and Table 111.2). Sample
FV 19b corresponds to the TOAE negative CIE and is also concomitant with an increase in non-
opaque phytoclasts and decreases in TOC, CaCQs, and total Phytoclast Group contribution. In the
La Cerradura section, marine palynomorphs are abundant between samples CE 43-35
(Pliensbachian—Toarcian boundary) and samples CE 29-25 (lower Serpentinum Zone) (Fig. 111.3
and Table I11.1). In the Fuente Vidriera section, an increase in marine palynomorphs are observed
in samples FV 13 (Polymorphum Zone) and FV 17 (Serpentinum Zone) (Fig. 111.7 and Table 111.2).

The increases in the non-opaque subgroup and Palynomorph Group (mainly sporomorph
subgroup) in Fuente Vidriera and the overall increment of terrestrial OM contribution in La

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
49



Cerradura and Fuente Vidriera just before and during the TOAE negative CIE is consistent with a
slight increase in continental runoff, associated with the Lower Toarcian enhancement of the
hydrological cycle (e.g. Jenkyns et al., 2002; Cohen et al., 2004; Hesselbo and Piefikowski, 2011;
Kemp et al., 2011; Brazier et al., 2015; Krencker et al., 2015; Percival et al., 2016; Them Il et al.,
2017; Xuetal., 2017, 2018; Izumi et al., 2018). Reolid et al. (2019a) reported large wood fragments,
mainly in the dark marls of the Serpentinum Zone, suggesting enhanced fluvial and nutrient input.
However, the overwhelming abundance of the opaque phytoclast subgroup (~ 90%) suggests that
the dominant climate mode in the source area was semi-arid.

Reolid (2014b) suggested that pyritization of spicules of siliceous sponges and radiolarians,
and the formation of pyrite framboids (mean size of 6.3—7.1 pm) in Fuente Vidriera took place
under a dominantly dysoxic bottom water-column/sediments. Persistent anoxic/euxinic conditions
in the studied sections are excluded by the sediment characteristics (partly homogenous and
bioturbated), TOC-lean sediments, the almost continuous record of trace fossils and foraminifera
(Rodriguez-Tovar and Uchman, 2010; Reolid, 2014a), lack of enrichment in redox-sensitive
elements (Rodriguez-Tovar and Reolid, 2013; Reolid et al., 2014) and pyrite framboids size
analysis (Gallego-Torres et al., 2015).

Summarising, TOC contents and palynofacies analysis indicates that during the Early
Toarcian (possibly also the TOAE) terrestrial OM in the south Iberian Palaeomargin was sourced
from a dominantly semi-arid environment (i.e. contrasting seasons with a prolonged dry season).
There are indications of a small increment in water availability in the area during the Early Toarcian
carbon cycle perturbation, however without a drastic change in climate in the source area. Unlike
many Tethyan basins (e.g. Jenkyns, 2010), the small increase in continental runoff during the
TOAE carbon cycle perturbation in the south Iberian Palaeomargin apparently did not sustained a
significant burst in marine productivity and, consequently, significant export of marine OM into
sediments.

111.5.3. &3C from C3 plants and climatic regimes in the
Polymorphum Zone interval

Several regional studies (e.g. Rees et al., 2000; Dera et al., 2009), clay mineral assemblages
dominated by illite (Palomo et al., 1985) and palynofacies analysis of La Cerradura and Fuente
Vidriera suggest that during the Polymorphum Zone climatic conditions in the south Iberian
Palaeomargin were dominantly semi-arid (see section 111.5.2.). Previously, it was considered that
mean annual precipitation and altitude are the main controls in 3C fractionation during
photosynthesis in C3 plants (e.g. Korner et al., 1991; Hesselbo et al., 2007). More recently, Lomax
et al. (2019) experiments show that a wide variation in 3C discrimination as a function of water
availability is independent of CO. treatment and Cornwell et al. (2018) demonstrated that
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fractionation of *C during photosynthesis in modern C3 plants truly depends on a complex array
of climatic and soils parameters that affect the supply of water to the plant (including annual
precipitation, frost frequency, soil pH and silt content), strength of atmospheric demand for water
(including wind, atmospheric pressure, and potential evapotranspiration), and the balance of CO;
supply through the stomata and demand at the sites of photosynthesis in leaves. These new
observations show that the global pattern in §'*C discrimination is very different from the
previously reported climate—trait relationships, and where it is assumed that the groups of plants
fractionate differently, independently of climate or other factors. Overall, Cornwell et al. (2018)
model predict lowest fractionation in the major desert areas of the globe (arid and semi-arid
climates) and highest fractionation in the wet tropical forests and the silt soils on river floodplains
of the northernmost hemisphere. The modelled difference in *C fractionation during
photosynthesis reaches up to ~ 8%o between these two climatic extremes.

A similar relationship between 3C fractionation in terrestrial environments [6*3Crerogen (this
study), 8°C in wood phytoclasts separated manually (8*Cenytoctasts), 8°C from fossil wood
(86'*Cwood) and 8'°C in the decalcified bulk sample (§'*Corg)] and climate is observed during the
Polymorphum Zone interval (i.e. the stratigraphic interval between the PI-Toa Event and TOAE).
Several studies demonstrate that terrestrial kerogen dominates in many sections of the northern
Tethyan margin (Fig. 111.9). In the External Subbetic of the south Iberian Palaeomargin (kerogen
dominated by terrestrial OM), Lusitanian Basin (fossil wood; Hesselbo et al 2007), and High Atlas
Basin (kerogen dominated by terrestrial OM, dataset not available; Bodin et al., 2016), §*°C in
terrestrial OM from the mid-Polymorphum/Tenuicostatum Zone average around -23%o and reaches
up to -21%o in a dominantly semi-arid climate (Dera et al., 2009) (Figs. 111.8A and I11.9). In the
same stratigraphic interval, systematically more negative 8*C values are observed in wood
phytoclasts separated manually from the Polish Basin (averages around -24 to -25%o and reaching
up to ~ -23%o; Hesselbo and Pienkowski, 2011; Piefikowski et al., 2016). This basin is in the warm
temperate/winter-wet climate belts of Dera et al. (2009) (Figs. 111.8A and 111.9). Polymorphum Zone
interval 5'°C values in Type Il kerogen from the Andean Basin average around -24.5%o and reach
up to ~ -24%, in a warm-temperate environment (Fantasia et al., 2018b). Pre-TOAE fossil wood
data from the Neuquén Basin (Arroyo Lapa north, Argentina) is more negative than the former
examples, ranging between ~ -28 to -30%o (Al-Suwaidi et al., 2016). This basin is located in the
winter-wet climatic belt of Dera et al. (2009) (Figs. I11.8A and 111.9).

Despite the uncertainty associated with possible analytical, taxonomic, diagenetic, and
maturity bias when comparing terrestrial 3*Ckerogen absolute values from different locations,
Polymorphum Zone datasets generally fit the association between *C fractionation during
photosynthesis in C3 plants and climate sensu Cornwell et al. (2018) (Fig. 111.9). Within the context
of the broad Lower Toarcian positive excursion (see Jenkyns, 2010), the northern Tethyan margin
(Polish Basin) and southwestern Gondwana margin are constrained to winter-wet/warm temperate
climates (Dera et al., 2009) and have more negative 'C values (higher fractionation). The southern
Iberian and Tethyan margins (Lusitanian Basin, Betic Cordillera, and High Atlas Basin) fall within
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the semi-arid climate belt (Dera et al., 2009) and have relatively more positive §*3C values (lower

fractionation) (Fig. I11.9). Carbon-isotope data from fossil wood through the upper Baga Formation

in southwestern Bornholm reaches up to ~ -21%. (Hesselbo et al., 2000), suggesting that, and as

posited by Cornwell et al. (2018), factors other than climate may also influence local carbon

isotopic trends of terrestrial OM.

(g1 01 Y sejdwes - jsejoojhyd 1| LOZ ‘DISMONUBIH PUB 0Q|assaH) uiseq Ysl|od - 82IM0|zoY (Z|
(62MD ajdwes - }sejo0jyd !110Z ‘NSMONUSIH pue 0qjassaH) uiseg Usljod - 14S|0doX|SIM m0zi09) (L] M
(Z¥IN 03 9L-N sajdwies - }sejoolhyd :LL0Z ‘HISMONUSIH pue 0q[assaH) uiseq ysliod - 0Moydsi (01 m
(9¢s 01 L.zs sajdwes - jsejoo}hyd 1|10z ‘HSMOMUBI4 PUB 0g|asseH) uiseq Ysl|od - 821MOzsIiNgS (6 m
(Z14ed 0} 0l1Bd Ssajdwes - }sejo0jAyd (LL0Z ‘HSMONUSIH Pue 0q|asSaH) uiseq Ysl|0d - 82IM0ZsoMed (g m
(£0ZMd 0} 09Md Se|dwes - PooMm [ISSOj :200Z [ 18 0q[@SSeH) uiseq uejueysnT - syoluad (/ m
(21 A4 01 € A4 sa|dwes - ajesjuaou0d uabolay (Apnis siy)) BJ9||IPJ0D 211ag - BISLIPIA djuand (9 m
[€ @inbi4 ur (suUIsyOl) W G'G8 ~ 0} (jnopiewnQ nog) 1z ~
woy sajdwes - ajdwes yng payiojessp ‘910z “Ie 1@ ulpog] uiseg sey ybiH - uonoas aysodwod uybizew)u [nopsewnog (G [
(9 @unbig u w g'zp) ~ 0} 0Z| ~ woy sajdwes - sjdwes |ng payiojedsp ‘910z (e 38 ulpog) uiseq sepy ybiH - obejlswy (1 m
(G @nbig urw zy) ~ 0} L.Z| ~ woy sejdwes - sjdwes Jng payioedsp 1910z (e 18 ulpog) uiseq sepy YbiH - jyaljiL wnod (¢ m

(z1L 3d 01 011 3d seidwes - sjdwes Y|nq payioedsp ‘g0z “'[e 19 eISejue) uiseqg ueapuy - uouad (3 (z m
(Z1-M-N1 0} M9ZE-NT sa|dwes - poom |1Ss0} 191,0Z “[B 18 Iplemng-|y) uiseg ugnbnaN -ypoN ede ofouy (| m

uibiew uedyja] uiyuUoN

=

|
©i
|
|
|
e oejoeese X 0o o

(2 (s
uibiew ueuaq| pue ueAyja] ulsyNOS

e s i e S i g

uibiew
BUBMPUOS) UIBYINOS

A

|OMI

|®NI

-0z~

= .VNI

-22-

L ONI

(%) WO lemsaug] O,,Q

Figure 111.9. Polymorphum Zone (excluding the PI-Toa Event and TOAE) §*3C record in terrestrial OM from
Neuquén Basin (Al-Suwaidi et al., 2016), Andean Basin (Fantasia et al., 2018b), High Atlas Basin (Bodin et

al., 2016), External Subbetic domain, Betic Cordillera (this study), Lusitanian Basin (Hesselbo et al., 2007)

and Polish Basin (Hesselbo and Piefikowski, 2011) and general climatic context (Dera et al., 2009).

Summating, this study suggests a coupling between the water and terrestrial carbon cycles

during the Early Toarcian and the impact of local and global climatic variability in the '*C record

in terrestrial OM. Furthering our understanding of the coupled terrestrial carbon and water cycle
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during the Early Toarcian is of paramount importance to investigate the role of terrestrial
ecosystems in global climate change (see Hesselbo et al., 2007; Pienkowski et al., 2016; Them II
etal., 2017).

I11.6. Conclusions

New geochemical and palynofacies analysis from the uppermost Pliensbachian—Lower
Toarcian marine successions of La Cerradura and Fuente Vidriera (External Subbetic domain, Betic
Cordillera, southern Spain) allow for the following conclusions:

- The studied successions are immature, have low TOC and with kerogen assemblages
dominated by the terrestrial OM (dominance of opaque phytoclast subgroup). The intersection of
the obtained OM geochemistry data and palynofacies analysis with independent sedimentary
proxies suggest a dominantly semi-arid climate in the south Iberian Palaeomargin during the Early
Toarcian.

- An increase in terrestrially derived kerogen components (i.e., non-opague phytoclasts and
pollens occurring in tetrads and agglomerates) at the base of Serpentinum Zone is interpreted to
represent a slight increase in fluvial runoff associated with the carbon cycle perturbation of the
TOAE, apparently with OM still sourced from an area within a semi-arid environment.

- This work suggests that the relatively more positive 8*Crerogen record in the studied
sections during the Polymorphum Zone interval has probably resulted from a decreased *C
fractionation during photosynthesis in C3 plants in “arid” environments when compared with more
northern “humid” environments.

- This study suggests that the water and terrestrial carbon cycles were coupled during the
Late Pliensbachian and Early Toarcian.
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IV. Sedimentary organic matter and Early Toarcian
environmental changes in the Lusitanian Basin (Portugal)

Adapted from:

Rodrigues, B., Duarte, L.V., Silva, R.L., Mendonca Filho, J.G., (submitted). Sedimentary organic
matter and Early Toarcian environmental changes in the Lusitanian Basin (Portugal).
Palaeogeography, Palaeoclimatology, Palacoecology

Submitted: 4 March 2020

Abstract

The objective of this study is to investigate the relationship between Early Toarcian
climatic events and the composition of kerogen assemblages in the Lusitanian Basin (Portugal). In
particular, we aim to understand how the Pliensbachian-Toarcian Event (PI-Toa Event) and
Toarcian Oceanic Anoxic Event (TOAE) affected the continental areas of the Iberian Massif and
how possible variations in continental sources of organic matter (OM) were expressed in marginal-
marine and hemipelagic depositional environments during the Early Toarcian.

We present here a characterisation [total organic carbon (TOC), total sulphur (TS), §*3C in
kerogen isolates (8*Ckerogen), and palynofacies] of kerogen assemblages from several uppermost
Pliensbachian (Emaciatum Zone)-Lower Toarcian sections in the Lusitanian Basin and including
the Peniche section, which contains the Toarcian GSSP. Overall, TOC is low (average 0.4 wt.%),
with the highest values reaching up 2.08 wt.% in a discrete level located approximately 10.5 m
above the base of the Levisoni Zone at Peniche. The TOAE negative carbon isotope excursion is
observed in kerogen isolates at the base of the Levisoni Zone throughout the basin. Palynofacies
analysis demonstrates that the kerogen assemblages are mostly of terrestrial affinity, with the
dominance of the Phytoclast Group and terrestrial palynomorphs, and with punctual increases in
amorphous organic matter, freshwater (e.g. Botryococcus sp.) and marine microplankton
(dinoflagellate cysts, acritarchs, and prasinophyte algae) in specific stratigraphic locations.

A change in palynofacies assemblages associated with the TOAE is observed around the
base of Levisoni Zone. Although with slight differences between sections, the TOAE interval
records an increase in non-opaque phytoclasts (NOP) and cuticle fragments, also associated with
an increased contribution of terrestrial palynomorphs (increase in sporomorphs and Classopollis in
tetrads and agglomerates) and decrease in marine palynomorphs. The increases in NOP and
terrestrial palynomorphs support the postulated enhancement of the hydrological cycle and
increased export of terrestrial OM into marine environments during the Early Toarcian, especially
during the TOAE.
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Understanding the impact of the Early Toarcian climatic events on land-based ecosystems
may provide important insights into current climate change.

Keywords: Organic geochemistry, Palynofacies, Pliensbachian—Toarcian Event, Toarcian Oceanic
Anoxic Event, Portugal.

IV.1. Introduction

During the Early Toarcian, two major environmental events are globally recognised; the
Pliensbachian—Toarcian Event (PI-Toa Event; Littler et al., 2010) and Early Toarcian Oceanic
Anoxic Event (TOAE; Jenkyns, 2010). These events are associated with global warming (e.g. Suan
etal., 2010; Gomez et al., 2016), perturbations of the carbon cycle (e.g. Hesselbo et al., 2000, 2007;
Littler et al., 2010; Piefikowski et al., 2016; Fantasia et al., 2018b; Ruebsam et al., 2019), marine
anoxia with the widespread deposition of organic matter (OM)-rich sediments in many locations of
the northwestern Tethyan, Boreal and Panthalassic margins (e.g. Jenkyns, 2010), and marine mass
extinctions (e.g. Little and Benton, 1995; Caswell et al., 2009; Danise et al., 2013). A link between
the TOAE and the emplacement of the Karoo-Ferrar Large Igneous Province has been proposed
(Duncan et al., 1997; McElwain et al., 2005; Svensen et al., 2007; Suan et al., 2008b; Percival et
al., 2015; Xu et al., 2018). Release of methane (CH.) from gas hydrates (Hesselbo et al., 2000),
increased outgassing of CH4 and carbon dioxide (CO,) from terrestrial environments (Piefikowski
et al., 2016; Them Il et al., 2017), or the release of CH4 and CO- from the cryosphere (Silva and
Duarte, 2015; Ruebsam et al., 2019) might also have contributed to global climate instability in the
Late Pliensbachian—Early Toarcian. The main feature of these two events is the negative carbon
isotopic excursions (CIE) observed at the base of the Polymorphum/Tenuicostatum (PI-Toa Event)
and Levisoni/Falciferum/Serpentinum (TOAE) ammonite zones, recorded in carbonates, fossil
wood, bulk OM, kerogen and individual organic compounds (e.g. Hesselbo et al., 2000, 2007;
Littler et al., 2010; Jenkyns, 2010; Piefikowski et al., 2016; Xu et al., 2018; Fantasia et al., 2019;
Rodrigues et al., 2019; Ruebsam et al., 2020a; Storm et al., 2020). Although many studies have
been focused on the impact of Early Toarcian environmental changes in the marine realm, there is
a growing number of studies highlighting the response of land-based ecosystems to these changes
(e.g. Hesselbo and Piefikowski, 2011; Baranyi et al., 2016; Piefikowski et al., 2016; Rodrigues et
al., 2016, 2019, 2020; Baker et al., 2017; Kemp et al., 2019; Slater et al., 2019).

Mathematical models suggest that enhanced organic carbon burial during an OAE
increases atmospheric oxygen and that the rising oxygen concentration leads to termination of the
TOAE (Handoh and Lenton, 2003). To test this model, Baker et al. (2017) used fossil charcoal
abundance from the Lower Toarcian successions of the Peniche section [Lusitanian Basin (LB),
Portugal] and the Mochras borehole (Cardigan Bay Basin, Wales) and hypothesised that the
decrease of charcoal contents to background levels following the TOAE indicated that increasing
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wildfire activity eventually suppressed oxygen-producing photosynthesis by terrestrial vegetation
enough that atmospheric oxygen levels decreased back to pre-TOAE levels. Though, and as noted
by Baker et al. (2017), temporal variation of charcoal content in these sections may have been
controlled by local biological and hydrological factors and depositional conditions.

The objective of this paper is to investigate the distribution of sedimentary OM during the
latest Pliensbachian—Early Toarcian (including the PI-Toa Event and the TOAE) in several
locations of the LB and relationship with major Early Toarcian palaeoenvironmental and
palaeoclimatic trends. This study is based on organic geochemistry and palynofacies analysis of the
reference sections of Peniche and Rabacal, complemented by the auxiliary sections of Vale das
Fontes, Cantanhede, Alcabideque, Ribeira de Cima and Minde (Fig. IV.1). Understanding the
impact of the Early Toarcian climatic changes on land-based ecosystems may provide important
insights into current climate change.

IV.2. Geological background and lithostratigraphy

The LB is a small Atlantic margin rift basin, located on the western side of the Iberian
Massif (Fig. 1V.1). Its Mesozoic sedimentary infill, a continuous sedimentary record dated from
the Upper Triassic to the top of the Lower Cretaceous (e.g. Wilson et al., 1989; Rasmussen et al.,
1998), resulted from Triassic extension and the subsequent opening of the North Atlantic Ocean.
The LB is limited to the east by Hesperian Massif and the west by the igneous Berlenga Horst (e.g.
Wilson et al., 1989; Rasmussen et al., 1998; Alves et al., 2002). Several infilling phases have been
identified in the LB, limited by regional discontinuities (e.g. Wilson et al., 1989; Kullberg et al.,
2013). The studied stratigraphic interval is included in the Triassic—top of the Callovian 1%-order
sedimentary cycle (Soares et al., 1993; Azerédo et al., 2003, 2014). The main features of the
analysed intervals from the reference sections of Peniche and Rabacal (and other auxiliary sections)
(Fig. 1\V.2) are summarised below; a detailed account can be found in Duarte (1997), Duarte and
Soares (2002) and Pittet et al. (2014).
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Figure IV.1. Geological context of the studied stratigraphic interval. A and B. Simplified geological map of
Jurassic outcrops in the Iberian Peninsula and location of the Lusitanian Basin (Portugal); C. Lower Jurassic
outcrops and location of the studied sections in the Lusitanian Basin; D. Lithostratigraphic chart for Upper
Pliensbachian—Upper Toarcian in the Lusitanian Basin (modified from Duarte and Soares, 2002; Duarte et
al., 2004, 2007). Calcareous nannofossil biostratigraphy from Ferreira et al. (2019). Light grey corresponds
to the studied interval. LB — Lusitanian Basin; Undiffer. — Undifferentiated; MLOF mb — Marl-Limestone
with Organic-Rich Facies member; MLLF mb — Marly limestones with Leptaena fauna member; TNL mb —
Thin nodular limestones member; CM — Chocolate Marls; MMLHH — Marls and marly limestones with
Hildaites and Hildoceras member; MMLSB mb — Marls and marly limestones with sponge bioconstructions
member; MMLB mb — Marls and marly limestones with brachiopods member; CC1 mb — Cabo Carvoeiro 1
member; CC2 mb — Cabo Carvoeiro 2 member; CC3 mb — Cabo Carvoeiro 3 member; CC4 mb — Cabo

Carvoeiro 4 member; CC5 mb — Cabo Carvoeiro 5 member.
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IV.2.1. Peniche section

The Peniche section (Figs. IV.2A and 1V.3; 39°22'12.29"N, 9°23'6.82"W) includes the
Global boundary Stratotype Section and Point for the Toarcian Stage (Rocha et al., 2016; Duarte et
al., 2017). The studied interval (~ 47 m thick; Fig. IV.3) includes the top of the Lemede Formation
(Fm), Emaciatum Zone, represented by alternations of thick limestones with thin marls with
abundant ammonites and belemnites. The Toarcian is represented by the Cabo Carvoeiro Fm, which
is subdivided into five informal members (Duarte and Soares, 2002). The first member (mb) of the
Cabo Carvoeiro Fm, the Cabo Carvoeiro (CC) 1 mb, Polymorphum Zone, consists of bioturbated
marls, sometimes micaceous, alternating with highly fossiliferous marly limestones, bearing
belemnites, pyritised ammonites, tiny brachiopods and bivalves (Comas-Rengifo et al., 2015; Rita
et al., 2019). The CC2 mb (Levisoni Zone) consists of siliciclastic-rich marls (mainly quartz and
phyllosilicates), interbedded with sandy marly limestones, rare carbonate sandstones, and
microconglomerates (quartz and feldspar) (Fig. 1V.3; see Wright and Wilson, 1984; Duarte, 1997;
Fantasia et al., 2019). Ammonites are recorded in this mb and benthic macrofauna is rare (Duarte
et al., 2018a). Marly limestones and greyish marls with rare brachiopods dominate the base of CC3
mb (e.g. Duarte and Soares, 2002).

IV.2.2. Rabacal and other auxiliary sections

The Upper Pliensbachian—-Lower Toarcian in the North and Central areas of the LB,
including the reference stratigraphic section of Rabagcal (Fig. 1V.3) [composite section with samples
collected at Fonte Coberta (Fig. IV.2B; 40°03'36.5"N, 8°27'33.4""W) and Maria Pares (Fig. IV.2C;
40°03'08.0""N, 8°27'30.5""W), ~ 40.5 m thick in both sections] and the auxiliary sections [Vale das
Fontes (Figs. IV.2D and IV.3; 40°12'10.00”"N, 8°51'31.00"W, ~ 12.5 m thick), Cantanhede (Figs.
IV.2E and IV.3; 40°20'0.82"N, 8°35'50.66"W, ~ 10 m thick), Alcabideque (40°06'46.00"N,
8°27'49.00"W; ~ 20 m thick), Ribeira de Cima (39°34'55.00"N, 8°49'07.00"W, ~ 9 m thick) and
Minde (Figs. IV.2F and IV.3; 39°30'21.54"N, 8°41'8.84"W, ~ 8m thick)], are dominated by
alternating limestone, marly limestone, and marl successions with ammonites and other macro and
microfauna (Fig. 1V.3).

The uppermost Pliensbachian (Lemede Fm, Emaciatum Zone) is dominated by bioturbated
alternations of centimetric limestones with abundant belemnites, ammonites, bivalves, and
brachiopods, with thin marls (e.g. Duarte, 2007; Paredes et al., 2018). The lowermost Toarcian is
more argillaceous and is dominated by decimetric greyish marls and strongly bioturbated
centimetric marly limestones, very rich in benthic and nektonic macrofauna, such as small
brachiopods, belemnites, pyritised ammonites, bivalves, and Zoophycos (Duarte, 1997; Piazza et
al., 2019). This interval corresponds to the Marly limestones with Leptaena fauna (MLLF) mb and
is dated from the Polymorphum Zone (e.g. Duarte and Soares, 2002; Duarte et al., 2018b). Around
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the boundary between the Polymorphum-—Levisoni zones and as recorded in many locations of the
LB, a significant sedimentary change is observed, marked by the deposition of thin grey to brownish
limestones and marlstones of the Thin Nodular Limestones (TNL) mb. The limestone facies include
calcilutites to fine calcarenites with irregular bounding surfaces (amalgamated structures, usually
strongly bioturbated with very common Thalassinoides) and rare ammonites (Hildaites sp.) (e.g.
Duarte et al., 2004; Pittet et al., 2014; Miguez-Salas et al. 2017; Rodriguez-Tovar et al., 2017).
Laterally, in some sections of the basin, the thin limestones exhibit turbidite-tempestite features,
such as plane-parallel lamination, hummocky cross-stratification, symmetrical ripples, and rare
current ripples (e.g. Duarte, 1997; Duarte et al., 2004; Pittet et al., 2014). The base of TNL mb in
some sections of the northern part of the LB exhibits a singular facies characterised by brownish
marls and mudstones with very low carbonate contents and scarce macro and microfauna
(“Chocolate Marls” in Vale das Fontes and Alcabideque sections; Duarte, 1997; Pittet et al., 2014;
Rodrigues et al., 2016) (Figs. IV.1 and 1V.3). The TNL mb is overlain by a thick marly succession
dated from the middle-upper part of the Levisoni Zone [Marls and marly limestones with Hildaites
and Hildoceras (MMLHH) mb], associated with the maximum flooding interval of the Toarcian
2"-order sequence (Duarte et al., 2004, 2007).

IV.3. Material and methods

Forty-six (46) marly samples were collected from the studied sections (twenty-three from
Peniche, eleven from Rabacal, three from Vale das Fontes, three from Cantanhede, five from
Ribeira de Cima, and one from Minde) and analysed for total organic carbon (TOC), total sulphur
(TS) and palynofacies (Fig. IV.3 and Tables 1V.1, IV.2). Thirty-eight (38) marly samples and one
wood fragment were analysed for 8°C in kerogen isolates (8*3Ckerogen), including samples
previously collected for geochemical, palynofacies and biomarkers analysis (see Rodrigues et al.,
2016) (Tables IV.1 and IV.2).
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Figure IV.2. General field view of the studied sections. A. Base of the Levisoni Zone (Cabo Carvoeiro 2

member) at Praia do Abalo beach (Peniche section); B. Lowermost Polymorphum Zone (which includes the
Lemede-S. Gido formations boundary) at Fonte Coberta (Rabagal composite section); C — Upper part of the
Levisoni Zone (Marls and marly limestones with Hildaites and Hildoceras member) at Maria Pares (Rabacal
composite section); D. Polymorphum Zone (Marly limestones with Leptaena fauna member) at Vale das
Fontes; E. Levisoni Zone (Thin nodular limestones member) at Cantanhede; F. Levisoni Zone (Thin nodular
limestones member) at Minde.
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Sampling was performed after removal of about 15 cm of superficial sediments. TOC, TS,
carbonate content and palynofacies analysis were conducted at the Palynofacies and Organic Facies
Laboratory (LAFO) of the Rio de Janeiro Federal University (Rio de Janeiro, Brazil) and **Ckerogen
analysis were conducted at the MAREFOZ (Coimbra University, Portugal).
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Figure 1V.3. Palaeogeographic location of studied sections and stratigraphic logs of the uppermost
Pliensbachian—Lower Toarcian interval at Peniche, Vale das Fontes, Cantanhede, Alcabideque, Rabagal,
Ribeira de Cima, and Minde sections, Lusitanian Basin (Portugal) (modified from Duarte, 1995, 1997;
Alcabideque section from Rodrigues et al., 2016). Up. Pliensh. — Upper Pliensbachian; Amm. Zones —
Ammonite zones; Nann. Zones — Calcareous nannofossils zones; CC3 — Cabo Carvoeiro 3 member; Ema. —
Emaciatum Zone; Lev. — Levisoni Zone; MLLF mb — Marly limestones with Leptaena fauna member; CM
— Chocolate marls; TNL mb — Thin Nodular Limestones member; Lem. — Lemede Formation; MMLHH mb

— Marls and marly limestones with Hildaites and Hildoceras member.
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TOC and TS were determined using a LECO SC 144 device, with an analytical precision
of £0.1 wt.% following the ASTM Standard D4239-08 (2008) and NCEA-C-1282 (United States
Environmental Protection Agency, U.S.EPA, 2002) methods. Carbonate content was obtained by
difference through the insoluble residue after acidification for the removal of carbonates. Kerogen
was isolated from the rock matrix isolated using the standard, non-oxidative procedure described,
for example, by Tyson (1995) and Mendonga Filho et al. (2012), among others.

The palynofacies analysis was performed using transmitted white light (TWL) and incident
blue light (fluorescence mode; FM) techniques through optic microscopy, following the
methodology and classification scheme for the OM groups and subgroups of Tyson (1995) and
Mendongca Filho and Gongalves (2017). The main palynofacies kerogen groups [i.e., Phytoclasts,
Amorphous, and Palynomorphs, and an additional group, Zooclast (remains of animal-derived
organic particles)] provided a robust and reproducible identification scheme. The obtained strew
slides counts were recalculated as a relative percentage, and additionally, unsieved strew slides
were also prepared.

813C was determined in carbonate-free fraction with the kerogen concentrates prepared
according to standard methodology (see explanation above; Mendonga Filho et al., 2012), using a
Flash EA 1112 Series elemental analyser coupled online via a Finningan Conflo Il interface to a
Thermo Delta V S mass spectrometer. Internal precision is better than £0.1%o for 3**C (Acetanilide
Standard from Thermo Electron Corporation). Gas species of different mass were separated in a
magnetic field then simultaneously measured using a Faraday cup collector array to measure the
isotopomers of CO, at m/z 44, 45, and 46.

IV.4. Results

IV.4.1. Peniche

TOC content in the Peniche section average 0.6 wt.%, reaching up to 2.08 wt.% in sample
P13 (~10.5 m above the base of Levisoni Zone; Fig. IV.4 and Table IV.1). Average TS is 0.5 wt.%,
reaching up to 3.08 wt.% in the sample with the highest TOC content. Carbonate contents range
between 18-57%, with a slight decrease in the Levisoni Zone (Fig. IV.4 and Table 1V.1).
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Figure IV.4. TOC, TS, 8®¥Ckerogen, 8**Corg, 6**Cwood, palynofacies associations and main intervals from
Peniche and Rabagal key sections, Lusitanian Basin (Portugal). 8*3Cweos and 8Cor data from the
supplementary information of Hesselbo et al. (2007) and Fantasia et al. (2019), respectively. Total charcoal
and phytoclast abundance from Baker et al. (2017) and Fantasia et al. (2019), respectively. The record of the
Pl-Toa Event and TOAE interval in the Peniche section is based on Hesselbo et al. (2007) and Fantasia et al.
(2019). Up. Pliensb. — Upper Pliensbachian.
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Palynofacies analysis indicates that the kerogen assemblages include the main kerogen
groups (Phytoclast, Amorphous, and Palynomorph, and Zooclast; Fig. IV.4 and Table 1VV.1). The
Peniche succession is dominated by phytoclasts (average 86%), with a slight dominance of opaque
phytoclasts (OP) (average 60%; Figs. IV.4, IV.5A and IV.5D). Non-opaque phytoclasts (NOP) are
more abundant at the base of the Levisoni Zone (between samples P8 and P16; an average of 67%),
concomitantly to an apparent increase in the size of phytoclasts particles (Fig. 1V.5G).

The Amorphous Group is rare (average 9%), with a increase in the middle part of Levisoni
Zone (samples P12 and P13; Fig. IV.4 and Table 1V.1). These particles present diffuse or
unstructured limits and are classified as amorphous organic matter (AOM). AOM shows a
colouration between brown to pale brown in TWL (Fig. IV.5A) and yellow to orange with
inclusions of palynomorphs in FM (Figs. IV.5C and IV.5H). This AOM corresponds to the marine
OM.

The Palynomorph Group is observed in most samples (average of 4%; Fig. IV.4 and Table
1V.1), ranging from 0% to 23%. Terrestrial palynomorphs are the most abundant subgroup, mainly
represented by sporomorphs, including pollen grains belonging to the genus Classopollis (Figs.
IV.5B, IV.5C and 1V.5F) and some pollen grains occurring in tetrads or agglomerates (Figs. IV.5F
and 1V.51). Continental aquatic palynomorphs are represented by zygospores of zygnemataceae
and Botryococcus sp. (mainly in the Emaciatum Zone) (Fig. IV.5C). Marine palynomorphs, such
as dinoflagellate cysts (Nannoceratopsis gracilis, Luehndea spinosa), acritarchs (Fig. 1VV.5E) and
prasinophyte algae occur in low amounts in the Levisoni Zone (samples P13, P18 and P19). The
Zoomorph subgroup is mainly represented by foraminiferal test-linings.

813 Crerogen Obtained from seven samples varies between -21.62%o and -29.15%o. The more
negative value was determined in sample P13; the top of the section shows more positive values
(average of -22.57%o; Fig. IV.4 and Table IV.1).

IV.4.2. Rabacgal

TOC and TS values varies between 0.16 to 0.61 wt.% and <0.01 to 0.46 wt.%, respectively.
The highest TOC and TS are observed in the uppermost Emaciatum Zone (sample R2; Fig. 1V.4
and Table 1V.2). Carbonate content ranges between 54 and 76%, presenting an average value of
55% (Fig. IV.4 and Table 1V.2).

Palynofacies analysis indicated the same general trend from the Peniche section, with
kerogen assemblages being dominated by phytoclasts, however, with a slightly lower average, 71%
(Fig. IV.4 and Table 1V.2). The Phytoclast Group is dominated by OP (average of 76%; Figs. 1V .4,
IV.6A and IV.6D), with a decrease at the base of Levisoni Zone (sample R8; NOP value of 51%)
(Figs. IV.4, IV.6G and Table IV.2). Cuticle fragments are observed at the base of Levisoni Zone
(Figs. IV.6E, IV.6H and Table IV.2). Despite the low contents of AOM (~ 3%), it increases to about
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14% at the top of the Polymorphum Zone (Fig. IV.4 and Table 1V.2). The AOM particles in Rabacal
present the same characteristics as in the Peniche section (Fig. IV.6F).

-

_\()]>< Agglomerate

NOP

Levisoni Zone

Polymorphum Zone

’
Botryococcus

AOM—

Emaciatum Zone

Figure IV.5. Photomicrographs of the studied kerogen assemblages from the Peniche section, Lusitanian
Basin (Portugal). A. Sample P1 with amorphous organic matter (AOM), opaque phytoclasts (OP) and
sporomorphs; B. Sample P2 with non-opaque phytoclasts (NOP), sporomorphs and Classopollis; C. Sample
P1 with Botryococcus sp., sporomorphs, and AOM; D. Sample P4 (base of Polymorphum Zone) with OP and
NOP; E. Sample P5 with NOP, sporomorphs, AOM and an acritarch; F. Sample P7, example of Classopollis
agglomerate; G. Sample P11, dominance of NOP with some OP; H. Sample P13, dominance of AOM with
a marine palynomorph and OP; I. Sample P14, OP, NOP and agglomerate. Transmitted white light (TWL):
A, D, G and I; Fluorescence Mode (FM): B, C, E, F and H. OP — Opaque phytoclast; NOP — Non-opaque
phytoclast; Sp — Sporomorphs; Amorphous organic matter — AOM.

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
65



Table IV.1. TOC, TS, carbonate content, §**Crkerogen and palynofacies data from the central sectors of Lusitanian Basin (Portugal).

__Phytoclast” | Palynomorph® Terrestrial palynomorphs!
Sample ID TOC TS Carb 3" Crerogen Phytoclast op NOP Amorphous | Palynomorph Mar? EM?  Terrest! Zoo
(Wt%) (Wt%) (Wt%) (%0) Group (%) o o Group (%) Group (%) o o N Sp Tet Agg (%)
(%) (%) (%) (%) (%)
(%) (%) (%)
Peniche section
P23 0.44 0.19 46 -21.62 92 58 42 2 3 0 0 100 100 0 0 3
Pwf -23.82 - - - - -
P22 0.4 0.18 42 -22.68 90 39 61 8 2 0 0 100 83 17 0 0
P21 0.49 0.25 37 -22.17 96 47 53 1 3 0 0 100 100 0 0 1
P20 0.63 0.27 41 96* 82 18 1 2 14 0 86 100 0 0 0
P19 0.55 0.5 40 99 86 14 0 1 25 25 50 100 0 0 0
P18 0.6 0.22 43 99 91 9 1 0 0 0 0 0 0 0 0
P17 0.56 0.14 38 100 84 16 0 0 0 0 0 0 0 0 0
P16 0.76 0.26 33 97 35 65 3 0 0 0 0 0 0 0 0
P15 0.55 0.28 35 98 29 71 1 0 0 0 0 0 0 0 0
P14 0.56 0.2 37 96 61 39 2 2 0 0 100 100 0 0 0
P13 2.08 3.8 53 -29.15 32 35 65 62 6 0 0 100 100 0 0 0
P12 0.23 0.17 28 55 47 53 34 4 43 14 43 100 0 0 8
P11 04 0.28 35 94 12 88 1 2 0 17 83 100 0 0 3
P10 0.31 0.24 21 94 19 81 2 1 0 50 50 0 0 100 2
P9 0.95 0.34 20 88* 36 64 7 3 0 38 63 100 0 0 2
P8 0.33 0.23 18 95 27 73 1 4 0 0 100 100 0 0 1
P7 0.35 0.24 22 82 73 27 10 4 7 0 93 77 15 8 4
P6 0.74 0.3 38 82 71 29 6 9 23 3 73 95 0 5 3
P5 0.57 0.24 56 93 75 25 3 3 60 0 40 100 0 0 1
P4 0.59 0.44 46 96 98 2 1 3 0 0 100 100 0 0 0
P3 0.58 0.32 40 97 80 20 0 2 0 14 86 67 17 17 1
P2 0.68 0.85 56 -24.72 57 85 15 18 23 10 10 80 98 0 2 2
P1 1.23 0.54 57 -24.92 40 99 1 38 23 1 6 93 100 0 0 1
Minde section
M1 | 033 0.015 25 2856 | 16* 10 90 | 78 | 5 20 7 73 100 0 o | 1
Ribeira de Cima section
Rc5 0.29 0.015 73 -23.76 76* 49 51 4 20 10 3 87 79 3 17 1
Rc4 0.33 0.02 74 -26.19 49* 39 61 12 37 13 2 86 95 1 4 2
Rc3 0.26 0.015 68 -22.02 71* 50 50 4 24 1 3 96 91 3 6 0
Rc2 0.34 0.016 63 -22.86 71 39 61 2 26 6 6 88 88 7 6 1
Rcl 0.44 0.017 72 -23.08 58 35 65 1 40 1 3 96 100 0 0 1

Carb — carbonate contet; * — presence of cuticles; OP — opague; NOP — non-opaque; Mar — marine; Terrest — terrestrial; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; * — recalculated to 100 %; 2 — total
marine microplankton; 3 FM — freshwater microplankton (zygospores of zygnemataceae and Botryococcus sp.);  — total terrestrial palynomorphs (sporomorphs, tetrads and agglomerates).
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The Palynomorph Group occurs in moderate amounts in all samples, ranging from 14% to
46% in the Levisoni Zone (samples R11 and R8, respectively; Fig. IV.4 and Table IV.2). This group
is dominated by terrestrial palynomorphs, mainly represented by sporomorphs, with some pollen
grains occurring in tetrads and agglomerates (Figs. 1V.6C and 1V.61). Pollen grains belonging to
the genus Classopollis are also present. Continental aquatic palynomorphs show the same trend of
Peniche and are also observed Botryococcus sp. in the Emaciatum Zone (Fig. I1V.6B). Marine
palynomorphs, such as dinoflagellate cysts [Nannoceratopsis gracilis and senex (Figs. IV.6E and
IV.6F), Luehndea spinosa (Fig. 1V.6C)] and acritarchs are abundant, particularly at the top of
Emaciatum and Polymorphum zones, and prasinophyte algae (Tasmanites; Fig. IV.61) occur in low
amounts at the topmost Emaciatum and Polymorphum zones, and base of Levisoni Zone (samples
R2, R7 and R9, respectively). Foraminiferal test-linings mainly represent the Zoomorph subgroup.

The 5**Crkerogen Varies between -21.33%o and -27.5%o. From the top of Emaciatum Zone until
the top of Polymorphum Zone, §*3Ckerogen iS relatively more positive, between -23%o and -21%o. At
the Polymorphum-Levisoni zone boundary, a negative shift is observed, reaching up to -27.5%o at
the base of Levisoni Zone (sample R8). Upwards, 6*3Ckerogen Values shift again to more positive
values at sample R10 ranging from -22.78%o to -21.51%o (Fig. IV.4 and Table 1V.2).

IV.4.3. Ribeira de Cima and Minde auxiliary sections

TOC varies between 0.10 to 0.44 wt.%, with the highest TOC value recorded at Ribeira de
Cima (Sample Rcl). TS values are low and average 0.02 wt.%. The carbonate content presents an
average value of 60% and the lowest values are observed in the Levisoni Zone (average of 36%;
Table IV.1).

The Phytoclast Group dominates the kerogen assemblage (Fig. IVV.7A; an average of 57%).
A decrease in this group is observed, during the Levisoni Zone, in the Minde section (sample M1;
with 16%). The NOP particles dominate the Phytoclast Group with an average value of 63%,
reaching up 65% during the Polymorphum Zone at Ribeira de Cima section (sample Rcl; Fig.
IV.7A) and 90% during the Levisoni Zone at Minde section. Despite the low AOM content in these
sections, is emphasised the presence of AOM particles in Polymorphum Zone of Ribeira de Cima
(Fig. IV.7B) and Levisoni Zone (sample M1, reaching up 79%; Table IV.1).
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Figure 1V.6. Photomicrographs of the studied kerogen assemblages from the Rabacal section, Lusitanian
Basin (Portugal). A. Sample R1 with amorphous organic matter (AOM), opaque phytoclasts (OP) and
sporomorphs and agglomerate; B. Botryococcus sp. (sample R2); C. Sample R2, several examples of
Luehndea spinosa and sporomorphs; D. Sample R5 with OP and NOP; E and F. Sample R7 with
Nannoceratopsis gracilis and senex, unidentified marine palynomorphs, AOM, sporomorphs and cuticle; G.
Sample R8 with several NOP particles, sporomorphs and some OP; H. Sample R8, example of a large cuticle
with sporomorphs and AOM; I. Sample R9 with several tetrads, sporomorphs, agglomerate and Tasmanites.
Transmitted white light (TWL): A, B, D and G; Fluorescence Mode (FM): B, C, E, F, H and I. OP — Opaque
phytoclast; NOP — Non-opaque phytoclast; Sp — Sporomorphs; Amorphous organic matter — AOM; Ls —
Luehndea spinosa; N. — Nannoceratopsis.

The Palynomorph Group occurs in moderate content in the Polymorphum Zone (average
of 29% in Ribeira de Cima). This group is dominated by terrestrial palynomorphs (an average of
88%), mainly represented by sporomorphs (Fig. 1VV.7B), with some pollen grains occurring in
tetrads and agglomerates, particularly in the top of Polymorphum Zone. Continental aquatic
palynomorphs, such as zygospores of zygnemataceae are observed in Ribeira de Cima. Marine
palynomorphs (Nannoceratopsis gracilis (Fig. IV.7B), Luehndea spinosa, acritarchs and
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prasinophyte algae) are present, particularly in the top of Polymorphum Zone at Ribeira de Cima
section. The Zooclast Group is mainly represented by fragments of foraminiferal test-linings.

The %Ckerogen in the Ribeira de Cima section presented relatively more positive values
(average of -23.58%o) and the Minde section (Levisoni Zone) recorded the lowest value (-28.56%o;
Table IV.1).

IV.4.4. Vale das Fontes, Cantanhede and Alcabideque
auxiliary sections

TOC values average 0.19 wt.%, with the highest value recorded in Polymorphum Zone at
Vale das Fontes section (sample F2 with 0.31 wt.%; Table 1V.2). TS is insignificant, reaching up
0.02%. The carbonate contents range between 25-57% in the Vale das Fontes section and between
47-56% in Cantanhede section.

Palynofacies analysis indicated the dominance of the Phytoclast Group, with a slight
increase of OP during the Polymorphum Zone (observed in Vale das Fontes; an average of 56%;
Fig. IV.7C). The Levisoni Zone presented several cuticle fragments and an increase of NOP (Figs.
IV.7E and IV.7F).

The AOM content in Vale das Fontes fits in the others studied sections, however, the
Levisoni Zone of Cantanhede section presented an increase in AOM (sample C3), reaching up 70%
(Table 1V.2).

The Palynomorph Group varies between 12—-73%, with the highest values recorded in the
Cantanhede section. This group is dominated by terrestrial palynomorphs, mainly represented by
sporomorphs, with some pollen grains occurring in tetrads (Fig. 1V.7C) and agglomerates (Fig.
IV.7G and 111.7H). Pollens grains belonging to the genus Classopollis (Fig. IV.7C) are also present.
Continental aquatic and marine palynomorphs are rare, with few zygospores of zygnemataceae.
The exception is recorded in the Levisoni Zone at the Cantanhede section (sample C3), with some
examples of marine palynomorphs such as Nannoceratopsis gracilis and Nannoceratopsis senex
(Fig. IV.7D), Luehndea spinosa and acritarchs.
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Table IV.2. TOC, TS, carbonate content, 8**Crkerogen and palynofacies data from the northern sectors of Lusitanian Basin (Portugal).

__Phytoclast” | Palynomorph’ Terrestrial palynomorphs!
sample ID TOC TS Carb S8 Crerogen Phytoclast op NOP Amorphous | Palynomorp Mar? M 2 Terrest paly P Z00
(Wt%) (Wt%) (Wt%) (%o) Group (%) Group (%) | h Group (%) 4 Sp Tet Agg (%)
(%) (%) (%) (%) (%)
(%) (%) (%)
Vale das Fontes section
F3 0.10 <0.01 25 52* 60 40 1 21 1 1 98 90 2 8 0
F2 0.31 0.018 51 -21.35 79 60 40 2 16 3 3 93 95 4 2 0
F1l 0.30 0.015 57 -21.69 83 52 48 1 13 4 0 96 94 2 4 1
Cantanhede section
C3 0.16 0.013 47 18* 54 46 70 12 66 2 32 100 0 0 0
Cc2 0.11 0.022 55 -27.40 24 49 51 3 73 1 0 99 95 1 4 0
C1 0.16 0.020 56 -24.96 29* 34 66 10 61 0 0 100 95 1 4 0
Alcabideque section [TOC, TS, carbonate content and palynofacies data from Rodrigues et al. (2016)]
Al4 0.13 0.01 25 -26.00 33 45 55 0 67 1 0 99 73 7 20 0
Al13 0.17 0.01 43 -27.48 67 49 51 0 33 2 0 98 57 2 41 0
Al12 0.15 0.01 43 -25.01 52 51 49 2 46 0 1 99 64 9 27 0
All 0.19 0.02 36 -26.79 61 49 51 2 37 1 1 98 70 10 20 0
A10 0.15 0.01 28 -26.83 40 57 43 1 59 1 1 98 73 12 15 0
A9 0.23 0.01 30 -25.46 68 86 14 3 29 3 0 97 80 16 3 0
A8 0.41 0.36 68 -23.74 31 52 48 15 54 24 2 74 98 1 1 0
A7 0.27 0.01 62 -22.70 83 54 46 1 16 4 0 96 92 0 8 0
A6 0.15 0.01 72 -21.59 100 65 35 0 0 0 0 0 0 0 0 0
A5 0.16 0.01 62 83 67 33 2 15 2 0 98 71 8 21 0
A4 0.17 0.01 63 -21.33 71 65 35 0 29 0 0 100 86 4 10 0
A3 0.15 0.01 59 99 50 50 1 0 0 0 100 100 0 0 0
A2 0.17 0.01 67 -21.93 47 49 51 0 51 4 0 96 93 1 6 0
Al 0.13 0.01 59 -21.81 82 47 53 0 18 5 5 89 76 0 24 0
Rabacal section
R11 0.24 0.018 65 -21.51 84 78 22 1 14 0 0 100 82 12 6 0
R10 0.22 <0.01 72 -22.78 79 80 20 2 19 1 1 98 91 3 6 0
R9 0.18 0.025 54 -27.23 82* 81 19 1 18 5 2 93 92 4 4 1
R8 0.16 0.013 69 -27.50 50* 49 51 4 46 1 0 99 90 1 9 0
R7 0.30 0.017 64 -25.10 52* 73 27 14 33 35 4 61 92 1 7 1
R6 0.42 0.02 59 -21.64 67 73 27 1 32 17 0 83 98 1 1 1
R5 0.21 0.01 61 -21.33 7 79 21 1 21 5 3 92 96 1 3 0
R4 0.24 0.01 63 -22.49 78 82 18 1 21 6 3 91 86 7 7 0
R3 0.31 0.04 55 -22.08 84 88 12 0 16 2 4 94 76 12 12 0
R2 0.61 0.46 75 58 70 30 6 36 28 7 65 100 0 0 0
R1 0.50 0.05 76 -23.63 68 85 15 6 25 20 6 74 93 5 2 0

Carb — carbonate contet; * — presence of cuticles; OP — opague; NOP — non-opaque; Mar — marine; Terrest — terrestrial; Sp — sporomorph; Tet — tetrad; Agg — agglomerate; * — recalculated to 100 %; 2 — total
marine microplankton; 3 FM — freshwater microplankton (zygospores of zygnemataceae and Botryococcus sp.); * — total terrestrial palynomorphs (sporomorphs, tetrads and agglomerates).
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The 8*3Cherogen Varies between -21.35%o and -27.4%o. Vale das Fontes section presented the
relatively more positive values (reaching up -21.69%o in Polymorphum Zone) and Cantanhede
recorded more negative 3*Ckerogen Values, reaching up -27.4%o at sample C2 (Levisoni Zone; Table
IV.2). The Alcabideque section reveals the same trend in Emaciatum and Polymorphum zones,
with more positive values (average of 22.18%o). During the Levisoni Zone is observed a notorious

decrease, reaching the minimum value of -27.48%o (Table IV.2).

Cuticle
’ Agglomerate of Agglomerate of
Classopollis Classopollis

Levisoni Zone

Agglomerate

Polymorphum Zone
Levisoni Zone

Classopollis

™~ NOP

4 Tetrad of -
Classopollis

Polymorphum Zone

Figure 1V.7. Photomicrographs of the studied kerogen assemblages from the central and northern sections,
Lusitanian Basin (Portugal). A. Sample Rc1 with opaque phytoclasts (OP), non-opaque phytoclasts (NOP)
and amorphous organic matter (AOM); B. Sample Rc4 with AOM, unidentified marine palynomorphs,
Nannoceratopsis gracilis, and sporomorphs; C. Sample F1 with OP, NOP and two tetrads (one with
Classopollis sp.); D. Sample F2 with sporomorph, Classopollis sp., Nannoceratopsis gracilis and
Nannoceratopsis senex; E. Sample C1 with OP, NOP, sporomorphs and agglomerate; F. Sample M1 showing
several examples of AOM and two cuticles; G. Sample F3 with Classopollis agglomerate; H. Sample C1
with agglomerate and several sporomorphs. Transmitted white light (TWL): A, C, E and G; Fluorescence
Mode (FM): B, D, F, G and H. OP — Opaque phytoclast; NOP — Non-opaque phytoclast; Sp — Sporomorphs;
Amorphous organic matter — AOM.
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IV.5. Discussion

IV.5.1. Organic matter preservation across the
Pliensbachian—Early Toarcian in the Lusitanian Basin

Similarly to other southern Tethyan locations, such as the External Subbetic domain, Betic
Cordillera (e.g. Reolid et al., 2018; Rodrigues et al., 2019) and the Middle and High Atlas Basin
(e.g. Bodin et al., 2010; Ait-Itto et al., 2017; Rodrigues et al., 2020), the uppermost Pliensbachian—
Lower Toarcian successions of the LB are poor in OM (TOC average of 0.4 wt.%). In our study,
the Peniche section records the highest TOC values of the basin (average ~ 0.6 wt.%) reaching up
2.47 wt.% in a discrete level located ~10.5 m above the base of Levisoni Zone. Hesselbo et al.
(2007) and Fantasia et al. (2019) reported similar elevated TOC contents from the same level. The
overall low organic contents of the LB contrast with the contemporaneous organic-rich deposition
of several northwestern Tethyan and Panthalassic margins (e.g. Baudin et al., 1990; Réhl et al.,
2001; Suan et al., 2011; Them Il et al., 2017; Fantasia et al., 2018b; Fonseca et al., 2018) and with
preceding Lower Jurassic successions in the LB (see Duarte et al., 2010; 2012; Silva et al., 2011,
2015; Pogas Ribeiro et al., 2013). The occurrence of OM-rich sediments in the LB is particularly
expressive in the mid-Upper Pliensbachian (Marly-Limestones with organic-rich facies (MLOF)
mb from the Vale das Fontes Fm (Fig. IV.1D); Davoei-Margaritatus zones), with TOC reaching up
to 26 wt.% (Silva et al., 2015). This TOC-richer unit is correlated with a phase of restriction that
favoured OM deposition and preservation, associated with maximum flooding intervals, related
with 2"-order transgressive phases at the basinal scale (see Silva et al., 2011, 2012).

IV.5.2. Climatic and environmental control on the
variation of kerogen assemblages in the uppermost
Pliensbachian—Lower Toarcian in the Lusitanian Basin

As aforementioned, the kerogen assemblages of the uppermost Pliensbachian—Lower
Toarcian in the LB are mostly of terrestrial affinity, mainly composed of phytoclasts and
continental palynomorphs. Nonetheless, the Peniche section is punctuated by increases in AOM; in
other studied sections, an increase in marine microplankton and AOM in some levels is observed.

To evaluate the variation of kerogen assemblages and 8'C in the LB and possible
association with previously recorded Early Toarcian palaecoenvironmental changes (sea-level
changes, temperature, etc), the studied interval was divided into six intervals: i) pre-Pl-Toa Event
(corresponding to shallowing and overall cooling phase of the Emaciatum Zone); ii) PI-Toa Event
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(coincidental with the negative CIE at the base of Polymorphum Zone); iii) Pre-TOAE
(Polymorphum Zone); iv) TOAE §C negative trend [between the beginning of TOAE interval and
the minimum in the 6™Cory curve from Fantasia et al. (2019)]; v) TOAE 8%C positive trend
[between the highest TOC value and the end of TOAE interval from Fantasia et al. (2019)]; vi)
Post-TOAE.

IV.5.2.1. Pre-Pl-Toa Event

The Emaciatum Zone in LB is characterised by the dominantly regressive limestones of
the Lemede Fm (Duarte, 2007; Duarte et al., 2010), associated with a significant eustatic sea-level
fall and overall cooler environments (e.g. Price, 1999; Suan et al., 2008a, 2010; Korte and Hesselbo,
2011; Silva and Duarte, 2015; Ruebsam et al., 2019; Rodrigues et al., 2020). The studied kerogen
assemblages agree with the regressive character of this interval, comprising abundant phytoclast
particles, subordinated amounts of terrestrial palynomorphs and continental aquatic palynomorphs
(Botryococcus sp.), and rare AOM particles (Figs. 1V.4, 1V.8, 1V.9, and Tables IV.1, IV.2). The
kerogen assemblages of the Lemede Fm are typical of oxygenated proximal shallow-water marine
environments with a substantial continental influence (e.g. Tyson, 1995) and contrasts with
preceding MLOF mb (Silva and Duarte, 2015),

Average 8Crerogen from the Rabacal and Alcabideque sections is -22.4%o. Although
limited by the low resolution of the studied sections in the LB, the more positive §*Ckerogen in the
LB are similar to those recorded in Betic Cordillera, where average 8*Crkerogen IS -22.1%0 (Rodrigues
et al., 2019) and average 8*Corg is -23.1%o (Ruebsam et al., 2020a).

Some argillaceous levels from the top of the Lemede Fm at Peniche have slight higher TOC
(an increase of ~ 0.6 wt.%) and AOM (average around 28%) contents and more negative *Ckerogen
values (average -24.8%o). These features suggest increased environmental restriction when
compared to the other LB sections (Figs. 1V.4, 1V.8 and 1V.9). The Rabacal section registers an
increase of ~ 18% in marine palynomorphs, mostly dinoflagellates cysts such as Luehndea spinosa
(Fig. IV.6C). The increase in marine palynomorphs is compatible with Rodrigues et al. (2016),
which observed an increase in the relative abundance of Nannoceratopsis senex in the Alcabideque
section (near Rabacal) in the same time interval. Correia et al. (2017a, 2018) observed an increase
in the abundance of Luehndea spinosa and Nannoceratopsis spp. at the top of Emaciatum Zone and
before the PI-Toa Event in the Peniche and Rabacal sections. These dinoflagellate cysts are
probably linked to increased nutrient levels (see Fantasia et al., 2019), favoured by local ecological
conditions (see Baranyi et al., 2016 and references therein). The relationship between increased
marine components and nutrient levels in this time interval was also noted in La Cerradura section,
Betic Cordillera (see Rodrigues et al., 2019).

The generalised increase in marine components in the LB and others southern Tethyan and
northern of Gondwana successions is likely associated with the Late Pliensbachian cooling (e.g.
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Correiaetal., 2017a), preceding the palaeoenvironmental changes of the PI-Toa Event (see below).
Recently, van de Schootbrugge et al. (2019) proposed that the increase in dinoflagellate cysts during
the Late Pliensbachian in the southern Tethyan successions was the result of an important
connection between the Arctic Sea and the Tethys Ocean through the Viking Corridor.

IV.5.2.2. Pl-Toa Event

As in many other basins worldwide (e.g. Hallam, 2001; Hardenbol et al., 1998; Haq, 2018),
a rapid transition (transgression) from shallow marine carbonates to hemipelagic marls (MLLF and
CC1 members) is registered just above the Pliensbachian—Toarcian transition in the LB (e.g.
Duarte, 1997; Duarte et al., 2010; Rocha et al., 2016). Concomitantly, a minor negative CIE linked
to PI-Toa Event is expressed in the 3*3C records from different substrates in the Peniche and
Rabagal sections (see Hesselbo et al., 2007; Suan et al., 2008a; Pittet et al., 2014; Ferreira et al.,
2015; Fantasia et al., 2019). The PI-Toa Event is associated with slightly warmer and humid
climates which induced an increase in continental weathering and fluvial runoff (e.g. Hesselbo et
al., 2007; Littler et al., 2010; Piefikowski et al., 2016; Xu et al., 2018; Ruebsam et al., 2019; Fantasia
et al., 2019; Rodrigues et al., 2020).

A slight increase of NOP particles characterises the kerogen assemblage of the sample
collected from this interval at Peniche (Fig. 1V.4). The same feature is observed in the Ribeira de
Cima section at the base of Polymorphum Zone, accompanied by an increase in terrestrial
palynomorphs (sporomorphs; Table IV.1). The increase in NOP and terrestrial palynomorphs could
be the result of increased delivery of these particles from rivers (Tyson, 1995 and references
therein) and are consistent with a slight increase in fluvial runoff, associated with the PI-Toa Event.

IV.5.2.3. Pre-TOAE

The 8%Ckerogen Values (around -23%o) from the pre-TOAE interval show remarkable
similarities with 8**Cwood, 8*Corg, and 3*3Crkerogen from other locations in the southern Tethyan and
Iberian margins [LB (Hesselbo et al., 2007; Fantasia et al., 2019) and Betic Cordillera (Rodrigues
et al., 2019; Ruebsam et al., 2020a)] and northern of Gondwana [Middle Atlas (unpublished data)
and High Atlas Basin (Bodin et al., 2016)]. The OP subgroup (mostly oxidised land plant tissues
and charcoal particles; see Tyson, 1995) dominates the kerogen assemblages in the studied sections
during the pre-TOAE (Polymorphum Zone) interval (including during the PI-Toa Event; Figs.
IV.4, 1V.8, IV.9 and Tables IV.1, 1V.2). The occurrence of OP particles is favoured by strongly
seasonal climates (with pronounced arid periods) and with significant water table fluctuations (e.g.
Tyson, 1995; Lamberson et al., 1996). The kerogen assemblages and the more positive §*°C in the

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
74



Polymorphum Zone fit with the palaeolatitude proposed for LB and other southern Tethyan, Iberian
and northern of Gondwana basins. During the earliest Toarcian, the LB was situated in the semi-
arid climate belt (Rees et al., 2000), with low precipitation as expressed by the clay mineral
assemblages (Dera et al., 2009), dominated by xerophytic flora (see Diéguez et al., 2010; Philippe
et al., 2017) and more positive 5'°C patterns (decreased **C fractionation during photosynthesis in
C3 plants; see Rodrigues et al., 2019; Ruebsam et al., 2020a).

Phytoclast (%)

© Levisoni samples

<> Polymorphum samples
[ ] Emaciatum samples

<

A;norphous (%) Palynomorph (5/0)

Figure IV.8. Ternary kerogen and palynofacies plots for marine series (Tyson, 1995) based on the relative

Redox plus marking effect

abundance of Phytoclast, Amorphous, and Palynomorph Groups of the studied stratigraphic interval in the
Lusitanian Basin (Portugal). The numbers in the samples correspond to the number of the studied sections
presents in Fig. IV.1. Palynofacies and environmental fields: (1) highly proximal shelf or basin, (11) marginal
dysoxic-anoxic basin, (I11) heterolithic oxic shelf (proximal shelf), (1) shelf to basin transition, (V) mud-
dominated oxic shelf (distal shelf), (V1) proximal suboxic-anoxic shelf, (VII) distal dysoxic-anoxic shelf,
(VI11) distal dysoxic-oxic shelf and (1X) distal suboxic-anoxic basin. Transport paths: (A) direct path from
source to anoxic basin, (B) Phytoclasts move away from the source out across shallow-marine shelf, (C)
redirection of phytoclasts into the basin from route B, (D) continuation of route B with further reduction in
phytoplankton organic carbon values and progressive sorting of phytoclasts and palynomorphs and (E) poorly
defined shelf to basin pathway.
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There is a progressive increase in NOP upwards (particularly observed in Peniche and
Rabacal), interpreted to reflect an increase in the riverine supply of NOP particles (Tyson, 1995;
Figs. IV.4 and 1V.9) within the context of ongoing global warming and intensification of humid
conditions culminating during the TOAE (e.g. Cohen et al., 2004; McArthur et al., 2008; Jenkyns,
2010; Korte and Hesselbo, 2011; Percival et al., 2015). The climatic trend is also supported by the
increase in K/(I+C) ratios at Peniche (Fantasia et al., 2019) and 8*Ogracn data from the Peniche and
Rabacal sections (Suan et al., 2008a; Ferreira et al., 2015).

At the top of Polymorphum Zone, probably coincidental with the first negative §'°C shift
associated with the TOAE, a decrease in §*Ckerogen values is observed (~ 3%o in Rabagal and ~ 4%o
in Ribeira de Cima; Figs. 1V.4, IV.9 and Table IV.2). The kerogen assemblages present an increase
in terrestrial palynomorphs and relative abundances of Nannoceratopsis gracilis (Fig. IV.6E) in the
more proximal sections (Rabacal, Ribeira de Cima, and Alcabideque sections) (see also Rodrigues
et al., 2016). Correia et al. (2017a, 2017b) also reported an increase in this dinoflagellate cysts in
the Peniche and Vale das Fontes sections. As said before, probably there is a connection between
dinoflagellate cysts and increased nutrient levels. Baker et al. (2017) reveal a brief enhancement of
fire activity associated with the deposition of charcoal particles around this interval in Peniche
section. These features suggest that nearby-emerged areas of LB were affected by wildfires and
probably induced an increase in the surface runoff accompanied by the export of nutrient into
marine environments, favouring the presence of dinoflagellate cysts.

1V.5.2.4. TOAE 63C negative trend

The TOAE §%C negative trend is well documented in 8**Ccarb, 8**Cwood, 5'*Corg datasets
from the Peniche section (Hesselbo et al., 2007; Fantasia et al., 2019). The §**Ckerogen record from
Rabagal, Alcabideque, Cantanhede, and Minde present a negative shift of ~ -5%.. The 2%o
difference in magnitude of the TOAE negative CIE between Peniche and the remaining sections
probably reflects the coarse resolution of these datasets.

The kerogen assemblages in the generality of LB follow the sedimentary and **C signal
disturbance. At Peniche, an abrupt increase in NOP particles is observed (Figs. 1V.4, IV.5G and
Table IV.1). In the Rabacal and more northern sections, is observed an increase in NOP, cuticle
fragments, terrestrial palynomorphs (sporomorphs and Classopollis in tetrads and agglomerates)
and a decrease in marine palynomorphs (Figs. 1V.8 and 1V.9). It was suggested that the decrease in
charcoal contents (included in the OP subgroup in palynofacies studies; Tyson, 1995) associated
with the TOAE resulted from the suppression of fire activity due to an increase in humidity.
Besides, higher precipitation rates are proposed to have enhanced continental weathering and
fluvial runoff (e.g. Cohen et al., 2004; Percival et al., 2016; Them Il et al., 2017).
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The presence of AOM probable flora origin in Cantanhede and Minde sections (70 and
78%, respectively) is not associated to elevated TOC and TS values and suggest deposition in a
typical oxygenated marine environment (e.g. Tyson, 1995). Amorphization of these particles likely
occurred in continental or transitional setting (Silva et al., 2013).

The observed changes in the kerogen assemblages are interpreted to be the combined result
of increased fluvial runoff, wetter conditions, and slightly lower atmospheric oxygen
concentrations during the TOAE 3'C negative trend, favouring the export of NOP and other
terrestrial particles into the marine environment. In the LB sections, the TOAE interval corresponds
to a disturbance of the marl-limestone background sedimentary infill that includes turbidites (CC2
mb in Peniche section) and tempestites (TNL mb in the generality of the basin) (see Wright and
Wilson, 1984; Duarte, 1997; Duarte et al., 2004, 2007; Pittet et al., 2014), accompanied with a
biotic crisis (e.g. Cabral et al., 2013; Comas-Rengifo et al. 2015; Ferreira et al., 2015; Rita et al.,
2016; Miguez-Salas et al., 2017; Rodriguez-Tovar et al., 2017; Piazza et al., 2019; Reolid et al.,
2019Db), indicating that both the continental and marginal-marine environments were affected by
the TOAE. Moreover, this interval in the LB was also been associated to an important tectonic
phase, such as confirmed by the occurrence of palaeoseismites in the southernmost part of the basin
(Fig. IV.8; see Duarte, 1997; Kullberg et al., 2001).

IV.5.2.5. TOAE 6%3C positive trend

The TOAE positive 8*3C trend at Peniche is well represented in 3**Ccarb, 8*Cwood, 8*Corg
(Hesselbo et al., 2007; Fantasia et al., 2019) and allows to establish a correspondence with the
813Crerogen Values obtained in the Rabagcal section (average ~ -22.2%o).

The initial stages of the TOAE 8%C positive trend are associated with the highest TOC
contents and an increase in AOM in the Peniche section (Figs. IV.4 and IVV.5H). The reason for the
occurrence of this elevated TOC level is unclear, but it is speculated that the influx of freshwater
and nutrients from the continents likely promoted dysoxic conditions and promoted the preservation
of OM (e.g. McArthur et al., 2008; Rohl et al., 2001; van de Schootbrugge et al., 2005).

In the Peniche section, NOP abundances remain relatively elevated for the first half of the
TOAE &'*C positive trend, decreasing to pre-TOAE values ~15 m above the base of Levisoni Zone
and well before the termination of the TOAE (Fig. IV.4). The decrease in NOP particles is roughly
coincidental with an increase in charcoal abundance (Figs. 1V.4 and 1V.9; Baker et al., 2017). It
was suggested that after the carbon cycle perturbation associated with the TOAE §*C negative
trend, climates gradually cooled and became dried (e.g. Suan et al., 2008a; Dera et al., 2009;
Ferreira et al., 2015; Korte et al., 2015), thus reactivating fire-activity and favouring the transport
of OP into the marginal marine environments of the LB.
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IV.5.2.6. Post-TOAE

After the TOAE interval, the §*C remains relatively stable during the middle part of the
Levisoni Zone. The obtained 8*Ckerogen and 8 *Cwooq in Peniche section (sample Pwf) values fit
quite well with the §**Cwood and 5'*Corg record (Fig. 1V.4; see Hesselbo et al., 2007; Fantasia et al.,
2019). The gradual return of the hemipelagic marls (see also Duarte et al., 2004, 2007) and biotic
recovery (see references above) is conveyed with the gradual re-establishment of the depositional
conditions observed before the TOAE. The kerogen assemblages in the Peniche section presented
a slight increase in continental palynomorphs (sporomorphs) and NOP particles (see Figs. IV.4 and
IV.9). This change can be linked to the small shift to more humid conditions and an increase in
fluvial runoff. After the end of the TOAE, a shift to warmer and humid climate conditions is inferred
from the Peniche section by an increase in the K/(1+C) (Fantasia et al., 2019). Rare dinoflagellate
cysts and the absence of AOM suggest an oxygenated water column towards the maximum peak
transgression of the Toarcian 2"-order sequence (Fig. IV.9; see Duarte et al., 2004, 2007).
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Figure 1VV.9. Schematic palaeoenvironmental evolution from latest Pliensbachian — Early Toarcian with the
main intervals, palynofacies evidences and the relationship with palaeoenvironmental parameters occurring
in the studied sections at Lusitanian Basin (Portugal). The palaeogeographic location of studied sections and
stratigraphic samples positions are based in Fig. IV.3. §'3Cor data in Peniche from the supplementary
information of Fantasia et al. (2019) and the palynofacies evidence in Alcabideque from Rodrigues et al.
(2016). The transgressive (T)-regressive (R) 2" order sequences are from Duarte (2007). W —warmer; R —
Regressive; T — Transgressive; TP — Tectonic phase (e.g. Duarte. 1997; Kullberg et al., 2001); NOP — non-
opaque phytoclasts; OM — organic matter; Mar. AOM — marine amorphous organic matter; Nannoc. —
Nannoceratopsis; L.spinosa — Luehndea spinosa.
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IV.6. Conclusion

The latest Pliensbachian—Early Toarcian successions in the LB are dominated by
hemipelagic carbonate deposits, showing stark lateral facies differentiation during the Levisoni
Zone in the several sectors of the basin. Mainly developed in the reference sections of Peniche and
Rabacal, the following findings are derived from new organic geochemistry, palynofacies, and
81*Crkerogen analysis:

- Contrasting with the contemporaneous northwestern Tethyan and Panthalassic margins
and with preceding Lower Jurassic successions in the LB, the studied sedimentary sections have,
in general, low TOC and the kerogen assemblages are mostly of terrestrial affinity, with a
dominance of Phytoclast Group and terrestrial palynomorphs. However, punctuated by an increase
in Amorphous Group, freshwater, and marine microplankton.

- Before the PI-Toa Event (latest Emaciatum Zone; latest Pliensbachian) is recorded an
increase in marine palynomorphs (mainly Luehndea spinosa) interpreted to have resulted from an
increment in nutrient availability, likely associated with the Late Pliensbachian cooling.

- The more positive 3*Crerogen Values and abundance in OP recorded during the
Polymorphum Zone (Pre-TOAE interval), supported a semi-arid climate. The gradual increase in
NOP reflects an increase in riverine supply within the context of ongoing global warming and
intensification of humid conditions. At the top of Polymorphum Zone, the presence of marine
palynomorphs (mainly Nannoceratopsis gracilis) is consistent with the export of nutrient into
marine environments, during increased large fire events in LB.

- During the TOAE &'*C negative trend, the Peniche section presented an abrupt increase
in NOP particles. At Rabacal and other auxiliary sections is observed a slight increase in NOP,
cuticle fragments, terrestrial palynomorphs (sporomorphs and Classopollis in tetrads and
agglomerates) and a decrease in marine palynomorphs. The slightly lower atmospheric oxygen and
wetter conditions observed during the TOAE 3*C negative trend in LB are consistent with an
enhanced continental weathering and fluvial runoff.

- During the initial phase of TOAE &'3C positive trend in Peniche, is recorded the highest
TOC and AOM content in the LB associated with dysoxic conditions. Upwards, the NOP
abundances decrease to pre-TOAE values and roughly agree with the reactivating fire-activity in
the LB, suggesting that the climates gradually cooled and became dried (with sparse shifts to humid
climate) conveyed with the gradual re-establishment of the depositional conditions observed before
the TOAE.
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V. Variation of kerogen assemblages and 8'3Cyerogen in the
uppermost Pliensbachian—Lower Toarcian succession of
Asturian Basin (northern Spain)

V.1. Introduction

During the Early Toarcian, the Earth systems experienced severe episodes of
environmental perturbation, the largest one recognised as the Toarcian Oceanic Anoxic Event
(TOAE) and characterised by profound disturbances in geochemical, sedimentary, and biological
cycles (e.g. Jenkyns and Clayton, 1986; Hesselbo et al., 2000, 2007; Mattioli et al., 2009; Kemp
and lzumi, 2014; Brazier et al., 2015; Percival et al., 2016; Them Il et al., 2017; Xu et al., 2017;
2018; Izumi et al., 2018; Fantasia et al., 2019).

One of the most researched features of the TOAE is the associated large disruption of the
carbon cycle, expressed by a negative carbon isotopic excursion (CIE) at the base of the
Serpentinum/Levisoni/Falciferum ammonite Zone (e.g. Hesselbo et al., 2000, 2007; Kemp et al.,
2005; Al-Suwaidi et al., 2010; French et al., 2014; Piefikowski et al., 2016; Them Il et al., 2017;
Fantasia et al., 2019; Rodrigues et al., 2019; Ruebsam et al., 2020a), and contemporaneous with
widespread deposition of organic matter (OM). OM-rich sediments are particularly noticeable
around the northwestern Tethyan margin in the central and northern European epicontinental
basins (e.g. Baudin et al., 1990; Jenkyns, 2010). In these areas, deposition took place in warm and
humid conditions, associated with intensification of the hydrological cycle and subsequent
enhanced fluvial and nutrient input into the basins (e.g. Cohen et al., 2004; Dera et al., 2009;
Brazier et al., 2015; Fantasia et al., 2018a).

In contrast to the OM-rich facies of the northern European epicontinental basins, in the
southern Tethyan, western and southern Iberian, and northern Gondwana margins, the TOC-rich
intervals are spatially and temporally restricted (e.g. Hesselbo et al., 2007; Bodin et al., 2010,
2016; Gémez and Goy, 2011; Reolid et al., 2012, 2014; Rodrigues et al., 2016, 2019, 2020; Ait-
Itto et al., 2017; Fantasia et al., 2019; Ruebsam et al., 2020b and Chapter V). The lack of OM
enrichment is attributed to generally oxic conditions and low productivity associated, semi-arid
climate, and general circulation patterns (e.g. van de Schootbrugge et al., 2005; Baroni et al.,
2018; Rodrigues et al., 2019).

An emerging research topic regarding the TOAE is devoted to understanding how local
processes modulated the potential to develop marine anoxia (e.g. Wignall et al., 2005; McArthur
et al., 2008; Fantasia et al., 2018a, 2019). The Rodiles section from the Asturian Basin (northern
Spain) presents an important enrichment in OM record across the Tenuicostatum—Serpentinum
zones. GOmez et al. (2008) reported an interval with total organic carbon (TOC) reaching up 3.2
wt.% and Rodrigues et al. (2015) presented a sample with 2.9 wt.% from the base of Serpentinum
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Zone, dominated by amorphous organic matter (AOM). The good biostratigraphical control (see
Valenzuela, 1988; Gémez et al., 2008) and the previous studies focusing on the TOAE (see
Gomez et al., 2008, 2016) highlights the importance of this section to investigate palaeoclimatic
and palaeoenvironmental changes occurring before and during the TOAE.

In this study, we re-evaluate and expand on the geochemical and palynofacies preliminary
data previously published by Rodrigues et al. (2015) from the Rodiles section (Fig. V.1). The
samples were also analysed for carbon-isotope in kerogen isolates (8*Ckerogen). The main
objectives of this study were to (1) complement the existing dataset for the Rodiles section, to (2)
investigate the relationship between OM production, depositional conditions, and
palaeoceanographic controls on the occurrence of OM-rich facies during the Early Toarcian in
the Asturian Basin, and (3) investigate the relationship with the neighbouring counterparts.

V.2. Geological background

The Asturian Basin is a small sedimentary basin, located on the northern part of the
Iberian Massif (Figs. V.1A and V.1B). This basin is one of the several rift-related Peri-Tethyan
Mesozoic basins whose origin is related to the opening of the Atlantic Ocean (e.g. Hiscott et al.,
1990). The sedimentary infill is of Mesozoic age, unconformably deposited in a Paleozoic
basement and covered by Cenozoic deposits. The basement and the Mesozoic infill suffered
several tectonic episodes related to the Permian—Triassic extensional continental rifting process
(e.g. Quesada and Robles, 1995) and the Upper Jurassic—Cretaceous opening of the Bay of Biscay
(e.g. Quesada and Raobles, 1995; Hernandez, 2000; Aurell et al., 2002).

The Jurassic succession of the Asturian Basin is divided into two depositional
stratigraphic units, separated by a disconformity related to a rifting episode (see Suérez Vega,
1974). The studied stratigraphic interval (latest Pliensbachian — Early Toarcian) is included in the
lower unit (Villaviciosa Group; Hettangian to Lower Bajocian) and is characterised by the
deposition of thick rhythmic alternations of micritic/marly limestones and marls comprising the
Santa Mera Member from Rodiles Formation (e.g. Valenzuela et al., 1986). The Rodiles section
is located about ~8 km northeast of the Villaviciosa village (43°32'22"N; 5°22'22"W; Fig. V.1B),
in the eastern part of the Asturias regional autonomy (northern Spain) and crops out near the
Rodiles beach. It corresponds to ~20 m of the Rodiles Formation (Fig. V.1C) and initiates with
white—grey marly limestones and grey marls with abundant ammonites dated from the Spinatum
(Fig. V.2A; Upper Pliensbachian) and Tenuicostatum (Lower Toarcian) zones. At the top of
Tenuicostatum—base of Serpentinum Zones is observed a laminated dark grey marls interval,
enriched in OM (see Gémez et al., 2008; Rodrigues et al., 2015). The remaining Serpentinum
Zone is composed of alternations of white—grey marly limestones bioturbated and grey marls (Fig.
V.2B).
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Figure V.1. Geological setting and studied section. A. Geological map of the Jurassic outcrops in the Iberian
Peninsula; B. Geological map of the Jurassic outcrops in the Asturian Basin and location of the Rodiles
section (R) (adapted from Rodriguez-Fernandez et al., 2016); C. Simplified stratigraphic log of the Upper
Pliensbachian—Lower Toarcian interval in the Rodiles section (modified from Gémez and Goy, 2011). The
duration of the extinction boundary (E.B.) based in Gdmez and Goy (2011). Undiffer. — Undifferentiated.

V.3. Material and methods

Previously obtained TOC and TS contents are summarized below and listed in Table V.1.
The re-evaluation of the palynofacies data was performed at the Palynofacies and Organic Facies
Laboratory (LAFO) of the Rio de Janeiro Federal University (Rio de Janeiro, Brazil), following
the classification scheme for the OM groups [i.e., Phytoclasts, Amorphous, and Palynomorphs,
and an additional group, Zooclast (remains of animal-derived organic particles)] and subgroups
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of Mendongca Filho and Gongalves (2017). Additionally, using kerogen concentrates of marly and
wood samples (carbonate-free fraction previously obtained according to the standard, non-
oxidative procedure; see, for example, Tyson, 1995; Mendonca Filho et al., 2012), §'°C
(8**Ckerogen) Was determined at MAREFOZ (Coimbra University, Portugal). The 8*Ckerogen Was
obtained using a Flash EA 1112 Series elemental analyser coupled online via a Finningan Conflo
Il interface to a Thermo Delta V' S mass spectrometer. Internal precision is better than =0.1%o for
513C (Acetanilide Standard from Thermo Electron Corporation). Gas species of different mass
were separated in a magnetic field then simultaneously measured using a Faraday cup collector
array to measure the isotopomers of CO, at m/z 44, 45, and 46.

Figure V.2. Field view of the Rodiles studied section. A. The rhythmic white—grey marly limestones and
grey marls from Spinatum Zone and the position of sample R1; B. General view of the laminated dark grey
marls interval, with the position of samples R9 and Rw1-3 (wood fragments). The white dashed line
corresponds to the limit between the Tenuicostatum and Serpentinum zones (see Gomez et al., 2008).

V.4. Results

V.4.1. TOC and TS content

TOC average is 0.8 wt.%, reaching up to 2.9 wt.% at the base of Serpentinum Zone
(sample R9; Fig. V.3 and Table V.1). TS average is 1.1 wt.%, with the highest TS contents
observed in the topmost of Spinatum Zone (sample R5; 2.5 wt.%) and at the topmost of
Tenuicostatum-base of Serpentinum zones (between samples R8 and R9; ~ 3.5 wt.%). Carbonate
contents range between 20-57%, with the lowest value recorded in the topmost of Spinatum Zone
(sample R5). Between the topmost of Tenuicostatum-base of Serpentinum zones is observed a
decrease in carbonate (samples R8 and R9; Fig. V.3 and Table V.1).
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V.4.2. Carbon isotopes

83 Crerogen Varies between -31.47 and -23.73%o (Fig. V.3 and Table V.1). From Spinatum
Zone to the base of Serpentinum Zone, 3*Ckerogen presents relatively more positive values,
between -23%o0 and -25%.. At the topmost of Tenuicostatum—base of Serpentinum zones is
observed a distinct negative CIE (about 6%o), reaching the minimum value of -31.47%. at the base
of Serpentinum Zone (sample R9). Upwards, 3**Ckerogen recorded a positive trend, with mean
values of -25%o (Fig. V.3 and Table V.1). §**Ckerogen Of fossil wood varies from -27.54 to -25.07%o,
which is in good agreement with the 3*3Ckerogen record (Fig. V.3 and Table V.1).

V.4.3. Palynofacies

Kerogen assemblages include the main kerogen groups; Phytoclast, Amorphous,
Palynomorph, and Zooclast (Fig. V.3 and Table V.1). The Phytocast Group dominates the
kerogen assemblages (average 62%; Fig. V.3 and Table V.1), with the dominance of the non-
opaque phytoclasts (NOP; Figs. V.3, V.4A, V.4B, and Table V.1). Opaque particles (OP) are
present in smaller amounts (average 35%); however, increasing slightly at the top of the
succession (Figs. V.3 and V.4A). Membranes are mainly observed in the Spinatum Zone
(reaching up 45% at the sample R5) and there is a slight increase in cuticles (Fig. VV.4C) at the
topmost of Tenuicostatum—base of Serpentinum zones (Table V.1).

The Amorphous Group presented a large variation, between 5-83% (average of 26%; Fig.
V.3 and Table V.1), with an increase at the topmost of Tenuicostatum—base of Serpentinum zones
(between samples R8-R10). These particles present diffuse or unstructured limits and are
classified as amorphous organic matter (AOM). AOM particles are brown to pale brown in TWL
(Fig. V.4D) and yellow to orange in FM, and present inclusions of palynomorphs (Figs. V.4E and
V.4F) suggesting a marine origin. Particles belonging to the Palynomorph Group occur in low
amounts, ranging from 3% in the Spinatum Zone (samples R1 and R2) to 13% in the Serpentinum
Zone (sample R12). Terrestrial palynomorphs are mainly represented by the sporomorph
subgroup, with sporomorphs (Fig. V.4G) and Classopollis (Fig. V.4H).
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Figure V.3. TOC, TS, 8"Ckerogen, palynofacies associations and main intervals from Rodiles section,
Asturian Basin (northern Spain). Phyto. — phytoclasts; Amorp. — amorphous; Palyno. — palynomorphs; OP
— opaque phytoclasts; NOP — non-opaque phytoclasts.

Some pollen occurring in tetrads or agglomerates (Figs. V.4H and V.41) are also present.
Freshwater microplankton is rare and is represented by zygospores of zygnemataceae. Marine
palynomorphs, such as dinoflagellate cysts (Luehndea spinosa; Fig. V.4J), acritarchs, and
prasinophyte algae (Tasmanites genus; Fig. V.4K) occur in low amounts, reaching up to 18% in
Spinatum Zone (Fig. V.3 and Table V.1). The Zoomorph Group is represented by foraminiferal
test-linings (Fig. V.4L).
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Figure V.4. Photomicrographs of the studied kerogen assemblages from the Rodiles section, Asturian Basin

(northern Spain). A. Opaque (OP) and non-opaque phytoclasts (NOP) from Spinatum Zone (sample R3);
B. Sample from the topmost of Tenuicostatum Zone with NOP (sample R9); C. Example of cuticle with
OP from Serpentinum Zone (sample R14); D—E. AOM, OP, and NOP from Spinatum Zone (sample R3);
F. Image from the topmost of Tenuicostatum Zone with AOM and OP (sample R9); G. Sample from
Spinatum Zone with sporomorphs, AOM, OP and NOP (sample R4); H. Sporomorph, Classopollis and
tetrad of Classopollis from the topmost of Tenuicostatum Zone (sample R9); 1. Example of pollen grain
agglomerate from Serpentinum Zone (sample R12); J. Luehndea spinosa, AOM, and OP observed at
Tenuicostatum Zone (sample R7); K. Sample from the base of Serpentinum Zone with Tasmanites, AOM
and OP (sample R10); L. Foraminiferal test-linings, OP, NOP and sporomorph from Serpentinum Zone
(sample R12). Transmitted white light (TWL): A, B, C, D, G, H, and L; Fluorescence Mode (FM): E, F, H,
I, J, and K. OP — Opaque phytoclast; NOP — Non-opaque phytoclast; Sp — Sporomorphs.
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Table V.1. TOC, TS, carbonate content, 8**Crerogen and palynofacies data from Rodiles section (northern Spain).

. . . 13 Phytoclast* Palynomorphs!
OIS e e TS | Dl e e e e | I e or - Cumeshoment |
R15 0.4 0.3 43 -24.22 74 55 44 0 1 13 7 0 100 81 5 14 0 6
R14 0.3 0.2 40 -24.29 74 47 52 0 1 12 7 0 100 88 0 4 8 7
R13 0.3 0.3 46 -24.04 71 41 47 6 6 15 10 9 91 94 0 3 0 4
R12 0.3 0.3 45 -24.63 67 34 57 7 3 26 3 0 100 100 0 0 0 4
R11 0.4 0.4 39 -24.65 73 33 62 1 4 12 13 8 92 89 5 0 0 2
Rv 3 - -—- -—- -27.54 - - - - - - - - - - - - - -
Rv 2 - - - -25.07 - - - - - - - - - - - - - -
Rv1 - - - -25.91 - - - - - - - - - - - - - -
R10 0.6 0.6 42 -26.02 54 31 63 4 1 36 6 6 94 71 6 12 6 4
R9 29 3.6 27 -31.47 2 20 80 0 0 83 6 5 95 95 0 0 0 9
R8 11 35 23 -29.88 24 30 58 10 1 62 7 13 87 95 0 5 0 7
R7 0.4 0.7 41 -23.73 80 33 64 2 1 10 8 16 84 68 8 0 8 2
R6 0.5 11 43 -24.21 72 31 66 0 2 17 7 0 100 91 4 0 4 4
R5 0.7 25 20 -24.97 65 27 63 0 10 27 5 0 100 100 0 0 0 3
R4 0.9 0.9 50 -24.07 62 14 41 0 45 27 7 18 82 90 0 0 0 4
R3 11 0.6 57 -25.95 55 43 32 0 25 31 9 4 96 96 0 0 0 5
R2 0.8 0.6 56 -24.36 70 26 36 0 38 13 3 10 90 100 0 0 14
R1 1.0 0.7 47 -23.99 91 36 61 0 3 5 3 0 100 100 0 0 0 1

* Data published by Rodrigues et al. (2015); Carb — carbonate content; OP — opaque; NOP — non-opaque; Cut — cuticle; Memb — membrane; Palynom. — Palynomorphs; Mar — marine; Terrest — terrestrial; Sp — sporomorph; Tet — tetrad; Agg —
agglomerate; Botryo. — Botryococcus sp ; Zig. — Zygospores of zygnemataceae; Zoo. — Zooclasts; *— recalculated to 100%; 2 — total marine microplankton (dinoflagellate cysts, acritarchs and prasinophyte algae) and zoomorphs (foraminiferal
test-linings); ® — total terrestrial palynomorphs (sporomorphs, tetrads, agglomerates, botryococcus sp. and zygospores of zygnemataceae); Zoo — zooclasts (remains of animal-derived organic particles).

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic margins: the interplay between local constraints vs global events
88



V.5. Discussion

V.5.1. The organic matter preservation during the
Pliensbachian—Early Toarcian in northern Spain

As aforementioned, the succession of the Asturian Basin has an average TOC of 0.8 wt.%,
reaching up to 2.9 wt.% at the topmost of Tenuicostatum—base of Serpentinum zones (Fig. V.3 and
Table V.1) (see Rodrigues et al., 2015). This is compatible with the observed in the Basque-
Cantabrian Basin, considered as one of the most prospective sedimentary basins in Spain. Here,
organic-rich intervals are located in the Pliensbachian—Early Toarcian interval (see Quesada et al.,
1997, 2005; Rosales et al., 2006; Beroiz and Permanyer, 2011). Although this discussion is not the
goal of this work, during the Pliensbachian, differential subsidence generated swells and intra-
platform troughs, restricting circulation resulted in OM-rich deposition in northern Spain (see
Valenzuela et al., 1989; Quesada et al., 1997, 2005; Rosales et al., 2006; Garcia-Ramos and Pifiuela,
2010). The occurrence of OM-rich units in the Asturian and Basgque-Cantabrian basins is confirmed
by several authors (maximum TOC values of 8 and 8.7 wt.%, respectively; e.g. Borrego et al., 1996;
Herrero, 1998; Quesada et al., 1997, 2005; Perilli and Comas-Rengifo, 2002; Rosales et al. 2006;
Badenas et al., 2009; Comas-Rengifo and Goy, 2010), and also observed in the Lusitanian Basin
(reaching up to 26 %; see Duarte et al., 2010, 2012; Silva et al., 2011, 2015).

Regarding the Early Toarcian interval, the TOC data obtained in this study, intercepted
with TOC published data allows to construct a detailed view of Iberian and northern African TOC
distribution for the latest Pliensbachian—Early Toarcian time interval, divided into the following
intervals: i) Pre-TOAE [uppermost Spinatum (Fig. V.5A) and Tenuicostatum (Fig. IV.5B) zones
with the relatively low TOC content, until the last sample before the increase in TOC values), ii)
TOAE [between the extinction boundary from Gémez and Goy (2011) and base of Serpentinum
Zone (until the last wood sample), matching with the samples with relatively high TOC content]
and iii) Post-TOAE.

Overall, it is notorious the contrast between the OM deposition occurred during the latest
Pliensbachian—Early Toarcian in the northern Spain (Asturian and Basque—Cantabrian basins),
other Iberian (Iberian range, Lusitanian and Betic Cordillera) and northern African (High, Middle
and the Saharan Atlas) locations (Fig. V.5; e.g. Hesselbo et al., 2007; Bodin et al., 2010, Gimez
and Goy, 2011; Reolid et al., 2012; Rodriguez-Tovar and Reolid, 2013; Rodrigues et al., 2016,
2019, 2020; Danise et al., 2019; Fantasia et al., 2019; Ruebsam et al., 2020b and Chapter V).

During the Pre-TOAE interval, the Rodiles (Asturian Basin), Tudanca, San Andres
(Basque—Cantabrian Basin), and La Almunia (northern Iberian Range) sections recorded several
stratigraphic levels with newsworthy TOC content, reaching up ~1.5 wt.% (Figs. V.5A, V.5B). The
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Sierra Palomera section, contrasting with previous work (see Gdmez and Arias, 2010), presented
enrichment in OM, where TOC contents reach up 4.4 wt.% in the Tenuicostatum Zone (IV5B; see
Danise et al., 2019). Most of the uppermost Pliensbachian—lowermost Toarcian deposits in the
Iberian Range, western and southern Iberian, and northern African sections presented bioturbated
facies, with generally well-diversified benthic fauna and TOC values below 1 wt.% (Figs. V.5A,
V.5B; see also Gomez and Goy, 2011; Reolid et al., 2018; Duarte et al., 2018a, 2018b), supporting
the presence of oxygenated depositional environments.

During the TOAE, TOC values recorded in Rodiles are concordant with the
contemporaneous series from the Basgque—Cantabrian (Tudanca and San Andrés sections; Fig.
V.5C) and others southern Europe sections such in the Valdorbia (Italy) and Monte Mangart
(Italian—Slovenian border), with TOC typically between 1-3 wt.% (Jenkyns, 1988; Quesada et al.,
1997; Jenkyns et al., 2002; Sabatino et al., 2009; Gémez and Goy, 2011; Garcia-Joral et al., 2011).
In the Castrovido section (northern Iberian Range), an increase in TOC is observed at the base of
Serpentinum Zone, reaching up ~2.6 wt.% and the Sierra Palomera section recorded TOC values
(reaching up ~3.7 wt.%; see Danise et al., 2019). Castrovido is located relatively near to northern
Spain and the TOC values fit into the enrichment in OM general pattern. However, the TOC values
obtained by Danise et al. (2019) for Sierra Palomera are completely different from previously
reported by Gomez and Arias (2010). Gomez and Goy (2011) compared TOC data between
northern and central Spanish sections and the highest TOC value recorded in central Spain (Iberian
Range) was in the La Almunia section (~0.7 wt.%; Fig. V.5C). Therefore and given the low
resolution presented in Gimez and Goy (2011), there is no certainty about the TOC values of Sierra
Palomera.

Another interesting observation in this interval is related to the high TOC values recorded
in a discrete level of Peniche (Lusitanian Basin; see also Hesselbo et al., 2007; Fantasia et al., 2019
and Chapter 1V) and in one sample of the Amellago section (High Atlas Basin; see Bodin et al.,
2010) (Fig. V.5C). These elevated TOC values contrast with the general trend TOAE trend in the
Lusitanian, Betic Cordillera, High and Saharan Atlas basins (Fig. V.5C), where TOC is generally
below 1 wt.% (e.g., Hesselbo et al., 2007; Bodin et al., 2010; Rodrigues et al. 2016, 2019; Fantasia
et al., 2019; Ruebsam et al., 2020b and Chapter 1V), likely signalling a brief episode of OM
preservation promoted by dysoxic conditions.
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Figure V.5. Palaeogeographic map of the western Tethys during the Late Pliensbachian — Early Toarcian

interval (Bassoulet et al., 1993; Thierry and Barrier, 2000) and palaeolocation of the sections in Asturian,
Basque—Cantabrian, Lusitanian, Betic Cordillera, Middle, High, and Saharan Atlas basins. The black
rectangle shows the limit of the detailed view of Iberian and northern Africa TOC distribution for the
uppermost Pliensbachian—Lower Toarcian time interval. A. Uppermost Spinatum Pre-TOAE; B.
Tenuicostatum Pre-TOAE; C. TOAE and D. Post-TOAE. Highest TOC values from Hesselbo et al. (2007)
(e), Gomez et al. (2008) (i), Gémez and Arias (2010) (g), Gomez and Goy (2011), Reolid et al. [2012 (a),
2014 (c)], Rodriguez-Tovar and Reolid (2013) (d), Rodrigues et al. (2016, 2019, 2020), Danise et al. (2019)
(h), Fantasia et al. (2019) (f), Ruebsam et al. (2020b) (b) and Chapter IV.
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Even so, the TOC values recorded in northern Iberia during the TOAE are relatively low
when compared with those recorded in several central and northern Europe basins, with TOC
ranging between 5 and 15 wt.% (e.g. Baudin et al., 1990; Réhl et al., 2001; Suan et al., 2011; 2015,
2018; Ruebsam et al., 2018; Fantasia et al., 2018a; Fonseca et al., 2018). OM-rich sediments are
particularly expressive across the central and northern Europe areas, probably associated with
prolonged anoxic (and euxinic) conditions (e.g. Schouten et al., 2000; Schmid-Réhl et al., 2002;
Schwark and Frimmel, 2004; van Breugel et al., 2006; French et al., 2014; Ruebsam et al., 2018).

After the TOAE, TOC contents in Iberian and northern African sections return to the Pre-
TOAE pattern (with sparse TOC peaks observed in the Sierra Palomera section; see Danise et al.,
2019) (Fig. V.5D). The decrease in TOC values and documented biotic recovery (Gémez et al.,
2008; Gomez and Goy, 2011; Reolid et al., 2012; Rodriguez-Tovar and Reolid, 2013; Danise et al.,
2019; Ruebsam et al., 2020b) are associated with the re-establishment of depositional conditions
observed before the TOAE.

V.5.2. &%3Cyerogen record and the kerogen assemblages
evolution

The Phytoclast Group mostly dominates the Rodiles section with several levels showing an
increase in AOM and the marginal occurrence of terrestrial and marine palynomorphs (Fig. V.6).
The dominance of phytoclasts is comparable to those reported in western and southern Iberian
(Rodrigues et al., 2016, 2019; Baker et al., 2017; Fantasia et al., 2019 and Chapter 1V), and Morocco
basins (e.g. Bodin et al., 2016; Rodrigues et al., 2020). The mature nature of the studied section
(vitrinite reflectance values of 1.1% R, and Tmax values between 444 and 454°C; see Rodrigues
et al., 2015; Deconinck et al., 2020) is attested by the corroded nature of many phytoclasts (Fig.
V.4B). Despite the relatively elevated thermal maturity of the studied section, the NOP particles
present a slight dominance in the Phytoclast Group (average of ~55%) instead of the OP dominance
observed in the other western and southern Iberian basins (see Rodrigues et al., 2016, 2019 and
Chapter 1V). The higher abundances in NOP in the Asturian Basin likely reflects increased delivery
of NOP from rivers (Tyson, 1995 and references therein) and/or decreased contribution of OP from
emerged areas due to generally slightly wetter conditions (e.g. Lamberson et al., 1996; Baker et al.,
2017; Rodrigues et al., 2019). During the studied interval, the Asturian Basin was in the winter-wet
climatic belt (Fig. V.7; see Rees et al., 2000; Dera et al., 2009), supporting increased rainfall and
availability of NOP to be exported into the marine system.

Compared with the Lusitanian Basin, the Rodiles section presented a fewer kerogen
assemblage variation (see Chapter 1V). Even so, the presence of certain organic particles and the
variation 8Crerogen Values allows an approximation to the previously defined intervals (see section
V.5.1).
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V.5.2.1. Pre-TOAE

The Early Toarcian negative CIEs correspond to the Pliensbachian—Toarcian Event (Pl-
Toa Event; e.g. Littler et al., 2010) and TOAE (Hesselbo et al., 2007; Jenkyns, 2010). Between the
negative CIEs, several positive tendencies are observed and appearing to be quite consistent across
the Tethyan, Boreal and Pantalassic basins (see, for example, Jenkyns et al., 2002; Hermoso et al.,
2013; Ruebsam and Al-Husseini, 2020).

The obtained 3*3Crerogen data show a positive 8*°C trend in the Spinatum Zone (average of
-24.6%0) which can be correlated the Middle Atlas (average -24.3%o; see Chapter VI), Betic
Cordillera (average -22.1%o; Rodrigues et al., 2019) and Lusitanian (-22.8%o; see Chapter V)
basins. The presence of small amounts of marine AOM in the Asturias and Middle Atlas basins can
partially explain the decrease in 3*3Ckerogen Values, corroborating Suan et al. (2015), suggesting that
the 3'3C signal is the reflection of the proportions of terrestrial and marine OM.

The increase in marine microplankton such acritarchs and dinoflagellate cysts observed in
the uppermost Spinatum Zone (between samples R3-R4) fits with previous observations from the
Middle Atlas (Rodrigues et al., 2020), Betic Cordillera (Rodrigues et al., 2019) and Lusitanian
(Rodrigues et al., 2016; Correia et al., 2017a, 2017b and Chapter 1V) basins. The Spinatum Zone
is widely regarded as a dinoflagellate radiation interval (e.g. Slater et al., 2019; van de
Schootbrugge et al., 2019), probably triggered by cooling and incursion of more saline waters
during the Late Pliensbachian (e.g. van de Schootbrugge et al., 2005, 2019). Cooling conditions
during the Spinatum Zone is supported by oxygen isotopic data from bulk carbonate (5'*Ocarn) and
belemnite (§'80ge) in the Asturian Basin (e.g. Gomez et al., 2008, 2016; Gomez and Goy, 2011).

Despite the low resolution of our study (probably cause for non-identification of the PI-
Toa Event), the 3Ckerogen data presented a more positive trend (average of ~ -24%o) during the
Tenuicostatum Zone and fits with 6*3Cgel and 8*Ccar, data from Rodiles. Comparing with 8**Cwood,
8Corg, and 8™Crkerogen records from the western and southern lberian (see Hesselbo et al., 2007,
Fantasia et al., 2019; Rodrigues et al. 2019; Ruebsam et al., 2020a and Chapter 1V) and northern
African basins [Middle Atlas average ~ -22.8%o (see Chapter VI), High and Saharan Atlas basins
(see Bodin et al., 2016; Ruebsam et al., 2020b)], the Asturias basin presented a slightly more
negative 33Crerogen Values. The more negative 33Crerogen Values from this study are interpreted to
reflect increased C fractionation during photosynthesis in C3 plants related to higher water
availability (see also Rodrigues et al., 2019; Ruebsam et al., 2020a) in the winter-wet climatic
conditions observed in Asturian Basin (Fig. V.7; see Rees et al., 2000; Dera et al., 2009).
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Figure V.6. Ternary kerogen and palynofacies plots for marine series (Tyson, 1995) based on the relative

abundance of Phytoclast, Amorphous, and Palynomorph Groups according to the main intervals from Rodiles
section, Asturian Basin (northern Spain). Palynofacies and environmental fields: (1) highly proximal shelf or
basin, (I1) marginal dysoxic-anoxic basin, (I11) heterolithic oxic shelf (proximal shelf), (IV) shelf to basin
transition, (V) mud-dominated oxic shelf (distal shelf), (V1) proximal suboxic-anoxic shelf, (VII) distal
dysoxic-anoxic shelf, (VII1) distal dysoxic-oxic shelf and (IX) distal suboxic-anoxic basin. Transport paths:
(A) direct path from source to anoxic basin, (B) Phytoclasts move away from the source out across shallow-
marine shelf, (C) redirection of phytoclasts into the basin from route B, (D) continuation of route B with
further reduction in phytoplankton organic carbon values and progressive sorting of phytoclasts and
palynomorphs and (E) poorly defined shelf to basin pathway.
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V.5.2.2. TOAE

The positive trend is interrupted by an abrupt negative CIE of ~ 6%o in 8*3Ckerogen, recorded
around the topmost of Tenuicostatum Zone, reaching up ~ 8%o at the base of Serpentinum Zone.
Furthermore, the change to higher 6*3Ckerogen Values recorded in the marly and wood samples after
the negative CIE is also abrupt (shift of ~5.3%o; Fig. V.3) and probably reflects the return to heavier
513C values above the negative CIE. Despite the coarse resolution, the obtained negative CIE is
shorter (~ 1m) than the observed in other TOAE sites (e.g. Cohen et al., 2004; Kemp et al., 2005;
Hesselbo et al., 2007; Sabatino et al., 2009, Suan et al., 2018; Ruebsam and Al-Husseini, 2020),
and the abrupt negative CIE and subsequent change to higher 5'*C values are similar to that reported
in Valdorbia, Monte Mangart (Italy and Italian—Slovenian border; Sabatino et al., 2009), Yakoun
River and Bighorn Creek (Canada; Caruthers et al., 2011; Them Il et al., 2017), Bachental (Austria;
Neumeister et al., 2015), Zazriva (Slovakia; Suan et al., 2018) and sediment core FR-210-078
(southern Luxembourg; Ruebsam et al., 2019). Nevertheless, these shifts appear far more gradual
in other TOAE sites (see also Fig. V.7; e.g. Cohen et al., 2004; Kemp et al., 2005; Hesselbo et al.,
2007; Suan et al., 2015; Ruebsam and Al-Husseini, 2020). The negative CIE features recorded in
Rodiles, probably reflect a low sedimentation rate instead of rapid changes in the carbon cycle.

The negative CIE is also recorded in §*Ccan, (shift of 1.5%o; see Gomez et al., 2008) and is
coeval with an extinction interval [extinction boundary from Gémez and Goy (2011) corresponding
to the disappearance of brachiopods; see Garcia Joral et al., 2011] and enrichment of AOM (Figs.
V.3 and V.7). The elevated marine AOM proportions are comparable to those reported from coeval
TOAE black shale levels in the UK (Slater et al., 2019), SW Germany (Madler, 1968), SW France
(Fonseca et al., 2018), Switzerland (Gorin and Feist-Burkhardt, 1990), central Italy (Palliani et al.,
1998), Hungary (Baranyi et al., 2016) and Slovakia (Suan et al., 2018). Alternatively, the Lusitanian
Basin (excluding a discrete level of Serpentinum Zone in Peniche section) and Betic Cordillera are
dominated by phytoclasts and terrestrial palynomorphs (terrestrial OM; see Rodrigues et al., 2016,
2019 and Chapter 1V) (see Fig. V.7).

The increase in TOC, TS and marine AOM content in the Asturian Basin suggests oxygen
deficiency conditions (e.g. Emeis et al., 1991; Tyson and Pearson, 1991; Tyson, 1995), further
substantiated by the occurrence of prasinophytes algae (Fig. V.4K) (generally regarded as an
indicator of anoxia/suboxic conditions in AOM-rich intervals; see Tyson, 1995 and references
therein) and the presence of foraminiferal test-linings in the sample R9 (Fig. V.4L), suggests that
the conditions were probably suboxic (see Tyson, 1995).

Two main hypotheses are proposed to explain the geochemical and biological changes
associated with the TOAE, (1) increased greenhouse effect (slightly lower atmospheric oxygen;
e.g. Hesselbo et al., 2000; Jenkyns, 2003) and (2) increase in marine productivity typically
associated with restricted basins (e.g. Kuspert, 1982; Rohl et al., 2001; Schmid-Réhl et al., 2002;
Frimmel et al., 2004; van de Schootbrugge et al., 2005; McArthur et al., 2008). McArthur et al.
(2008) proposed that the development of organic-rich facies in several restricted shallow basins in
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the northwestern Tethyan margin, during the TOAE, is related to the warmer and wetter climate.
This climatic feature led to an intensification of the hydrological cycle, enhanced continental
weathering and increased fluvial runoff and riverine OM and nutrient input into marine areas. This
would lead to an increase in primary productivity, and the influx of freshwater probably induced a
water column stratification promoting anoxia and preservation of the OM (Réhl et al., 2001; Rohl
and Schmid-Rohl, 2005; van de Schootbrugge et al., 2005; McArthur et al., 2008). The presence of
abundant particles belonging to the NOP subgroup and Palynomorph Group (mainly pollen grains
occurring in tetrads and agglomerates) in Rodiles section at the topmost of Tenuicostatum-base of
Serpentinum zones (between samples R8 — R10; Fig. V.3 and Table V.1) are consistent with a slight
increase in continental weathering and fluvial runoff and fits the overall TOAE model that favours
the deposition and preservation of marine AOM.

V.5.2.3. Post-TOAE

Above the TOAE interval, during the Serpentinum Zone, the 3*3Ckerogen record returns to
more positive values (similar to the 8*Ckerogen recorded during the pre-TOAE interval). These
preferentially heavy §'3C values are also expressed in the §*Cwood, 8*Corg, and §**Cierogen records
from Cleveland, southern German, Iberian, and northern African basins (e.g. Cohen et al., 2004;
Kemp et al., 2005; Hesselbo et al., 2007; Suan et al., 2015; Bodin et al., 2016; Fantasia et al., 2019;
Rodrigues et al. 2019; Ruebsam et al., 2020a, 2020b; Ruebsam and Al-Husseini, 2020).
Concomitantly, it is observed as a drastic drop in TOC, TS and AOM content (Figs. V.3 and V.7).
These features and the presence of NOP particles suggested the maintenance of similar climatic
patterns as the pre-TOAE interval (Figs. V.3) with the improvement of bottom-water oxygenation.
The 8'0ge record supported this theory suggesting that the warming episode remained after the
TOAE (see also Gémez et al., 2008, 2016).
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Figure V.7. Correlation between TOC, AOM content and §'3C records of the uppermost Pliensbachian —
Lower Toarcian from Cleveland, Asturian, Lusitanian, and Betic Cordillera Basins. TOC, AOM content,
8'%Corg, and 8'3Crkerogen records, PI-Toa Event and TOAE negative CIE limits of Cleveland, Lusitanian, and
Betic Cordillera basins are from Cohen et al. (2004), Kemp et al. (2005), Hesselbo et al. (2007), Rodrigues
etal. (2019), Slater et al. (2019), Ruebsam et al. (2020a) and Chapter IV. Global map with palaeolocation of
Cleveland, Asturian, Lusitanian, Betic Cordillera basins and Early Jurassic palaeoclimatic belts modified
from Rees et al. (2000) and Dera et al. (2009); Localities: C — Yorkshire (Cleveland Basin); A — Rodiles
(Asturian Basin; this study); L — Peniche (Lusitanian Basin); B — La Cerradura and Fuente Vidriera (Betic
Cordillera). Up. Pli. — Upper Pliensbachian; Ten. — Tenuicostatum; Emac. — Emaciatum; Poly. —
Polymorphum.

V.6. Conclusions

The re-evaluation and expansion of the palynofacies data with the integration of
geochemical analysis from the uppermost Pliensbachian—Lower Toarcian marine successions of
Rodiles (Asturian Basin, northern Spain) allow for the following conclusions:

- The studied succession is mature and has relatively high TOC values, reaching up to 2.9
wt.%. Phytoclast Group dominates the kerogen assemblages with a drastic change at the topmost
of Tenuicostatum-base of Serpentinum zones with the increase in AOM content.
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- The relative dominance in NOP particles and relatively more negative §**Crkerogen Values
during the studied interval, suggests a dominantly winter-wet climate in the northern Iberian
margin.

- The TOAE interval is marked by a short and abrupt negative CIE in 6*3Ckerogen, associated
with the highest TOC, TS and AOM contents at the base of Serpentinum Zone. These features
suggest a low sedimentation rate, with the deposition and preservation of OM occurring probably
under suboxic conditions. The occurrence of NOP and terrestrial palynomorphs in this interval is
interpreted to represent a slight increase in continental weathering and fluvial runoff associated
with slightly lower atmospheric oxygen and wetter conditions.

- Above the TOAE interval, the §"*Ckerogen record and the drastic drop in TOC and AOM
content indicate that bottom water oxygenation improved after the TOAE, however with the
maintenance of the warming episode.

Organic matter variation during the Toarcian Oceanic Anoxic Event in the Central and Northern Atlantic
margins: the interplay between local constraints vs global events
98



VI. Final remarks

This doctoral thesis is a contribution to the knowledge of the uppermost Pliensbachian—
Lower Toarcian TOC, palynofacies, and 8*Ckerogen record from the Central (northern Gondwana
margin) and part of Northern Atlantic (Iberian Massif) basins. In this study, selected samples from
several reference sections from the Middle Atlas (Morocco), Betic Cordillera (southern Spain),
Lusitanian (western Portugal) and Asturian (northern Spain) basins, were studied in detail and
discussed in the four main chapters of this thesis; two of which are published in international peer-
reviewed journals (chapters 11 and I111) and, at the date of submission of this thesis, chapter 1V was
submitted. From these four main chapters (see also their partial conclusions), general conclusions
and considerations regarding future studies are presented below:

VI.1. General conclusions

From the obtained TOC data, gathered with previously published TOC datasets, it is
notorious that deposition and preservation of OM in northern Africa, western and southern Iberian
sections are spatially and temporally restricted, with low TOC content (generally below 1 wt.%;
Fig. VI.1A) and suggesting the lack of persistent anoxia, probably favoured by local physiography
and vigorous circulation. In the northern Iberian Rodiles section, the TOAE organic-rich interval
reaches up 2.9 wt.%. Even so, the TOC values recorded in the Asturian Basin are relatively low
when compared with those recorded during the Early Toarcian in the central and northern European
epicontinental basins, with TOC generally between 5 and 15 wt%.

Although the 8Ckerogen depends on the composition of the individual components of
kerogen assemblages, the obtained 33Crerogen profiles in this study present similarities with the
high-resolution 8*Cwoeed and 8*Corq records previously published from the western and southern
Iberian sections (Fig. V1.2) and allows to establish a correspondence with the 3*3Cierogen Values
obtained in the Middle Atlas and Asturian basins. Even with small differences between the studied
sections, the 8*3Crkerogen record presents a positive trend during the Emaciatum/Spinatum Zone and
the coarse-resolution around the base of Polymorphum/Tenuiscostatum Zone does not allow the
full recognition of the PI-Toa Event small negative CIE observed in more complete and detailed
813C data. A positive trend is observed across the Polymorphum/Tenuicostatum Zone, followed by
the negative trend associated with the TOAE. The 8*Ckerogen N€gative trend presents an amplitude
offset between the studied sections, suggesting that superimposed local and/or regional
environmental processes may also have influenced the 3*Ckerogen record. The return to heavier
813 Crerogen Values above the negative trend seems more abrupt in the Rodiles and appears far more
gradual in other studied sections (Fig. V1.2).
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The 8%Ckerogen data combined with palynofacies analysis is a powerful tool for
palaecoenvironmental research, with implications to the understanding of oceanic productivity and
OM accumulation and preservation. The Phytoclast Group dominates the kerogen assemblages
from the studied sections (Fig. VI1.1B), indicating that sedimentary OM is mostly of terrestrial
affinity. Nonetheless, several levels are punctuated by increases in marine (dinoflagellate cysts,
acritarchs, and prasinophyte algae) and freshwater (mainly Botryococcus sp.) microplankton and
AOM particles (Fig. VI.1B).

The increase in acritarchs and dinoflagellate cysts (Nannoceratopsis sp. and Luehndea
spinosa) in the uppermost Emaciatum/Spinatum Zone in the studied basins fits with a previously
observed dinoflagellate radiation interval, probably linked to increased nutrient levels and triggered
by cooling and incursion of more saline waters during the Late Pliensbachian. The obtained
81Crerogen data presented a positive trend, however, with a slight decrease in §**Crkerogen Values in
Asturian and Middle Atlas basins. This difference can partially be explained by the presence of
small amounts of marine AOM (Figs. VI.1B and V1.2).

At the base of Polymorphum/Tenuicostatum Zone, and connected with the PI-Toa Event,
warmer and more humid climates results in increased delivery of non-opaque phytoclasts (NOP)
and terrestrial palynomorphs in the Middle Atlas, Betic Cordillera, and Lusitanian Basin. In the
Middle Atlas is also observed an increase in Botryococcus sp. particles during the earliest
Polymorphum/Tenuicostatum Zone. This evidence is consistent with a slight increase in continental
weathering and fluvial runoff.

Phytoclast particles are not usually used for palaeoclimate interpretations. However, it is
suggested here that the higher NOP abundances at the base of the Polymorphum/Tenuicostatum
Zone likely reflect increased delivery of NOP from rivers and/or decreased contribution of opaque
phytoclasts (OP) from emerged areas due to generally slightly wetter conditions. The higher
abundances of NOP recorded in the Middle Atlas probably reflected the increase in the delivery of
NOP from rivers, while the NOP recorded in Asturian Basin is probably the combination of the
effect of increased delivery from rivers associated with the slightly wetter conditions experienced
in the winter-wet climatic belt.

The major occurrence of OP particles and the more positive §*Ckerogen Values in the western
and southern Iberian basins suggested that the OM was mostly sourced from an area characterised
by a semi-arid or arid climate (Figs. V1.1 and V1.2) with low precipitation rates, resulting in the
decreased °C fractionation during photosynthesis in C3 plants, particularly evident during the
Polymorphum/Tenuicostatum Zone.

At the topmost of Polymorphum/Tenuicostatum Zone, a decrease in 8*3Cierogen Values is
observed in the Lusitanian and Asturian basins (Fig. VI.2). The kerogen assemblages present an
increase in terrestrial palynomorphs and relative abundances of marine microplankton
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(Nannoceratopsis spp.) in the Lusitanian Basin and are observed an increase in TOC and AOM in
the Asturian Basin. Concomitantly, a slight increase in TOC and AOM content is recorded in the
Betic Cordillera. It is proposed that the connection between the increase in marine microplankton
and AOM particles with increased nutrient levels. Therefore, the kerogen assemblage in the Iberian
margin suggests increased surface runoff accompanied by the export of nutrients into marine
environments at the beginning of TOAE.
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Figure VI.1. TOC and palynofacies variations across the studied interval in the Middle Atlas (1), Betic
Cordillera (2), Lusitanian Basin (3); Asturian Basin (4). A. Palaeogeographic map of the western Tethys
during the Early Jurassic (Bassoulet et al., 1993; Mattioli et al., 2008) with the mean TOC record; B. Ternary
kerogen and palynofacies plots for marine series (Tyson, 1995) based on the average relative abundance of
Phytoclast, Amorphous and Palynomorph Groups. (For interpretation of the palynofacies and environmental
fields see figure caption of the ternary kerogen and palynofacies plots presented in chapters 11, I11, IV and V.

At the base of Levisoni/Serpentinum Zone, the Betic Cordillera, Lusitanian and Asturian
basins recorded the TOAE §**Ckerogen Negative trend (Fig. V1.2) and the kerogen assemblages in the
studied basins follow the carbon cycle disturbance. The Betic Cordillera and Lusitanian basins
record an increase in NOP and cuticle fragments (particularly evident in the Peniche section),
intercepted with the increase of terrestrial palynomorphs (sporomorphs, Classopollis sp., tetrads,
and agglomerates) and decrease in marine palynomorphs. The Asturian Basin records an
enrichment in AOM (with high TOC and TS content), an increase in NOP and terrestrial
palynomorphs (mainly tetrads, and agglomerates). These features are interpreted to be the
combined result of wetter conditions and slightly lower atmospheric oxygen concentrations leading
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to an intensification of the hydrological cycle, enhanced continental weathering and increased
fluvial runoff and riverine OM from emerged landmasses into marine areas.

However, and despite the similar terrestrial response of terrestrial components during the
TOAE, it is confirmed that the oceanic areas including the western and southern Iberian basins
were affected by vigorous circulation and, because of the position of these basins within the semi-
arid to arid climate belt, acceleration of the hydrological cycle was less intense and with lower
nutrient input when compared with northern Spain. Here, the enrichment in AOM probably
reflected an increase in primary productivity caused by the increased continental weathering, fluvial
runoff and riverine OM and nutrient input into marine areas. The influx of freshwater probably
induced water column stratification promoting suboxic conditions and preservation of OM.

Therefore, the difference in magnitude of the TOAE 8*3Ckerogen N€gative trend between the
studied sections (Fig. V1.2) is probably the reflection of the presence of marine AOM and/or the
relationship between the $3C fractionation and water availability during photosynthesis in C3 plants.

The subsequent change to higher §'*C values, the TOAE positive §**C trend, is more abrupt
in the Asturian Basin (probably reflecting a low sedimentation rate) and more gradual in the western
and southern Iberian sections (Fig. V1.2). Despite the initial stages of the TOAE 8%C positive trend
are associated with the highest TOC contents and an increase in AOM in the Lusitanian Basin
(Peniche section), likely signalling a brief episode of OM preservation promoted by dysoxic
conditions, it is suggested that after the carbon cycle perturbation the climates gradually cooled,
favouring the return of the kerogen assemblage similar to the ones observed before the TOAE. The
drastic drop in TOC, TS and AOM content in Asturian Basin and the return of the kerogen
assemblage and 3'*Cxerogen Values in the other studied sections suggest the improvement of bottom-
water oxygenation, conveyed with the gradual re-establishment of the depositional conditions.
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Figure VI.2. The average 8**Ckerogen data obtained in the studied basins and the comparison between 5'3Corg
and 8%Cwooq curves from Betic Cordillera and Lusitanian basins and the §'*Cierogen data. The 6**Corq and
5'Cwood CUrves, the PI-Toa Event and TOAE intervals from Middle Atlas, Betic Cordillera, Lusitanian and
Asturian basins are from Hesselbo et al. (2007), Ait-Itto et al. (2017), Fantasia et al. (2019) and Ruebsam et
al. (2020a).

VI.2. Future perspectives

This doctoral work presents new evidences to better understand the OM inventory of each
studied basin, suggesting that OM deposition and preservation were controlled by the interplay of
local-regional constraints and global events. Nonetheless, further studies are needed to improve the
knowledge and discussion of these subjects. Therefore is necessary:
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- Perform a more detailed sampling campaign (about 1 sample per 5cm) from the uppermost
Pliensbachian—Middle Toarcian in the Middle Atlas and Asturian sections, and determine the
813C0rg;

- Perform a high-resolution 8=*Ckerogen and 8*Corg study from a section with OM derived
exclusively from terrestrial sources (preferentially in another climate belt) to observe the amplitude,
“shape” differences and discrepancies between these two organic records;

- Reduce the distance between samples around the PI-Toa Event and TOAE in the studied
sections, allowing a better assessment of the vertical variation pattern in OM,;

- Expand these findings to other northern Africa and Central Iberian sections.
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