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Abstract

Abstract

At ~183 Ma when large amounts of organic matter was dumped onto the ocean beds (known
as the Toarcian Oceanic Anoxic Event, T-OAE), the Early Toarcian marine biota experienced one
of the most important biological crises in Earth history. Calcareous nannoplankton was deeply
affected and started only to recover from the end of the Early Toarcian. After the T-OAE, as
phytoplankton communities dwelling the oceans photic layer recover from the previous disturbing
conditions, the ecological niches once occupied by calcareous nannoplankton are again
replenished. Located in the westernmost part of the Tethyan ocean, the Lusitanian Basin acted as
a seaway between the NW Tethys and the Mediterranean Tethys provinces, therefore been
actively influenced by these two different water masses. Hence such a region stands as the perfect
spot to study the calcareous nannoplankton community, as its fossil remains bears species typical
of both provinces.

In order to appraise the nannoplankton demise and subsequent recovery, absolute and
relative abundances of nannofossils were determined from pelagic marl-limestone couplets from
three sections of the Lusitanian Basin. Also brachiopods shells were investigated for stable carbon
and oxygen isotopes analysis. In order to independently assess the morphologic evolution of
Lotharingius coccoliths, a Toarcian section from south France was studied. Different statistic
methodologies were used throughout this work, in order to screen for robust and significant
information from the numerous datasets that were built.

New data from Portugal and France allowed for a new biostratigraphic scheme to be herein
suggested for the western Tethys. Robust and distinct major bioevents are acknowledged at three
major periods. The uppermost part of the lower Toarcian is acknowledged through the First
Occurrence (FO) of Watznaueria colacicchii. The middle-upper Toarcian boundary is consistently
recognized through the FO of Discorhabdus criotus whereas the Toarcian-Aalenian limit is clearly
identified by the FO of Watznaueria contracta and Hexalithus magharensis. Sedimentological
interpretation and carbon and oxygen isotopic data, together with the nannofossil record, allowed
to characterized both the biotic and abiotic changes that occurred in the water column of the
Lusitanian Basin over a period of ~10 myr. Three distinctive palaeoenvironmental and
palaeoceanographic settings are inferred. (1) The basal Toarcian was characterized by very
unstable environmental conditions. Across this period both Boreal and Mediterranean water
masses freely mixed as supported by the high abundance of nannofossils with geographic affinities
from both Tethyan realms. The nannofossil record together with isotopic data upholds the trophic
character of the water column across this warm and transgressive period as mainly meso-
eutrophic. (2) During the long-term regressive period that started from the middle Toarcian, as the

water masses gradually cooled down, the dominant water mass in the basin has its origin in the
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Boreal province and the deepening of the nutricline provides the ecological niches for deep
dwelling coccolithophores. This period is interpreted as being mainly stable and oligotrophic. (3)
Starting from the upper Toarcian and although not as stressful as before, the water column again
acquires a predominant meso-eutrophic character as inferred from the carbon isotopic data and
nannofossil record. This was a period where the connection between the two Tethyan water
masses were at a minimum if not lost at all, and mainly Mediterranean waters filled the basin.

These environmental changes are mirrored by the size variation in the coccoliths of the
Lotharingius genus. Biometry results show a double influence of environmental factors (acting on
the short-term) and evolution (mainly noticeable on the long-term) in two discrete western Tethys
sections. Small coccoliths of Lotharingius are more abundant in strata here interpreted as likely
deposited during stressed and meso-eutrophic environmental conditions where nutrients would be
more abundant, whereas larger coccoliths dominate the assemblages in stable and stratified
waters masses. However, a major size change is observed during the middle Toarcian, when the
average size of Lotharingius coccoliths goes from smaller to larger than 4 pym. This size change
likely illustrates both the Cope’s rule and the Left Wall model.

Calcareous nannofossils proved to be a privileged proxy in documenting long-term
environmental changes occurring in the T-OAE aftermath, either through the analysis of their
assemblage composition either through their size changes. They are a particularly useful
palaeoceanographic tool, which allowed infer on the water mass exchanges that occurred across
the Lusitanian Basin seaway. Calcareous nannofossil biostratigraphy acknowledged in this work
renders a clear and unequivocal recognition of main Toarcian substages boundaries, susceptible

to be integrated in the future Geological Time Scale.
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Résumé étendu

Le biome marin du Toarcien inférieur a subi une des crises les plus significatives de I'histoire
de la Terre, qui a affecté les mers épicontinentales du globe. Ces bassins épicontinentaux sont
eégalement caractérisés par 'accumulation de grandes quantités de matiére organique dans les
sédiments de I'époque, ce qui a été interprété comme le résultat d'un Evénement Anoxique au
Toarcien inférieur (T-OAE, ~183 Ma). Le nannoplancton calcaire, qui fait partie des organismes le
plus sensibles aux conditions environnementales des eaux océaniques de surface, a été
profondément affecté par cette crise et sa récupération se mit en place seulement a la fin du
Toarcien inférieur. Si le T-OAE a été étudié en grand détail ces derniéres années, la période de
récupération est beaucoup moins bien connue. A ce stade, nous ne savons pas, notamment, si la
récupération de la production carbonatée primaire est représentée par un épisode rapide ou par
une suite d’événements (qui feraient partie d’'un plus long processus) intervenus sur quelques
millions d’années aprés le T-OAE. Pendant les perturbations environnementales qui ont eu lieu au
Toarcien inférieur, des fluctuations importantes du niveau marin ont été interprétées ainsi que des
variations de la température des eaux océaniques. Aprés le T-OAE, le niveau marin et les
températures montrent des changements plus graduels pendant une grande partie du Toarcien
supérieur-Aalénien inférieur et les niches écologiques occupées par le nannoplancton calcaire
sont ré-établies. Ces conditions de relative stabilité sur le long terme (~10 Ma) sont idéales pour
étudier les dynamiques de la communauté des nannofossiles calcaires et, notamment, comment
les différents taxons réorganisent leurs relations synécologiques. Le Toarcien-Aalénien est une
période clé dans [I'évolution du nannoplancton calcaire, avec des nouveaux genres qui
apparaissent. Les nannofossiles de cet intervalle restent relativement peu étudié dans le Bassin
Lusitanien, malgré I'importance de cette région d’'un point de vue paléocéanographique. En effet
ce bassin, qui était a l'origine un rift avorté lié a l'ouverture de l'Atlantique, a permis les
connections entre des masses d’eaux de provenance NW européenne et sud-téthysienne. C’est
dans cette région que nous retrouvons donc des mélanges de taxons liés a des différentes
provinces géographiques.

En parallele de I'analyse des changements des assemblages de nannofossiles calcaires
observés sur le long-terme, le Bassin Lusitanien qui présente des coupes continues et bien datées
par ammonites, est un site idéale pour étudier I'évolution des tailles du genre le plus représentatif
au Toarcien, le Lotharingius. |l est en effet crucial de pouvoir appréhender les réles respectifs du
contréle environnementale et de I'’évolution sur les changements de taille au cours du temps. En
comparant les mesures de taille du genre Lotharingius aux autres données environnementales,

telles que les tendances mesurées sur le 8°C et le §'°0, il sera possible d’évaluer I'influence du
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paléoenvironnement (et notamment la température et la productivité des eaux de surface) sur les
changements de tailles observés.

Dans le but de mieux comprendre les dynamiques des assemblages lors de la crise et de la
subséquente récupération post-T-OAE, les abondances relatives et absolues des nannofossiles
ont été mesurées dans les alternances marno-calcaires de trois coupes hémi-pélagiques du
Bassin Lusitanien. En paralléle, la calcite des brachiopodes a été utilisée pour des mesures
isotopiques (8°C et §'®0). Une coupe a été également sélectionnée dans le centre-sud de la
France (Bassin des Causses) afin de comparer les variations de taille des coccolithes et de mieux
contraindre l'influence de facteur locaux vs. globaux. De nombreux tests statistiques ont été
appliqués avec I'objectif de traiter le plus correctement possible 'ensemble des données acquises.

Sur la base des observations des assemblages de nannofossiles calcaires du Portugal et du
Sud de la France, il a été possible de reconnaitre plusieurs événements (premiéres et derniéres
apparitions) qui ont aidé a la définition de différentes zones a nannofossiles et a conforter ou, vice-
versa, a émender les schémas de biozonation existants pour le NW européen et le Sud de la
Téthys. L’analyse des assemblages de nannofossiles a permis de mettre en évidence les
changements environnementaux sur le long terme, les dominances successives des différents
taxons et de préciser les préférences écologiques de ces taxons. La biométrie du genre
Lotharingius montre des fluctuations a court terme qui s’emboitent dans des variations a plus long
terme. Cet étude met en évidence la grande plasticité morphologique du genre.

Les nouvelles données biostratigraphique obtenues dans le cadre de cette thése permettent
de mieux caractériser trois intervalles en particulier: la limite Toarcien inférieur/moyen est
reconnaissable grace a la premiére apparition (FO) de Watznaueria colacicchii. La limite Toarcien
moyen/supérieur est bien caractérisée par la FO de Discorhabdus criotus. La limite
Toarcien/Aalénien est identifiée par la FO de Watznaueria contracta et Hexalithus magharensis.

Les interprétations sédimentologiques, couplées aux données isotopiques (8'°C et le §'°0) et
aux données issues des assemblages de nannofossiles calcaires ont permis la caractérisation des
changements biotiques et abiotiques majeurs qui ont eu lieu dans les eaux de surface du Bassin
Lusitanien. Trois types d’environnements ont été détectés : (1) le Toarcien basale était caractérisé
par des conditions environnementales trés instables et par un mélange des masses d'eau
boréales et méditerranéennes, comme le montrent les assemblages de nannofossiles. Les eaux
de surface étaient chaudes et méso-eutrophes. L’équivalent du T-OAE a Rabacal est trés pauvre
en nannofossiles calcaires et montre de nombreux spécimens remaniés. Ces données sont
cohérentes avec la nature des sédiments qui sont des tempestites. (2) Pendant la période
régressive a partir du Toarcien moyen, les masses d’eau refroidissent progressivement. Une forte
présence des formes de nannofossiles calcaires d’affinité boréale est observée avec des
évidences de stratification des eaux et une nutricline profonde, ou dominent des taxons avec un

mode de vie de type deep-dwelling. Cette période est caractérisée par des conditions
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environnementales stables et plutt oligotrophes. (3) A partir du Toarcien supérieur et jusqu’a
'Aalénien inférieur, les eaux de surface montrent de nouveau un caractére instable et méso-
eutrophe, d’aprés les nannofossiles calcaires et les isotopes stables du carbone, méme si dans
'absolu des conditions aussi extrémes qu’au Toarcien inférieur ne sont plus atteintes. Les
connections entre les différentes masses d’eau étaient minimes, et le Bassin Lusitanien montre
une claire affinité Méditerranéenne.

La taille du genre Lotharingius semble varier en concert avec les changements
environnementaux enregistrés sur le long terme. Les résultats biométriques montrent une double
influence des changements paléoenvironnementaux (surtout visible sur le court terme) et de
I'évolution (long terme). De petits coccolithes sont retrouvés pendant des conditions de stress
environnementale et méso-eutrophiques, en revanche des gros coccolithes sont typiques de
conditions globalement plus stables et d’eaux stratifiées. Un changement de taille significative est
observé au Toarcien moyen avec des coccolithes en moyenne plus petits de 4 ym dans des
sédiments plus anciens et des coccolithes > 4 pm dans des sédiments plus récents. Cette
variation de la taille des Lotharingius illustre la loi de Cope.

En synthése, les nannofossiles calcaires représentent un trés bon outil pour interpréter les
changements paléoenvironnementaux sur le long terme, que ce soit au travers de I'analyse de ses
assemblages ou de leur taille. Ce microfossiles sont particulierement utiles en paléocéanographie
pour reconstituer I'histoire des connections entre masses d'eau différentes (provinces NO
européenne et Téthys méditerranéenne) au cours du Toarcien. Les nouvelles données
biostratigraphiques présentées dans ce travail permettent de maniére claire et non équivoque
d’identifier les limites entre différents sous-étages. Ces nouvelles données sont susceptibles d’étre

intégrées a la future édition de la Geological Time Scale.
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Resumo alargado

Ha cerca de 183 milhdes de anos atras, a biota marinha sofreu uma das mais importantes
crises bioldgicas na histéria do planeta, quando grandes quantidades de matéria organica foram
depositadas nos fundos oceanicos. Este episddio que teve lugar durante o Toarciano, resultou de
um Evento Anoxico Oceanico (T-OAE), e afectou os mares epicontinentais a escala global. O
nanoplancton calcario, um grupo de organismos extremamente sensivel as variacbes nas
condicdes ambientais que tém lugar na camada superficial das massas de agua, foi
profundamente afectado. Foi somente no final do Toarciano Inferior que a sua recuperagao se
iniciou. Apesar de ja muito se ter escrito sobre o T-OAE, a previsivel recuperagao deste grupo
nunca foi sistematica nem detalhadamente estudada. Até hoje, ndo se sabia ainda se esta
recuperagao teria sido relativamente rapida, ou resultado de um processo lento e gradual que teria
durado milhdes de anos. Durante o Toarciano Inferior, quando as condi¢bes ambientais eram
extremamente instaveis, ocorreram importantes e drasticas oscilagdes na temperatura e no nivel
médio dos oceanos. Apds o T-OAE e durante todo o Toarciano e Aaleniano Inferior, as oscilagbes
do nivel médio dos oceanos e de temperatura sdo bastante mais suaves. A medida que a
comunidade fitoplancténica instalada na zona fética recupera das condicbes extremas anteriores,
0s nichos ecolégicos antes ocupados por nanopléncton calcario, comegam novamente a ser
preenchidos. Apesar das prolongadas e suaves variagdes abidticas, € num ambiente entdo mais
estavel, que melhor se pode observar a evolugéo deste grupo, e de que forma as suas relagdes
sinecoldgicas se alteraram ao longo de aproximadamente 10 milhdes de anos. Apesar de ser
considerado como um periodo onde a comunidade nanoplancténica sofreu importantes
alteragbes, nada se sabe em concreto que alteragdes foram essas que tiveram lugar apés o T-
OAE num local tdo estratégico como a Bacia Lusitanica. Situada na extremidade Oeste do Tétis e
fazendo parte de um rift originado pela abertura do Atlantico, a Bacia Lusitanica actuou como um
corredor que ligava livremente as massas de agua das provincias mediterranica e NW do Tétis,
sendo por estas, activamente influenciada. Por essa razdo, tal situacdo geografica constitui um
local excepcional para se estudar a comunidade de nanoplancton calcario, uma vez que o seu
registo féssil compreende espécies tipicas destas duas provincias do Tétis.

Para além das alteragdes a longo prazo na comunidade de nanoplancton, as secgdes
continuas e bem calibradas da Bacia Lusitanica sdo ideais para se estudar em pormenor a
contribuicdo do controlo ambiental versus tendéncia evolutiva, do taxon dominante durante o
Toarciano, o género Lotharingius. Através da medi¢gdo do comprimento dos seus cocolitos, devera
ser possivel avaliar alteragdes na evolucao filogenética deste taxon, e apds comparagdo com
outros indicadores ambientais como o valor de is6topos estaveis de carbono e oxigénio, inferir se

alguma das alteracbes detectadas derivam ou ndo de factores ambientais. De facto, tal como é
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amplamente referido na literatura, os isétopos estaveis de carbono e oxigénio fornecem a
informacao mais precisa e fiavel sobre respectivamente o caracter tréfico e temperatura da coluna
de agua.

Para avaliar o declinio e subsequente recuperacdo do nanoplancton durante o Toarciano e
Aaleniano Inferior, foram determinadas as abundancas absolutas e relativas de nanofésseis a
partir de amostras recolhidas de margas e calcarios hemipelagicos de trés afloramentos, bem
como o teor em is6topos estaveis de carbono e oxigénio de conchas de braquiépodes. Para aferir
discretamente a evolugdo morfologica dos cocolitos de Lotharingius, foi estudado um outro
afloramento do Sul de Franca. No decurso deste trabalho foram utilizados diversos métodos
estatisticos, com o objectivo de discriminar informacado robusta e significativa de entre as
numerosas bases de dados construidas.

Do estudo das associagdes de nanofdsseis do Oeste portugués e Sul de Franga, foi possivel
identificar bioeventos sincronos (primeiras ocorréncias de diferentes taxdones) que para além de
serem Uteis na definicdo das diferentes Zonas de Nanofdsseis nas duas sequéncias sedimentares
estudadas, contribuiram para melhorar e actualizar os esquemas biostratigraficas ja publicados
para as provincias boreal e mediterranica do Tétis. Foi possivel obter para a Bacia Lusitanica uma
descricao detalhada e a longo prazo da evolugdo da comunidade de nanoplancton e a sua
resposta as alteracdes ambientais e paleoceanograficas, para além de corroborar o que é
possivel encontrar na literatura sobre as preferencias ecoldgicas dos taxdnes mais importantes do
Jurassico Inferior, adicionando em alguns casos importantes detalhes. A biometria de cocdlitos de
Lotharingius forneceu valiosa informagdo sobre a sua evolugdo a longo prazo e sobre a sua
resposta no curto prazo a alteragbes ambientais, revelando assim a plasticidade ecoldgica deste
grupo, mesmo estando geneticamente constrangida.

Este trabalho permitiu construir e sugerir um novo esquema biostratigrafico para o Oeste do
Tétis através da identificacdo de bioeventos robustos e singulares observados durante trés
importantes periodos. O Toarciano Inferior terminal é identificado pela Primeira Ocorréncia (FO)
de Watznaueria colacicchii, a fronteira entre o Toarciano Inferior e Médio é consistentemente
reconhecida pela FO de Discorhabdus criotus enquanto que o limite Toarciano-Aaleniano é
claramente identificado pela FO de Watznaueria contracta e Hexalithus magharensis.

A integracdo de informacdo sedimentoldgica, isotdpica e micropaleontoldgica, permitiu
caracterizar as alteracbes bidticas e abidticas sofridas na coluna de agua da Bacia Lusitanica
durante um periodo de ~10 milhdes de anos, onde trés cenarios paleoambientes e
paleoceanograficos sao inferidas. (1) Apesar das camadas correspondentes ao equivalente
temporal do T-OAE serem pobres em nanofésseis, e sendo grande parte constituida por
espécimes remobilizados uma vez que estas rochas se formaram a partir de episédios de
tempestade, o Tarciano Inferior foi um periodo caracterizado por condigdes ambientais muito

instaveis. A elevada abundancia de nanofdsseis com afinidade geografica de ambas as provincias
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tetianas corrobora que estas massas de agua se misturavam livremente, para além de que a
composicgao fossilifera conjuntamente com os dados isotépicos permitem atribuir a este periodo
transgressivo e quente, um caracter predominantemente meso-eutréfico. (2) Durante o longo
periodo regressivo que se inicia no Toarciano Médio, e enquanto as massas de agua arrefecem
progressivamente, a bacia é predominantemente preenchida por aguas boreais. O afundamento
da nutriclina permite o aparecimento de nichos ecoldgicos para cocolitéforos com preferéncia pela
zona fética inferior. Este intervalo de tempo é predominantemente estavel e oligotrofico. (3)
Apesar de nao ser tao instavel como antes, os dados isotépicos e fossiliferos sugerem que a partir
do Toarciano Superior a coluna de agua adquire novamente um caracter meso-eutréfico. Durante
este periodo a ligacdo entre as duas massas de agua tetianas seria residual ou estaria
interrompida, e eram as aguas mediterranicas que dominavam a bacia.

Estas alteracbes ambientais sdo espelhadas pela variagdo no tamanho dos cocdélitos de
Lotharingius. Os resultados biométricos revelam uma dupla influéncia de factores ambientais (que
actuam no curto prazo) e evolutivos (detectaveis principalmente a longo prazo) em duas
sucessodes sedimentares distintas do Oeste do Tétis. Os cocolitos pequenos de Lotharingius sao
mais abundantes nos estratos aqui interpretados como tendo sido depositados em condigbes
ambientais instaveis e meso-eutréficas, onde os nutrientes seriam mais abundantes, enquanto
que os cocolitos maiores dominam as associagoes de aguas estaveis e estratificadas. Contudo,
uma importante mudanga é registada durante o Toarciano Médio, quando o tamanho médio dos
cocolitos de Lotharingius passa de <4 ym a >4 um. Esta alteragdo segue muito provavelmente
quer a regra de Cope quer o modelo de Left Wall.

Em sintese, quer através da analise da composi¢ao das suas associagdes, quer através do
estudo da sua variagdo morfolégica, os nanofésseis calcarios provam ser um privilegiado
indicador na documentacao das alteragbes ambientais que tiveram lugar apoés o T-OAE. Séao
igualmente uma ferramenta paleoceanografica particularmente valiosa, que permitu inferir sobre
as trocas entre as massas de agua das provincias do NW europeu e do Sul do Tétis no corredor
da Bacia Lusitanica. Por ultimo, a biostratigrafia de nanofdsseis calcarios reconhecida neste
trabalho produziu uma clara e inequivoca identificagdo dos principais sub-andares toarcianos,

susceptiveis de serem integrados na futura Geological Time Scale.
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1. Introduction

The transformations that occurred during the transition from neritic oceans sensu Ridgwell
(2005) to modern oceans, as well their time frame throughout the Mesozoic are today poorly
known. According to this author, the period where this transition seems to have taken place is sited
at the base of the Hettangian (Lower Jurassic), which according to the Geologic Time Scale 2012
(Gradstein et al., 2012) corresponds to ~201 Ma. From the Lower Jurassic, the global carbon cycle
was stabilized with the proliferation of planktic calcifiers thus representing a profound change in the
biogeochemical cycling of calcium carbonate. The Mid Mesozoic Revolution heralded the
development of a responsive deep-sea carbonate sink that introduced a new and powerful
negative feedback to the Earth system rendering a relatively low degree of over-saturated oceans.

Planktic calcifiers (mainly calcareous nannoplankton), however, were rare and low diversified
during the Lower Jurassic (Bown, 1987b; Bown et al., 2004; Mattioli et al., 2009). It was only during
the late Early Toarcian (~183 Ma) that the new coccolith genus Watznaueria, which will later on
dominate the oceans throughout the Mesozoic, first appeared (Cobianchi et al., 1992; Mattioli,
1996; Mattioli and Erba 1999). This event occurred at the end of a major palaeoceanographic and
palaeoclimatic event, the Early Toarcian Oceanic Anoxic Event (T-OAE), which represented a
major biotic crisis probably linked to a global warming period and to a likely ocean acidification
(Kemp et al., 2005; Beerling and Brentnall, 2007). The Watznaueria genus represents a major
success in biological evolution, probably like no other ever recorded in Earth history. Besides
dominating all oceanic coccolith assemblages from the Middle Jurassic to the end of the
Cretaceous, some species from the Watznaueriaceae family were even able to survive the major
biological crisis that took place at the K/T boundary and endure until today. Actually, recent
molecular phylogenetic studies carried out by Hagino et al. (2015) support that the extant
coccolithophore Tergestiella adriatica recently re-discovered in Japanese and Croatian coastal-
nearshore waters, besides being morphologically identical to the Mesozoic genus
Cyclagelosphaera (Watznaueriaceae), is its direct descendent. It is therefore crucial to follow the
evolutionary steps of the Watznaueriaceae family from the moment the Watznaueria genus first
occurs, until the ecological takeover that occurred during the Bajocian, when this genus replaces
other Mesozoic taxa such as its phylogenetic predecessor Lotharingius, and is eventually
established as the dominant coccolithophore during the Middle Jurassic (Mattioli, 1997; Mattioli
and Erba, 1999; Aguado et al., 2008; Suchéras-Marx, et al., 2015).

The world at the Lower to Middle Jurassic transition deeply differs from the world today in
several major aspects, being the Toarcian and Aalenian time periods of particular interest in the
geological history of the planet. Important global palaeoenvironmental changes took place across
this time interval, where major and drastic temperature shifts and eustatic oscillations occurred
(e.g., Hallam, 1981; Duarte et al., 2007; Gémez et al., 2008; Dera et al., 2009, 2011), as well as
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major basalt production in the Karoo and Ferrar large igneous provinces (Palfy and Smith, 2000;
McElwain et al., 2005; Svensen et al., 2007). The most significant global change was probably the
most important thermal maximum recorded during the Mesozoic at the base of the Toarcian, also
corresponding to the T-OAE, an interval of almost global widespread burial of organic matter (e.g.,
Jenkyns, 1988; McArthur et al., 2008; Suan et al., 2008). Such an important time period in the
history of our planet is well represented in the Lusitanian Basin by continuous Lower and Middle
Jurassic outcrops possessing a close biostratigraphic ammonite control. The geological evolution
of this aborted marine basin is considered to be a sedimentological and stratigraphic model
besides a case study for researchers in the oil industry. The Toarcian-Aalenian time interval,
particularly well represented in west Central Portugal, is a crucial period on the history of the
planet. As Pangaea was breaking-up, ongoing major palaeoceanographic changes towards a
modern ocean system took place. The present work aims to unravel the early biotic and abiotic
developments, leading to a global ocean dominated by Watznaueria placoliths, after murolihts and
Lotharingius placoliths shared and ruled the ocean photic zone during the Lower Jurassic. This
objective will be pursuit through a high-resolution palaeoecological study focused on the
examination and comparison of calcareous nannofossil assemblages from the Lusitanian Basin to
other western Tethys regions, together with carbon and oxygen isotopic analysis from collected
brachiopods in the Figueira da Foz region.

Additionally, also a comprehensive Toarcian-Early Aalenian calcareous nannofossil
biostratigraphic revision will be undertaken. While calcareous nannofossil biostratigraphy has
received much attention in the Lusitanian Basin (e.g., Hamilton, 1977, 1979; de Kaenel and
Bergen, 1993; Mattioli et al., 2008; Reggiani et al., 2010a, 2010b) none of these papers have ever
addressed in detail the Toarcian-Aalenian interval. Although Perilli and Duarte (2006) have studied
the Toarcian interval in the Rabacal section, they have merely performed a qualitative approach of
calcareous nannofossil abundance. By using relative and absolute nannofossil quantification, new
data of biostratigraphic and statistic significance was added in the present study, besides filling the
gap concerning the middle-to-upper Toarcian and lower Aalenian biostratigraphic interval, which is
what this work mainly intends to do.

This dissertation is divided in seven sections, being Introduction and Conclusions and
perspectives its end-member chapters. The 2™ chapter is dedicated to the geological settings of
the studied areas whereas the 3™ chapter is dedicated to the material and different methodology
used throughout this study. Three core chapters follow Material and methods, and they represent
the different main subjects addressed in detail in this manuscript. The 4™ chapter contains the
biostratigraphic results from the Lusitanian and Causses basins, and their application to
Mediterranean Tethys sections. The 5" chapter is dedicated to the environmental changes that
occurred in the Lusitanian Basin across the Toarcian and Early Aalenian and how it directly

affected the nannoplankton community, and is represented by a peer-review article in Palaeo3.
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The 6™ chapter addresses the size changes of the Lotharingius genus across the Toarcian and
Early Aalenian in the Lusitanian and Causses basins, and tries to clarify its variations both through

evolution and environmental forcing mechanisms.
1.1. Purpose of investigation

Although the Toarcian-Aalenian interval is such a crucial period in Earth history, there are still
important questions to be answered regarding the phytoplanktonic community dwelling in the
oceans photic zone at that time. Sitting at the bottom of the global food chain, calcareous
nannoplankton plays a major role in the Earth carbon cycle due to its ability to synthesize a calcite
exoskeleton. This work mainly addresses in detail the recovery process of the coccolithophore
community after the T-OAE in a specific western Tethys epicontinental sea: the Lusitanian Basin.
Also the background evolution occurring from the middle Toarcian and the synecological
relationships in the nannoplankton community are to be investigated and ultimately related to
palaeoceanographic and environmental shifts. Through the study of coccolith assemblages, stable
carbon and oxygen isotopes record from brachiopod shells, and coccolith biometry, this work
focuses and reviews the evolution and ecological relationships of the Toarcian calcareous
nannoplankton community. Moreover, it addresses and discusses the palaeoceanographic settings
in this west Tethyan basin, before the dominance of the Watznaueria genus from the Aalenian age.

The following objectives will be addressed:

. Improve the Toarcian-Early Aalenian calcareous nannofossil biostratigraphy for the western
Tethys, and fully revise the biostratigraphic charts used today (Bown and Cooper, 1998;
Mattioli and Erba, 1999), as some taxonomic revisions (Mattioli et al, 2004; Suchéras-Marx et
al., 2010; Lopez-Otalvaro et al.,, 2012) and new and updated relative position of some
nannofossil bioevents have been acknowledged. This represents a major interest for the oil
industry as large-scale calcareous nannofossil biostratigraphic studies are often used to date
and correlate oceanic cores.

. Assessment of calcareous nannoplankton community development after the T-OAE, through
the reconstruction of synecological and oceanographic evolution that occurred in the
Lusitanian Basin, from the first record of the first Watznaueria species until this taxon starts
to dominate the nannofloral community.

J Assessment of environmental conditions such as water masses temperature, oceanic
primary productivity and nutricline shifts in the Lusitanian Basin seaway, through nannofossil
assemblage composition, carbon and oxygen stable isotope data record, and ponder on their

possible triggers.
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. Assessment of the Lotharingius genus size evolution, and investigate the respective role of
evolution and environmental shifts on its phenotypic changes.

. Assessment of calcareous nannoplankton palaeobiogeographic provinces across the
Toarcian-Early Aalenian in the western Tethys by combining the data acquired in the present

work with recently published and unpublished available data.

1.2. State of the art

1.2.1. Modern coccolithophores

Coccolithophores are mainly marine, unicellular phytoplanktonic algae, belonging to the
Haptophyte phylum, and represent the main component of extant calcareous nannoplankton
(Jordan et al., 2004). Their calcified scales, the coccoliths, are well represented in deep-sea
sediments above the calcite compensation depth (Bown and Young, 1998). After burial they are
named calcareous nannofossils. These algae are at the base of the ocean food chain and are the
sole extant organisms closely linked with the carbon cycle whether through photosynthesis
whether through carbon calcium crystallization (Westbroek et al., 1993). Despite their minute size
they are responsible for approximately half of the total pelagic carbonate produced today. It is
estimated that ~20-60% in weight of marine pelagic carbonate is due to coccolithophores (Brand,
1994; Winter et al.,, 1994). Actually, those micrometric calcite plates synthesized by
coccolithophores are today accountable for 50 to 80% of all oceanic carbonates produced during
one year worldwide (Milliman, 1993). This microfossil group, which is abundant from polar to
equatorial regions, is thought to be responsible for more then half of the CaCO; in marine
sediments from the Late Triassic onwards (Berger and Roth, 1975; Winter et al., 1979).

The coccoliths are produced through biomineralization of minuscule calcite crystals arranged
according to specific arrays, displaying morphological and optical patterns with taxonomic and
phylogenetic significance (Pienaar, 1994; Young, 1994). Coccoliths preserved in the geological
record bear valuable information of palaeoenvironmental conditions from the oceans photic zone
(e.g., Baumann et al., 2000; Boeckel and Baumann, 2008) and can thus be used as proxies of
palaeoceanographic processes, sea surface primary productivity and climate change (Beaufort et
al., 2001, 2011; Flores et al., 2000; Ziveri et al., 2004; Silva et al., 2008). Actually, coccoliths reflect
persistent or strong enough ecological and oceanographic conditions that can be preserved in the
fossil record. Although exposed to a variety of biostratonomic processes, coccolith
thanatocoenosis in surface sediments can be closely related to the coccolithophore communities
dwelling in the upper photic layer (e.g., Baumann et al., 2000, 2005; Kinkel et al., 2000; Sprengel
et al., 2002; Boeckel and Baumann, 2008). Their swift transfer from the photic zone to the seabed

through their incorporation in fast-sinking faecal pellets produced by grazing zooplankton and
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within marine snow aggregates, explains the presence of pristine coccoliths below the calcite
compensation depth (Roth, 1994; Steinmetz, 1994; Balch, 2004) (see Fig. 1). Although during
fossildiagenesis coccoliths and incertae sedis undergo chemical and physical changes including
pressure-dissolution etching that mainly affect the most delicate species, and recrystallization, they
show a fairly good resistance to burial processes (Adelseck et al., 1973; Roth, 1984). Besides
calcareous nannofossils being extremely useful biostratigraphic markers due to their morphological
diversity, fast evolution and global distribution, their extracellular calcareous scales play a major
role both in the carbonate cycle and in the organic carbon cycle. Moreover, through the emission of
dimethyl-sulfide by these phytoplanktonic algae, which may affect cloud albedo, calcareous
nannoplankton also produces an additional feedback to climate change (Westbroeck et al., 1993).

In the past, calcareous nannofossils were responsible for creating and maintain a vertical
alkalinity gradient in the world oceans (Riebesell et al., 2000). Since the first occurrence of
coccolithophores ~240 millions years ago, these organisms play a key role in the gradual
displacement of oceanic carbonate production from epicontinental seas into deep oceanic basins,
forming this way the sedimentological and palaeontological features we find today on modern
oceanic sediments (Ridgwell, 2005). The oldest calcareous nannofossil record dates back to the
Lower Carnian (Triassic). Nannoliths and calcispheres produced by calcareous dinoflagellates,
were found in Southern Alps sediments with ~230 Ma (Janofske, 1990; 1992). Only later in the
Triassic during the Norian age (~220 Ma; Gradstein et al, 2012) the first record of muroliths
coccoliths is reported (Bown, 1998). It was later during the Pliensbachian (~190 Ma) that the most
common coccoliths found in the oceans today - the placoliths - first occur. From the Late Toarcian,
the cosmopolitan Watznaueria genus gradually starts to replace its phylogenetic predecessor,
Lotharingius, as the dominant coccolith taxon. This phenomenon represents a major ecological
event as this genus will dominate the photic zone of global oceans for approximately ~100 myr
until the K/T extinction event.

The distribution of calcareous nannofossils is influenced by climatic and hydrological
conditions. Though seawater temperature has been considered to be the most important factor
controlling the distribution of calcareous nannoplankton, trophic resources also play an important
role in their distribution and abundance in past and modern oceans. The major limiting nutrients
are nitrate and phosphate though the presence of trace elements and vitamins are also thought to
be significant (Brand, 1994). In general, extant calcareous nannoplankton exhibit a vertical
zonation within the water column. Most of the species dwell in the upper photic zone (0-60 m)
whereas in the deeper photic zone (60-200 m) robust and thick nannoliths like Florisphaera
profunda and Gladiolithus flabellatus occur (Molfino and Mcintyre, 1990). According to Molfino and
Mcintyre (1990) high abundances of lower photic zone species are linked with a deep nutri- and
thermocline, whilst low abundances are associated of shallow nutri- and thermocline. When

comparing Lower Jurassic nannofossil assemblages with modern nannoplankton communities one
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can make similar assumptions for those robust and thick taxa such as Crepidolithus crassus and
Mitrolithus jansae as species inhabiting the deep photic zone (Bucefalo Palliani and Mattioli, 1995;
Mattioli and Pittet, 2004; Bour et al., 2007; Mattioli et al., 2008; Reggiani et al., 2010b; Suchéras-
Marx et al., 2010), whereas thin and delicate placoliths coccoliths mainly belonging to Lotharingius
and Biscutum/Similiscutum genera are interpreted as shallow-dwellers (e.g., Bucefalo Palliani and
Mattioli, 1995; Pittet and Mattioli, 2002; Mattioli and Pittet, 2004; Reggiani et al., 2010b).
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Figure 1 - Schematic sketch of major chemical and physical processes controlling the taphonomy of coccoliths in marine
sediments.

1.2.2. Jurassic nannofossils

Coccolithophores, the incertae sedis Orthogonoides hamiltoniae and the probable
dinoflagellate cyst Schizosphaerella punctulata mainly represent the Jurassic nannofossil

assemblages. Notwithstanding their potential as palaeobiogeographic, palaeoceanographic and
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palaeoecological proxies, much is still yet to be done regarding ecological and biogeographic
preferences of Jurassic calcareous nannoplankton. Recent works however, have improved what is
known today about their marine palaeobioprovinces and auto- and synecological relationships
within the water column (e.g., Mattioli and Pittet, 2004; Tremolada et al., 2005, 2006a, 2006b;
Giraud et al., 2006, 2009; Lees et al., 2006; Bour et al., 2007; Mattioli et al., 2008; Reggiani et al,
2010b; Suchéras-Marx et al., 2015).

Ubiquitous in the southern Tethyan margin, the Jurassic Schizosphaerella is regarded as an
opportunistic taxon that either thrived under intense vertical mixing (Mattioli, 1997; Walsworth-Bell,
2001) or as an oligotrophic taxon which profited from sporadic pulses of nutrients during storms in
generally oligotrophic environments (Mattioli and Pittet, 2004). Though still debatable, for Mattioli et
al. (2008), Reggiani et al. (2010b) and Ferreira et al. (2015) this taxon is interpreted as a shallow-
dweller, abundant in warm and neritic southern Mediterranean Tethys waters that progressively
decreases its abundance towards higher latitudes. Additionally, Bartolini et al. (2003) recorded in
SW Germany a progressive increase in the relative abundance of Schizosphaerella that correlates
to a shift from humid conditions in the earliest Late Oxfordian to a drier and warmer climate in the
earliest Kimmeridgian. Adapted to shallow waters and generally oligotrophic environmental
conditions (Pittet and Mattioli, 2002; Mattioli and Pittet, 2004), which is a consistent interpretation
with modern oceans calcareous dinoflagellates which are generally found in oligotrophic water
masses (Holl et al, 1999), this taxon is more abundant in shallow and near-shore environments
(Mattioli and Pittet, 2004) where nutrients are regularly recycled in surface waters by intensified
storms and during favourable periods of carbonate sedimentation (Mattioli, 1997). Actually,
Ferreira et al. (2015) shows that Schizosphaerella is a southern Tethys taxon thriving preferentially
in more neritic and shallow environments, increasing its abundance as it profits from water
nutrification within unstable and meso-eutrophic environments (see Fig. 2).

Also an almost exclusive southern western Tethys species that has rarely been recorded at
higher latitudes is the murolith Mitrolithus jansae (Bown, 1987a; Mattioli et al., 2008). Like
Crepidolithus, its robust morphology has enabled it to be interpreted as a deep-dweller and
showing no clear ecological preference either for proximal or distal settings (Bucefalo Palliani and
Mattioli, 1995; Mattioli and Pittet, 2004). Other authors though, consider this species as an
intermediate dweller (Erba, 2004; Tremolada et al., 2005). The genus Calyculus was first
considered a deep-dweller in stratified and oligotrophic waters (Bucefalo Palliani and Mattioli,
1995). Later, it was interpreted as a meso-eutrophic taxon (Mattioli and Pittet, 2004) and ultimately
as a surface dweller inhabiting preferentially the Mediterranean Tethys in oligotrophic conditions,
as it coccoliths closely resemble the extant genus Umbellosphaera (Mattioli et al., 2008).

Being far more abundant in the NW European Tethys, the Crepidolithus genus is made up of
robust and thick murolith coccoliths, and interpreted as deep-dweller taxa thriving in deep nutrient-

rich waters when surface water masses are stratified and oligotrophic (Bour et al., 2007; Mattioli et
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al., 2008). Besides acting as sunlight refraction enhancers in the deep photic zone, their beefy
coccoliths would have increased the coccosphere mass therefore contributing to retain them deep
down in the water column, as interpreted from modern coccoliths by Young (1994). Also
preferentially inhabiting NW Tethys waters, Sollasites and Bussonius genera are interpreted as
being mesotrophic (Bucefalo Palliani et al., 2002). Similarly displaying higher abundances at higher
latitudes and ecological affinity for lower temperature waters are species like Parhabdolithus
liasicus and Tubirhabdus patulus (Mattioli et al., 2008).

< =

Mediterranean Tethys

Bussonius Lotharingius crucicentralis

Mitrolithus jansae

Calyculus Lotharingius hauffii Parhabdolithus liasicus

Carinolithus superbus Lotharingius sigillatus + barozii Schizosphaerella

Similiscutum finchii

®Q9&©O

Discorhabdus

Crepidolithus crassus @ Lotharingius umbriensis

Lotharingius velatus Tubirhabdus patulus

Figure 2 - Schematic sketch of ecological and geographic preferences of Toarcian coccoliths in warmer and colder
western Tethys waters, in accordingly predominant carbonate and clay sedimentation settings.

The genera Similiscutum and Lotharingius are regarded as meso-eutrophic taxa occupying

the upper photic layer (Bucefalo Palliani and Mattioli, 1995; Bucefalo Palliani et al., 2002; Pittet and
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Mattioli, 2002; Mattioli and Pittet, 2004; Olivier et al., 2004; Tremolada et al., 2005; Mattioli et al.,
2008; Reggiani et al., 2010b). If Similiscutum cruciulus grouped together with Lotharingius
umbriensis and L. velatus exhibits its highest abundances in southern Tethys, conversely other
species like S. finchii and S. novum together with some Lotharingius species like L. barozii, L.
crucicentralis and L. sigillatus display a latitudinal positive gradient towards north (Mattioli et al.,
2008). Additionally, Lotharingius hauffii is interpreted as a meso-eutrophic species dominating the
coccolith assemblages (Pittet and Mattioli, 2002; Mattioli and Pittet, 2004; Olivier et al., 2004;
Tremolada et al., 2005) during high trophic conditions within the water column. As also shown by
Mattioli et al. (2004), the Lotharingius genus does not display a strong ecological preference for
either proximal or distal environments. Zeugrhabdotus erectus and Biscutum constans are in turn
interpreted as indices of higher fertility of surface waters because of their high abundances in Cqg-
rich sediments and palaeo-upwelling areas (e.g., Roth and Krumbach, 1986; Watkins, 1989; Erba,
1992; Erba et al., 1992). The Discorhabdus genus is considered a meso-eutrophic taxon (e.g.,
Premoli Silva et al., 1989; Giraud et al., 2003; Mattioli et al., 2008; Giraud, 2009), so far without a
preferential latitudinal province.

The most successful coccolithophorid during the Mesozoic was the Watznaueria genus
(Lees et al., 2005; Erba, 2006). It was across the Aalenian-Bajocian boundary that both relative
and absolute abundance of this genus integrated and overcame by numbers other
nannoplanktonic taxa. This switchover was likely linked to a climatic driven eutrophication event,
but also due to its opportunistic mode of life (Lees et al., 2006; Giraud 2009; Suchéras-Marx et al.,
2015). Despite not all the species of the Watznaueriaceae family are found in Toarcian sediments,
the first occurrence of this genus happens at the end of the Early Toarcian and lingers on
throughout the Mesozoic and even survives the K/T extinction. Hence a brief summary of what is
today known about this taxon ecological preferences is presented. The species Watznaueria
manivitae is considered as being typical of Late Jurassic-Early Cretaceous low latitude
assemblages (Cooper, 1989). This species displays in the Late Jurassic of SW Germany the same
trend of Schizosphaerella, probably indicating similar ecological preferences, i.e., low nutrient
concentrations and warmer surface water (Bartolini et al., 2003). Though still unclear,
palaeoecological affinities of Watznaueria britannica, a plexus of different-sized morphotypes and
the dominant coccolithophore across de Middle-Upper Jurassic, have according to Giraud et al.
(2006) and Giraud (2009) two different meanings. If on one-hand high abundances of small W.
britannica placoliths indicates mesotrophic conditions, W. britannica placoliths with increasing size
corresponds to more stable environmental conditions whether in meso- or oligotrophic and warm
surface-waters. As for the cosmopolitan Watznaueria barnesiae, high quantities of this species
recorded in moderate to well-preserved nannofossil assemblages are generally interpreted as
indicative of oligotrophic surface waters (e.g., Roth and Krumbach, 1986; Premoli Silva et al.,

1989; Williams and Bralower, 1995; Burns and Bralower, 1998). Furthermore, abundances of W.




Jntroduction

barnesiae are generally in “phase opposition” with those of eutrophic taxa such as Z. erectus and
B. constans (Erba et al., 1992; Herrle, 2003; Tremolada et al., 2006a). Conversely, blooms of W.
barnesiae in the Kimmeridge Clay Formation are interpreted as indicative of enhanced primary
productivity (Lees et al., 2006). Supported by sediments carbonate differentiated content, these
authors tentatively postulate that W. britannica or Cyclagelosphaera margerelii occupied a higher
trophic position than W. barnesiae and W. fossacincta (believed to represent end-members of a
morphological continuum) being C. margerelii the most opportunistic species and responding to
possibly more extreme nutrification intervals and/or lowered sea level. Actually, as C. margerelii
survived the K/T boundary extinction event, it has been argued that it was likely a neritic taxon
(Street and Bown, 2000; Bown et al., 2004). Similar high trophic conditions supporting the
eurytopic watznaueriaceans array was already suggested by Pittet and Mattioli (2002) for the Late
Oxfordian in southern Germany. Corroborated by the different species relative abundance and
sediments CaCOj; content, these authors suggest that L. hauffii, W. britannica, C. margerelii, W.
barnesiae, W. manivitae and Schizosphaerella would thus represent a trophic preference
continuum from more eutrophic to oligotrophic conditions, i.e., from carbonate-rich to clay-rich

sediments.

1.2.3. Jurassic nannofossil biostratigraphy

Over the past decades much attention has been given to the European Jurassic calcareous
nannofossil biostratigraphy (e.g., Crux 1984, 1987; Young et al. 1986; Bown 1987a, b, 1996; Bown
and Cooper 1989, Cobianchi 1990, 1992; Baldanza et al. 1990; Erba 1990; Lozar 1992; Reale et
al. 1992; de Keenel and Bergen 1993; Bucefalo Palliani and Mattioli 1994; de Kaenel et al. 1996).
But for the past 16 years, the European Jurassic calcareous nannofossil biostratigraphy has been
on halt, although some biometry works and taxonomic revisions occurred (Mattioli et al., 2004;
Fraguas and Erba, 2010; Fraguas and Young, 2011; Lopez-Otalvaro et al., 2012) that changed to
some extent the species conceptions. Since Mattioli and Erba (1999) no big attention has been
given to this subject notwithstanding different biozonations have been recommended for various
regions. Bown (1996) and de Keenel et al. (1996) summarized the nannofossil biozonations
available for different areas, but with limited data available for the Tethyan realm. The most recent
syntheses and those commonly used in the literature are those from de Keenel et al. (1996) for
western Portugal, Bown and Cooper (1998) for NW Europe and Mattioli and Erba (1999) for central
Italy.

The first studies of Lower Jurassic calcareous nannofossils from the Lusitanian Basin are
from Hamilton (1977; 1979). Later Bown (1987a) and de Kaenel and Bergen (1993) studied the
nannofossil content from the Brenha section. The Portuguese succession of nannofossil events

ranging from Late Sinemurian to Callovian were acknowledged by Bergen (unpublished data) and
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reported by the synthesis work of de Kaenel (1996) and Bown and Cooper (1998). Recent works
however, were made in the Iberian Peninsula addressing the Pliensbachian and Toarcian
nannofossil biostratigraphy (Perilli, 2000; Perilli et al., 2004; Perilli and Duarte, 2006), though the
taxonomy adopted by the previous authors is not in complete accordance with the one followed

here.
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2. Study area

2.1. The Lusitanian Basin

The Lusitanian Basin is located on the western margin of the Iberian Plate (Portugal), and is
a marginal basin formed during the Triassic period. Its orientation is NE-SW and it is approximately
300 km in length and 150 km wide, with a maximum sediment thickness of 5 km (Veiga de Oliveira
et al, 2007). The sedimentary rocks range from Upper Triassic to Upper Cretaceous, and are
mainly of Jurassic age overlain by Tertiary. The Lower Jurassic is particularly well represented in
the Lusitanian Basin, especially in the Peniche region (Duarte and Soares, 2002). During the Early
Jurassic, the western Tethys Ocean mainly consisted of a shallow sea lying between the African
and the European landmasses (Fig. 3). It was in this region that the Lusitanian Basin started to
open during an aborted rift phase in the Late Triassic (Pinheiro et al., 1996). It was then a relatively
narrow and elongated epicontinental (<200 m in depth according to Bjerrum et al., 2001) seaway

connecting the Hispanic Seaway southern waters to the NW European waters.
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Figure 3 - Location of the Lusitanian Basin during the Early Jurassic in the western Tethys epicontinental sea (modified
after Bassoulet et al., 1993).

Roughly N-S orientated, this basin was bounded in the east by the Iberian Meseta and in the
west by the Berlengas-Farilhbes igneous and metamorphic horst at a palaeolatitude between 25

and 30°N (Dercourt et al.,, 2000) (see Fig. 4). In modern oceans this palaeolatitude range
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corresponds to the transition between the Subtropical to Temperate waters. The mixing between
higher NW European and lower latitude Mediterranean waters in this passageway has been
described by various authors and supported by a mix of ammonite faunas and calcareous
nannofossil assemblages during the Early Jurassic (Mouterde and Ruget, 1975; Dommergues and
Mouterde, 1980; Reggiani et al. 2010; Dera et al., 2011a). The three sections studied in this work
are located in the Coimbra and Figueira da Foz region and represent 286 m of a complete and
continuous succession of marine hemipelagic marl and limestone couplets deposited on a
homoclinal, low-angle ramp with a NW dipping (Duarte, 2004). The Rabacal section corresponds
to the most proximal part of the studied area and Cabo Mondego to the most distal, with the
Brenha section positioned between these two. In all of the three sections macrofossils such as
ammonites, brachiopods, belemnites, bivalves and some fossilized wood are commonly found.
Though the Rabacal section spans from the uppermost Pliensbachian to the uppermost Toarcian,
only the first 42 m comprising the Polymorphum, Levisoni (Early Toarcian) and the lowermost
Bifrons (middle Toarcian) ammonite zones were sampled for nannofossil study. The 157 m of
sediments from the Brenha section correspond to the uppermost part of the lower Toarcian to the
lower Aalenian. The 87 m of the Cabo Mondego section include the Speciosum, Meneghinii,
Aalensis (Late Toarcian) and the Opalinum (Early Aalenian) ammonite zones. The three sections
are tightly correlated by means of ammonite and nannofossil biostratigraphies, and by means of

lithostratigraphy.
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Figure 4 - Cross section of the Lusitanian Basin during the Toarcian, and sampled sections in the Coimbra and Figueira
da Foz region.

2.2. The Causses Basin

In southern France, Jurassic sedimentation occurred in numerous interconnected shallow

marine basins that were bordered by the Massif Central to the north and were open to the south in
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various degrees towards the Tethys Ocean (Harazim et al., 2012). Hemipelagic marly
sedimentation started In the Causses Basin during the lower Pliensbachian, which is informally
known in France as the Carixian. The lithological boundary between the Carixian and the Late
Pliensbachian (Domerian) units is acknowledged by marls with some intercalated limestone beds.
An abrupt facies transition occurred during the Earliest Toarcian with the onset of deposition of
organic matter-rich shales belonging to the Schistes Cartons Formation. Such equivalent
sedimentary rocks, as the Posidona Shales in Germany and the Jet Rock in the UK, can be traced
throughout Europe (Howarth, 1962; Reitner and Urlichs, 1983). This interval contains organic-rich
mudstones that are interbedded with two prominent limestone beds. On the top of the Schistes
Cartons follows the Fontaneilles Formation, a monotonous marl succession of middle and Late
Toarcian age in the Truc-de-Balduc (TBC) area. The upper part of the Toarcian is marked by a
gradual transition into the Aalenian Cancellophycus facies, massive, sandy limestones with

abundant bioturbation (Trimpy, 1983; Harazim et al., 2012).
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Figure 5 - Location of both studied basins during the Early Jurassic in western Tethys epicontinental sea (modified after
Bassoulet et al., 1993).

The TBC section exposes Late Pliensbachian to Aalenian sedimentary rocks, and includes a
complete succession of Toarcian beds. It is located on a small mountain 5 km southeast of the city

of Mende, and belongs to the Causses Basin in south France (Fig. 5). During the Early Toarcian
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this was a small, partly enclosed, intracratonic basin in the western Tethys epicontinental sea, and
was positioned at a palaeolatitude comprised between 25 and 30°N. Bounded by Hercynian
crystalline rocks, its morphology was largely controlled by the late Hercynian structural evolution
(Trimpy, 1983). Subsidence was more pronounced in the central part of the basin and the Lower
Jurassic succession thickness varies from its margins to its depocentre (Morard, 2004) (see Fig.
6).
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Figure 6 - Simplified geological map and 3-D diagram of the Causses Basin (modified after Trimpy, 1983) showing the
location of Truc-de-Balduc.

In the TBC area, the Late Pliensbachian (Pleuroceras spinatum zone) is represented by a 12
m thick marly succession, followed by 12 m of black shales spanning from the Dactylioceras
tenuicostatum to the Harpoceras serpentinum zone (Early Toarcian, Harazim et al., 2012). The
Tenuicostatum zone is extremely reduced at this site, with approximately 0.3 m thick, whereas the

Serpentinum zone appears to be fully represented. Alternating shales and marls mark the
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transition to the middle Toarcian and the Fontaneilles Formation (Hildoceras bifrons and Haugia
variabilis zones). Due to vegetation cover, sampling at TBC was interrupted for approximately 30
m in upper Toarcian beds. The Bifrons zone is 17 m thick and ammonite zones above Bifrons are
based on rather scarce ammonite finds. From this point up, marls dominate the Late Toarcian at
TBC. The first occurrence of the ammonite Pleydellia mactra at ~57 m marks the boundary
between middle and upper Toarcian beds (EImi et al., 1994; Macchioni and Cecca, 2002) allowing
the placing of the Late Toarcian Pleydellia aalensis zone. Compared with the underlying
succession, fossil abundances decline in the Late Toarcian, possibly due to an enhanced

sedimentation rate and hence dilution, whereas diversity remains high (Flrsich et al., 2001).
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3. Material and methods

The studied material for the present work was attained by means of diverse origins. Already
139 rock samples from Rabacal were available at the Laboratoire de Géologie de Lyon, whereas
130 samples from Brenha and 72 belonging to Cabo Mondego sections were collected during field
work in the summer of 2012. As for the Truc-de-Balduc section, the 65 rock samples were kindly
tendered by Bas Van de Schootbrugge from the Institute of Geosciences, Goethe University
Frankfurt.

3.1. Sample preparation

In order to study the nannofossil assemblages, relatively high-resolution sampling was
performed. Across the studied sections, a total of 406 samples were prepared, and besides the
association composition also the absolute and relative abundance of calcareous nannofossils were
investigated. The morphospecies taxonomic concept of Bown (1987, 1998), Mattioli (1996) and
Mattioli et al. (2004) has been followed.

For palaeoecological purposes, the nannofossil quantification was performed using the
random settling method determined after Geisen et al. (1999). The basic principle of this technique
is the homogenous distribution onto a cover slide of calcareous nannofossils. The samples
preparation started with the weighing of a small amount of powdered rock (~30 mg) that was dried
and mixed with water that was oversaturated with respect to carbonates and with a basic pH, in a
magnetic stirrer in order to obtain a homogeneous suspension. This suspension was then let settle
on a cover slide in a settling box for 24 h after which the water was very slowly drained and the
cover slide recovered, dried and permanently mounted on a microscope slide. Smear slides were
studied with a Leica polarizing optical microscope at 1000x magnification. The absolute abundance

of coccoliths was determined after the following equation:

X=

N-V

h
where X is the number of nannofossils per gram of rock; N is the number of nannofossils counted
in each sample; V is the water volume used to make the water-powder solution; m is the sample
weighted and used to mix with water; F is number of fields of view counted; S is the area of each
field of view; h is the height of the water column above the cover slides in the settling boxes.

At least 300 coccoliths were counted in every sample. All coccoliths with at least more than

half of the specimen preserved have been included in the counting. The dinoflagellate cyst

Schizosphaerella was tallied in the same number of fields of view as the 300 coccoliths were being
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recorded. According to Fatela and Taborda (2002) the counting of 300 specimens per sample is
statistically robust to record all the species making up more than 1.7% of the total assemblage with
a confidence level of 99.5%. Some Rabacal samples where coccoliths were scarce and a 300
count was not achievable, at least 400 fields of view were scanned. The relative abundance of
coccolith species was calculated after the overall coccolith assemblage. Conversely, the relative
abundance of the nannolith Schizosphaerella was obtained after the total nannofossil assemblage

so that it would be easier to compare the changes of these two discrete planktonic groups.

3.2. Stable isotopes

Besides determining seawater temperature changes from Jurassic marine sediments, long
and short-term carbon and oxygen isotopes records for the Lower and Middle Jurassic have also
been used to established global organic carbon budgets during OAE's and primary productivity
reconstruction. However, one should bear in mind that carbon and oxygen isotope signals depend
on several factors such as the global carbon and oxygen reservoirs, vital effects, age and source
of water masses, thermodynamic fractionation at the sea-atmosphere boundary, and diagenesis
(Saltzman and Thomas, 2012). Oxygen isotopic ratios are reported in delta (&) notation relative to
an internationally accepted standard such as SMOW (Standard Mean Ocean Water) and PDB
(Peedee Belemnite) whereas carbon isotope ratios are solely relative to PDB. SMOW is a
composite of seawater samples meant to approximate the average oxygen and hydrogen isotopic
composition of seawater (Craig, 1961). Because the supply of SMOW has long been exhausted,
VSMOW (Vienna SMOW) a new water standard analytically indistinguishable in 5'®0 from SMOW

was prepared and distributed.

3.2.1. Stable carbon isotopes

The variation in the *C/'2C ratio of total dissolved inorganic carbon (DIC, i.e., aqueous CO, +
bicarbonate ion + carbonate ion) has long been well documented mainly through the study of
marine carbonate bulk rocks. The distribution of carbon isotopes in the ocean (3'°C) is related to
nutrient cycling within the water column and the biological productivity in the photic zone. In
general, plants preferentially incorporate through photosynthesis light '>C in their organic
compounds (Maslin and Thomas, 2003), therefore leaving the surface waters enriched in heavier
3C. Though less well known when compared to land plants, the photosynthetic reaction of marine
phytoplankton renders 3'°C values from -10 to -32% (most lying between -17 and -22%o)
depending upon seawater temperature (Sarmiento and Gruber, 2006). Hence, increasing
bioproductivity in the photic zone leads to an increase of 8'°C in carbonates ions produced in

surface waters. The contrast between surface and bottom waters &'°C values is described as
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"internal fractionation” or biological pumping (Berger and Vincent, 1986; Marshall, 1992;
Grossman, 1994). Oceans surface waters are thus characterized by more positive 5'°C values
(~2.5 %o0) when compared to deep waters at approximately 3000 m (~0.5 %) (Kump, 1991; Holster
et al., 1995). Ratios of stable carbon isotopes have therefore been used in many studies as
proxies for sea surface primary productivity and water masses ventilation (e.g., Jenkyns and
Clayton, 1986; Kump and Arthur, 1999; Jenkyns et al., 2002; Brand et al., 2003; Porter et al.,
2014). This proxy has also been used in Jurassic sedimentary basins around the Iberian Peninsula
(Tremolada et al., 2005; Hesselbo et al.,, 2007; Aguado et al., 2008; Suan et al., 2008, 2010;
Ferreira et al., 2015).

Variations in oceanic 8'°C values are also influenced by atmospheric carbon circulation, as
fractionation occurs through the exchange of CO, between the ocean-atmosphere interface. In
fact, the fractionation depends on several factors such as sea-surface temperature, CO, exchange
rate, and surface water residence time. The equilibrium fractionation between dissolved CO, and
bicarbonate (DIC) is not achieved anywhere as surface waters are replaced too quickly. Actually,
colder waters generally bear higher 5'°C values in DIC than warmer waters (Saltzman and
Thomas, 2012). However, as colder surface waters invariably sink and ventilate the deep ocean,
this effect called "the solubility pump" would thus result in a surface-to-bottom gradient where the
DIC in surface waters would be isotopically lighter than deeper waters (Raven and Falkowski,
1999). But what we observe in present day oceans is the reverse, i.e., surface waters bear heavier
5'3C values by +2 to +3%. than bottom waters, with the average whole ocean §'C value of total
DIC of approximately 1%o (Gruber et al., 1999; Sarmiento and Gruber, 2006). This vertical gradient
is due to the biological activity in the upper photic layers, depleting it in '*C from DIC. Below the
photic zone though, 8'°C values are lower as organic matter sinks and isotopically light carbon
dioxide from its remineralization is added to these waters (Raven and Falkowski, 1999; Sarmiento
and Gruber, 2006). The concentration of nutrients (nitrate and phosphate) and isotopically light
carbon derived from remineralization of organic matter increases accordingly with water-masses
residence times in the deep ocean (Lynch-Stieglitz, 2003; Sarmiento and Gruber, 2006). In fact,
when the net deposition of organic matter occurs globally, 3'°C values of dissolved inorganic
carbon in the whole ocean increases, whereas contrariwise when there is net oxidation of organic
matter globally, the 8'°C value of DIC in the whole ocean decreases (Saltzman and Thomas,
2012). Meaning that remineralization of organic matter in deeper waters causes the lowering in
5'3C of the total dissolved CO..

Another source of variations in marine 8'°C is the continental freshwater runoff. The CO,
dissolved in ground water derives from organic matter degradation leading to very low 3'*C values
in river and coastal waters especially close to major river inflows. The &'*C fluvial runoff values
based on dissolution of carbonates and oxidation of organic matter, exhibits values of up to -5 %o

(Kump, 1991; Holster et al., 1995). Also the thermal dissociation of methane hydrates as been
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highlighted by several authors for short periods of the Jurassic, Cretaceous and Paleogene. The
release of high amounts of isotopically light methane into the oceanic water column and therefore
into the atmosphere, may have therefore led to a global shift of marine carbon isotope signatures
to vigorously negative 8'°C values. Such negative carbon isotope excursions include the one
during the Paleocene-Eocene Thermal Maximum at ~56 Ma (Kennet and Stott, 1991; Sluijs et al,
2007), and earlier events in the Cretaceous and during the late-Early Jurassic ~183 Ma Oceanic
Anoxic Events (e.g., Jenkyns, 1985, 2010; Cohen et al., 2007; Hesselbo et al., 2000, 2007; Suan
et al., 2008), besides the Permo-Triassic extinction event (e.g., Berner 2002; Retallack and Jahren,
2008). Though still under debate, the origin of these rapid and global negative excursions require a
fast input of large amounts of isotopically light carbon into the ocean-atmosphere from a
lithospheric source such as methane from dissociation of clathrates, as proposed for the Permo-
Triassic by Erwin (1993) and for the Paleocene-Eocene by Dickens et al. (1995) and Matsumoto
(1995), or even organic matter heated by volcanic intrusions (Svensen et al., 2004), or assorted

combinations of oxidation of organic matter and hydrates (Zeebe et al., 2009; Dickens, 2011).

3.2.2. Stable oxygen isotopes

Seawater temperature and the water mass isotopic signature mainly determine the oxygen
isotope composition recorded in biogenic carbonates and phosphates, i.e., fossils and microfossils,
enabling the reconstruction of oceanic palaeothermometry. The 5'0 of authigenic sedimentary
minerals depends on the precipitation temperature of surrounding waters and 3'®0 of the oxygen
source, whether it is coming from DIC, phosphate ions or dissolved silica. Whether carbonate tests
from planktonic organisms like foraminifera, or benthic organisms like brachiopods shells are used,
either surface or bottom water temperatures can de determined. Palaeotemperatures have been
ascertained after the empirically derived equation of Epstein (1975) mostly based on mollusk
shells, modified by Anderson and Arthur (1983):

T (°C) = 16.0 - 4.14 (3" Oghei - 8'%0gw) + 0.13 (5" O¢pei - 5" Oscamater)’

where 5'®0q is the isotopic composition of the calcite shell in %o relative to PDB standard, and
58 0geawater IS the mean isotopic composition in %o of the global ocean. The modern mean value of
surface seawater 8'®Oeawater is around 0%o (VSMOW). This value can vary strongly with latitude in
response to different evaporation/precipitation rates and is unknown for the Early Jurassic. Since
the total melting of present polar icecaps would lower the 5"80ceawater Value to -1%o (VSMOW), this
is hence the value that is generally used for Jurassic palaeotemperature calculations, considering
that no ice caps were present at that time (e.g., Gomez et al., 2008; Suan et al., 2008; Dera et al.,
2009; Krencker et al., 2014).
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The application of oxygen isotopes requires rapid changes in the fossil 3'0 as a response to
rapid changes in temperature and/or global seawater 5'®0O composition, the latter resulting from
shifts in the glacial ice volume. During glacial periods, the storage of "®O-enriched water as glacial
ice results in '®O enrichment in seawater and consequently in marine authigenic minerals. Hence,
lower temperatures during glacial intervals bolster &'0 values triggered by glacial ice
accumulation. Deglaciation on the other hand, flushes '°O-enriched water into the oceans,
therefore lowering global seawater 5'°0 (Grossman, 2012). Marine authi- and biogenic carbonates
with lower 8'%0 values are thus interpreted as had been produced during interglacial periods.

In general, the oxygen isotope ratio in seawater is linked to the hydrological cycle driven by
evaporation, transport of atmospheric water vapor, and the return of fresh water to the ocean via
precipitation and continental runoff. Furthermore, the distribution of 5'®0 in the oceans also
depends on advection and mixing of water masses from different regions (Rohling and Cooke,
1999). Besides 5'°0 values can vary locally in marginal marine environments and epicontinental
seas, thus complicating palaeotemperature reconstructions, also non-equilibrium isotope
fractionation in biogenic carbonates, a.k.a. "vital effect", can be a problem. The vital effect
phenomena is closely linked with taxonomy and physiology, and adjustment factors have
sometimes to be used on &'°0 results from corals (Leder et al., 1996) and benthic foraminifera
(Shackleton, 1974; Zachos et al., 2001). Conversely, mollusks, brachiopods, sclerosponges and
many small foraminifera typically segregate their skeletons out of oxygen isotopic equilibrium with
seawater (Gonzalez and Lohmann, 1985; Grossman, 1987; Wefer and Berger, 1991; Swart et al.,
1998; Brand et al., 2003). As for coccolithophores, Hermoso et al. (2009) showed that Toarcian
coccoliths displayed the same 5"°C magnitude of bulk carbonate, being the observed biogenic
offset probably related to the vital effect phenomena. Actually, Dudley and Nelson (1994) have
shown that when a vital effect adjustment based on in-vitro cultures of coccolithophorids, which
segregate their coccoliths out of equilibrium with seawater, is applied to the 5'®0 of nannofossils,
the resulting values are similar to those of planktic foraminifera.

Oxygen isotopic composition of fossils is particularly susceptible to diagenesis. As diagenetic
water bears abundant oxygen derived from H,O available for isotopic exchange, diagenesis
resistant fossils should thus be favoured in palaeotemperature studies. Low-magnesium calcite
fossils such as brachiopods shells are more resilient to diagenetic processes than those made of
magnesium rich, or aragonite shells, therefore persisting longer in the geological record without
significant recrystallization. Actually, articulate brachiopod shells are favoured in oxygen
palaeothermometric works since they are abundant, diagenetically resilient and possess a wide
chronostratigraphic distribution, ranging from the Cambrian to Recent (Compston, 1960;
Lowenstam, 1961; Veizer et al., 1986; Popp et al.,, 1986; Grossman, 1994). Moreover, being
benthic and having a sessile life mode, ensures in situ bottom water palaeotemperatures. In fact,

when making isotopic studies of fossils, complications can arise with nektonic taxa such as
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belemnites, conodonts and fishes, since they can live whether in surface or deep waters, besides
accrete skeletal elements far from their site of deposition. The resistance of brachiopods to
diagenesis derives from their calcitic mineralogy, low magnesium content, relative large size and
thickness, and particularly their dense microstructure, rendering typically 2-3%o higher 5'°0 values,
i.e., a colder signal, then the diagenetically modified bulk carbonate (Veizer et al., 1999; Mii et al.,
1999).

Since seawater temperatures vary with season, depth and latitude, it is important to
understand the depositional environment and palaeoecology of fossils one is working with, as 5'°0
values will depend upon their palaeogeographic distribution, their habitat depth and their growth
season. Though fossils retrieved from epicontinental seas usually display lower 50 values as
they may reflect oxygen exchange with '®O-depleted meteoric water (Grossman, 2012), Early
Jurassic studies are restricted to sediments from continental margins and epicontinental seas such
as the Lusitanian and Causses Basins as no deep-sea floor older than ~180 Ma is available in

today's oceans.
3.2.3. Stable isotopes analyzed in this work

A total of 50 brachiopods shells taken from Cabo Mondego and Rabagal sections were
analyzed for stable carbon and oxygen isotopes. Analyses were performed by Dr. Jorge
Spangenberg at the Institute of Earth Surface Dynamics of the University of Lausanne, using a
Thermo Fisher Scientific (Bremen, Germany) Gas Bench Il carbonate preparation device
connected to a Delta Plus XL isotope ratio mass spectrometer. The CO, extraction was done by
reaction of 100-200 ug of powdered rock with anhydrous phosphoric acid at 70°C. The stable
carbon and oxygen isotope ratios are reported in the delta (5) notation as the per mil (%o) deviation
relative to the Vienna Pee Dee belemnite standard (VPDB). The standardization of the 5'°C and
5'0 values relative to the international VPDB scale was done by calibration of the reference
gases and working standards with IAEA standards. Analytical uncertainty (10), monitored by
replicate analyses of the international calcite standard NBS-19 and the laboratory standards
Carrara Marble was not greater than +0.05% for 5"°C and #0.1%. for &'®0. The isotopic
composition of the measured samples is expressed as 5'°0 or 8'°*C according the following

equation:

R -R

sample standard

6sample (%0) = P x1000
Rstandard

where R represents the ratio between '?0/'°0 or "*C/"*C, and 8mpie represents the parts per

thousand difference (per mil) between the sample R ratio and that of the international VPDB
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standard carbonate. See Krauskopf and Bird (1995) for further information and detailed description

on mass spectrometry and sample preparation.
3.3. Data analysis and statistics

Multivariate analysis is used here to compare global coccolith assemblages where variables
(i.e., assemblages) with correlative linear behaviour can be pointed out and their importance
hierarchized. All statistics and data analysis of calcareous nannofossil assemblages performed in
this work, were carried out using the software package PAST 3.01. The principal components
analysis (r-mode) was used to illustrate the relationship between samples and variables, i.e., the
different species. This analytical method allow to reduce a great number of variables to a smaller
number of independent eigenvectors (factors) that in turn, would explain a large part of the total
variance of the dataset. In turn, the factor-loading matrix that is also computed with this method,
shows the importance of a species within each of the factors, or assemblages. Whether the
loadings are >0 or <0 indicates a positive or negative relationship within each species or group of
species, for each of the factors. The factors scores display the stratigraphic evolution for each
factor through the studied sections, thus showing the importance of each variable through time.

In the same way that the diameter of a sphere is an index of its volume but is not itself the
volume, diversity indices like the Shannon entropy index (H) are not themselves diversities, but
rather indices of diversity. For example, the true diversity associated with a Shannon index of 4.5 is
exp(4.5) = 90 effective species, in the way that 90 is the number of equally common species
required to give a particular value of an index. This is the true diversity of the community in
question. Nonetheless, the Shannon diversity index is herein used as a species diversity measure
based on the proportional abundance of each species. The index, which is the negative sum of
each taxon proportional abundance multiplied by the log of its proportional abundance, is a
measure of the amount of information (entropy) in the system and is positively correlated with
species richness and evenness (distribution of individuals over species), giving more weight per
individual to rare than common species (Shannon and Weaver, 1949; Hill et al.,, 2003). The
Shannon index was determined for each of the sections separately according to the following

equation:

H= —Z[Pixln(Pi)]

i=1

where j is the a given species, s the total number of species, i.e., species richness, and P; is the
relative abundance of a given species. Irrespective of its faults, when compared to other diversity

indexes like the Species Richness, the Shannon index seems a useful general diversity index that
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is influenced by both richness and evenness and is more sensitive to changes in abundance of the
rare groups. The meaning of the number is more understandable when expressed as the
exponential. The conversion of H' to a more useful and comprehensible number (of species) by
expressing this index as the exponential e” (10™ with logso and 2 with logy) since it represents the
number of equally common taxa required to reach the same value of H’, is the key to a unified and
intuitive interpretation of diversity (Hill et al., 2003; Jost et al., 2006). Actually, the Species
Richness is the least informative and most imprecise diversity index, in the sense that it is more
subject to random variation than any other index as it does not distinguish between one or a million
individuals of a given species.

Other simple statistic parameters such as the mean, geometric mean, standard deviation,
median, 25" and 75" percentile were estimated during the biometry work of Lotharingius
coccoliths. In order to infer and measure the strength of any relationship between the coccoliths
dimensional variables, the coefficient of correlation (r) and coefficient of determination (r?) between
these coccolith parameters were calculated. Other inferential statistics tests were used in order to
test the equality of means of coccoliths lengths. Such tests include the parametric univariate
analysis of variance (ANOVA) followed by Tukey's honestly significant difference (HSD) post-hoc
test.

The basic idea of ANOVA is to calculate the observations mean value within each group and
then compare the variance among these means to the average variance within each group. Under
the null hypothesis that the observations in the different groups all have the same mean, the
weighted among-group variance will be the same as the within-group variance. As the means get
further apart, the variance among the means increases. The test statistic is thus the ratio of the
variance among means divided by the average variance within groups, or Fs. This statistic has a
known distribution under the null hypothesis, so the probability of obtaining the observed Fs under
the null hypothesis can be calculated (McDonald, 2008).

When the analysis of variance renders a significant result, this indicates that at least one
group differs from the other groups. As so, in order to analyze the pattern of differences between
means, the ANOVA was followed by specific comparisons. The most commonly used involves
comparing two means, the so-called “pairwise comparisons”. An easy and frequently used pairwise
comparison technique is the HSD developed by Tukey. The main idea of this test is to compute the
honestly significant difference between two means using a statistical distribution defined by
Student (f) and called the q distribution. This distribution gives the exact sampling distribution of
the largest difference between a set of means originating from the same population. All pairwise
differences are then evaluated using the same sampling distribution used for the largest difference.
(Abdi and Williams, 2010). With this test, all pairs of samples which are significantly different,
considering a significance level of 0.05, were identified, as this method applies simultaneously to

the all set of pairwise comparisons.
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Also the maximum-likelihood method Mixture Analysis was used. This method aims to
identify the existence of two or more distinct distributions in an initially pooled sample and estimate
their descriptive parameters. One or more group model comparison can be obtained by comparing
their Akaike Information Criterion (AIC), which is a way to select a model from a set of models. A
minimum value for AIC indicates that we have chosen the number of groups that produces the best
fit without overfitting (Akaike, 1974).
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4. Biostratigraphy

"Reviewing Toarcian calcareous nannofossil biostratigraphy in western Tethys"

[To be submitted to Journal of Micropalaeontology]

Keywords: Biostratigraphy, Causses Basin, Lusitanian Basin, Nannofossil, Toarcian

ABSTRACT

This work reviews and updates the calcareous nannofossil biostratigraphy for the Toarcian in
western Tethys based on two sections from west Portugal and south France. Nannofossil
bioevents were calibrated with ammonite biostratigraphy in both sections whenever they existed. In
Portugal though, also lithostratigraphic correlation was used to link the three studied sections
building up the complete Toarcian sequence. The high-resolution sampling gathered from both
sections allowed estimations and reproducibility of single events. As result, 18 main bioevents
based on diagenesis resistant and common taxa, are recognized. A revised and updated
biostratigraphic scheme for the western Tethys Toarcian age is henceforth proposed. The
proposed biostratigraphic scheme is then compared to previous schemes built for Portugal, NW
Europe and central Italy. Though several events are reproducible in various regions and Tethyan
provinces, apparent diachroneity of some events seems to derive from different ammonite
biostratigraphies applied in different regions. Boundaries between lower-middle, middle-upper
Toarcian are acknowledged through synchronous nannofossil events in both basins. Moreover,

Lower-Middle Jurassic boundary has been acknowledged by means of two robust bioevents.

Introduction

Two major palaeogeographic provinces are recognized in the European Jurassic. Gradual
faunal and floral differences in biological groups such as ammonites (Dommergues et al., 2009;
Dera et al.,, 2011), brachiopods (Vorés, 2005, 2014), bivalves (Liu et al., 1998), foraminifera
(Ruban and Tyszka, 2005), ostracods (Arias, 2007; Arias and Whatley, 2005, 2009; Arias, 2013),
dinoflagellate cysts (Bucefalo Palliani and Riding, 2003) and calcareous nannoplankton (Bown,
1987; Mattioli et al., 2008; Reggiani et al, 2010) characterized two western Tethyan regions,
namely the Boreal and south Tethyan realms. In fact, ammonite assemblages vary both
qualitatively and quantitatively between Mediterranean and Boreal provinces (Dera et al., 2011).

Though ammonite recovery can be scarce in some lithotypes and particular areas due to
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differential preservation and provincialism, the Jurassic chronostratigraphy is based on ammonite
biostratigraphy. This results in partial correlations between different palaeogeographic realms and
hampers the calibration of other fossil groups. Moreover, cephalopods are sometimes rare and
discontinuously distributed hence ammonite biostratigraphic dating is often related to discrete
horizons rather than continuous intervals (Cope, 1994; Ruban, 2013). Also, Baudin (1989) and
Wignall et al. (2005), using ammonite biostratigraphy, observed that organic matter-rich levels and
the associated isotopic event are not fully synchronous between the northern and southern parts of
the Tethys Ocean.

Unlike nannofossil zones, which bear a continuous and contiguous nannofossiliferous record
in marine sediments, ammonite zones are established based on the vertical range of index
species, even if this record is sometimes absent throughout the sedimentary succession. Indeed
Local Range Zones, (e.g., Polymorphum, Semicelatum and Tenuicostatum) either Total or Partial,
are the most common practice in Jurassic ammonite stratigraphy, and the index species appears
at the base of the nominal zone (Cope, 1994). In fact, due to the discontinuous and non-adjacent
nature of ammonite Range Zones, Lower Jurassic ammonite zonation is often established through
Concurrent or Interval Zones, therefore rendering diachronic FO and LO for a given index
ammonite species. In order to overcome the ammonite biostratigraphic incompleteness issues and
limitations when using ammonite Interval Zones, Mailliot et al. (2006) used the ubiquitous
nannofossil record to ascribe Unitary Associations, which are similar to Oppel Zones, and precisely
correlate and date the T-OAE in western Tethys. The biostratigraphic potential of calcareous
nannofossils is indeed quite high in the Lower and Middle Jurassic, due to their rapid evolutionary
rates and to their common and continuous occurrence in marine sediments. Although diagenesis
modifies calcareous nannoflora and strong dissolution and/or overgrowth can partially or totally
destroy the most delicate taxa the common occurrence of diagenesis-resistant forms provides a
good stratigraphic resolution (Mattioli and Erba, 1999).

Since Mattioli and Erba (1999) no new biozonation schemes have been proposed for the
Jurassic, although in the past decade some works have addressed the biostratigraphy in various
Tethyan regions (e.g., Aguado et al., 2008; Boomer et al., 2009; Fraguas et al., 2012, 2014,
Sandoval et al., 2012; Mattioli et al., 2013). Bown (1996) and de Keenel et al. (1996) summarized
the nannofossil biozonations available for different areas, but with limited data available for the
Tethyan realm. The more recent syntheses and those commonly used in the literature are those
from de Kaenel et al. (1996) for western Portugal, Bown and Cooper (1998) for NW Europe and
Mattioli and Erba (1999) for central Italy. The first studies of Lower Jurassic calcareous
nannofossils from the Lusitanian Basin are from Hamilton (1977; 1979). Later Bown (1987) and de
Keenel and Bergen (1993) studied the nannofossil content from the Brenha section. The
Portuguese succession of nannofossil events ranging from Late Sinemurian to Callovian were

acknowledged by Bergen (unpublished data) and reported by the synthesis work of de Kaenel
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(1996) and Bown and Cooper (1998). Recent works however, were made in the Iberian Peninsula
addressing the Pliensbachian and Toarcian nannofossil biostratigraphy (Perilli, 2000; Perilli et al.,
2004; Perilli and Duarte, 2006; Perilli et al., 2009), though the taxonomy adopted by the previous
authors is somehow different with respect to the one followed here. Actually, over the past years
some taxonomic works based on biometric studies of Jurassic coccoliths have been published. As
a result, the taxonomy of the genera Similiscutum/Biscutum (de Kaenel and Bergen, 1996; Mattioli
et al.,, 2004), Lotharingius (Mattioli, 1996; Fraguas and Young, 2011), Crepidolithus (Suchéras-
Marx et al.,, 2010; Fraguas and Erba, 2010), Discorhabdus (Lépez-Otalvaro et al., 2012), and
Watznaueria (Giraud et al., 2006) have been partly revised. Such a revision has profound
implication on biostratigraphy, as the range of newly defined taxa should thus be precisely
ascertained.

Most of nannofossil biostratigraphic studies were carried out in NW European sections,
namely England, Germany and Northern France (e.g., Bown et al., 1988; Bown, 1996), or Tethyan
sections (e.g., Cobianchi, 1992; Lozar, 1992, 1995; Mattioli and Erba, 1999). The present work
focuses on the Lusitanian Basin, which was a connecting seaway between NW Europe and south
Tethyan water masses. This work therefore aims to refine and update the Toarcian nannofossil
biostratigraphy for the Lusitanian Basin and to contribute with a biozonation scheme for the

southern France Toarcian section in the Causses Basin.

Geological settings

The Lusitanian Basin was a small, narrow North-South elongated basin, located on the
occidental side of the Iberian Massif and bounded to the west by several basement horsts (Fig. 7).
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., Pinheiro et al., 1996; Alves et al., 2002). During this time
interval, deposition in the Lusitanian Basin took place on a northwesterly dipping, low-energy
marine carbonate ramp (Duarte, 2007), where the maximum depth of the water column should not
have exceeded 200 m (Bjerrum et al., 2001). This elongated and shallow epicontinental seaway
connected the western Tethys to the NW European basins. Mixing between higher NW European
and lower latitude Mediterranean waters has been described by various authors and supported by
the mixing of ammonite fauna, ostracods and calcareous nannofossils during the Early Jurassic
(Mouterde and Ruget, 1975; Dommergues and Mouterde, 1980; Arias, 2007; Reggiani et al., 2010;
Dera et al., 2011). The Lusitanian Basin was located at a palaeolatitude comprised between 25
and 30°N (Dercourt et al., 2000), which corresponds in modern oceans to the transition between
the subtropical and temperate climatic belts. The three sections studied in Portugal represent 286
m of a complete and continuous succession of marine hemipelagic marlstone and limestone

couplets deposited on a homoclinal, low-angle ramp with a NW dipping (Duarte, 2004). The
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Rabagal section is located in the proximal part of the basin whereas Cabo Mondego in the distal
part, and the Brenha section in an intermediate position. In all the three sections macrofossils such
as ammonites, brachiopods, belemnites, bivalves and some fossilized wood fragments are
commonly found. Though the Rabacal section spans from the uppermost Pliensbachian to the
uppermost upper Toarcian, only the first 42 m comprising the Polymorphum, Levisoni (lower
Toarcian) and the lowermost Bifrons (middle Toarcian) ammonite zones were sampled for
nannofossil study. The 157 m of the Brenha section correspond to the uppermost part of the lower
Toarcian up to the lower Aalenian sediments. The 87 m of the Cabo Mondego section include the
Speciosum, Meneghinii, Aalensis (upper Toarcian) and the Opalinum (lower Aalenian) ammonite
zones. The three sections are correlated by means of ammonite and nannofossil biostratigraphies,

and by means of lithostratigraphy.

Artic Ocean

Laurasian
seaway to Arctic

/ \
Panthalassa Ocean | \\ \

7 ;
l '/rethys Ocean

Tethys

Gondwana Ocean

Hispanic
Corridor

Truc-de-Balduc
o !

Figueira da Foz

[] Land masses
4 Lusitanian Basin
[] Shallow seas

{} Causses Basin
[ Open ocean

Figure 7 - Location of both studied basins during the Early Jurassic in western Tethys epicontinental sea (modified after
Bassoulet et al., 1993).

The Truc-de-Balduc section is located on a small mountain 5 km southeast of the city of
Mende, and belongs to the Causses Basin in south France (Fig. 7). During the Early Toarcian this
basin was a small, partly enclosed, intracratonic basin in the western Tethys epicontinental sea,
and was positioned at a palaeolatitude comprised between 25 and 30°N. Bounded by Hercynian
crystalline rocks (Trimpy, 1983), its morphology was largely controlled by the late Hercynian

structural evolution. Subsidence was more pronounced in the central part of the basin and the
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Lower Jurassic succession thickness varies from its margins to its depocentre (Morard, 2004;
Mailliot et al., 2009). In this region an abrupt facies transition occurred in the lowermost Toarcian
with the onset of deposition of organic matter-rich shales belonging to the Schistes Cartons
Formation. On top of this formation stands the Fontaneilles Formation, a monotonous marl
succession of the middle and upper Toarcian. The gradual transition to the Aalenian stage is
characterized by sandy limestones with abundant bioturbation (Harazim et al., 2012). Representing
~145 m of almost continuous Toarcian and Early Aalenian beds, the fossiliferous nature of the
Truc-de-Balduc section allowed an ammonite biostratigraphic framework to be established by
Trampy (1983). However, the Causses Basin was located directly on the border between the
Boreal and the Tethyan realms, complicating the use of a standard ammonite zonation. Due to the
dominant northwest European ammonite faunas in this basin during Toarcian to Aalenian times,
the northwest European standard biozonation was chosen (Elmi et al., 1994; Macchioni and
Cecca, 2002).

Material and methods

In total, 406 dense and closely spaced sampling was performed in both Portuguese and
French sections. For nannofossil quantification and biostratigraphy, 65 samples from Truc-de-
Balduc were studied, and a total of 341 samples were collected in the marl-limestone couplets in
the three sections from the Figueira da Foz region: 139 samples from Rabagal, 130 from Brenha
and 72 from Cabo Mondego. Absolute abundances per gram of powdered rock were obtained
following the Geisen et al. (1999) method. Briefly, about 30 mg of dried rock powder were mixed
with water that was oversaturated with respect to CaCOj3; and with a basic pH, and allowed to settle
for 24h on a cover slide in a settling box. The cover slide was then recovered after drying and
permanently mounted on a microscope slide. At least 300 coccoliths were counted in every sample
and studied under an optical polarized microscope with x1000 magnification. According to Fatela
and Taborda (2002) the counting of 300 specimens per sample is statistically robust to record all
the species making up more than 1% of the total assemblage with a confidence level of 95%. In
order to check for rare or very rare taxa, at least one transect of each smear slide was scanned

after counting was over.

Nannofossil bioevents

The synthesis of nannofossil events recorded in this work is summarized in Figure 8 where
calcareous nannofossil biomarkers First and Last Occurrences (FO and LO) and First Common
Occurrences (FCO) are calibrated with already established ammonite zones whenever they

existed. By studying the Truc-de-Balduc section, it allowed to compare bioevents in the Lusitanian
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Figure 8 - Lithostratigraphic and biostratigraphic correlation between the studied sections in the Lusitanian and Causses

Basins.
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Basin with those occurring in a different palaeogeographic domain and therefore infer on their
reproducibility and consistency. Eighteen major bioevents are acknowledged along the Toarcian
and Early Aalenian in both basins (14 FOs and 4 LOs). These events are based on diagenesis-
resistant taxa that are frequent to common in the studied sections and are thus easily recognized
even in diagenetically altered material. Every bioevent is discussed in stratigraphic order from
bottom to top. Whenever needed, taxonomy is herein discussed and findings are compared to
stratigraphic ranges already reported in the literature for the Mediterranean and Boreal

palaeogeographic provinces (see Fig. 9).

Lower Toarcian
FO of Diductius constans Goy, 1979

Though not a common species, the FO of D. constans varies in the three analyzed sections.
In Rabacal it is first observed during the lower Toarcian in the Polymorphum zone and NJT5b. Also
de Kaenel et al. (1996) recorded in Switzerland its FO during the lower Toarcian though in the
Serpentinum zone. Both in Truc-de-Balduc and Brenha, this taxon first occurs during the middle

Toarcian in the nannofossil zone NJT7a and NJT7b accordingly.

FO of Discorhabdus ignotus (Gorka, 1957) Perch-Nielsen, 1968

This species first occurs in the Polymorphum zone in Rabagal and displays its first common
occurrence (FCO) during the Levisoni zone, as already acknowledged in Peniche by Mattioli et al.
(2013). In the Causses basin, a hiatus occurs at the base of the Toarcian and the Tenuicostatum
zone is very condensed (Mailliot et al., 2009). This is the reason why only the FCO of D. ignotus
could be recognized in Truc-de-Balduc in the uppermost Tenuicostatum zone. This event was
already acknowledged in central Italy at the top of the Tenuicostatum zone and hence proposed as
a marker for the Tenuicostatum-Serpentinum (Polymorphum-Levisoni) boundary (Mattioli and
Erba, 1999). Later however, Mattioli et al. (2013) recorded that D. ignotus was very rare from the
base of Toarcian (base of Tenuicostatum zone) in the central Italy Valdorbia section, after which it
temporarily disappears during the T-OAE and consistently shows up again as its FCO eventually in
the Serpentinum zone. The apparent discrepancy between Mattioli and Erba (1999) and Mattioli et
al. (2013) is due to ammonite zone definition. In fact, since ammonites are almost absent in central
Italy lower Toarcian sediments corresponding to the T-OAE, ammonite zones are established as
interval zones, namely based after the FO of a zonal marker (see for example Macchioni, 2002).
As the FO of Harpoceras serpentinum was recorded above the T-OAE, this oceanographic event
was assigned to the Tenuicostatum zone. Later, Bilotta et al. (2010) revised the ammonite
zonation in central Italy and placed the T-OAE in an interval not dated by ammonites, before the

Serpentinum zone.
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Figure 9 - Comparison between major bioevents considered in this study and those reported in the main literature. In
bold are the nannofossil events reproducible in various areas that allow inter-regional correlations.

LO of Mitrolithus jansae (Wiegand, 1984) Bown and Young in Young et al., 1986

The LO of the murolith M. jansae is recorded in Rabacal in the uppermost lower Toarcian in
the Levisoni ammonite zone and nannofossil zone NJT7a. Though sporadic occurrences are
reported in middle and upper Toarcian Italian sections (Cobianchi, 1992; Reale et al., 1992;
Baldanza and Mattioli, 1992) these are very likely due to reworking. The preference of this species
for the southern Tethys water masses (Bown, 1987; Bucefalo Palliani et al., 2002; Mattioli et al.,
2008) make it almost absent in Truc-de-Balduc where its local LO is recorded at the
Pliensbachian-Toarcian boundary NJT5b. The LO of M. jansae can be regarded as a synchronous
event across the Early Toarcian. Actually its LO has been observed in the Levisoni zone, NJT6, in
several sections throughout the Lusitanian Basin by Perilli and Duarte (2006) and Mattioli et al.
(2013) and in East Spain by Perilli (2000). Moreover, de Kaenel et al. (1996) and Bown and Cooper
(1998) also place this species LO at the uppermost Early Toarcian. Such consistency makes this
event a remarkable proxy for the upper part of lower Toarcian, for at least the southern Tethys

region.

FO of Carinolithus poulnabronei Mattioli, 1996

This species is interpreted as a transitional form between the genus Calyculus and
Carinolithus, and is characterized by a vertically extended distal shield slightly thicker than in C.
superbus and with a wider axial canal (Mattioli and Erba, 1999). It first occurs in Truc-de-Balduc
during the lower Toarcian in the Tenuicostatum ammonite zone, NJT5b, slightly earlier than C.
superbus, as also recorded in Central and Northern Italy by Mattioli and Erba (1999). Although
Bown (1987) reported the transitional phase between the two genera as restricted to the
Tenuicostatum zone, in the Rabagal section C. poulnabronei occurs later in the lower Toarcian, at
the uppermost Levisoni ammonite zone, NJT7, whereas in Peniche, Mattioli et al. (2013) records

this event during the NJT6, at the Polymorphum-Levisoni boundary.

FO of Carinolithus superbus (Deflandre in Deflandre and Fert, 1954) Prins in Griin et al., 1974

In both studied successions this species first occurs at the base of the Toarcian in the
Tenuicostatum or Polymorphum zone, thus defining the start of the nannofossil zone NJT6. Also in
central Italy and Peniche, C. superbus first occurs in the Tenuicostatum or Polymorphum zone
(Mattioli and Erba, 1999; Mattioli et al., 2013). De Kaenel et al. (1996), Perilli (2000) and Perilli and

Duarte (2006) observe this event in this Tenuicostatum or Polymorphum ammonite zone though in
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its uppermost part. Conversely, Bown and Cooper (1998) place this species FO at the base of the
Serpentinum (Levisoni) zone in the northern margin of Tethys (England), where C. superbus is
also generally scarcer. This species is resilient to dissolution and bears a continuous record

throughout this age, being more abundant during the middle Toarcian in the Bifrons zone.

FO of Discorhabdus striatus Moshkovitz and Ehrlich, 1976

This species first occurs in the Lusitanian Basin during the lower Toarcian in the Levisoni
(Serpentinum) ammonite zone whereas in Truc-de-Balduc it is recorded in the uppermost
Tenuicostatum (Polymorphum) zone. This diachroneity is probably due to high accumulation rates
and hence extremely low nannofossil abundances that are observed in Rabacal after the T-OAE
equivalent, as was also recorded in Peniche by Mattioli et al. (2008). In Truc-de-Balduc the First
Common Occurrence (FCO) of D. striatus happens in the Serpentinum (Levisoni) zone and is
hence used to define the nannofossil zone NJ7 and nannofossil subzone NJT7a. According to
Lopez-Otalvaro et al. (2012) this species can be distinguished from D. ignotus because of its larger
size (>5 um) and brighter birefringence colours in polarizing light. The FO of D. striatus is a
consistent and synchronous event in different south Tethyan domains and therefore represents a
good biostratigraphic marker for the Early Toarcian. Although Perilli and Duarte (2006) sets this
event in west Portugal at the base of the Bifrons zone in the middle Toarcian, this is not what is
actually observed in the Lusitanian and Causses basins. Actually, de Keenel et al. (1996), Bown
and Cooper (1998), Mattioli and Erba (1999) and Perilli (2000) acknowledged this species FO at

the topmost of the Serpentinum zone, close to the lower-middle Toarcian limit.

FO of Watznaueria fossacincta (Black, 1971) Bown in Bown and Cooper, 1989

The entry of the watznaueriaceans into the world oceans was made with the appearance of
the species W. fossacincta. This specimen was observed both in Truc-de-Balduc and Rabacal in
the Lower Toarcian in the uppermost Serpentinum (Levisoni) ammonite zone in the top of NJT6
and base of NJT7a accordingly. Also in central Italy this species FO is coeval with the observations
from this work (Mattioli and Erba, 1999).

Middle Toarcian
FO of Watznaueria colacicchii Mattioli and Reale in Mattioli, 1996

This species is consistently first observed in Truc-de-Balduc, Rabacal and Brenha sections
at the lower-middle Toarcian limit, i.e., Serpentinum (Levisoni)/Bifrons ammonite zones in NJT7a.
Mattioli and Erba (1999) also found this species in the uppermost lower Toarcian in central Italy
though they recorded its occurrence before the FO of W. fossacincta. This taxon is quite similar in

shape to W. contracta but is smaller than the type species and has a slightly different width and
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shape of the central area (Mattioli, 1996). This bioevent is therefore a strategic marker for the

lower-middle Toarcian limit.

FO of Retecapsa incompta Bown and Cooper, 1989

The FO of this species defines the nannofossil subzone NJT8a and it first occurs both in
Truc-de-Balduc and Brenha in the uppermost middle Toarcian, in the Variabilis (Gradata)
ammonite zone. In Cabo Mondego, R. incompta is first recorded solely in the upper Toarcian
probably due to its scarcity in the Lusitanian Basin. Despite being consistently dated by several
authors as a Late Toarcian biomarker in the Pseudoradiosa (Meneghinii) ammonite zone, whether
in NW European and Portuguese sedimentary sequences (Baldanza and Mattioli, 1992; Mattioli,
1994; de Kenel et al. 1996; Bown and Cooper, 1998; Mattioli and Erba, 1999) this is not
consistent with the records from both the Lusitanian and Causses basins. Noteworthy though,
Perilli and Duarte (2006) place this taxon FO in the lowermost upper Toarcian in the Bonarelli

ammonite zone in two sections from the Lusitanian Basin: Rabacal and Cantanhede.

FO of Discorhabdus criotus Bown, 1987

This is a very consistent and easily identifiable biomarker for the uppermost middle Toarcian,
which defines for Mediterranean sections the nannofossil zone NJT7b in the Variabilis (Gradata)
ammonite zone. This nannofossil zone however, was not possible to be identified in Truc-de-
Balduc as D. criotus is first recorded after the FO of R. incompta, the NJT8a biomarker. The D.
criotus FO bioevent has already been acknowledged in Morocco, Portugal, NW Europe and central
Italy by several authors (de Kaenel et al., 1996; Bown and Cooper, 1998; Mattioli and Erba, 1999;
Perilii and Duarte, 2006) thus representing an important biomarker in for the middle-upper

Toarcian transition when used together with the FO of R. incompta.

FO of Biscutum depravatus (Grun and Zweili, 1980) Bown, 1987

Though never abundant in the assemblages, B. depravatus is easily distinguishable from
other Biscutum species due to its very open central area and its axial thick cross. Its FO in Brenha
occurs during the middle Toarcian in the probably uppermost Variabilis (Gradata) ammonite zone
and NJT7b, which was also reported by Mattioli and Erba (1999) in central Italy. Conversely, in
Truc-de-Balduc the FO of B. depravatus happens in the Thouarsense (Bonarelli) zone, NJT8a,

which is in accordance with de Kaenel et al. (1996) and Bown (1987).

FO of Triscutum sullivanii de Kaenel and Bergen, 1993
Though this species is never abundant in the Toarcian assemblages, its FO can be
considered as an important event in the middle Toarcian. It has been acknowledged in central Italy

at the boundary between middle and upper Toarcian (Mattioli and Erba, 1999) and in the middle
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Toarcian in the Brenha section where it first occurs in NJT7a. The lack of ammonite constrains in
Brenha make it impossible to place this event in an ammonite zone. In Truc-de-Balduc though, T.
sullivanii occurs later in the sequence during the upper Toarcian NJT8a in the Pseudoradiosa
(Meneghinii) zone. Also Perilli and Duarte (2006) recorded this species FO in the upper Toarcian
though in the Dispansum (Speciosum) zone in west Portugal. Contrariwise, de Kaenel et al. (1996)
place the FO of T. sullivanii during the middle Aalenian in the Brenha section. The distribution of

this species seems to be restricted to the Tethyan and Pacific realms (Mattioli and Erba, 1999).

Upper Toarcian
FO of Watznaueria contracta (Bown and Cooper, 1989) Cobianchi et al., 1992

In Brenha, Cabo Mondego and Truc-de-Balduc this taxon consistently first occurs during the
upper Toarcian in the Aalensis and Pseudoradiosa zones (see Fig. 8). The FO of this species
defines the nannofossil subzone NJT8b. Despite our records, different authors place the FO of W.
contracta in the basal Early Aalenian in west Portugal (de Keenel et al., 1996) and central Italy
(Mattioli and Erba, 1999) or even in the middle Aalenian for Boreal sections (Bown and Cooper,
1998). Additionally, Perilli and Duarte (2006) also observed the FO of W. contracta in the Aalensis
zone in west Portugal. The FO of W. contracta therefore represents a paramount biomarker for the

Lower-Middle Jurassic transition.

LO of Crepidolithus cavus Prins ex Rood et al., 1973

The LO of this species consistently happens around the Lower-Middle Jurassic limit making
this event a helpful proxy to identify this stratigraphic boundary. Though the LO of C. cavus in
Cabo Mondego is observed in the Meneghinii zone in NJT8a, both in Brenha and Truc-de-Balduc
this event occurs at the topmost of the Aalensis zone, NJT8b, as already recorded by de Kaenel et
al. (1996) in west Portugal and by Mattioli and Erba (1999) in central Italy. This event however, is
acknowledged in NW Europe by Bown and Cooper (1998) in the middle Aalenian.

LO of Carinolithus poulnabronei Mattioli, 1996

This species last occurrence is consistently placed at the Toarcian-Aalenian limit in Truc-de-
Balduc, Brenha and Cabo Mondego in the nannofossil zone NJT8b, making this bioevent another
helpful proxy for the Lower-Middle Jurassic transition. As also reported by Mattioli and Erba (1999)
for central ltaly, in the Lusitanian Basin this event occurs at the lowermost Aalenian whereas in the

Causses Basin it happens at the uppermost upper Toarcian in the Aalensis ammonite zone.

LO of Calyculus spp. Noél, 1973
According to Mattioli and Erba (1999) the smaller forms of Calyculus (<6 ym) disappear in

the Late Toarcian during the Meneghinii (Pseudoradiosa) ammonite zone. However, despite this
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taxon LO is placed in Truc-de-Balduc also in the uppermost Toarcian in the Aalensis zone, NJT8b,
in the Lusitanian Basin its permanent record in the Cabo Mondego section throughout the Early
Aalenian prevents the determination of this taxon LO event. The continuous record in the
Lusitanian Basin supports the lower latitude preferences of this taxon as inferred already by
Mattioli et al. (2008).

FO of Triscutum tiziense de Keenel and Bergen, 1993

Though this species was never recorded in Truc-de-Balduc, therefore suggesting lower
latitude preferences, its FO in the Lusitanian Basin happens in Brenha at the Toarcian-Aalenian
boundary at NJT8b in the Opalinum zone. In Cabo Mondego however, T. tiziense FO happens
during the uppermost Late Toarcian in the Aalensis zone also at NJT8b. This event is well
correlated with the works of de Keenel et al. (1996) in Portugal and Morocco, and also with NW
Europe data from Bown and Cooper (1998). This event is hence deemed a good proxy for the

Lower-Middle Jurassic stratigraphic limit.

FO of Hexalithus magharensis Moshkovitz and Ehrlich, 1976

In the studied sections of the Lusitanian Basin the FO of H. magharensis was consistently
found at the Toarcian-Aalenian limit in NJT8b and used to indicate the transition from the Lower to
the Middle Jurassic. Already in central Italy, Mattioli and Erba (1999) recorded this taxon FO at the
lowermost Early Aalenian. This species was never recorded in the Causses Basin therefore
suggesting its Mediterranean Tethys preferences, as previously inferred by Bown and Cooper

(1998). This event is a reliable proxy for the Toarcian-Aalenian boundary in Mediterranean Tethys.

Discussion

Comparing the studied sections with previous studies in the Lusitanian Basin

Although Bown (1987) and Bergen (in de Kanel et al.,, 1996) had briefly addressed the
biostratigraphy in the Brenha section for the Lusitanian Basin, revised nannofossil taxonomy (e.g.,
de Keenel and Bergen, 1996; Mattioli, 1996; Mattioli et al., 2004; Giraud et al., 2006; Fraguas and
Erba, 2010; Suchéras-Marx et al., 2010; Fraguas and Young, 2011; Lopez-Otalvaro et al., 2012)
and updated bioevents had been propose for Mediterranean Tethys sections (Mattioli and Erba,
1999). Since then, only Perilli and Duarte (2006) had addressed the Toarcian biostratigraphy in the
Lusitanian Basin, although Mattioli et al. (2013) also refers to the lower Toarcian biostratigraphy for
the Peniche section. Some differences emerged from the results of the present work and those
previously obtained by other authors in the Lusitanian basin. The FO of C. poulnabronei is
recorded in this work in the Levisoni zone whereas Mattioli et al. (2013) observed this event earlier

in Peniche, at the limit of the Polymorphum-Levisoni zones. This difference can be linked to a
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discontinuous record of this species in the Lusitanian Basin. In this work the FO of C. superbus is
observed at the Polymorphum zone in Rabacal, whereas Perilli and Duarte (2006) acknowledged
this event later in the Levisoni zone. Again the discontinuous record of this species can explain this
discrepancy as Mattioli et al. (2013) also acknowledged this event in Peniche in the Polymorphum
zone, whereas Bergen (in de Keenel et al., 1996) observed this event in Brenha during the middle
Toarcian in the Bifrons zone. Although the FO of D. striatus is here recorded in the Levisoni zone,
Perilli and Duarte (2006) place its FO at the basal middle Toarcian in the Bifrons zone whereas
Bown (1987) place it at the Bifrons-Gradata boundary. However, the taxonomic conception of D.
striatus slightly changed after the biometric work of Lopez-Otalvaro et al. (2012). Furthermore,
such divergences could be also justified by poor preservation in Rabacal, or due to the scarcity of
this species during the Early Toarcian coupled with different methodologies adopted. If the
counting of at least 300 coccoliths per sample ensures the record of all the species making up
more than 1.7% of the assemblage within a confidence interval of 99.5% (Fatela and Taborda,
2002), a qualitative analysis or a lesser counting in coccoliths would thus reduce the confidence
interval, i.e., the size of the sample, or conversely increase the significance level, i.e., the error or
part of the sample that is deliberately ignored. Hence this taxon might have been missed in
previous works. Another significant difference between this work and that of Perilli and Duarte
(2006) is the FO of T. sullivanii. The latter authors place this bioevent in the upper Toarcian
Speciosum zone, whereas in this study this event is observed at the top of the Bifrons zone, in the
middle Toarcian. The scarcity of this species and the different methodology adopted can be
appointed for the difference observed in both works. As for the FO of R. incompta and W.
fossacincta, it is observed by Bergen (in de Keenel et al., 1996) during the upper Toarcian in the
Meneghinii zone and Bonarelli-Speciosum limit accordingly. Conversely, Perilli and Duarte (2006)
place the FO of R. incompta in the Bonarelli zone, although in this study this event is recorded
earlier during the Variabilis (Gradata) zone. If the rarity of R. incompta and the methodology
adopted can be the reason for this difference, the FO of W. fossacincta attributed by Bergen can
be only interpreted as the use of different taxonomic criteria, since the transition between the
genus Lotharingius and Watznaueria displayed intermediate morphologies across the Toarcian

hindering sometimes a correct identification.

Provincialism impact on the observed records

Palaeogeographic barriers, paleoenvironmental differences, and strong climatic gradients
accounted for a strong and marked ammonite palaeobiogeographic partitioning across the
Pliensbachian and Toarcian between the Boreal and Mediterranean realms in the western Tethys
(EImi et al.,, 1994; Macchioni, 2002; Dera et al., 2011). During the Early Toarcian, the
palaeobiogeographic pattern was first disrupted with a northward expansion of Mediterranean

ammonite (Dera et al., 2011) and the mixing of Mediterranean and Boreal nannoplankton
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(Reggiani et al., 2010; Ferreira et al., 2015) species into the Lusitanian Basin throughout the
Polymorphum zone. Across the Levisoni zone, faunal and floral homogenization was established
and was related to a major marine transgression and temperature rise, allowing better connections
between Mediterranean and Boreal provinces. Ammonite and nannofossil provincialism closely
related to sea level fall and temperature decrease after the Bifrons zone, was progressively
reestablished during the Middle Toarcian, and maintained until the beginning of the Late Toarcian.
Palaeoclimatic changes, sea-level fluctuations, and extinction events explain most of the
palaeobiogeographic patterns displayed by ammonites and nannofossils. Palaeoclimatic changes
physically drive the displacements, expansion, or reductions of palaeoecological niches inhabited
by ammonite and nannoplankton communities, whereas sea-level oscillations regulate the basinal
connections that modulate the dispersion or the segregation of faunas. Moreover, extinction events
remove endemic species and facilitate the invasion and the proliferation of cosmopolitan taxa in
vacated domains (Dera et al., 2011). The nannoplankton palaeoprovincialism established in west
Tethyan water masses, also observed for such a variety of faunal and floral groups such as
molluscs, dinoflagellates, ostracods or foraminifera, hinders the establishment of a global
nannofossil biozonation scheme. Hence, Boreal and Mediterranean nannofossil bioevents must be
severed and specific zonation schemes adopted. Actually, events like the LO of M. jansae or the
FO of H. magharensis, T. sullivanii and R. incompta are best acknowledged in sections from the
Mediterranean realm and consequently these events should not be chosen as biomarkers for

sections from the Boreal province.

Resolution of calcareous nannofossil biostratigraphy

Following the Triassic/Jurassic extinction, the Early Jurassic nannoplankton evolutionary
radiation was initiated and by the Early Toarcian, most major innovations had already been
introduced. Subsequently, speciation and diversification rates fell to levels which were broadly
maintained through the remainder of the Mesozoic (background levels) (Bown et al., 2004).
Nevertheless, when compared to the Triassic/Jurassic radiation, even within a period of general
evolutionary stasis like the Toarcian, it is possible to acknowledge three different periods of
increased radiation and diversification (see Fig. 9). Early and Late Toarcian periods display an
extremely high nannofossil resolution, whereas during the middle Toarcian, a period of more stable
environmental conditions seems to be coeval with an evolutionary stasis. In fact, during the latter
time intervals, several nannofossil zones or subzones have a time span shorter than one
ammonite zone. Conversely, nannofossil zones and subzones are much longer during low
evolutionary rates displayed across the middle Toarcian, and their duration can reach almost three
million years. Despite the low stratigraphic resolution provided by nannofossils for the
aforementioned interval, nannofossil biostratigraphy is still very important as ammonites can be

scarce or absent and nannofossils virtually constitute the only biostratigraphic tool available. Early-
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middle Toarcian boundary approximately coincides with the base of the NJT7a, whereas the Late
Toarcian limit roughly corresponds to the base of the NJT8a subzone, and not NJT7b as indicated
by Mattioli and Erba (1999). As also reported by the previous authors, this work shows that the
Toarcian-Aalenian boundary lies within the very short NJT8b thus supporting and validating their
observation. When comparing the Mediterranean and Boreal Tethyan nannofossil bioevents one
can observe a relatively high correlation for the most important events. Moreover, the stratigraphic
resolution of the proposed bioevents is fairly high and comparable to other proposed nannofossil
biozonations schemes.

Actually, inconstant nannofloral evolutionary rates seem to be responsible for a non-uniform
biostratigraphic resolution of calcareous nannofossils during the Toarcian. As highlighted by
Geisen et al. (2004), coccolithophores appear to show evidence for both classic models of
evolution, i.e., phyletic gradualism and punctuated equilibria (allopatric speciation) (Eldredge,
1971; Eldredge and Gould, 1972; Gould and Eldredge, 1977; Young and Bown, 1994). If
morphological evolution is not slow and gradual but rather occurs in association with speciation,
then the envelopment of speciation, geographical isolation and new ecological opportunities
means that a correlation between episodes of rapid speciation and morphological evolution and
diversification is to be expected (Charlesworth, 1990). Actually, that is what is observed in the
Lusitanian Basin during the Early and Late Toarcian, where the number of bioevents are far higher
then across the middle Toarcian, and are coeval with important environmental perturbations
(Ferreira et al., 2015). In fact, environmental changes such as regional sea level oscillations in
northwestern Caucasus have been regarded as an important factor influencing the evolutionary
rates of Triassic marine macrofauna such as ammonoids, brachiopods, bivalves, sponges and
corals (Ruban, 2008). Moreover, also Cooper et al. (2014) suggests that the evolutionary rates of
graptolites during the Ordovician-Silurian global climate change are fine-tuned with sea surface
temperature oscillations.

Results from both studied basins were compared with those from the literature and allowed
to acknowledge for the southern Tethys margin consistent bioevents: 1) Though the Lazarous
behaviour of D. ignotus, hiatuses or very condensed sedimentary beds often found in west
Tethyan sections (Mattioli et al., 2013) can be pointed out for some discrepancies, the FO of D.
ignotus combined with the FO of C. superbus stands out as a robust event defining the
Polymorphum-Levisoni biohorizon, as acknowledged in the Peniche GSSP succession; 2) The LO
of M. jansae is a consistent biomarker in the Early Toarcian occurring at the topmost Levisoni zone
in NJT7a; 3) The consistent FO of W. colacicchii is herein proposed as the most accurate
biomarker for the Levisoni-Bifrons biohorizon and should therefore define its own nannofossil
subzone; 4) The FO of D. criotus is consistent and synchronous throughout the literature thus
defining the nannofossil zone NJT7b; 5) The FO of W. contracta is consistent in all sections and

thus defines NJT8b and represents a good proxy for the Aalensis-Opalinum transition; 6) The LO
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of C. cavus is a consistent auxiliary event occurring at the Aalensis-Opalinum boundary; 7) Like C.
cavus, also the LO of C. poulnabronei represents a consistent auxiliary event occurring at the
Aalensis-Opalinum boundary; 8) The FO of T. tiziense in both provinces makes this event a useful
marker for the Aalensis-Opalinum limit; 9) The FO of H. magharensis represents the best bioevent
in the Mediterranean province for the Lower-Middle Jurassic limit, and was therefore used in the
definition of the GSSP for the base of the Aalenian stage at Fuentelsaz section (Cresta et al.,
2001).

Conclusions

The biostratigraphic synthesis here presented for the west Mediterranean Tethyan Province
is compared to previous biostratigraphic schemes compiled for west Portugal, Morocco and
Switzerland (de Keenel et al., 1996), central Italy (Mattioli and Erba, 1999) and with those from the
Boreal Realm such as Great Britain, Germany and north of France (Bown et al., 1988; Bown,
1996). Comparing different biostratigraphic schemes however, is not a simple task. Due to the
ammonite discontinuous sedimentary record and to their distinct palaeoprovincialism in the
Jurassic period, an unequivocal and independent check on the synchronicity of nannofossil events
in different palaeogeographic domains is therefore vulnerable. Moreover, the establishment of
most ammonite zones boundaries is sometimes too ambiguous, hindering a straightforward
correlation between different nannofossil zones.

Although several bioevents are undoubtedly correlated between high and low latitude
provinces (Fig. 9), others appear to be diachronous. As previously mentioned, most divergences
are deemed biased whether due to different ammonite biostratigraphies applied in different areas,
whether to the scarcity and discontinuity of the ammonite record. The LOs are in general more
diachronous than the FOs. This is probably due to reworking phenomena and therefore to
apparent diachronism, or to the survival of certain species in a particular micro-environment
(Mattioli and Erba, 1999). The LO of C. cavus in the Lusitanian Basin, is a fine example of
probable reworking as it is continuously recorded in Brenha whereas in Cabo Mondego its LO
happens during the upper Toarcian. As for M. jansae it is a clear matter of provincialism. The
present study underlines the importance of calcareous nannofossil biostratigraphy in the Early,
middle and Late Toarcian and demonstrates the high resolution that is possible to accomplish in
intra- and inter-regional correlations. When compared to previous works addressing Toarcian
biostratigraphy, this study provides an increasing number of bioevents that can be correlated in
west Mediterranean Tethyan successions. Moreover, being the nannofossil zonation supported by
a continuous and contiguous record of index species, its boundaries have demonstrated to be

more precise then many of those provided by Jurassic ammonites.
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A comprehensive and detailed account is presented of the calcareous nannofossil evolution across the Toarcian
and Early Aalenian from the strategically located Lusitanian Basin in Portugal. The basin connected NW Tethys
and Mediterranean water masses during the Toarcian and thus the in situ nannoplankton community responded
to this double influence. Biostratigraphic control by ammonites from two well calibrated and continuous sections
was compared to an intermediate section, which rendered a complete 286 m of Toarcian and lower Aalenian suc-
cession. Quantification of calcareous nannofossils, Factor Analysis, stable carbon and oxygen isotope analysis
from brachiopods shells was performed. Temperature, water masses exchanges and primary productivity were
highlighted by three extracted factors. Three major ecological events were identified in this work. Throughout
the Early Toarcian during the onset of a warming transgressive period with an intensified hydrological cycle
where calcareous nannoplankton thrived, NW Tethys waters started flooding the Lusitanian Basin which became
dominated by Mediterranean taxa such as M. jansae and Schizosphaerella. Water mixing between NW European
and Mediterranean water masses occurred, as recorded by nannofossil assemblages typical of the two provinces.
Across the middle and part of the Late Toarcian, as climatic conditions stabilized during the long-term regressive
period that had just begun, NW European connections were still effective, waters became more stratified and pri-
mary productivity decreased as indicated by the 5'C data, the coeval decrease in total nannofossil abundances
and increase in diversity. From part of the Late Toarcian, the connection between north and south water masses
was diminutive and Mediterranean waters filled and dominated the basin, as inferred from the steady increase in
Schizosphaerella and the near disappearance of Crepidolithus crassus. The calcareous nannoplankton increase in
abundance and decrease in diversity show that under a humid climate, environmental conditions in such a shal-
low basin would tend to be more meso-eutrophic.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

important and drastic temperature shifts and eustatic oscillations oc-
curred (Hallam, 1981; Duarte et al., 2007; Gémez et al., 2008; Dera

Lower Toarcian calcareous nannofossils have been extensively stud-
ied for palaeoenvironmental purposes (e.g., Mattioli & Pittet, 2004;
Mattioli et al., 2004, 2008, 2009; Tremolada et al., 2005; Suan et al.,
20083, 2010; Mailliot et al., 2009; Fraguas et al., 2012; Reolid et al.,
2014), but with few exceptions (e.g. Mattioli, 1997; Mattioli & Erba,
1999; Sandoval et al., 2012) little attention has been given to middle
and upper Toarcian substages. The Toarcian and Aalenian ages are of
particular interest in the geological history of the planet. Palaeo-
environmental changes took place across this time interval, where

* Corresponding author at: Université Claude Bernard Lyon1, ENS Lyon, Campus de la
DOUA, Batiment Géode, 69622 Villeurbanne Cedex, France.
E-mail address: jorge.hgf@gmail.com (J. Ferreira).

http://dx.doi.org/10.1016/j.palae0.2015.07.012
0031-0182/© 2015 Elsevier B.V. All rights reserved.

etal., 2009a, 2011a; Pittet et al., 2014), including one of the most impor-
tant thermal maximum recorded during the Mesozoic at the base of the
Toarcian, also corresponding to the Toarcian Oceanic Anoxic Event (T-
OAE), an interval of widespread organic matter burial (Jenkyns, 1988;
Duarte, 1998; Jenkyns et al., 2001; Bailey et al., 2003; Hesselbo et al.,
2007; McArthur et al., 2008; Suan et al., 2008b). Being a major component
of the extant marine phytoplankton, coccolithophores are one of the main
open-ocean primary producers, and their calcified scales (coccoliths) are
well represented in deep-sea sediments above the calcite compensation
depth (Bown & Young, 1998). Their importance in palaeoceanographic,
palaeoecological and biostratigraphic studies is highly significant due to
their rapid evolution and radiation, and above all, for their distribution,
abundance and diversity. Though the influence of temperature and
pCO,, on unicellular algae is still a complex and ongoing debated subject,
the whole plankton structure is influenced by a multitude of external
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factors that affect their metabolism and diversity (Lewandowska et al.,
2012; Spielmeyer & Pohnert, 2012) such as water temperature, nutrients
concentration and salinity (Winter et al., 1994). A synecological approach
is thus important to better understand the long-term behaviour of calcar-
eous nannoplankton associations during the Toarcian and Early Aalenian
and to infer any relationships with chemo-physical parameters such as
nutrient concentration and shifts in water temperature that can be
extracted from their fossil record. For this purpose three sections
representing the stratigraphic continuum of the totality of the Toarcian
and lower Aalenian stages outcropping in the Lusitanian Basin, Portugal,
spanning across approximately 10 Myrs (Gradstein et al.,, 2012), were
studied. A quantitative and qualitative study of coccoliths is herein pre-
sented, as well as the absolute and relative abundances of the calcareous
dinoflagellate cyst Schizosphaerella. During the time interval to which this
work refers to, the Lusitanian Basin was a narrow corridor connecting epi-
continental water masses in the north (Euro-Boreal realm) and south
(Mediterranean Tethys realm) making it a perfect place to study changes
occurring in the western Tethys between these two domains and their in-
fluence on calcareous nannoplankton assemblages. Age calibration was
defined according to the ammonite content described in the literature
and to nannofossil bioevents. In order to assess bottom water tempera-
tures and their carbon isotope signature in this sector during the time
interval of interest, geochemical data was collected, and afterwards bra-
chiopod shells were analyzed for their carbon and oxygen isotope compo-
sition. This work aims to address the long-term evolution of calcareous
nannofossil assemblages in the Lusitanian Basin. In particular, the assem-
blage composition was studied in order to understand its response to
long-term environmental changes during the Toarcian and Early

Artic Ocean

Panthalassa Ocean

[] Land masses

[ Shallow seas

[l Oven ocean

— Cold light waters
— Warm dense waters

; Lusitanian Basin

Aalenian, following sharp and extreme palaeoceanographical condi-
tions that occurred during the T-OAE.

2. Geological settings

The western Tethys Ocean in the Early Jurassic mainly consisted of a
shallow sea lying between the African and the European landmasses. It
was in this region that the Lusitanian Basin started to open during an
aborted rift phase in the Late Triassic (Pinheiro et al., 1996). It was a rel-
atively narrow and elongated epicontinental (<200 m in depth accord-
ing to Bjerrum et al., 2001) seaway connecting the Hispanic Seaway
southern waters to the NW European waters. Roughly N-S orientated,
this basin was bounded in the east by the Iberian Meseta and in the
west by the Berlengas-Farilhdes igneous and metamorphic horst at a
palaeolatitude between 25 and 30°N (Dercourt et al., 2000) (Fig. 1). In
modern oceans this palaeolatitude range corresponds to the transition
between the Subtropical to Temperate waters. The mixing between
higher NW European and lower latitude Mediterranean waters in this
passageway has been described by various authors and supported by a
mix of ammonite faunas and calcareous nannofossil assemblages during
the Early Jurassic (Mouterde & Ruget, 1975; Dommergues & Mouterde,
1980; Reggiani et al., 2010; Dera et al., 2011a). The three sections stud-
ied in this work represent 286 m of a complete and continuous succes-
sion of marine hemipelagic marl and limestone couplets deposited on a
homoclinal, low-angle ramp with a NW dipping (Duarte, 2004). The
Rabagal section corresponds to the most proximal part of the studied
area and Cabo Mondego to the most distal, with the Brenha section po-
sitioned between these two. In all of the three sections macrofossils
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Fig. 1. a. Location of the three studied sections in the western part of Portugal. b. Palaeogeography of western Tethys and c. position of the Lusitanian Basin within the proto-Atlantic rift
during the Lower Toarcian (modified after Bassoulet et al,, 1993). d. Approximate location of the three sections studied in this work within the Lusitanian Basin.
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such as ammonites, brachiopods, belemnites, bivalves and some fossil-
ized wood are commonly found. Though the Rabagal section spans
from the uppermost Pliensbachian to the uppermost upper Toarcian,
only the first 42 m comprising the Polymorphum, Levisoni (Early
Toarcian) and the lowermost Bifrons (middle Toarcian) ammonite
zones were sampled for nannofossil study. The 157 m of sediments
from the Brenha section correspond to the uppermost part of the
lower Toarcian to the lower Aalenian. The 87 m of the Cabo Mondego
section include the Speciosum, Meneghinii, Aalensis (Late Toarcian)
and the Opalinum (Early Aalenian) ammonite zones (Fig. 2). The three
sections are tightly correlated by means of ammonite and nannofossil
biostratigraphies, and by means of lithostratigraphy.

3. Materials and methods
3.1. Calcareous nannofossils

For nannofossil quantification, a total of 341 samples were collected
in the marl-limestone couplets in the three studied sections; 139 sam-
ples from Rabagal, 130 from Brenha and 72 from Cabo Mondego. Abso-
lute abundances per gram of powdered rock were obtained following
the Geisen et al. (1999) method. Briefly, about 30 mg of dried rock pow-
der were mixed with water that was oversaturated with respect to
CaCOs3 and with a basic pH, and allowed to settle for 24 h on a cover
slide in a settling box. The cover slide was then recovered after drying
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biostratigraphy were used to correlate Brenha with the two other sections due to the absence of ammonite calibration across this section. Black dots represent sampled brachiopods.
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and permanently mounted on a microscope slide. At least 300 coccoliths
were counted in every sample and studied under an optical polarized
microscope with x1000 magnification. Schizosphaerella was tallied in
the same number of fields of view as the 300 coccoliths were being re-
corded. According to Fatela and Taborda (2002) the counting of 300
specimens per sample is statistically robust to record all the species
making up more than 1.7% of the total assemblage with a confidence
level of 99.5%. Some Rabacal samples where coccoliths were scarce
and a 300 count was not feasible, at least 400 fields of view were
scanned. The relative abundance of coccolith species was calculated
after the overall coccolith assemblage. Conversely, the relative abun-
dance of the nannolith Schizosphaerella was obtained after the total
nannofossil assemblage so that it would be easier to compare the chang-
es of these two discrete planktonic groups. Absolute nannofossil abun-
dance was determined after Geisen et al. (1999) according to the
following formula:

N.V
X=mFs

m- h

where X is the number of nannofossils per gram of rock; N is the number
of nannofossils counted in each sample; V is the water volume used to
make the water-powder solution; m is the sample weighted and used
to mix with water; F is number of fields of view counted; S is the area
of each field of view; h is the height of the water column above the
cover slides in the settling boxes.

3.2. Factor analysis and diversity

Factor Analysis (FA) (r-mode) was performed on all the samples
after their relative abundance was calculated, since the variation
measured in most naturally occurring phenomena can be described by
the normal distribution, hence mirroring the central limit theorem
(i.e., observations which are the sums of many independently operating
processes tend to be normally distributed as the number of effects be-
comes large; Davis, 2002). This multivariate statistical approach allows
global coccolith assemblages to be compared, where variables with
correlative linear behaviours can be selected and their importance rec-
ognized. It is then possible to obtain an immediate association of corre-
lated variables. Moreover this method also provides the hierarchy of
components as data discriminators. Other main advantage of FA is
that once patterns are found in the data, we can then compress the
data by reducing the number of dimensions without much loss of infor-
mation. FA was computed with PAST 3.01, where only factors with a sig-
nificant contribution to the variance were taken into account. Only taxa
with an average abundance >2% were used in the data matrix since it is
impossible to determine if the absence of rare taxa is due to obser-
vation bias, sampling casualness, diagenesis or simply absence in
the original association. In this work the matrix algebra consists of
15 taxa and factors were extracted using a variance-covariance ma-
trix first and then a correlation matrix where variables were nor-
malized after being divided by their standard deviation, therefore
smoothing the signal given by the most abundant taxa and enhanc-
ing the less abundant ones.

The Shannon index is herein used as a species diversity measure
based on the proportional abundance of each species. The index,
which is the negative sum of each taxon’s proportional abundance
multiplied by the log of its proportional abundance, is a measure
of the amount of information (entropy) in the system and is posi-
tively correlated with species richness and evenness (distribution
of individuals over species), giving more weight per individual to
rare than common species (Hill et al., 2003). The Shannon index
was determined for each of the sections separately using the PAST
3.01 software.

3.3. Stable carbon and oxygen isotopes

A total of 50 brachiopod shells were analyzed for their carbon and
oxygen isotope composition. In Rabagal, 39 samples spanning from
the base of the Toarcian (Polymorphum ammonite zone) to the Late
Toarcian (Speciosum ammonite zone) were analyzed, whereas in
Cabo Mondego 11 samples spanning from Speciosum ammonite zone
to Early Aalenian (Opalinum ammonite zone) were studied. The
stable-isotope profiles correspond to a composite of different taxa of
rhynchonellids, spiriferinids and terebratulids. As articulate brachio-
pods are assumed to be strictly benthic and generally sessile organisms,
it is thought that their oxygen isotope composition reflects the temper-
ature or salinity of their environment (Brand et al., 2003, 2014; Suan
et al.,, 2008b). Considered to be secreted out from isotopic equilibrium
with oceanic water in modern species (e.g., Carpenter & Lohmann,
1995; Auclair et al., 2003; Parkinson et al., 2005), the primary layer
was carefully removed and it was only the second fibrous calcite layer
to be sampled with a dental drill under a binocular microscope. Stable
carbon and oxygen isotope analyses of brachiopod shells were per-
formed using a Thermo Fisher Scientific (Bremen, Germany) Gas
Bench II carbonate preparation device connected to a Delta Plus XL iso-
tope ratio mass spectrometer at the Institute of Earth Surface Dynamics
of the University of Lausanne. The CO, extraction was done by reaction
of 100-200 pg of powdered rock with anhydrous phosphoric acid at
70 °C. The stable carbon and oxygen isotope ratios are reported in the
delta (6) notation as the per mil (%.) deviation relative to the Vienna
Pee Dee belemnite standard (VPDB). The standardization of the §'>C
and §'80 values relative to the international VPDB scale was done by
calibration of the reference gases and working standards with IAEA
standards. Analytical uncertainty (10), monitored by replicate anal-
yses of the international calcite standard NBS-19 and the laboratory
standards Carrara Marble was not greater than =+ 0.05%. for 6'>C and
+0.1%. for §'80.

4. Results
4.1. Biostratigraphy

Age calibration in the Rabacal section was based on well-established
ammonite biochronology (Comas-Rengifo et al., 2013; Pittet et al.,
2014), whereas ammonite zonation in Cabo Mondego was established
by Canales and Henriques (2008). In the Brenha section, stages and sub-
stages were solely defined using calcareous nannofossil bioevents. The
nannofossil zones and subzones used herein refer to the biostratigraph-
ic schemes presented by Bown and Cooper (1998) for NW Europe and
Mattioli and Erba (1999) for the Mediterranean Tethys. Four nannofossil
zones from NJT5b to NJT8 were recognized. Though sporadic occur-
rences of Discorhabdus striatus were observed in the basal Toarcian at
the top of the Polymorphum zone, its consistent occurrence was only
recorded in the Levisoni zone. Therefore the First Common Occurrence
(FCO) of D. striatus rather than its First Occurrence was used to define
the nannofossil zone NJ7 (Boreal) or NJT7 (Tethyan) in Rabagal. In
Peniche, located in the southern part of the Lusitanian Basin, Mattioli
et al. (2013) also observed a similar record for D. ignotus as its sporadic
occurrence precedes its consistent occurrence. All subsequent nannofossil
zonation follows accordingly both zonation schemes (Fig. 2).

4.2. Geochemical data

Long-term excursion of 8">Cprachiopod Values varied from 0.9%.
(VPDB) in the uppermost Pliensbachian to 5.4%. in the lower Toarcian
sediments. Following the same trend recorded in Peniche (Suan et al,,
2008b) across the lower Toarcian, the long-term C-isotope excursion
shows an increase from 1.1 to 3.9%. during the Polymorphum zone
followed by a negative excursion at the base of the Levisoni zone coeval
with the T-OAE equivalent period, after which it sharply picks up again
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throughout the Early Toarcian displaying an average value of 4.4%..
From the middle Toarcian the §'3C values gradually start declining to
2.0%., again increasing somewhere above the Speciosum zone, reaching
3.0%. in the Early Aalenian.

The long-term curve from §'®0pyachiopod Varies between -2.4%. im-
mediately above the T-OAE and 0.2%. in the lower Aalenian sediments.
The steep negative excursion in 6'%0 that defines the boundary between
the Pliensbachian and Toarcian is followed by a positive shift that lin-
gers throughout the Polymorphum zone. Above the T-OAE, 5'20 values
remain extremely negative throughout the Early Toarcian and part of
the middle Toarcian. The onset of a long-lasting positive excursion of
5'80 values starting from the Bifrons zone will continue up to the
Early Aalenian, notwithstanding some perturbations recorded along
the way.

Since the benthic fauna was absent, no data was retrieved from the
T-OAE interval, so both 530 and §'3C values recorded in the two sec-
tions follow the regional and global trends as reported by Duarte et al.
(2007), Suan et al. (2008b, 2010) and Dera et al. (2009a,b; 2011a,b). Iso-
topic temperatures were calculated after the equation of Anderson and
Arthur (1983), assuming a constant isotopic 5'%0 composition of -1%o
(VSMOW) in an ice free world:

T(°C) = 16.0 — 4.14(6180mch— alsosw)
2
+ 0.13(5180Mh— a”‘osw)

Isotopic bottom water temperatures varied in this region from 22 °C
shortly after the thermal maximum in the Levisoni zone to 11 °Cin the
Early Aalenian. The maximum temperature recorded in this work differs
by -3 °C from that obtained by Suan et al. (2008b) in Peniche using the
same methodology, for the period immediately after the T-OAE. As ex-
pected, the long-term data of 6'80 from brachiopod shells reveal and
confirm that the warming period during the T-OAE at the beginning of
the Levisoni zone. The warm episode is followed by gradual cooling
throughout the Toarcian and Early Aalenian. Moreover, in the middle
Toarcian Gradata zone a perturbation in the long-term global cooling
trend is recorded as a steep increase of 3 °C followed by a 3 °C decrease
in water temperature. Another oscillation is also observed in the two
last samples collected from the lower Aalenian section, displaying an-
other warming up of bottom water masses as isotopic temperatures
rose from 11 to 16.5 °C.

4.3. Nannofossil absolute abundance

Although preservation was not always good, especially between 10
and 20 m where reworked and overgrown coccoliths were common,
lower Toarcian samples from the Rabagal section rendered moderate
to good preservation, therefore species identification was not ham-
pered. In Rabagal there is a significant shift in coccolith absolute
abundance between the Polymorphum ammonite zone where total
calcareous nannofossil abundances reached up to 532 millions/g
and the Levisoni zone where they did not exceed 277 millions/g.
The genus Lotharingius (Plate 1) and the species Crepidolithus crassus
and Similiscutum finchii (Plate 2) have their highest absolute values in
the Polymorphum ammonite zone whereas the species Mitrolithus jansae
dominates all samples in the lower Levisoni ammonite zone until its
extinction event (Fig. 3).

In Brenha the coccolith preservation was fairly good. Throughout the
middle Toarcian until the Early Aalenian the overall coccolith abundance
is fairly constant. Nevertheless, despite the recorded increases/decreases
in absolute abundance being lithologically correlated with the marl-
limestones alternations (i.e., nannofossils being more abundant in marls
than in limestones), there is a slight increase in the total nannofossil
abundances starting in the latest Toarcian reaching 312 millions/g. If
Lotharingius frodoi, L. hauffii, C. crassus and S. finchii display their highest
abundances during the middle Toarcian, in the Late Toarcian Discorhabdus

species, L. sigillatus, L. crucicentralis and L. velatus are the most abundant
taxa (Fig. 4).

Cabo Mondego rendered the best coccolith preservation from all
the studied sections. Despite varying drastically according to the
rhythmically hemipelagic sedimentation displayed by the most dis-
tal section of this work, the average calcareous nannofossil abun-
dance throughout the succession was of 125 millions/g, with the
highest value of 316 millions/g recorded in the Opalinum zone.
Noteworthy was the steady increase in the absolute abundance of
Watznaueria colacicchii in the lower Aalenian top three samples (Fig. 5).

Schizosphaerella absolute abundance is rather high throughout the
entire studied period, with the exception for the tempestite interval in
Rabagal, where although our samples came from marly interbeds,
resedimentation mainly occurred. Actually, though synchronous with
the T-OAE there is no sedimentological evidence for anoxia in Rabagal,
probably due to storm events being responsible for water column re-
oxygenation. During the middle Toarcian Schizosphaerella abundance
gradually recovers reaching high values by the end of the Late Toarcian
and Early Aalenian.

4.4. Nannofossil relative abundance

Along the three studied sections, Schizosphaerella tends to dominate
over coccolithophores, except for the interval between 10 and 22 m in
Rabagal, where the calcarenites-calcisiltites that make up the beds at
the base of the Levisoni zone dominantly exhibit storm-induced sedi-
mentary structures, such as plane-parallel laminations and hummocky
cross-stratifications (Pittet et al,, 2014). It is only in the levels sampled
between the tempestite beds, that in some cases this group makes up
less than 10% of the nannofossil assemblage. After this extreme event,
Schizosphaerella recovered and again dominated reaching on some occa-
sions nearly 80% of the total assemblage. Its relative abundance is fairly
constant around 50% throughout the middle and Late Toarcian though
it tends to increase towards and throughout the Early Aalenian (Fig. 6).

In Rabagal the Lotharingius genus is the best represented taxon in all
samples with the exception for the tempestite interval in the lower
Levisoni ammonite zone, where M. jansae dominates, reaching 100% in
four of the poorest samples. In the late Levisoni ammonite zone small
Lotharingius such as L. hauffii, L. frodoi and L. sigillatus clearly dominate
all of the assemblages though their absolute abundances are low. In
Brenha the Lotharingius genus dominates all the assemblages despite
the observed increase in C. crassus and S. finchii relative abundances dur-
ing the middle Toarcian. These two latter species relative abundances
sharply decreased close to the boundary between the middle and Late
Toarcian. It is in the Late Toarcian, somewhere in the Speciosum ammo-
nite zone, that the Discorhabdus genus, and large Lotharingius spp. such
as L. sigillatus, L. crucicentralis and L. velatus display their highest relative
abundances. In Cabo Mondego the assemblages are dominated by
L. sigillatus and L. velatus, closely followed by L. crucicentralis. A steady
increase in W. colacicchii relative abundance is recorded in the latest
Opalinum ammonite zone, reaching almost 17% of the total assemblage
in the uppermost sample in this work.

4.5. Factor analysis and diversity

Fifteen out of 52 species of coccoliths, each representing on average
more than 2% of the total assemblages from the three sections were an-
alyzed simultaneously through FA. A correlation data matrix was exe-
cuted in order to better discriminate the behaviour of the less
abundant species and to diminish the influence of the strong signal of
M. jansae during the tempestite interval. The correlation data matrix
rendered three main factors accountable for 53% of the total variance
(Fig. 7). The first factor accounts for 27.3% of the total variance with a
major contribution from Carinolithus superbus, Discorhabdus spp. and
L. velatus in opposition to L. hauffii, L. frodoi and M. jansae. The second
factor is accountable for 13.3% of the total variance and displays a
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1. L. crucicentralis BNH02 2. L. frodoi RABO1 3. L. hauffii RAB08 4. L. sigillatus RABO1
-
’I
N
5. L. velatus BNH32 6. L. barozii BNH84 7. L. umbriensis BNH39 8. W. colacicchii BNH40
|
-
' m -

9. W. fossacincta BNH32 10. W. contracta BNH95 11. C. superbus BNH32 12. C. cantaluppii BNH54

.

16. D. striatus BNHO3

13. C. poulnabronei RAB149 14. D. ignotus BNH32

17. P. liasicus BNHO2 18. C. crassus BNH32 19. C. granulatus BNH84 20. C. cavus BNH57

5um

Plate 1. Micrographs taken from selected samples from Rabacal (RAB) and Brenha (BNH) sections under cross-polarized light.
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1. Sollacites sp. RAB24 2. C. primulus BNH40 3. B. prinsii BNH84 4. B. leufuensis BNHO1

6. B. grande BNH104 7. B. depravatus BNH106

9. M. pulla BNH86 10. T. patulus BNH121 11. H. magharensis BNH118

13. R. incompta BNH86 16. D. constans BNH29

17. M. jansae RAB08 18. E. gallicus BNH40 19. T. sullivanii BNH24 20. T. tiziense BNH121

S5um

Plate 2. Micrographs taken from selected samples from Rabagal (RAB) and Brenha (BNH) sections under cross-polarized light.
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Fig. 6. Relative abundance between Schizosphaerella (green) and placoliths (red) and muroliths (white) in the three studied sections.

remarkable opposition between C. crassus, S. finchii and C. superbus
against L. crucicentralis, M. jansae and L. velatus. The third factor (12.7%
of the variance) displays the opposition between the six species of the
Lotharingius genus against M. jansae. The stability of the factors has
been tested by repeated treatments after excluding for instance, the in-
terval corresponding to the tempestites or the dominant species
(M. jansae) within this interval. It turns out that the 1st and 2nd factors
are very stable whilst the third factor is not.

The record of highest coccolith diversity was attained in the
Polymorphum ammonite zone in the Early Toarcian where values of
the Shannon diversity index reach 3.0. In the tempestite interval at the

base of the Levisoni ammonite zone, diversity drastically dropped,
with a mean value of 0.74 and in some samples close to zero. Upsection,
and despite never reaching the high diversity values below the
tempestite interval, diversity picked up again to a mean value of 1.9 in
the Levisoni zone. Above the Early Toarcian diversity stays fairly con-
stant, displaying an average value of 2.3 throughout the middle Toarcian
and 2.2 across the upper Toarcian. Across the Meneghinii-Aalensis am-
monite zone though, a slight decrease in diversity is observed both in
Brenha and Cabo Mondego where values closely revolve around 2.0.
In the lower Aalenian sediments, diversity once more slightly rose in
both the latter sections to an average value of 2.3.
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preferential light carbon uptake in photosynthesis (e.g., Jenkyns &
Clayton, 1986; Kump & Arthur, 1999; Jenkyns et al., 2002; Porter
et al.,, 2014).

From the basal middle Toarcian, 6'3C values start to decline, as was
already observed in other sections from Portugal (Duarte, 1998) and
Spain (Sandoval et al., 2012 and references therein). From the Bifrons
up to the Late Toarcian Speciosum zone, as sea level gradually receded,
a gradual 5'C negative excursion coupled with a decrease in nannofossil
abundance is observed, suggesting a decline in primary productivity as
rainfall and continental nutrient discharges would be less frequent, as in-
ferred by the decrease in kaolinite contents in sediments of this age in the
Lusitanian Basin (Duarte, 1998).

From the Speciosum to the Opalinum zone, a 8'>C negative trend in-
flects and significantly increases by 1%. likely reflecting a small increase
in oceanic productivity, probably caused by increased riverine dis-
charges across a warm and humid Late Toarcian, as suggested by high
phosphorous accumulation rates triggered by increased riverine input
and enhanced weathering (Krencker et al., 2014). In fact, a significant
escalation in nannofossil abundance is observed in Brenha across this
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Fig. 7. Factors loadings of the 15 considered taxa. See the text for further explanations.

5. Discussion
5.1. Carbon and oxygen isotopes

A 8'3C positive excursion already observed in Peniche (Hesselbo et al.,
2007; Suan et al., 2008b) is recorded across the Pliensbachian-Toarcian
boundary (Fig. 8). In the Polymorphum zone &'3C values remain fairly
positive until the base of the Levisoni zone when the §'>C curve un-
dergoes a steep plunge during the tempestite interval. Though in this
work no epibenthic fauna was found in the T-OAE equivalent beds, a neg-
ative excursion of whole rock 6'>C across this interval is well documented
in Rabagal (Pittet et al.,, 2014) as well as in numerous other Tethyan sites
and linked with massive injection into the hydrosphere/atmosphere of
isotopically light carbon related either to volcanic degassing or to meth-
ane release from continental margins (e.g., Hesselbo et al., 2000, 2007;
Jenkyns et al,, 2001; Suan et al., 2008a; Ruebsam et al., 2014). Above the
T-OAE interval, another sharp 8'3C positive excursion already described
in the literature (e.g., Hesselbo et al., 2007; Suan et al., 2008b; Sandoval
et al., 2012; Krencker et al., 2014; Pittet et al., 2014; Reolid et al., 2014)
is observed. This positive excursion lingered throughout the Early
Toarcian and was associated with the maximum transgression period re-
corded in the Lusitanian Basin (Duarte et al., 2007). High positive values of
5'3C values suggest the water column returned to pre-tempestite condi-
tions, hence enabling the rebuilding of the photic zone ecosystem, as
positive §'3C excursions recorded across the Early Toarcian are
interpreted as reflecting oceanic primary productivity and
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interval. Though no isotopic data were obtained across the Speciosum-
Opalinum interval in the studied sections, positive whole-rock 6'3C
excursions are reported by Dera et al. (2011b) and Sandoval et al.
(2008) for the upper Toarcian in general and starting in the Speciosum
zone in detail by Krencker et al. (2014) in Morocco and by Harazin et al.
(2012) in SE France. The apparent &'C negative excursion observed in
the Opalinum zone is difficult to assess as only two samples were
collected. Nevertheless, during a global long-term cooling trend, a
short but significant perturbation in water temperature could affect
the productivity in a stable, shallow and confined ecosystem such as
the Lusitanian Basin.

The Pliensbachian-Toarcian boundary is also characterized by a
drastic 880 negative excursion. Across this boundary water tempera-
ture shifts from approximately 15 °C in the uppermost Pliensbachian
to 19.5 °C in the lowermost Toarcian, as also observed in Peniche
(Suan et al., 2008b). During the Polymorphum zone a lasting 5'0 pos-
itive shift by ~ 1%. indicates bottom water temperatures of approxi-
mately 17 °C before the T-OAE equivalent. The differences in water
temperature revealed by the 6'80 data immediately before and after
this event shows a significant 4 °C increase, not much different from
the 17 °C obtained in the middle Polymorphum zone and 24 °C in the
middle part of the Levisoni zone obtained in Peniche by Suan et al.
(2008b). After the T-OAE equivalent, 5'0 values remain fairly constant
up to the Bifrons zone as they revolve around -2.0%. and temperatures
around 21 °C.

From the middle Toarcian and following the global cooling trend
(Jenkyns et al., 2002; Dera et al., 2009a, 2011b; Krencker et al., 2014),
a steady and long-lasting decrease in seawater temperature is observed
in the Lusitanian Basin, supported by a gradual positive excursion in
580 values, displaying temperatures dropping progressively from ap-
proximately 21 °C to 11 °C in the Opalinum zone. The last two samples
collected in the lower Aalenian show a significant absolute decrease by
~1.4%. in 5'%0 values, representing a 5 °C rise in water temperature.
Actually, this negative excursion cannot be fully assessed due to the re-
duced number of samples analyzed, though short oscillations in water
temperatures have to be taken into account as it happened before in
the middle Toarcian Gradata zone (Fig. 8) where temperatures fluctuat-
ed by 3 °C.

5.2. Factor analysis and fossil coccolithophore ecology

Extant coccolithophores are affected by a number of environmental
factors (Brand, 1994; Winter et al., 1994; Young, 1994), so it is reasonable
to infer that their Mesozoic equivalents were affected by the same factors.
If they had been one of the most important primary producers in the
Mesozoic oceans they would probably have been highly dependent on
light penetration, nutrient supply and surface water temperature, and to
a lesser extent on ocean currents and salinity (Mutterlose at al., 2005).
Although the ecological affinities of Jurassic nannoplankton are
yet poorly understood it is possible to infer palaeoecological,
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Fig. 10. Synthetic table for the three environmental changes in the Lusitanian Basin. Nannofossil absolute abundance curve was obtained after running a five points smoothing average.

See legend of Fig. 9 for nannofossil explanation.

palaeoceanographic and palaeoclimatic changes through the study
of their assemblages gathered from the geological record.

A correlation matrix was built for FA in order to interpret the ecolog-
ical response to environmental changes of the different species. Factor 1
(Fig. 9) illustrates the strong opposition between the abundances of
taxa dominating during the Early Toarcian (namely M. jansae and
small Lotharingius species) and alternatively, during the middle-Late
Toarcian (namely, C. superbus, different Discorhabdus spp. and large
Lotharingius spp. such as L. velatus).

Factor 2 shows the coupling between C. crassus, S. finchii and to a
lesser extent C. superbus, as opposed to L. crucicentralis. Crepidolithus
crassus is interpreted as a deep-dweller within the photic zone where
its large and heavy coccoliths may have allowed them to maintain a
position deep within nutricline waters (Bour et al., 2007; Mattioli
et al., 2008; Reggiani et al., 2010; Suchéras-Marx et al., 2010). The
Biscutaceae in general and S. finchii in detail, together with Lotharingius,
are interpreted as meso-eutrophic taxa dwelling mostly in the upper
photic zone, as are small and thin extant coccolithophores (Bucefalo
Palliani & Mattioli, 1995; Pittet & Mattioli, 2002; Mattioli & Pittet,
2004; Olivier et al., 2004; Tremolada et al., 2005; Mattioli et al., 2008;
Fraguas et al., 2012). The coupling between North Tethyan affiliated
species such as C. crassus and S. finchii (Mattioli et al., 2008), and
C. superbus which is typically recorded in southern Tethys settings
(Mattioli et al., 2008), can be interpreted as evidence of mixing between
northern and southern water masses within the Lusitanian Basin. In
stratified waters the nutrients are slowly recycled through convection
between the nutricline and surface waters. C. superbus, a tubelike
coccolith, probably thrives in the uppermost photic zone, as does the re-
lated genus Calyculus, which was reported to thrive in low-nutrient sur-
face waters by Mattioli et al. (2008).

Factor 3 shows the opposition between all the species of Lotharingius
to M. jansae. Even though Factor 3 should be interpreted with caution

due to its small contribution to the global variance, the strong opposi-
tion between Lotharingius spp. and M. jansae may be interpreted as ev-
idence of nutricline depth within the photic zone. In fact, M. jansae is
interpreted as a deep dweller by some authors (Bucefalo Palliani &
Mattioli, 1995; Mattioli & Pittet, 2004) and an intermediate dweller by
others (Erba, 2004; Tremolada et al., 2005), besides bearing southern
Tethys affinities (Bown, 1987; Mattioli et al., 2008). However, the record
of M. jansae in the tempestite interval, when surface waters should have
been efficiently mixed by storms, contrasts with water column stratifica-
tion and the setting of a deep nutricline. As the specimens of M. jansae re-
corded in the tempestite interval are very poorly preserved, we can
reasonably infer that these were accumulated in the tempestite interval
due to reworking and winnowing of older sediments since this is a robust
murolith resilient to dissolution. Actually, a major regression shortly
followed by a transgression is interpreted at the base of the tempestite in-
terval by Duarte et al. (2007) and Pittet et al. (2014). Marine erosion dur-
ing this regression and ensuing transgression, as well as local subaerial
exposure may have removed preexisting sediments from localized areas
of the Lusitanian Basin (Pittet et al., 2014). Interestingly, M. jansae is a
taxon resilient to taphonomic processes and is profusely recorded in
upper Pliensbachian and lowermost Toarcian outcrops from the Lusitani-
an Basin (Mattioli et al., 2008; Reggiani et al., 2010; this study). Therefore,
the negative values of Factor 3 across the tempestite interval are
most likely related to reworking of M. jansae, hampering any further
palaeoenvironmental interpretation of this factor.

5.3. Long-term palaeoecological reconstruction

In order to evaluate the long-term evolution of the nannofossil
assemblages in the Lusitanian Basin and assess any relationship with
abiotic parameters such as water temperature or nutrient concentration,
evolution of factors from FA are interpreted together with geochemical
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data, diversity, nannofossil total abundances and relative abundance be-
tween placoliths, muroliths and Schizosphaerella (see Fig. 10).

5.3.1. Factor 1 and photic zone dynamics

The first factor extracted by FA is likely related to the Jurassic
coccolithophore stratigraphic evolution (Fig. 9). The opposition
between Early Toarcian dominant species (L. hauffii, L. frodoi and
M. jansae) against those dominating the Late Toarcian (C. superbus,
Discorhabdus spp. and L. velatus) stands out from the evolution of Factor
1 scores. Actually, during the Early Toarcian thermal maximum, highly
unstable ecological conditions likely occurred, small Lotharingius domi-
nate over larger forms, and new genera and species like Carinolithus,
Discorhabdus and Watznaueria first occurred, whilst species dominating
during the Early Toarcian like Mitrolithus jansae became extinct.

As shown by the 880 and 6'3C curves across the Early Toarcian, sea
level, water temperature and oceanic primary productivity reached
their highest values. At the Early-middle Toarcian boundary sea level
was at its highest and the onset of an environment similar to pre-
event conditions would thus promote the calcareous phytoplankton re-
covery, as primary productivity is likely associated to eustatic sea level
rise (Donovan et al,, 1979; Jenkyns & Weedon, 2013). Actually, during
the onset of a transgressive period, carbonate ramp or terrestrial organic
matter would be gradually recycled and as today, a warm climate would
then promote primary oceanic productivity through accelerated conti-
nental weathering and ensuing runoff (De Carlo et al., 2007), in addition
occasional storms would stimulate water vertical mixing and upwelling
(Chen et al., 2013) hence increasing surface water nutrification and con-
sequently nannoplankton abundance.

Despite the increase in diversity and in '3C values after the T-OAE
equivalent, nannofossil abundances remain low in Rabagal, bearing an
average count of 60 millions/g. This trend was also recorded in Peniche
by Mattioli et al. (2008) and is probably due to higher accumulation
rates diluting nannofossil contents, and also diagenesis in Rabagal as
such low abundances are not recorded in any of the other sections
where preservation is far better. Nevertheless, after the extinction
event of M. jansae shortly after the end of the tempestite episode, the
dominance of shallow-dwellers such as Schizosphaerella and L. hauffii,
L. frodoi, and L. sigillatus within the calcareous nannoplankton commu-
nity, suggests this was a period of gradual environment restoration of
surface waters to pre-tempestite conditions.

During the middle Toarcian, temperatures and regional sea level
slowly start to decrease and environmental conditions become more
and more stable since rainfall and continental runoff would be less
intense, as supported by the decreasing kaolinite content from five sec-
tions in the Lusitanian Basin across the Bifrons and Gradata zones
(Duarte, 1998). Coeval with the decrease in 6'C values and nannofossil
abundances that will linger up to the Late Toarcian Speciosum zone, in
the middle Toarcian we observe the replacement between the smaller
L. hauffii and L. frodoi, plunging from 20-30% each to less than 5% or
even absent, and the progressive dominance of the larger species
L. crucicentralis and L. velatus. Conversely, L. sigillatus preserves its
abundance around 20% throughout the middle Toarcian. It is also
during this stable period that we register the first occurrence of
important statigraphic markers such as Discorhabdus criotus and
Biscutum depravatus, besides Triscutum sullivanii, and Retecapsa
incompta (Fig. 2). These observations validate that the stable condi-
tions inferred for the middle Toarcian favoured the ecological replace-
ment within the Lotharingius genus and background evolution, as
already supported by Mattioli and Erba (1999) and Aguado et al. (2008).

Both in Brenha and Cabo Mondego, the presence of C. superbus in all
samples is noticeable, sometimes bearing abundances reaching 10% of
the assemblage. Such ubiquity was never recorded in the lower Toarcian
samples from Rabagal possibly due to the proximity from maximal con-
tinental drainage and turbidity, when temperatures and sea level were
at their highest. Such abundances in C. superbus support the interpreta-
tion that this coccolith is a good indicator of stratified and low-nutrient

surface waters. Additionally, an equilibrium spanning across the
Bifrons-Speciosum zones between coccolithophores and Schizospharella
seems to have been reached as none of the phytoplanktonic groups dom-
inate clearly over the other, as it happened before in the Early Toarcian
(Fig. 6). In fact, as diversity mounts throughout the Bifrons-Speciosum
zones an expanded photic zone should have boosted diversity, as
more ecological slots were available for photosynthetic organisms
and restraining competition for nutrients and light (Hallock, 1987). This
would thus be a period characterized by persistent stratified waters,
where C. superbus proliferated in the upper photic zone whereas
C. crassus would have occupied the ecological niche within the
deep photic zone when the nutricline was also deep.

From the warm and humid Late Toarcian Speciosum zone to the
Early Aalenian, as temperatures relentlessly continue to fall, dropping
from 17 to 11 °C, an increase in 6'3C is observed. A disruption in water
stratification likely occurred during this period, as attested by the in-
crease in the shallow-dwelling southern Tethys taxon Schizosphaerella,
and also by the increase in nannofossil absolute abundance. An escala-
tion in nutrient supply through runoff coupled with the ongoing and
steady shoaling of the photic zone and nutricline, would thus increase
water eutrophication as suggested by the progressive domination of the
coccolithophore community by the meso-eutrophic genus Discorhabdus
and large Lotharingius species as illustrated by Factor 1. Moreover, this
period is characterized by a significant and continuous decrease in species
diversity and in the abundance of the likely oligotrophic C. superbus, as
also reflected by Factor 1. The continuous increase in Watznaueria
colacicchii abundances at the topmost Early Aalenian suggests that it is
from the Opalinum zone that the Watznaueria genus starts its dominance
throughout the Mesozoic at the expense of its phylogenic ancestor
Lotharingius (Mattioli, 1996). The same event was also reported and sug-
gested by Aguado et al. (2008) for the south of Spain.

5.3.2. Factor 2, sea level and basin connections

The apparent relation between Factor 2 and the mixing of northern
Tethys species such as C. crassus and S. finchii, and southern species
such as C. superbus, seems to indicate a north and south water masses
mixing within the Lusitanian seaway across the Early and middle
Toarcian when sea level was at its highest (Fig. 9). This N-S connection
would then be gradually cut off during the Late Toarcian. Actually,
C. crassus and S. finchii are more abundant in the Early and middle
Toarcian as the mixing between the Mediterranean and Euro-Boreal
water masses was still easy across the onset of the lower Toarcian
transgression, reaching its peak at the Early-middle Toarcian bound-
ary (Duarte et al., 2007; Pittet et al, 2014). The apparent disconnec-
tion between Mediterranean and NW European waters during the
tempestite event observed in Factor 2 is interpreted by Duarte
et al. (2007) as the shallowing of the Lusitanian Basin through tec-
tonic uplift. On the other hand, Pittet et al. (2014) interpreted this
shallowing as eustatic in origin. Whatever the causes are, this
shallowing and the subsequent occurrence of thresholds would ex-
plain the disconnection between Mediterranean and NW European
waters and the decrease in diversity and nannofossil abundances
yielded throughout this period.

Although basal middle Toarcian global seawater temperatures grad-
ually started falling and sea level progressively receding, the Bifrons
zone was still a warm period (Hallam, 1981; Dera et al., 2009a,b,
2011a) and the average water temperature in the Lusitanian Basin
was approximately 21 °C. High scores from Factor 2 across this interval
and the disruption between Arctic and Tethyan ammonite provincial-
ism in the Bifrons zone support the argument that Mediterranean and
Euro-Boreal waters were still homogenized (Dera et al.,, 2011a). More-
over, it is during the middle Toarcian that C. crassus reaches its highest
relative abundances of almost 25% attesting the wide spread of NW
Europe waters throughout the Lusitanian Basin.

From the Late Toarcian Speciosum zone upwards, as global temper-
ature and sea level relentlessly continues to fall, the connection
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between NW European and Mediterranean waters was reduced to a
minimum if not lost, as corroborated both by Factor 2 evolution, the de-
cline in the relative abundance of muroliths and the gradual increase in
Schizosphaerella relative abundance.

6. Conclusions

The calcareous nannofossil record mirrors the palaeoceanographic
changes that occurred in the western Tethys. During the Toarcian and
Early Aalenian three different long-term environmental conditions are
acknowledged in the Lusitanian Basin. From the Polymorphum to
Levisoni ammonite zones, as well during the maximum flooding period
and under a warm and humid climate when NW European and Mediter-
ranean Tethys waters masses were freely connected, the Lusitanian
Basin waters bear a meso-eutrophic character. During this warm period,
and as sea level rose, flooding of emerged lands and weathering of land-
masses would increase the nutrient delivery to surface waters of the
Lusitanian Basin. These nutrient-rich conditions would account for an
overall high primary production as attested by &'>C values and the
proliferation of shallow-water taxa such as Schizosphaerella and the
meso-eutrophic Lotharingius, and to the overall increase in nannofossil
abundances. These conditions were interrupted in the T-OAE equivalent
interval studied in Rabacal, which is dominated by tempestite sedi-
mentation related to a major sea-level fall, and numerous reworked
nannofossils.

Across the middle Toarcian until part of the Speciosum zone, the
highest sea level occurred promoting the mixing of NW European
and Mediterranean waters, as corroborated by the mixing of typical
nannoflora from both provinces. Stratified waters bearing a widened pho-
tic zone would still have supported the upper photic zone genus
Lotharingius, but less Schizosphaerella and more Carinolithus superbus
here interpreted as an oligotrophic shallow dweller, whereas in the
deep photic zone Crepidolithus crassus would have thrived. Moreover,
such stratified waters are associated with a steady increase in diversity.

During a humid period where the N-S connection was minimal as in-
ferred by the decline in C. crassus, and Mediterranean waters filled the
now shallower Lusitanian Basin, as accounted for the increase in
Schizosphaerella abundance, somewhere in the Speciosum zone up to
the Early Aalenian, the water column acquired a meso-eutrophic char-
acter, as the nutrification boost induced by continental discharges
would have promoted the recorded increase in nannofossil abundance
coeval with a decrease in diversity. These conditions occurred along
with a significant rise in 8'3C values and a probable increase in primary
production. Actually, the high fertility genera Discorhabdus and
Lotharingius display high abundances during this interval whereas
C. superbus decreases accordingly. It is in the Early Aalenian that the
lowest marine temperatures are recorded.

It looks like highly unstable environmental conditions occurring in
the Early Toarcian, namely nutrient concentrations and temperature
fluctuations, triggered accelerated evolutionary processes within
coccolithophores. Conversely, the following long-term temperature de-
crease in stable and stratified waters appears to be related with an as-
semblage replacement within the Lotharingius genus as recorded
during the middle Toarcian Gradata zone, when small-sized L. hauffi
and L. frodoi dominating in the Early Toarcian were gradually replaced
by large-sized L. velatus and L. crucicentralis. Our data suggest that the
Watznaueria inception is linked to an increase in water temperature
that occurred after the temperature minimum of the Early Aalenian.

7. Species list

List of the 52 species identified in the present work, mentioned both
in the text and in the plates. Taxonomy follows that of Bown (1987,
1998) and Mattioli (1996).

Anfractus harrisonii Medd, 1979

Axopodorhabdus atavus (Griin et al., 1974) Bown, 1987

Axopodorhabdus cylindratus (Noél, 1965) Wind and Wise in Wise
and Wind, 1977

Biscutum davyi Perch-Nielsen, 1985

Biscutum depravatus (Griin and Zweili, 1980) Bown, 1987

Biscutum dubium (Noél, 1965) Griin in Griin et al., 1974

Biscutum grande Bown, 1987

Biscutum intermedium Bown, 1987

Bussonius leufuensis Bown and Kielbowicz, 1987 in Bown, 1987

Bussonius prinsii (Noél, 1973) Goy, 1979

Calyculus spp. Noél, 1973

Carinolithus cantaluppii Cobianchi, 1990

Carinolithus poulnabronei Mattioli, 1996

Carinolithus superbus (Deflandre in Deflandre and Fert, 1954) Prins
in Griin et al.,, 1974

Crepidolithus cavus Prins ex Rood et al., 1973

Crepidolithus crassus (Deflandre in Deflandre and Fert, 1954) Noél,
1965

Crepidolithus granulatus Bown, 1987

Crucirhabdus minutus Jafar, 1983

Crucirhabdus primulus Prins, 1969 ex Rood et al., 1973 emend.

Diductius constans Goy, 1979

Discorhandus criotus Bown, 1987

Discorhabdus ignotus (Goérka, 1957) Perch-Nielsen, 1968

Discorhabdus striatus Moshkovitz and Ehrlich, 1976

Ethmorhabdus crucifer Noél, 1965

Ethmorhabdus gallicus Noél, 1965

Hexalithus magharensis Moshkovitz and Ehrlich, 1976

Lotharingius barozii Noél, 1973

Lotharingius crucicentralis (Medd, 1971) Griin and Zweili, 1980

Lotharingius frodoi Mattioli, 1996

Lotharingius hauffii Griin and Zweili in Griin et al., 1974

Lotharingius sigillatus (Stradner, 1961) Prins in Griin et al., 1974

Lotharingius umbriensis Mattioli, 1996

Lotharingius velatus Bown and Cooper, 1989

Mazaganella pulla Bown, 1987

Mitrolithus elegans Deflandre in Deflandre and Fert, 1954

Mitrolithus jansae (Wiegand, 1984) Bown and Young in Young et al.,
1986

Mitrolithus lenticularis Bown, 1987

Parhabdolithus liasicus Deflandre in Grassé, 1952

Retecapsa incompta Bown and Cooper, 1989

Silimiscutum avitum de Kaenel and Bergen, 1993

Similiscutum cruciulus de Kaenel and Bergen, 1993

Similiscutum finchii (Crux, 1984 emend. Bown, 1987) de Kaenel and
Bergren, 1993

Similiscutum giganteum sp. nov. Mailliot, 2006

Similiscutum novum (Goy, 1979) Mattioli et al., 2004

Sollasites sp. Black, 1967

Triscutum sullivanii de Kaenel and Bergen, 1993

Triscutum tiziense de Kaenel and Bergen, 1993

Tubirhabdus patulus Prins ex Rood et al., 1973

Watznaueria colacicchii Mattioli and Reale in Mattioli, 1996

Watznaueria contracta (Bown and Cooper, 1989) Cobianchi et al.,
1992

Watznaueria fossacincta (Black, 1971) Bown in Bown and Cooper,
1989

Zeugrhabdotus erectus (Deflandre in Deflandre and Fert, 1954)
Reinhardt, 1965
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6. Biometry

"Size variation of Lotharingius coccoliths across the Lower-Middle Jurassic: environmental

forcing, evolution or both?"

[To be submitted to Marine Micropaleontology]

ABSTRACT

Measurements of seven morphospecies of the Lotharingius genus across the Toarcian and Early
Aalenian, were performed in order to assess of their size evolution throughout a time span of ~10
myr. Other then plane evolutionary processes, also changes in palaeoenvironmental conditions
were tested and linked to the genus pool size variation. This study was carried on using a total of
5500 specimens gathered from samples retrieved from western Mediterranean Tethys sections,
specifically three sections in the Lusitanian Basin (Portugal) and one from south France Causses
Basin located in a different paleoenvironmental setting. For each coccolith, its length, width and
central area length and width were measured using specific measurement software. Several
statistic and data analysis tools were used in order to easily evaluate statistically robust
resemblances and/or differences between size groups. Two main morpho-groups are
acknowledged from this study. Small Lotharingius are <4 um and large Lotharingius are >4 um.
Although background evolution pushes the genus to larger sizes, palaeoenvironmental conditions
also seem to play an important role in the genus evolution during this period. Larger coccolith size

benefit from stable conditions whereas smaller forms dominate during stressed periods.

Keywords: Calcareous nannofossils; Biometry; Toarcian-Aalenian; Western Tethys; Lotharingius

1. Introduction

The respective importance of biotic, evolutionary versus abiotic factors (van Valen, 1973;
Stenseth and Mainard Smith, 1984) in influencing the evolution of life on Earth is still a debated
topic. Fossil size is a paramount parameter involved in biological processes, which is easily
measurable through time. This is the reason why morphometric studies of marine microfossils
have been applied in the past, in order to test either ecological responses to palaeoenvironmental
changes or evolutionary patterns. Although biometric studies on Jurassic coccoliths and nannoliths
have been carried out (Mattioli and Pittet, 2002; Mattioli et al., 2004; Bornemann et al., 2003;
Giraud et al., 2006; Suan et al., 2008a; Suchéras-Marx et al., 2010; Tiraboschi and Erba, 2010;
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Fraguas and Erba, 2010; Fraguas and Young, 2011; Lopez-Otalvaro et al., 2012), none of them
addresses the morphological evolution of the Lotharingius genus across the Lower-Middle
Jurassic. Though a significant size increase in Lotharingius coccoliths across this time span has
already been qualitatively acknowledged in the Lusitanian Basin (Portugal; Ferreira et al., 2015),
so far no biometric evaluation has been made. In this work, the pool size from Lotharingius
coccoliths recorded in the Coimbra and Figueira da Foz region in the Lusitanian Basin is compared
to the coccolith pool size variation across the same time period in a different paleoenvironmental
setting in the western Tethys, namely the Causses Basin in southern France. These two regions
were selected since they represent a continuous Toarcian-lower Aalenian successions, including
the rocks recording the Early Toarcian environmental perturbation, besides detailed isotopic data
from 8'®0 and &'*C from brachiopods in Portugal and bulk rock in France, being available.

The Toarcian was a period of major palaeoceanographic and palaeoenvironmental changes
across the western Tethys. The probably most important thermal maximum recorded in the
Mesozoic during the Early Toarcian (~183 Ma) coincides with the Toarcian Oceanic Anoxic Event
(T-OAE). The T-OAE was marked by widespread organic matter-rich deposits and by a prominent
negative carbon isotope excursion recorded in oceanic and continental carbon reservoirs
(Jenkyns, 1988; Duarte, 1998; Jenkyns et al., 2001; Bailey et al., 2003; Hesselbo et al., 2007;
McArthur et al.,, 2008; Suan et al., 2008a). Though these shales or their equivalents can be
recorded throughout Europe, there is no sedimentological evidence for anoxia in the sections from
Portugal studied here, probably due to storm events being responsible for water column re-
oxygenation (Mailliot et al., 2009; Ferreira et al., 2015). From the middle Toarcian, global sea level
and seawater temperature initiated a long-term plunge that will linger until the Aalenian age
(Hallam, 1981; Duarte et al., 2007; Gémez et al., 2008; Dera et al., 2009a, 2011a; Pittet et al.,
2014).

This work addresses the coccolith size evolution of the Lotharingius taxon, the most
abundant group of coccolithophores during a time span of ~10 myr. All the species of the genus
were included in the biometric evaluation, since working on entire assemblages is a taxon-free
approach, which avoids bias of subjective grouping. Investigating entire assemblages enables the
analysis of long-term and global processes, since the datasets can be compiled globally and
stratigraphically with the same method (Schmidt et al., 2004a,b). The genus Lotharingius belongs
to the family Watznaueriaceae and is the oldest known imbricating placolith coccolith representing
a major component of Lower Jurassic calcareous nannofossil assemblages (Bown, 1987; Mattioli
and Erba, 1999). It is likely the phylogenetic predecessor of the genus Watznaueria (Cobianchi et
al.,, 1992; Mattioli, 1996), a cosmopolitan coccolithophore that will dominate the global
phytoplanktonic community for more than 100 myr until the K/T extinction event. The Lotharingius
genus first occurrence happened during the Late Pliensbachian (Hamilton 1977, 1979; Bown,

1987; Mattioli, 1996), and two of its species, L. hauffi and L. sigillatus, are important

80



JSiometry

biostratigraphic markers defining the calcareous nannofossil zone NJ5 (Bown and Cooper, 1998)
and subzone NJT5b (Mattioli and Erba, 1999). It is thus important to better understand and
quantify its morphologic evolution during the time period spanning from the first occurrence of the
first Watznaueria coccolith at the end of the Early Toarcian, to the lowermost Middle Jurassic when
a gradual increase in the Watznaueria genus abundance is recorded in the western Tethys
(Ferreira et al., 2015).

An important shift within the Lotharingius assemblages is acknowledged during the middle
Toarcian, when the dominance of small species like L. hauffii and L. frodoi is replaced by larger
taxa such as L. velatus and L. crucicentralis. This biotic switchover coincides with a regional and
global seawater cooling and sea level fall, coeval with a gradual decrease in oceanic primary
productivity that started from the middle Toarcian, as recorded accordingly by 50 and &°C
values gathered from brachiopods shells from the Lusitanian Basin (Ferreira et al., 2015) and bulk
rock from the Causses Basin (Harazim et al., 2012). Close to the Toarcian-Aalenian boundary, a
relative increase in smaller species is observed in both sections, parallel with a significant positive
5'3C excursion and a short-term increase in seawater temperature.

This work aims to quantify the morphologic evolution of the Lotharingius coccoliths across
the Toarcian and lower Aalenian based on a study performed in two different palaeogeographic
and palaeoceanographic settings such as the Lusitanian and the Causses Basin, and to
statistically assess if the observed changes in the coccolith pool size are due to synchronous shifts
in size in all of the species within the Lotharingius population, or conversely are due to phenotypic
replacements and/or interspecific size variations. Additionally, we will attempt to expose if there is
any relation between environmental changes such as those that occurred during and after the
Early Toarcian perturbation, seawater temperature oscillations and oceanic primary productivity,
with differences in the size of Lotharingius coccoliths. Or conversely, if any variability is simply due
to the lineage evolution of the taxon. Statistic parameters and robust analysis tools such as
Principal Components and Mixture Analysis were used, and inference tests such as ANOVA were
performed in order to disclose trends and appraise the significance of the results obtained.
Evolutionary theories and abiotic perturbations are discussed in order to best describe the

morphological changes observed throughout the Toarcian-Early Aalenian in the Lotharingius pool.

2. Geological settings

In the Early Jurassic the western Tethys Ocean mainly consisted of a shallow sea comprised
between the African and the European landmasses (Fig. 10). It was in this sector that during an
aborted rift phase that started to develop in the Late Triassic (Pinheiro et al., 1996) the Lusitanian
Basin started to open. It was a relatively narrow, elongated and shallow (<200 m in depth

according to Bjerrum et al., 2001) epicontinental seaway connecting the western Tethys to the NW
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European basins. Roughly N-S orientated, this basin was bounded in the east by the Iberian
Meseta and in the west by the Berlengas-Farilhdes igneous and metamorphic horst. In this narrow
seaway, the mixing between higher NW European and lower latitude Mediterranean waters has
been described by various authors and supported by the mixing of ammonite fauna and calcareous
nannofossils during the Early Jurassic (Mouterde and Ruget, 1975; Dommergues and Mouterde,
1980; Dommergues and Meister, 1991; Mattioli et al, 2008; Reggiani et al., 2010; Dera et al.,
2011a). Similar mixing of marine organisms has also been acknowledged for ostracods (Arias and
Whatley, 2005), bivalves (Damborenea, 2002) and brachiopods (Vo6ros, 2002). The Lusitanian
Basin was located at a palaeolatitude comprised between 25 and 30°N (Dercourt et al., 2000),
which corresponds in modern oceans to the transition between the subtropical and temperate

climatic belts.

Artic Ocean
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seaway to Arctic

/ \
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7 ;
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Figure 10 - Location of both studied basins during the Early Jurassic in western Tethys epicontinental sea (modified after
Bassoulet et al., 1993).

The three sections studied in Portugal represent 286 m of a complete and continuous
succession of marine hemipelagic marlstone and limestone couplets deposited on a homoclinal,
low-angle ramp with a NW dipping (Duarte, 2004). The Rabacal section is located in the proximal
part of the basin whereas Cabo Mondego in the distal part, and the Brenha section in an
intermediate position. In all the three sections macrofossils such as ammonites, brachiopods,

belemnites, bivalves and some fossilized wood fragments are commonly found. Though the
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Rabagal section spans from the uppermost Pliensbachian to the uppermost upper Toarcian, only
the first 42 m comprising the Polymorphum, Levisoni (lower Toarcian) and the lowermost Bifrons
(middle Toarcian) ammonite zones were sampled for nannofossil study. The 157 m of the Brenha
section correspond to the uppermost part of the lower Toarcian up to the lower Aalenian
sediments. The 87 m of the Cabo Mondego section include the Speciosum, Meneghinii, Aalensis
(upper Toarcian) and the Opalinum (lower Aalenian) ammonite zones. The three sections are
correlated by means of ammonite and nannofossil biostratigraphies, and by means of
lithostratigraphy.

The Truc-de-Balduc section is located on a small mountain 5 km southeast of the city of
Mende, and belongs to the Causses Basin in south France (Fig. 10). During the Early Toarcian this
basin was a small, partly enclosed, intracratonic basin in the western Tethys epicontinental sea,
and was positioned at a palaeolatitude comprised between 25 and 30°N. Bounded by Hercynian
crystalline rocks (Trimpy, 1983), its morphology was largely controlled by the late Hercynian
structural evolution. Subsidence was more pronounced in the central part of the basin and the
Lower Jurassic succession thickness varies from its margins to its depocentre (Morard, 2004). In
this region an abrupt facies transition occurred in the lowermost Toarcian with the onset of
deposition of organic matter-rich shales belonging to the Schistes Cartons Formation. On top of
this formation stands the Fontaneilles Formation, a monotonous marl succession of the middle and
upper Toarcian. The gradual transition to the Aalenian stage is characterized by sandy limestones

with abundant bioturbation (Harazim et al., 2012).

3. Materials and Methods

Fifty-five samples from two west Tethyan sections were used for coccolith biometry. Thirty-
four samples from three sections in the Coimbra to Figueira da Foz region (5 from Rabagal, 13
from Brenha, 16 from Cabo Mondego) and 21 from Truc-de-Balduc. Furthermore, 65 samples from
Truc-de-Balduc were scanned for nannofossil absolute abundance and diversity determination.
Smear slides following the random settling technique by Geisen et al. (1999) ensured a
homogeneous dispersion of coccoliths on the slide. The morpho-taxonomy of the genus
Lotharingius used in this work follows that of Mattioli et al. (1996) and Mattioli and Erba (1999),
which is based upon, but slightly diverge from Bown (1987), and focus on seven morphospecies
identified throughout the lower Toarcian to lower Aalenian: L. barozii, L. crucicentralis, L. frodoi, L.
hauffii, L. sigillatus, L. umbriensis and L. velatus. Excellent to poorly preserved coccoliths were
recorded in the analyzed samples. Partial etching of distal shield and central area elements were
frequent both in small and large specimens. Well-preserved specimens or those slightly to
moderately etched or overgrown were used for biometry, whereas damaged or poorly preserved

coccoliths were measured only if their landmarks could be unequivocally determined. For each of
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the 55 samples, the image from the first 100 coccoliths observed was captured with a Leica EC3
digital camera coupled with an optical polarized light microscope with x1000 magnification. On the
system used, 1 ym correspond to 17.5 pixels. For each coccolith, length (L) and width (W), and
central area length (I) and width (w) were measured (Fig. 11) using the public domain image

analysis software ImageJ ©.

Figure 11 - Different coccoliths parameters measured in distal view: length (L), width (W), central area length (I) and
central area width (w).

Statistical analysis was performed using the PAST 3.01 software package. Measurements
after the coccolith length were used to calculate simple statistic parameters, such as mean,
standard deviation, median, 25" and 75" percentile and total range of values. For each sample,
the percentiles of the frequency of the length measurements were plotted using the box and
whiskers chart. The geometric mean (L x W x | x w)*(1/4), the coccolith ellipticity (L/W), central
area ellipticity (I/'w), and the proportion occupied by the central area relative to the area of the
coccolith were also determined. Since the goal of a correlation analysis is to test whether two
measurement variables covary, and to measure the strength of any relationship between these
variables, the coefficient of correlation (r) and the coefficient of determination (r*) between the
coccolith parameters were calculated. The relative abundance between six different species of
Lotharingius was compared against the coccolith length percentiles in order to assess if changes in
the pool size are someway related to shifts in the relative abundance of the different Lotharingius
taxa, are due to a size increase in all of the species, or result from a combination of these two
processes. The species L. umbriensis was left out, as its relative abundance is extremely low.

The L variable of the whole dataset was tested for normal distribution using the Shapiro-Wilk

test. Though merely 26 out of the 55 samples show normal distribution, L mean values were
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compared using a parametric test since non-parametric ones often have less statistical power than
parametric tests (Hammer and Harper, 2006). In order to test whether our univariate samples were
taken from populations with equal means, parametric univariate analysis of variance (ANOVA) was
performed on L values using a significance level of 0.05. The basic idea of this test is to calculate
the mean of the observations within each group, then compare the variance among these means
to the average variance within each group. Under the null hypothesis that the observations in the
different groups all have the same mean, the weighted among-group variance will be the same as
the within-group variance. As the means get further apart, the variance among the means
increases. The statistic test is thus the ratio of the variance among means divided by the average
variance within groups, or Fs. This statistic test has a known distribution under the null hypothesis,
so the probability of obtaining the observed Fs under the null hypothesis can be calculated
(McDonald, 2008).

After the overall samples inequality was shown, a Tukey’s honestly significant difference
post-hoc test was used in order to identify which particular pairs of samples are significantly
different. Though ANOVA assumes for each sample normal distributions and equality of variances,
these assumptions are less critical if the samples are of the same size (Hammer and Harper,
2006), which is the case in this work. As for PCA, a 0.5 um bin was used and the frequency of the
L axis size in each sample was calculated. Loadings for the totality of the samples and the
stratigraphic evolution of PC1 scores for each of the sections were calculated. Also the maximum-
likelihood method Mixture Analysis was used. This method aims at identifying the existence of two
or more distinct distributions in an initially pooled sample and estimate their descriptive
parameters. One and two group model comparison was obtained by comparing their Akaike
Information Criterion (AIC), which is a way to select a model from a set of models. A minimum
value for AIC indicates that we have chosen the number of groups that produces the best fit

without overfitting.

4. Results

In the lower Toarcian, Lotharingius relative abundances in the Lusitanian Basin are quite
high ranging from 40% of the total coccolith assemblage prior to the tempestite interval, to 80%
and more after that (Fig. 12). Across the middle Toarcian up to the lower Aalenian its abundances
vary around 60% of the total assemblage. In the Causses Basin during the upper Pliensbachian,
the Lotharingius abundance varies between 30 and 60%. Across the lower and middle Toarcian
though, its abundance stays fairly constant, revolving around 40%. In the upper Toarcian and
lowermost Aalenian the abundance of Lotharingius slightly increases to values around 50% (Fig.
13).
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Figure 12 - Lusitanian Basin box-plotted coccoliths length and outliers, relative abundance of different species of
Lotharingius compared to the total coccoliths abundance, plus mean and standard deviation values of coccoliths and
central area ellipticity and central area proportion, and stratigraphic evolution of Factor 1 PCA scores.
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Figure 13 - Causses Basin box-plotted coccoliths length and outliers, relative abundance of different species of
Lotharingius compared to the total coccoliths abundance, plus mean and standard deviation values of coccoliths and

central area ellipticity and central area proportion, and stratigraphic evolution of Factor 1 PCA scores.
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All the seven species of Lotharingius were considered together for biometric purposes, and
statistic parameters such as mean, median, percentiles, minimum and maximum L values were
calculated and displayed on a box plot chart (Fig. 12 and 13). Throughout the Toarcian and lower
Aalenian a general increasing trend in the coccoliths size is acknowledged in both sections, though
a slight decrease in the taxon size is observed across the Lower-Middle Jurassic boundary.
Moreover, an important replacement between small and large specimens is observed during the
middle Toarcian. As already reported from the Lusitanian Basin (Ferreira et al., 2015), also in the
Causses Basin there is a replacement between the Lotharingius coccolith size pool during the
middle Toarcian. In both successions there is a drastic change across the ammonite zones
Bifrons-Gradata (Bifrons-Variabilis in NW Tethys) from Lotharingius species with less than 4 uym to
species larger than 4 ym.

Complementary to the standard statistics, the geometric mean was calculated and displayed
in a box plot chart in order to assess if a trend after all the measured variables could be
acknowledged. As a result, the geometric mean closely follows the coccolith length stratigraphic
trend throughout both successions (Lusitanian Basin r = 0.90, p = 0 and in the Causses Basin r =
0.91, p = 0), putting into evidence the importance of the major axis size as a proxy for the total
dimension of the coccolith. Moreover, since r and r? reach the highest values between the coccolith
length (L) and width (W) (Fig. 14), L is thus herein used to describe the coccolith size. In fact, when
the correlation coefficient between the different variables is calculated, we observe that L is
strongly correlated with W (r = 0.895) and to a lesser extent with | (r = 0.767), with zero probability
(p = 0) of these two variables not being correlated. It is also possible to assess that both the
coccoliths ellipticity and their central areas ellipticity is not strongly correlated (r = 0.483, p = 0),
neither it is with any of the other variables. Conversely, the proportion of the central area is
correlated with the coccolith | and w (r = 0.730, p = 0 and 0.735, p = 0 accordingly). Also L and W
display by far the strongest determination coefficient (= 0.800, p = 0).

As for the evolution of the coccoliths ellipticity, their mean value varies in both basins
between 1.2 and 1.3, and a very weak correlation between the stratigraphic evolution of coccoliths
ellipticity and their size (length) is obtained (r = 0.264, p < 0.0001). Though in the long-term a
gradual decrease in relative abundance of small subcircular L. hauffii coeval with an up-section
increase in larger species such as L. velatus somewhere during the middle Toarcian is observed,
the Lotharingius pool ellipticity does not change significantly. The drop in L. hauffii abundances can
also explain the up-sequence apparent trend in both sections of more elliptical central areas within
the genus. Yet, the correlation between these two variables is very weak (r = 0.175, p < 0.0001).
Regarding the proportion of the coccolith central area to the total coccolith area, we observe that
their mean values vary in almost all of the studied samples between 10 and 20% and that there is
neither any noticeable link between this parameter with the composition of the Lotharingius

assemblages, neither with the stratigraphic evolution of their size (r = 0.193; p < 0.0001).
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Figure 14 - Coefficient of correlation between different coccoliths parameters: length (L), width (W), central area length
(), central area width (w), coccolith ellipticity, central area ellipticity and central area proportion.

For the total of 5500 measurements of coccoliths length, PCA loadings show that for Factor
1, which represents 74% of the total variance, there is a boundary at 4 ym within the Lotharingius
pool (Fig. 15). Although when PCA is computed separately for each section, loadings set a
threshold of 4.5 ym in Portugal and 4.0 ym in France between small and large taxa. The difference
in 0.5 um for the Portuguese samples can be explained due to the dimension of the bins initially
selected, as we can observe that the loadings in the Lusitanian Basin at the transition between 4
and 4.5 ym are quite feeble (Fig. 15). Moreover, the stratigraphic evolution of PC1 scores in both
sections shows this same transition between small and large specimens during the middle
Toarcian (Figs. 12 and 13) and a decrease in the coccolith pool size close to the Toarcian-
Aalenian boundary. The same bimodal frequency and split around 4 um for the variable L is also

validated when applying Mixture Analysis to the whole dataset. This best fit method renders two
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distinct populations at 4 um boundary, where the first one representing ~27% of the specimens
has a mean value of 3.6 + 0.4 ym and the second one including ~73% of the specimens has a
mean value of 4.7 + 0.8 ym (Fig. 16). This size division in the assemblages clearly represent small

and large Lotharingius populations prior and after the middle Toarcian.
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Figure 15 - PCA correlation loadings for coccoliths length in each of the studies basins and for the total Lotharingius
coccolith pool.
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Figure 16 - Best fitted populations after running Mixture Analysis on the total measurements of coccoliths lengths from
both studied basins.
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In order to assess the degree of equality of means for each pair of samples, ANOVA post
hoc Tukey’s test was calculated for each section. In both sections two sets of samples share the
same population mean: below and above the middle Toarcian (Fig. 17). Moreover, in the
Lusitanian Basin we can observe that the lower Aalenian sample CAB 57 share the same mean
with the lower Toarcian ones. This can also be acknowledged from looking at the box plot chart
and the PCA scores (Fig. 12), where a decrease in the Lotharingius pool size is observed across

the Toarcian-Aalenian boundary in the Lusitanian Basin.

p values

B >o0050

[ o.010-0.050

[ ] 0.001-0.010

[ ] <0001

Figure 17 - Post-hoc Tukey's honesty test results between all pairs of samples from the Lusitanian (on the left hand side)
and Causses basins (on the right hand side), showing the probability p of each pair of samples belonging to the same
population. Dark grey colours indicate the correlation probability between each pair of samples.

After running ANOVA on the whole dataset, quantitative data rendered no significant

difference between the means of the coccoliths ellipticity and central area ellipticity, whereas for
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the proportion of the central area significant differences between most of the samples pairs were

evidenced, as also shown by the means and standard deviation box plots (Figs. 12 and 13).
5. Discussion
5.1. Palaeoenvironmental conditions deduced from geochemical data

Lithological and isotopic data show that the Early Toarcian was a disturbed and stressed
period for global oceans and their ecosystems. According to the isotopic data collected from both
basins (Ferreira et al.,, 2015; Harazim et al., 2012), with the exception of the negative 53"*C
excursion recorded across the T-OAE, 613C values are fairly positive and stable during the Early
Toarcian therefore suggesting the water column was enabled to rebuild its photic zone ecosystem
after the preceding disturbed period, as positive 5'°C excursions are interpreted as reflecting
oceanic primary productivity (e.g. Jenkyns and Clayton, 1986; Kump and Arthur, 1999; Bartolini et
al., 1999; Jenkyns et al., 2002; Sandoval et al., 2008; Brigaud et al., 2009; Gémez et al., 2009;
Price, 2010; Porter et al., 2014). Although no isotopic data could be obtained from brachiopods in
Rabacal T-OAE equivalent beds as no epibenthic fauna was found across this time span, a
negative excursion of bulk rock 5°C across this interval is well documented in Rabacal (Pittet et
al., 2014) as well as in numerous other Tethyan sites, and linked with massive injection into the
hydrosphere/atmosphere of isotopically light carbon related either to volcanic degassing or to
methane release from continental margins (e.g., Hesselbo et al., 2000, 2007; Jenkyns et al., 2001,
Suan et al., 2008b; Ruebsam et al., 2014). From the middle, up to the Late Toarcian, as sea level
gradually recedes, 5'°C values start to decline, as already observed in other sections from
Portugal (Duarte at el., 1998) and Spain (Sandoval et al., 2012 and references therein), suggesting
a long-term decline in primary productivity coeval with the ongoing stratification build up of the
water column (Ferreira et al., 2015). From the Late Toarcian to the Early Aalenian, the 5'°C
negative trend inflects and significantly increases by 1%. in Portugal and ~1.5%0 in France, likely
reflecting an important increase in oceanic productivity in stable, shallow and confined ecosystems
such as the Lusitanian and the Causses Basins would be at that time. Actually, Sandoval et al.
(2008) tend to interpret this excursion, which is recorded in multiple sections from Spain, as the
result of reinvigorated productivity.

The Pliensbachian-Toarcian boundary is characterized in both sites by a drastic §'°0
negative excursion measured on brachiopod shell calcite (Ferreira et al., 2015) and bulk rock
(Harazim et al., 2012). Across this boundary, bottom water temperature increased by ~5°C in the
Lusitanian Basin and by ~6°C in the Causses Basin. The main warming period corresponding to
the Early Toarcian is followed by gradually decreasing temperatures, reaching during the middle

Toarcian a local minimum of 18°C and 15°C in the Lusitanian and Causses Basins respectively.
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From the middle Toarcian and following the global cooling trend (Dera et al., 2009a, 2011b;
Jenkyns et al.; 2002; Krencker et al., 2014), a steady and long-lasting decrease in seawater
temperature is observed in both basins, as inferred by the persistent 5'°0 positive excursion.
Around the Toarcian-Aalenian boundary, isotopic data from both sites show an inflection in this
excursion, suggesting a significant though temporary warming period of approximately 3°C in

western Tethys water masses, within a global and lasting cooling trend.

5.2. Species traits

Although there is no consistent relationship between cell and coccolith size, within most
families of coccolithophores there is a good correlation between these two parameters, particularly
within the heterococcoliths of dominant well-fossilised families such as the Coccolithaceae,
Calcidiscaceae and Noelaerhabdaceae (Schmidt et al., 2006; Henderiks and Pagani, 2008).

The absence of significant changes in coccolith parameters such as ellipticity or central area
proportion and ellipticity across the Toarcian, seems to indicate a somewhat phenotypic constrain
within the Lotharingius genus, and eventually in each of its seven different species. Actually, the
coccolith size is the main morphological character that actually varies throughout this period,
hence facilitating the taxonomic identification of each of the different species under optical
microscope. The original diagnosis of the Lotharingius by Noél (1973) described a typical
watznaueriacean rim coccolith, with a slightly raised distal inner cycle and a central area spanned
by a cross supported by lateral bars, giving the type species to L. barozii. It was only in 1979 that
Goy proposed a corrected and precise description of the genus reaffirming its relationship within
the Watznaueriaceae but also stating its independence as a discrete genus (Goy, 1979; Bown,

1987). The seven species of the genus are described in the taxonomic appendix.

5.3. Evolutionary push

Whether we choose to use Mixture Analysis, PCA, ANOVA or take a simple look at the box
plot charts, one can clearly acknowledge a size partition in the whole dataset analyzed. The mean
values of Lotharingius coccoliths are clearly split in both sections into two populations: smaller than
4 ym before the middle Toarcian, and larger than 4 ym after that. Genotypic variation in the taxon
pool would be the plainest interpretation for this shift as the taxon evolution follows the Cope’s rule
that states that body size in a lineage tends to increase as it evolves, or Stanley’s (1973)
assumption which enunciates that size change is primarily associated with speciation events.
Actually, coccolithophore evolution has been the explanation for the size increase in the
Discorhabdus genus across the Aalenian-Bajocian in the Lusitanian Basin (Lopez-Otalvaro et al.

2012) and for the Lotharingius genus across the Pliensbachian-Toarcian boundary in northern
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Spain (Fraguas and Young, 2011). In the present work, however, we do not acknowledge the
stratigraphic increase neither in the Lotharingius coccoliths ellipticity neither in the proportion of
their central area as the latter authors do. Underlying different taxonomic criteria are the probable
reason for this discrepancy as for these authors some pictures shown by Fraguas and Young
(2011; their figures 3 and 4), although from to the same family, belong to the different and more
elliptical genus Bussonius, and hence might have biased their final results.

Size change can also be attributed to either adaptation or to speciation. Whereas speciation
is the formation of a new species (Dye, 2012), adaptation is conventionally regarded as an
evolutionary process involving genetic change by which natural selection picks out organisms in a
given population to fit pre-established environmental “templates” (Laland et al., 2004). Whichever
the process we ponder, neither adaptation nor speciation is fully observed in any of the two basins
under study. In fact, neither we observe the occurrence of new Lotharingius species, as all the
considered Lotharingius species first occur during the Late Pliensbachian, neither selective
environmental adaptation can be observed, as all the seven Lotharingius species coexist and
share the same ecological niche during the ~10 myr time interval this work refers to. Since L.
hauffii does not appreciably increase its size over time, which is in accordance with the
observations made by Bown (1987) and Mattioli (1996) that acknowledged this species never
exceeds 4 um we therefore cannot strictly corroborate that the Lotharingius genus increasing size
is an evolutionary lineage trend, though in broad terms it is clearly the product of evolutionary
change, for evolution often starts near some “limiting boundary” also termed the “left wall” (Stanley,
1973), i.e., the diffusion away from an originally small-sized ancestor, as small species seem to be
less prone to extinction during a catastrophic event (Norris, 1991). Actually, major shifts in
coccolith size as those recorded in the fossil record of Reticulofenestra (Young, 1990) or
Calcidiscus (Knappertsbusch, 2000) are interpreted as the product of evolutionary change and are
likely to have occurred through selection of closely related species/sub-species rather than by
anagenesis within a single lineage (Schmidt et al., 2006), i.e., the evolution of a new
morphospecies by the gradual transformation of an ancestral species, without speciation or

splitting event taking place (Dye, 2012).

5.4. Phenotypic replacement

The Lotharingius genus in general and L. hauffii in detail, reach in the Lusitanian Basin their
highest absolute and relative abundances (reaching sometimes >80% of the total nannofossil
assemblage) during the Early Toarcian, a very unstable period. Water temperature and eustatic
oscillations coeval with water column nutrification fluctuations and subsequent oceanic primary
productivity, are the environmental conditions that best describe this period, where primary

productivity reached its peak immediately after the T-OAE time equivalent (Harazim et al, 2012;
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Ferreira et al., 2015). In fact, stressed environmental settings and nutrient-rich waters masses
seemed to congregate the optimum environmental conditions for opportunist taxa such as L. hauffii
and L. frodoi to thrive, as these are the most abundant species in both basins during the Early
Toarcian. Our data suggest that across this time span, increased oceanic productivity prompted a
faster growth rate within the Lotharingius population just after the T-OAE recovery, which
consequently led to a smaller coccolith pool size. Actually, optimum environmental conditions can
lead to fast reproduction rates and smaller species, as proposed for benthic foraminifera by
Bradshaw (1961). Moreover, laboratory experiments with the extant coccolithophore E. huxleyi
cultures performed by Young and Westbroek (1991) and Shiraiwa (2003) show that the mean cell
size decreases during exponential cell growth and increases during the stationary phase, which is
normally nutrient limited. Also according to Shiraiwa (2003), the rapid surge in cells abundance will
quickly deplete the available nutrients and therefore calcification can be rapidly enhanced by the
limitation of organic matter production and suppression of growth.

By the earliest middle Toarcian when the environment has finally fully recovered from Early
Toarcian unstable conditions and water stratification is restored, our data show that all species but
L. hauffii, start to increase their coccolith size as all taxa contribute to the size pool increase (Figs.
12 and 13). If in broad terms this observation suggests a switchover between smaller and larger
taxa, this should be carefully interpreted, as throughout part of the middle Toarcian while L. hauffii
still shares the same habitat with the other taxa, its relative abundance steadily decreases without
any significant increase in the abundance of the other species. This observation is more noticeable
in the Cusses Basin maybe due to its structural enclosed nature and likely persistent nutrification
and hence L. hauffii occurrence, and thus a strict replacement within the genus cannot be called
for. If morphological plasticity are within their adaptive range (Mayr, 1970) changes in local
environmental conditions can induce organisms to react either by producing distinct
ecophenotypes, or by tracking their optimum habitat (Renaud and Schmidt, 2003). From the
middle Toarcian, as seawater temperature got gradually colder and steady nutrient depletion
progressed until the water column acquired an oligotrophic character, we observe in both basins
that up-sections relative abundances of L. hauffii also get progressively lower. Since there are no
indications that this species have occupied other ecological niches or displayed such an ecological
plasticity that would have allowed it to maintain its previous abundances in oligotrophic waters, we
interpret its low relative and absolute abundances as the lack of its optimum environmental
conditions to thrive, thus corroborating its opportunist behaviour. Actually, L. hauffii has already
been acknowledged as a taxon adapted to relatively high trophic levels (Pittet and Mattioli, 2002;
Mattioli and Pittet, 2004; Giraud, 2009). Following the ecological niche division by Schmidt et al.
(2006), where the environment is divided into optimum growth, reproductive range, growth limits

and lethal conditions, our data suggest that throughout the first half of the middle Toarcian
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environmental conditions are still within L. hauffii reproductive range and within its growth limit after
that, as it still makes its presence in all up-sections assemblages.

Moreover, in a strict stratigraphic phenotypic replacement within the Lotharingius pool, high
determination coefficients between the different species would be expected, as they would
negatively covariate. Actually, the highest correlation coefficients (r) in the Lusitanian Basin among
the relative abundance of the most important Lotharingius species are surprisingly modest and
their determination coefficient (r?) are correspondingly even weaker. The higher r values were
obtained between L. hauffii and L. frodoi (r = 0.512, p = 0.0019), L. velatus and L. frodoi (r = -
0.567, p = 0.0005), and L. velatus and L. hauffii (r = -0.587, p = 0.0003). In the Causses Basin we
can observe similar correlation coefficients. Noteworthy though, is the lack of correlation between
the small species L. hauffii and L. frodoi (r = 0.382, p = 0.0871), which can be explained for the
higher abundances, displayed at lower Tethyan latitudes by L. frodoi (Mattioli et al., 2008).
Conversely, there is a significant negative correlation between the large L. velatus and the small L.
hauffii (r = -0.674, p = 0.0008), and between L. velatus and L. frodoi (r = -0.620, p = 0.0027). As for
L. sigillatus, it is solely strongly correlated with L. crucicentralis (r = 0.806, p < 0.0001) in the
Causses Basin probably because these taxa are preferentially far more abundant at higher
latitudes (Mattioli et al., 2008). If results from the correlation coefficients do not show a strong
relationship between the different taxa, the determination coefficients disclose even worse
associative scores. If r measures the strength and the direction of a linear relationship between two
variables, r* denotes the strength of the linear association between those same variables, or the
proportion (%) of the variance of one variable that is predictable from the other variable. We
therefore assume that each of the variables/species is independent or weakly correlated, and
hence rule out a strict phenotypic replacement within the Lotharingius assemblages during the

middle Toarcian.

5.5. Interspecific variation and abiotic forcing

Interspecific size variation and increase in variance over time due to continuous
accumulation of mutational effects (Gould, 1988; Norris, 1991; Jablonski, 1997) coupled with
abiotic factors able to influence the function of organisms, seems to be a plausible interpretation
and the one that better accounts for the size evolution of the Lotharingius pool across the
Toarcian. After the fast reproduction rate period recorded at the end and just after the T-OAE,
when small size specialist taxa thrived throughout stressed ecological settings, larger coccoliths
and likely increased cell growth rates (Young and Westbroek, 1991; Shiraiwa, 2003) are recorded
from the middle Toarcian coeval with the environment reestablishment. During the time interval
spanning from the middle Toarcian up to the Late Toarcian Speciosum-Meneghinii ammonite

zones in Portugal, and Pseudoradiosa zone in France, an expanded photic zone and stratified
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water masses in western Tethys seemed to have gathered the best environmental conditions for
the genus to increase its size (see Figures 18 and 19). A close relationship between the
Lotharingius size pool evolution and environmental change supports the stationary model
(Stenseth and Maynard Smith, 1984), which suggests that evolution is largely driven by abiotic
changes such as temperature, water column stratification and/or primary productivity. The
stationary model also corroborates the correlation between size evolution of Cenozoic foraminifera
and palaeoceanographic perturbations (Wei and Kennet, 1983; Schmidt et al., 2004a,b). Low
coccolithophore abundances linked with higher diversity was already acknowledged in the
Lusitanian Basin for this period of ecological stability, nutrient depleted and stratified waters
(Ferreira et al., 2015), and the same liaison can also be recognized in the Causses Basin (Harazim
et al., 2012). The absence of environmental stress would naturally promote the background
genetic imprint of Lotharingius in accordance with the “left wall” model, i.e., the population drifts
away from small species. Moreover, the ecological quiescence would uphold a faster coccolith
growth rate and larger coccoliths, besides enhancing its interspecific variability.

But sudden and profound changes in morphological traits like those observed in the middle
Toarcian demand an underlying mechanism. The causes for a morphological variation can be
internal (allometry related to physical or physiological properties of an organism), or external and
thus reflecting changes in interaction with abiotic and biotic environment such as predator-prey
relationships or population density (McKinney, 1990b). Proposed advantages by Stanley (1973) of
large size include improved ability to capture prey or avoid predators, greater reproductive
success, expanded size range of acceptable food, decreased mortality, extended individual
longevity and metabolic benefits such as increased heat retention per unit volume. Yet, large size
also has its disadvantages like feeding efficiency must increase substantially (Schmidt et al.,
2006).

Herrmann et al. (2012) showed that coccolith sizes of individual genera and the annual mean
sea-surface temperature show no linear or uniform relationships for the different genera, and thus
Libke et al. (2015) do not support a simple correlation between coccolith size and sea-surface
temperature for the Cretaceous. Nonetheless, the ongoing drop in seawater temperature from the
middle Toarcian, might have been an additional stimulus for Lotharingius coccolithophores to
enlarge their cell and intracellular calcification, as acknowledged by Sorrosa et al. (2005) on extant
species E. huxleyi and Gephyrocapsa oceanica when these were exposed to lowered
temperatures. Actually, size increase of Mesozoic nannoliths has already been linked to sea
surface temperature drop. That is the case for Schizosphaerella during the Late Pliensbachian
(Suan et al., 2008a; 2010), Crepidolithus crassus and C. crucifer across the Pliensbachian
(Fraguas and Erba, 2010), or for Nannoconus during the Valanginian (Barbarin et al., 2012).

Both up-sections PCA scores and box-plot chart plot show that in both basins around the

Toarcian-Aalenian limit there is a short-term size change in the Lotharingius pool towards smaller
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Figure 18 - Synthetic table showing the evolution from Lusitanian and Causses basins seawater temperature, water
fertility, coccolith length, diversity and absolute coccolith abundance. Data from the Lusitanian Basin are from Ferreira et
al. (2015) and isotopic data from the Causses Basin are from Harazim et al. (2012).

species. Also Tukey’'s honestly significant difference post-hoc test shows this trend for the
Lusitanian Basin. If in Portugal this trend is caused by a sharp decrease in abundance of larger
specimens like L. velatus, in France it is produced by a significant increase in small L. hauffii. This
temporary size change seems to be linked with a major abiotic modification: the short-term
increase in seawater temperature and primary productivity recorded in both regions. The
Lotharingius size variation could thus be the by-product of a phenotypic adjustment to a short-
lived, drastic environmental change, as its population growth rate increase and coccoliths size
dwindle accordingly. This size decrease is observed in all Lotharingius species and particularly in
L. sigillatus and L. crucicentralis. Moreover, with the exception for the sample CAB57, we observe
an increase in the genus relative abundance, reaching proportions only recorded during the Early
Toarcian (~80%). In the Causses Basin the observed increase in L. hauffii abundance can be
interpreted as the displacement from its growth limits into its reproductive range, but never
reaching its optimum environment, as environmental conditions tend to parallel those observed
during the late Early Toarcian, i.e., increase in water nutrification, primary oceanic productivity and

seawater temperature.
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Figure 19 - Selected pictures showing the size evolution of the seven different Lotharingius species across the Toarcian
and Early Aalenian in the Lusitanian Basin sections: Rabagal (RAB), Brenha (BNH) and Cabo Mondego (CAB).

5.6. So where do we stand?

Though probably impossible to categorize biotic and abiotic phenomena as independent
factors, a single and straightforward cause for the morphological changes observed throughout the
studied Toarcian stages in the Lotharingius coccolith pool, is a complex task. Nonetheless, after
the analysis of 5500 specimens, some significant indications can be drawn. An important
relationship between seawater temperature, surface water nutrification and Lotharingius
morphological evolution can be made (see Fig. 18). Two positive 3'C excursions interpreted as
indication of water eutrophication by primary productivity observed in both basins across the lower
Toarcian and starting in the uppermost Toarcian stages, are strongly linked with humid weather
and a probable increase in continental discharge. Warm and meso-eutrophic Early Toarcian

waters seem to gather the optimum conditions for opportunist species to increase their relative
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abundance through fast reproduction when nutrients are easily available. Conversely, fierce
competition for nutrients in the upper photic layer would quickly lead to nutrient depletion and
suppression of growth (Shiraiwa, 2003). The Lotharingius pool again decreases its size during a
~3°C rise in water temperature recorded at the Toarcian-Aalenian boundary, thus suggesting an
additional increase in the nutrient input, in an already nutrient-rich environment. Interspecific
variability together with the genus phenotypic plasticity is the likely driving cause involved in the
gradual size increase and abrupt size shift observed between small and large morphospecies
across the middle Toarcian. This change in the taxon pool size can thus reflect the Lotharingius
adjustment to more stable conditions and to the rebuilding of the photic zone ecosystem when
water column was stratified.

Despite the long-term trend in the evolution of the Lotharingius pool being genetically driven,
leading to larger forms and thus following the Cope’s rule and the “left wall” model, our data
suggest that drastic changes in the environment such as temperature oscillations and water
nutrification can strongly disturb this evolutionary trend by increasing the population growth and
subsequently constrain the coccolith size (see Fig. 18). Nevertheless, interspecific variation and
abiotic forcing are factors to be reckon with, when assessing the gradual stratigraphic increase and
dominance of larger taxa within the genus. Whichever is the prevailing forcing mechanism
accountable for the morphological changes in the Lotharingius genus, there seems to be no
straightforward answer. As already supported by Mattioli and Erba (1999) and Aguado et al.
(2008), during the middle Toarcian the coccolithophore community underwent drastic and
important changes. During the long-term cooling period starting from the middle Toarcian, the
taxon grows progressively bigger in a stable and oligotrophic environment, probably reflecting its
natural evolutionary trend but also constrained by its interspecific variation and ecological
relationships. However, during warm periods and nutrient rich waters two scenarios are deemed
possible: 1) opportunist species increase their abundance and 2) fast reproduction leads to nutrient

depleted environments and coccolith growth is halted (see Fig. 19).

6. Conclusions

Due to its continuous and global record in marine sediments, calcareous nannofossils stand
as a valuable micropalaeontological group in palaeoenvironmental and evolutionary studies. The
long-term study of a specific nannofossil taxon allows acknowledging shifts in environment
conditions, as well biotic relationships in the nannofloral community. Most important of all, long-
term studies allows to better recognizing the evolutionary path and trend of a given fossil
morphogroup through the evolution of its phenotypic expression. In fact, as shown from two
independent dataset from two geographically distant Tethyan basins, size change in Lotharingius

coccoliths seems to closely mirror abiotic shifts in their ecological niche, being the most
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remarkable one, the one that occurred after the T-OAE thus representing a consistent
biostratigraphic event in west Tethyan waters.

During the Toarcian and Early Aalenian, size changes of Lotharingius coccoliths in western
Tethys are closely related with both evolutionary processes and ecological conditions.
Reproduction and growth rates are the main causes affecting the size variation on the short-term
whereas the genetic imprint of coccolithophores play a long-term role on their morphological
evolution. On short time scales (100 thousands of years), size changes in Lotharingius coccoliths
seem to be related to multiple independent environmental parameters such as water stratification,
nutrient availability or temperature, and not to one sole variable. Our data suggest that modification
in water mass nutrification is the leading reason to have influenced the morphological evolution of
the genus across the Toarcian and Early Aalenian. Through its phenotypic plasticity and
intraspecific size variability, this taxon was able to react and adapt to environmental changes,
making these the most important biological parameters compelling its morphological evolution. In
unstable meso-eutrophic environments, fast reproduction carried out predominantly by opportunist
species like L. hauffii resulted in small coccoliths, probably due to competition and/or size inhibition
caused by nutrient depletion, whereas fast growth in oligotrophic and colder waters resulted in
larger coccoliths. At the Lower-Middle Jurassic transition, an oscillation in seawater temperature in
fertile water masses is coeval with a slight increase in small, and a decrease in large Lotharingius,
thus supporting this interpretation.

On the long time scale (millions of years), however, size variations driven by evolution are
undoubtedly important, for across the Toarcian-Early Aalenian the genus pool size in western
Tethys evolves towards bigger forms following the Cope’s rule and the Left Wall model. Dataset
analysis and statistics clearly show two different populations in the Lotharingius genus at 4 pym
boundary. Smaller population mainly consists of L. hauffii and L. frodoi whereas the larger
population is essentially comprised by L. velatus. Even if no statistically significant differences in
the Lotharingius coccoliths shape are observed, these two morpho-groups undoubtedly define a
chronostratigraphic boundary in the middle Toarcian at the transition between the Bifrons and

Gradata (Variabilis) ammonite zones.

Taxonomic appendix

L. barozii is distinguished by its broadly elliptical contour with a narrow rim and a wide and
elliptical central area spanned by an axial cross; L. crucicentralis is a small to intermediate
coccolith generally big (>5 um) and elliptical, with a wide and elliptical central area bearing an axial
prominent cross and a system of radially arranged granulations; L. frodoi is a small coccolith with
an elliptical contour and a small central area characterized by the presence of two buttresses or

bars, aligned with the minor axis of the ellipse; L. hauffii is characterized by its small size (<4 um)
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and subcircular to elliptical contour, with a reduced subcircular to elliptical and often empty central
area that can sometimes be occupied by a knob or spine; L. sigillatus is distinguished by its
elliptical shape and elongate central area with buttresses aligned with the major axis of the ellipse
and a system of granular and radially disposed elements; L. umbriensis is a small coccolith with a
subcircular outline with a very small central area spanned by a small cross; L. velatus is generally

a large (>6 uym) and elliptical coccolith with a very wide central area filled with a granular plate.
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7. Conclusions and perspectives

7.1. Conclusions

The main goal of this research was to understand how exactly the calcareous nannoplankton
community evolved within the Lusitanian Basin, after the probable Mesozoic thermal maximum that
occurred during the Early Toarcian. Being at the time a seaway connecting two different water
masses in western Tethys, the Lusitanian Basin would therefore mirror the climatic and
oceanographic changes that occurred across the Toarcian age, and therefore bear a specific
micropalaeontological signature that would reflect these alterations. In order to assess the
nannofloral evolution in this region, rock samples ranging from the uppermost Pliensbachian to
Lower Aalenian were collected in the Lusitanian Basin, and brachiopods amassed in two of its
studied sections. Calcareous nannoplankton evolution was recorded as the abundances of their
fossil remains were determined, their assemblages scanned and a thorough identification work
endeavored. Species bearing specific palaeogeographic affinities were identified, and their
ecological preferences assessed hence enabling nutricline depth and water mass trophic levels
determination. In all, changes in the nannoplankton community could be coupled with shifts in
environmental conditions that occurred across the Toarcian and Early Aalenian time span. Main

conclusions reached and the answer for the driving questions of this thesis go as follows:

1. Calcareous nannofossil biostratigraphy in the Lusitanian Basin was somehow biased
because of (i) the existence of some contradictory seventies’ works and (ii) the publication of
a certain number of taxonomic revisions modifying the species concepts. This thesis work
allowed to improve the biostratigraphy in west Tethyan sections by means of the recovery of
consistent bioevents occurring both in the Lusitanian and Causses basins. Some events
support biostratigraphic schemes found in the literature, whereas some update it. A
biostratigraphic scheme for the studied sections is herein proposed from which robust and
consistent events are highlighted. The FO of Carinolithus superbus matches the
Polymorphum-Levisoni biohorizon and occurs below the T-OAE equivalent, whereas the LO
of Mitrolithus jansae is a consistent biomarker for the topmost lower Toarcian (Levisoni
zone). The FO of Watznaueria colacicchii is herein proposed as the most accurate biomarker
for the lower-middle Toarcian limit and should therefore define its own nannofossil subzone.
The FO of Discorhabdus criotus is a consistent and synchronous bioevent for middle
Toarcian Mediterranean western Tethyan sections. The FO of Watznaueria contracta
represents a good proxy for the Toarcian-Aalenian transition (Aalensis-Opalinum zones)
whereas the LOs of Crepidolithus cavus and Carinolithus poulnabronei, and the FO of

Triscutum tiziense are consistent auxiliary bioevents for this same limit. The FO of Hexalithus
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magharensis stands as the best bioevent in the Mediterranean province for the Lower-Middle
Jurassic limit. A new biochronological scheme can now be proposed based upon the new

biostratigraphic data presented in this thesis.

If the Lower Toarcian interval has received much attention these last years because of the
palaeoceanographic changes occurring during the T-OAE, the recovery post-anoxia
conditions and the environmental conditions across the lower to middle Toarcian transition
are much less known. Amongst the main results of this thesis, a published paper shows that
shifts in calcareous nannofossil relative and absolute abundances recorded in the Lusitanian
Basin throughout the Toarcian are closely related with palaeoceanographic changes. Three
different long-term environmental settings are acknowledged in the Lusitanian Basin across
the Toarcian and Early Aalenian. The lower Toarcian substage corresponds to the maximum
flooding period under a warm and humid climate. Boreal and Mediterranean Tethys waters
masses were freely connected in the Lusitanian Basin and its waters bore a meso-eutrophic
character as shown by the proliferation of shallow-water taxa such as Schizosphaerella, the
dominance of the meso-eutrophic genus Lotharingius, and also the overall increase in
nannofossil absolute abundances. These nutrient-rich conditions are further supported by a
general high primary production as attested by 3'°C values. These conditions were sharply
and temporarily interrupted during the T-OAE equivalent interval in Rabagal. Across the
middle Toarcian until part of the Speciosum zone, a long-term decrease in bottom water
temperature is observed whereas the highest sea level promoted the mixing of NW
European and Mediterranean water masses attested by a mixing of typical nannoflora from
the two provinces. During this period, low nutricline and a stratified water column is inferred
by the steady increase in diversity, lower nannofossil abundance and a gradual long-term
negative 8'°C excursion. Across this time period, nannofossil data suggest that a widened
photic zone would still have bore in its upper photic layer the genus Lotharingius, though less
Schizosphaerella and more Carinolithus superbus here interpreted as an oligotrophic shallow
dweller, whereas in the deep photic zone Crepidolithus crassus would have thrived. From the
Speciosum zone up to the Early Aalenian, Boreal and Mediterranean connection was
minimal and the water column acquired a meso-eutrophic character. A boost in water
nutrification supported by a significant rise in 3'°C values would have promoted the recorded
increase in nannofossil abundance coeval with a decrease in diversity. These changes are
coeval with the decline in C. crassus and the steady increase in Schizosphaerella, hence
corroborating the filing of the shallower Lusitanian Basin by Mediterranean waters.
Throughout this period, high fertility genera Discorhabdus and Lotharingius display high
abundances whereas C. superbus decreases accordingly. It is noteworthy though, that after

a period of sharp and rapid environmental changes T-OAE related across the lower
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Toarcian, the remainder of the Toarcian age is characterized by a long-term of smooth
fluctuations in environmental parameters. Such results effectively show the potential of
integrating geochemical, sedimentological and micropaleontological approaches for

palaeoceanographic interpretations.

Toarcian sediments are dominated by coccoliths of the genus Lotharingius. In a way similar
to Reticulofenestra in the Cenozoic, which is represented by a plexus of morphospecies,
Lotharingius species can be differentiated by their size and central area structures. Although
the size evolution of this taxon has already been addressed either for taxonomy reasons or
for very short time periods, nothing was known about long-term changes enable to shed
some light on the forever-lasting dilemma between rules of evolution vs. paleoenvironmental
constraints, on the size development of these coccoliths. The results from this research work
show that size changes of Lotharingius coccoliths in western Tethys are closely related with
both evolutionary processes and ecological parameters. Reproduction and growth rates are
the main causes affecting the size variation on the short-term whereas the genetic imprint of
coccolithophores play a long-term role on their morphological evolution. On the short time
scale, changes in size seem to be related to environmental parameters such as water
stratification, nutrient availability or temperature. Changes in water nutrification are the
leading reason to have influenced the morphological evolution of the genus across the
Toarcian and Early Aalenian. In unstable meso-eutrophic environments, fast reproduction
resulted in small coccoliths, whereas fast growth in oligotrophic and colder waters resulted in
larger coccoliths. On the long time scale, however, size variations are evolution driven as the
genus pool size evolves towards bigger forms following the Cope’s rule and the Left Wall
model. Dataset analysis and statistics clearly show two different populations in the
Lotharingius genus at 4 ym boundary. Even if no significant differences in the Lotharingius
coccoliths shape are observed, these two morpho-groups undoubtedly define a
chronostratigraphic boundary in the middle Toarcian at the transition between the Bifrons

and Gradata (Variabilis) ammonite zones.

This work enabled to finally understand in detail the evolution of the nannoplankton

community in the Lusitanian Basin waters, after the biologic crunch that the T-OAE represented.

This research also adds micropalaeontological evidence supporting the eustatic oscillations

inferred from sedimentological analysis described in the literature that occurred throughout the

Toarcian in this region. Most important of all, the nannofossil record pinpoints the moment when

the connection between Boreal and Mediterranean realms were severed, and essentially low

latitude waters started to replenish this basin, making these data of potential use in future

palaeoceanographic modeling works. The trend of isotopic data retrieved for the first time from
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benthic fossils in this basin across the Toarcian and Early Aalenian, are in accordance with bulk
rock isotopic data gathered from other western Tethys regions such as Spain or Morocco thus
allowing to trace supra-regional and long-term climate changes.

Since there are no extant equivalents of Jurassic calcareous nannoplankton and hence their
ecological preferences are hard to determine, every lead and new data made available always
represent a step forward to disclose or consolidate (or not) their ecological affinities. This work
therefore validates and in some cases adds certain details, to what is known today for the most
significant Lower Jurassic taxa and most important of all, adds the trophic character of the water
column and bottom water temperatures to the nannoplankton habitat. Moreover, also near-
shore/distal habitats and shallow/deep dwelling preferences are here supported and inferred.

The biometric work here presented spanning over ~10 myr, besides quantifying what was
until now a mere hint, also places the short and long term morphological evolution of Lotharingius
coccoliths within an abiotic and biotic frame, and for the first time, in two different and independent
west Tethyan regions. This allowed to impartially validate the conclusions that were drew here.
Also, the biometry work here endeavored shows that this methodology is still a powerful tool to
ascertain evolutionary and phylogenetic trends, and even palaeobiogeographic provinces.

The biostratigraphic scheme presented here, acknowledges bioevents until now only
reported later in the stratigraphic column, thus representing on its own a major update on Toarcian
nannofossil bioevents. On the other hand, it brings to the Lusitanian Basin, i.e., further west and
further south, bioevents recorded in other Tethyan regions, therefore amplifying the geographic
scope of previously published biostratigraphic schemes. Moreover, it is shown here that due to
their continuous record in marine sediments, the determination of nannofossil biozones and
particularly their boundaries, are in most cases easier and more precise to establish then those of

ammonite schemes.

7.2. Perspectives

Mapping of nannoplankton palaeobioprovinces is of extreme importance as it relays
paramount palaeoceanographic information. Through the analysis of nannofossil assemblages it is
possible to infer on water masses mixing or predominant ocean currents in a particular time and
place. As already done in the past, establishing the geographic preferences of different calcareous
nannoplankton taxa can thus render the needed pieces of information to complete or fully
understand a given palaeoenvironmental setting.

Therefore | have created a database of published and unpublished data for the time interval
here considered, that once treated with the adequate statistical tools, will help to better understand
the palaeogeographic preferences of the dominant Lower Jurassic coccolithophore taxa. Available

data from Toarcian and lower Aalenian sections from Fiuminata in central ltaly, Vrines in central
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France, Wittnau in southwest Germany and Djebel Chemarikh in Algeria have already started to be
scanned for statistic significance. Moreover, as have been pointed out throughout this manuscript,
whenever available stable carbon and oxygen isotopic signal will be interpreted in order to better
characterize the distinct ecological provinces assigned to the different taxa. It will then be possible
to ascribe to main Toarcian and Aalenian calcareous nannofossils observed in western Tethys

successions, a specific palaeobiogeographic province.
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