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Thesis abstract

Mechanisms triggering the Early Toarcian global warming (Early Jurassic; ~183 Ma BP)
and the associated environmental perturbation, comprising ocean acidification, sea level rise,
expansion of marine oxygen minimum zones, black shale deposition and diversity loss in marine
ecosystems are debated controversially. Environmental changes were accompanied by a major
perturbation of the global carbon cycle, expressed by a striking negative carbon isotope excursion
that reflects the injection of isotopically-light carbon into the Earth’s ocean and atmosphere system.
Carbon sources and mechanisms of carbon release remain unknown. Moreover, a precise timescale
of the Early Toarcian environmental crisis and the carbon cycle perturbation is under debate. This
thesis applies an integrated geochemical approach, comprising inorganic, organic and isotope
geochemical proxies to single sediment sequence to reveal mechanisms of the global warming and
environmental change during the Early Toarcian. Geochemical data were combined with continuous
core scanning techniques that allowed to establish a floating chronology and a precise timescale.
Results of this thesis allow to propose a new and unifying model that explains the key-features of the
Early Toarcian and links them into a coherent Earth system concept.

The key features of the Early Toarcian can be explained by the response of the Earth’s
sensitive cryosphere (polar ice caps and cryosphere-stored carbon) towards a moderate global
warming. The formation of a persistent cryosphere during the late Pliensbachian cold phase was
associated with an increase of the cryosphere-stored carbon pool and with the formation of persistent
polar ice caps. The cryosphere became destabilized by a rise in global temperature that was initiated
by the emplacement of the Karoo-Ferrar LIP during the Early Toarcian. Melting of polar ice caps
during global warming can explain the rapid sea level rise that occurred synchronically with the
increase in SST. Moreover, the demise of cryosphere-stored carbon and the release of '*C-enriched
carbon into the Earth’s ocean-atmosphere system can explain the Toarcian carbon cycle perturbation.
Global warming, sea level rise and carbon release occurred synchronically in discrete steps and were
paced by changes in the Earth’s solar orbit. Release of greenhouse gases from the cryosphere caused
a positive feedback and drove the Earth’s climate into an extreme greenhouse phase. The rise in
global temperatures by about 6°C occurred within <0.5 Myr, whereas the carbon cycle perturbation
lasted for about 0.9 Myr. The stepwise nature of this event can be associated with single
hyperthermals, whereby each hyperthermal was connected with an individual methane gun of less
than 100 kyr in duration. A stepwise change in environmental conditions over a period of >0.5 Myr
may explain the low extinction rates documented for nektonic ecosystems. Different durations
previously calculated can be attributed to highly variable sedimentations rates in the different basins
on the Western Tethyan shelf.

Black shale deposition on the Western Tethyan shelf, attributed to the T-OAE, reflect the
local response of a shelf environment towards global warming, acceleration of the hydrological
cycle, increased nutrient fluxes and the associated eutrophication of the shelf sea. Paleogeographic
features of the Western Tethyan shelf, comprising hydrodynamic restriction and connection with the
Arctic Ocean via the Viking Corridor that allowed the inflow of Arctic freshwater, further

contributed to the establishment of water column stratification and prolonged bottom water euxinia.



Zusammenfassung (German thesis abstract)

Mechanismen und Prozesse, welche der globalen Erwédrmung wiahrend des unteren
Toarciums (Frither Jura; ~183 Ma BP) und den damit einhergehenden Umweltverdnderungen, wie
Ozeanversauerung, Meeresspiegelanstieg, Ausdehnung mariner Sauerstoffminimumzonen,
Akkumulation bitumindser Sedimente, Verringerung des Artenreichtums und das Aussterben
zahlreicher mariner Organismengruppen zu Grunde liegen werden kontrovers diskutiert. Diese
Umweltverdnderungen wurden von einer massiven Storung des globalen Kohlenstoffkreislaufs
begleitet, welche sich in einer negativen Isotopenexkursion des Kohlenstoffs ausdriickt, die einen
verstdrken Eintrag isotopisch leichten Kohlenstoffs in die Atmosphidre und Ozeane anzeigt.
Mogliche Kohlenstoff-Reservoirs als auch Prozesse die zu dessen Freisetzung fiihrten sind
weitestgehend unbekannt. Dariiber hinaus gibt es keine Einigkeit iiber den Zeitraum, in welchem
sich die Klima und Umweltverdnderungen abliefen. Im Rahmen dieser Arbeit wurden verschiedene
geologische und geochemische Arbeitsansédtze kombiniert und hier zum ersten Mal auf eine einzelne
Sedimentabfolge angewendet, um Einblicke in die den Umweltverdnderungen wiahrend des unterem
Toarciums zu Grunde liegenden Prozesse zu erlangen. Geochemische Daten wurden mit
kontinuierlichen Messverfahren kombiniert, welche die Erarbeitung einer relativen Zeitskala
ermdglichten. Die Ergebnisse der Arbeit erlaubten die Entwicklung eines neuen konzeptionellen
Modells, welches die wichtigsten Beobachtungen erkldren kann und in einem vereinheitlichenden
Erdsystem zusammenfiihrt.

Die Umweltverdnderungen wéhrend des unteren Toarciums konnen mit der Reaktion der
Kryosphédre (polare Eiskappen und in der Kryosphére gespeicherter Kohlenstoff) auf eine extern
ausgeloste moderate globale Erwdrmungsphase erkldrt werden. Die Bildung einer ausgedehnten
Kryosphdre wéhrend einer Kaltphase im spéten Pliensbachium fiihre zu einem starken Anwachsen
des an die Kryosphire gebundenen Kohlenstoffpools und ermdglichte zudem die Bildung
ausgedehnter polarer Eiskappen. Die Eruption der Karoo-Ferrar Flutbasaltprovinz im frithen
Toarcium leitete eine globale Erwdrmungsphase ein die zur Destabilisierung der Kryosphére fiihrte.
Das durch die Erwdrmung ausgeloste Abschmelzen der polaren Eiskappen erlaut es des raschen
Meeresspiegelanstieg zu erkldren der mit einem Anstieg der Temperatur des Meerwassers
einherging. Die Destabilisierung der an die Kryosphére gebundenen Kohlenstoff-Reservoirs und die
damit verbundene Freisetzung von Treibhausgasen, fiir die eine leichte Isotopensignatur des
Kohlenstoffs angenommen werden kann, stellt einen plausiblen Mechanismus dar um den globalen
Kohlenstoffkreislauf nachhaltig zu beeinflussen als auch um die negative Isotopenexkursion des
Kohlenstoffs zu erkldren. Globale Erwarmung, Meeresspiegelanstieg und die Freisetzung von
Treibhausgasen liefen Zeitgleich ab und erfolgte in diskreten Events in Abhéngigkeit von
Anderungen der Erdbahnparameter. Die Freisetzung von Treibhausgasen hatte ein positive
Riickkopplung zur Folge, welche die globale Erwdrmung verstirkte und die Erde in ein extremes
Treibhausklima fiihrte. Der Anstieg der globalen Temperaturen erfolge in weniger als 0.5 Myr,
wobei sich die Storung des Kohlenstoffkreislaufs i{iber einen Zeitraum von etwa 0.9 Myr erstreckte.
Der mehrstufige Charakter kann mit einzelnen rapiden Erwarmungsphasen erkliart werden, wobei

jede Erwdarmungsphase von der Freisetzung zusétzliche Treibhausgase begleitet wurde und sich tiber



einen Zeitraum von etwa 100 kyr erstreckte. Die schrittweise ablaufende Erderwdrmung iiber einen
Zeitraum von etwa 0.5 Myr liefert eine mogliche Erklarung fiir das relative moderate Artensterben
liefern. Unterschiedliche Angaben beziiglich der Dauer, die fiir dieses Ereignis berechnet wurden,
konnen mit hoch-variablen Sedimentationsraten in den einzelnen Teilbecken des West-Tethys
Schelfs erklart werden.

Die Ablagerung bitumindser Sedimente auf dem West-Tethys Schelf, die das Ozeansiche
Anoxische Ereignisse im Toarcium definieren, kann als der lokale Ausdruck dieses Schelfmeeres auf
die globale Erwdrmung, verstirkte Verwitterungsprozesse, erhohten Néhrstoffeintrag und das daraus
resultierende Naihrstoffiiberangebot gewertet werden. Die verbesserte Erhaltung organischen
Materials wurde zudem durch die speziellen paleogeographischen Gegebenheiten dieses
Ablagerungsraumes begiinstigt. Der Zustrom arktischen Frischwassers auf den West-Tethys Schelf
iiber den Viking Korridor begiinstigte eine stabile Dichteschichtung des Wasserkdrpers, welche in
Verbindung mit einer stark eingeschriankten Wasserzirkulation und einer hydrodynamischen

Restriktion die Bildung andauernder euxinischer Bedingungen im Tiefenwasser erlaubte.
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Introduction and Synopsis

1.1. General Introduction

During distinctive periods in Earth history Earth’s environment and climatic system
experienced drastic changes and perturbations, which resulted in extinctions events of variable
extent. In some cases such periods coincide with large volcanic eruptions or celestial bolide impacts
that have the potential to affect the climate and the environment at a global scale and thus have been
attributed to be possible triggers and/or causes of the changes in question (e.g. Bond & Wignall,
2014). However, whether such events are rather triggering mechanisms than the cause itself is less
constrained. Thus, understanding environmental dynamics of the system during periods of profound
environmental changes and biodiversity loss, so-called “Events in Earth History”, is of major
importance in order to be able to evaluate the response of the Earth’s system towards externally
triggered climate change. Studying such periods in Earth’s history might further provide substantial
information in the understanding of past, recent and future climate changes and can help predicting
the anthropogenic impact in recent climate change (Hulme et al., 1999; Trenberth et al., 2015) and
biodiversity loss (Ceballos et al., 2015).

The Early Toarcian (Early Jurassic, ~183 Ma BP) is in the focus of ongoing research as this
period coincides with pronounced global events, including mass extinction (Hallam, 1986), global
warming (Dera et al.,, 2011a), rapid high-amplitude sea level rise (Pittet et al., 2014), rise in
atmospheric CO, (McElwain et al., 2005), carbon cycle perturbation (Hesselbo et al., 2000a) and
expansion of death zones throughout shelf seas (Jenkyns et al., 2001), with the latter being
accompanied by enhanced accumulation of organic carbon in marine sediments (e.g. Baudin et al,
1990; Jenkyns et al., 2001) resulting in the so-called Toarcian Oceanic Anoxic Event (Jenkyns,
1988). This profound environmental crisis concurred with the emplacement of the Karoo-Ferrar
Large Igneous province (K-F-LIP; Bond & Wignall, 2014; Burgess et al., 2015), indicating a
temporal and causal relationship between both events. However, the impact of the K-F-LIP
emplacement and the response of the Earth’s system is debated controversially and fundamental
questions about causes and causal relationships between volcanism, climate change, biodiversity loss
and carbon cycle dynamics are still less constrained.

This Chapter gives an overview on the current state of knowledge concerning the Early
Toarcian times period, paleogeography, climate evolution, carbon cycle dynamics, extinction events

and shelf sea anoxia.
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1.1.1. Toarcian Stratigraphy and Timescale

The Toarcian was introduced by d’Orbigny (1842 — 1851, 1852) at Vrines quarry, near the
city of Thouars (Toarcium in Latin) in central western France, and represents the uppermost stage of
the Lower Jurassic (Liassic) series following the Pliensbachian. The subdivision of the Toarcian
stage is commonly based on ammonites faunas allowing to differentiate 8 distinctive ammonite
zones that can be further subdivided into several ammonite subzones (e.g. Gabilly, 1976; Howarth,
1992a, 1992b; Elmi et al., 1994; 1997). The European ammonite zones serve as global standard for
the entire Jurassic and other biostratigraphic and chemostratigraphic data are commonly calibrated to
it. A comprehensive stratigraphic overview as well as some historical background is given by Page
(2003).

The base of the Toarcian stage

In northwest Europe the base of the Toarcian is marked by a changeover from Pliensbachian
Pleuroceras faunas to Toarcian Dactylioceras faunas. In its name giving region in France the base of
the Toarcian stage corresponds to the Dactylioceras tenuicostatum chronozone, whose type locality
is located on the coast of northern England (Buckman, 1910). However, the upper Pliensbachian and
the lowermost Toarcian sediment successions are characterized by numerous depositional hiatuses
and condensed intervals resulting from rapid sea level changes that can be traced throughout
northwest Europe (e.g. Pittet et al., 2014 and references therein). The ensuing major unconformity,
expressed by the partial absence of the ammonite zones or subzones, as well as the limited
correlation potential of subboreal ammonite faunas exclude the northwestern European sector from
being a suitable candidate for a global boundary stratotype. Therefore, the base of the Toarcian is
defined by the first occurrence of a diversified Eodactylites ammonite fauna (Goy et al., 1996) at
sections in the Mediterranean realm where gaps are less pronounced (Elmi, 1999). The Eodactylites
ammonite fauna can be correlated with the base of the Dactylioceras tenuicostatum ammonite zone
(Protogrammoceras paltus horizon). Suggested candidates for a Global Stratotype Section and Point
(GSSP) of the Toarcian are the Ponto do Trovao section (Peniche, Portugal; Elmi, 2006) and the
Almonacid de la Cuba section in the Iberian Range (Comas-Rengifo et al., 2010).

Toarcian ammonite stratigraphy, provincialism and correlative schemes

Throughout Europe the Early Toarcian as well as the Late Pliensbachian ammonite faunas
can be grouped into the different faunal provinces that can be attributed to a latitudinal climate
gradient (e.g. Page, 2003; 2008). While the faunal provincialism was most pronounced during the
Late Pliensbachian it was diminished during the Early Toarcian while at the same time intensive
faunal mixing occurred resulting in a more cosmopolitan fauna (Enay, 1980; Dera et al., 2011Db).
Different zonal schemes have been established for these provinces, whereby a cross-correlation at
subzone scale is limited by the high degree of faunal differentiation. Commonly a Boreal,
Subboreal, Submediterranean and Mediterranean Province can be distinguished (Fig. 1-1). The

Boreal Province, characterized by Tiltoniceras, Elegantuliceras, Ovaticeras and Pseudolioceras
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faunas (Knyazev et al., 2003; Nikitenko et al., 2008 and references therein) is restricted to the Arctic
realm, extending into the southern Viking corridor and during certain periods in time also further
south to northern England and Scotland (Page, 2003). The Subboreal Province is restricted to
northern England, Scotland and parts of the North Sea sector and is most significant when faunas
were dominated by Dactyloioceras. Towards southern England a shift to a more Submediterranean
faunal character has been observed (Howarth, 1992a, 199b; Page, 2003). The Submediterranean
Province comprises the areas of southern England, France, Germany and northern Spain. Faunas of
this province are commonly richer in Hildocerataceae, sometimes to the virtual exclusion of
Dactylioceratidae. Chronozonal schemes of the Subboreal and Submediterranean Provinces show a
similar zonal scheme but differ at the subzonal scale (Gabilly, 1976; Elmi et al., 1994; 1997).
However, strong similarities exist between these provinces allowing a detailed correlation of the two
(Page, 2003). The Mediterranean Province mainly comprises Italy, Austria, southern Spain,
Portugal and northern Africa (Page, 2003; 2008). The high degree of faunal differentiation between
the Mediterranean and the other provinces necessitates the development of a separate zonal scheme

as summarized by Elmi et al. (1997).
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Pliensbachian-Toarcian Boundary Date

The dating of the Plienabachian-Toarcian transition is debated controversially. The
Geological Timescale 2012 (Gradstein et al., 2012) sets the boundary at 182.7+0.7 Ma BP. However,
this date mainly based on radiometric dating of Karro sills (e.g. Svensen et al., 2007) that cannot be
precisely correlated with sediment successions elsewhere, e.g. Europe. More recently, precise U-Pb
dating of an ash layer in the D. fenuicostatum zone from a sediment succession in South America
yielded an age of 183.2+0.3 Ma BP, resulting in a minimum age of 183.5 Ma BP for the
Pliensbachian-Toarcian boundary (Sell et al., 2014). Furthermore, the Pliensbachian-Toarcian
boundary is bracketed by ash layer dates from North America between 184.0+6/-1 and 183.2+0.7 Ma
BP, supporting a dating of about 183.6 Ma BP (Palfy et al., 2002). Interestingly, the same age is also
indicated by an astronomical timescale (ATS) established for a pelagic Panthalassa section spanning
the entire Early Jurassic (Ikeda & Hori, 2014). It is therefore likely that the age of the Pliensbachian-
Toarcian boundary as proposed by Gradstein et al. (2012) is affected by some uncertainties. Recent
studies provided new radiometric dates indicating that the boundary date is most likely 183.6 Ma BP
as originally proposed by Palfy et al. (2000). This is further supported by new floating chronologies
from a continuous pelagic section (Fig. 1-2). It is therefore reasonable to use the more recent results

that differ from the data given in the Geological Timescale 2012 (Gradstein et al., 2012).
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in a boundary age of about 183.6 Ma BP for the Pliensbachian-Toarcian boundary.
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Duration of Ammonite Zones

The lower Jurassic timescale is still under ongoing research and durations calculated for
ammonite zones are mainly based on floating chronologies (Fig. 1-2). Cyclostratigraphic
investigations indicate a duration of about 0.8 to 1.0 Myr for the D. polymorphum zone (Suan et al.,
2008; Bodin et al., 2010; Huang & Hesselbo, 2014), which coincides with the D. fenuicostatum zone
(Elmi et al., 1997; Macchioni, 2002). The duration of the H. levsioni zone, which concurs with the H.
serpentinum/H. falciferum zone (Elmi et al., 1997; Macchioni, 2002), has been calculated to about
1.4 to 1.6 Myr (Suan et al., 2008a; Huang & Heslbo, 2014). The durations of ammonite subzones are
less well constrained. Strontium isotope trends from the Cleveland Basin indicate spans of about 1
Myr and 0.3 Myr for the C. exaratum and E. falciferum subzones, respectively (McArthur et al.,
2000). A minimum duration of 0.6 Myr for the C. exaratum/E. elegantulum subzone is also
supported by cyclostratigraphic investigations carried out on a core from the Southern German Basin
(Suan et al., 2008a).

1.1.2. Sea Level Evolution and Eustatic Sequences

The lower Jurassic (Liassic) covers a major transgressive-regressive cycle (Carnian-Toarcian
cycle), which can be subdivided into four minor 2™ order, tectonoeustacy-originated, transgressive-
regressive facies cycles (Vail et al., 1991; Hardenbol et al., 1998). The uppermost 2™ order cycle
corresponds to the Toarcian stage. The lower Toarcian records a transgressive phase, whereas a
regressive trend is documented throughout the middle and upper Toarcian (Fig. 1-3). The 2™ order
Toarcian cycle comprises of six complete (Toal-Toa2, Toa2-Toa3, Toa3-Toa4, Toa4-ToaS, Toa5-
Toa6, Toa6-Toa7) and two incomplete (P18-Toal and Toa7-Aal) eustatic sequences (3™ and 4™ order
cycles, Fig. 1-3). These sequences are clearly documented throughout the Boreal and Tethyan realms
(Hardenbol et al., 1998; Gély & Lorenz; 2006) and might be of glacio-eustatic origin, possibly related
to long eccentricity changes (Boulila et al., 2011). A potential control of glacio-eustic mechanisms
towards Late Pliensbachian and Early Toarcian on sea level changes is also indicted by the strong
coupling of climate and sea level changes that has been documented for this period (Brandt, 1986;
Suan et al., 2010; Korte & Hesselbo, 2011; also see 1.2.3.). Throughout the Western Tethyan shelf
these rapid high-amplitude sea level changes resulted in numerous depositional hiatuses upon
regressive stages and condensation upon rapid transgressive stages (Pittet et al., 2014 and references
therein).

Following a regressive trend during the Late Pliensbachian that might be related to global
cooling and a possible glaciation (e.g. Price, 1999; Rosales et al., 2004; Silva & Duarte, 2015) the
Early Toarcian records a rapid sea level rise, whereby the amplitude has been estimated to about 30 to
90 m (Hallam, 1997; 2001; Hesselbo & Jenkyns, 1998). The P18-Toal sequence corresponds to the D.
tenuicostatum zone, with the Toal sequence boundary being placed within the upper D. tenuicostatum
zone or possibly within the D. semicelatum subzone (Géely & Lorenz, 2006; Pittet et al., 2014). The

transgressive part can be strongly condensed, whereas the uppermost regressive stage can result in
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hiatuses (Pittet et al., 2014). The Toal-Toa2 sequence corresponds to the uppermost D. tenuicostatum
zone (D. semicelatum zone) and the lower part of the H. serpentinum zone (H. elegantulum subzone).
The basal part of the sequence can be extremely condensed, with the maximum flooding zone being
placed in the lowermost H. elegantulum subzone (Howarth, 1980; Pittet et al., 2014). In many basins
of the Western Tethyan Shelf this sequence is characterized by the deposition of organic-rich facies
corresponding to the Schistes Carton, Posidonia Shale, Jet Rock or equivalents (Ponsot, 1994;
Hesselbo & Jenkyns, 1998). The Toa2 boundary is recognized by a lithological change (e.g. Rey &
Cubaynes, 1991; de Graciansky et al. 1993) or by a hiatus (Ponsot, 1994). In the case of a hiatus the
sequence Toal-Toa2 can be missing (Ponsot, 1994). The Toa2-Toa3 sequence corresponds to the H.
falciferum subzone, whereby the maximum flooding surface is placed at the uppermost H.
serpentinum zone close to the H. serpentinum-H. bifrons boundary. The Toa3 boundary can be placed
within the lower H. bifrons zone. The Toal and Toa3 boundaries are only minor boundaries.
Therefore, and with respect to Hardenbol et al. (1998), the sequences Toal-Toa2 and Toa2-Toa3 are

considered as 4" order cycles (Fig. 1-3).

o
&
&
S >
Qi A
(4 Q& S )
&
& & o LS >
N N\ NP O &
SR & S > °
2 Q& & & W
&% & g &
S W S »
‘ Sals
Pleydellia 2 § § E
allensis g 3 ?S\ S
Dumortieria E|= = -
pseudoradiosa &l
) , s £
2 |Phlyseogrammoceras / 3 9
o N i = S
E dispansum ' S =
3
£
Grammoceras =
thouarsense N §
3 8
S8ls
§ & =
g T 3|F
. S S
Haugia < 0 I
s 2 C |y = <
= variabilis =2 M g
5] ES _ £
£ 2 % |bocecoos){scoceicoscsacasossasanad boass
1P :
e
Y
g s |
Hildoceras ) 5
. 3 g
bifrons L 8
25 3
8 ~ &
Q=° 2%
1 ~
=
Harpoceras g
serpentinum
5 AN
ES - s 3
g S|g 3 3 =
Dactylioceras e § § ‘§ S
teuicostatum .§ § | & E
(=1 A =
<
S5 .
g|g Pleuroceras
Ry . . . .
@ 3 spinatum —— minor sequence boundary M-R: major regression
5]
= —— major sequence boundary m-R: minor regression

————— maximum flooding surface f-T: fast transgression

s-T: slow transgression

Figure 1-3: Toarcian sequence stratigraphy and sea level evolution (Hardenbol et al., 1998; Gély &Lorenz, 2006). Major
T-R facies cycles correspond to 2™ order cycles (5 — 50 Myr), minor eustatic sequences correspond to 3™ order (0.2 — 5
Myr) and 4™ order (0.1 — 0.2 Myr) sea level cycles (Vail et al., 1991). Rapid high-amplitude sea level fluctuations during
the Late Pliensbachian and Early Toarcian resulted in numerous depositional hiatuses and condensed sediment intervals
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1.1.3. Palaeogeography

At the beginning of the Jurassic the entire landmass was combined in the supercontinent
Pangaea that originated from the collision of Gondwana and Laurussia in the Late Paleozoic
(Ziegler, 1990). The landmass was centered at the equator, surrounded by the Panthalassa Ocean and
enclosing the wedge-shaped Tethyan Ocean to the east (Golonka, 2007; Scotese, 2014; Fig. 1-4).
The beginning break-up of Pangaea in the Late Triassic and Early Jurassic was marked by an
increased spreading activity and the emplacement of large igneous provinces, like the Central
Atlantic Magmatic Province in the Late Triassic (Schlische et al., 2003; Marzoli et al., 2004) and the
Karoo-Ferrar Large Igneous Province in the Early Toarcian (Encarnacion et al., 1996; Burgess et al.,

2015 also see 1.2.4.).
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On the northern hemisphere the increased rifting activity led to the southwards propagation
of the Norwegian-Greenland rift into the Central Atlantic and the westward propagation of the
Tethyan rift. These processes established an extensional tectonic regime that formed a shallow
epicontinental shelf (Western Tethyan shelf) between 10° and 50° on the northern hemisphere that
opened into the Tethyan Ocean towards the southeast (Fig. 1-4) (Ziegler, 1990; Bassoulet et al.,
1993; Thierry et al., 2000). The opening of the Viking Corridor during the Sinnemurian (Surlyk,
1991; Scott and Turton, 2001) established a connection between the Arctic and Tethyan Ocean and
further allowed the inflow of low saline Arctic waters onto the Western Tethyan shelf (Bjerrum et
al., 2001; Dera et al., 2015). Whether a persistent connection between Tethyan and Panthalassa
Ocean via the Hispanic Corridor existed during the Early Jurassic is debated controversially.
However, recent works indicate that at least during global sea level high stand water exchange via
the Hispanic corridor was possible and established faunal migration routes between the Tethyan and
the Panthalassa Ocean (Aberhan, 2001; Arias, 2006; Mancenido, 2002).

The Western Tethyan shelf (Fig. 1-5A) was heavily structured into several sub-basins (e.g.
Cleveland Basin, Northern and Southern Germany Basin, Paris Basin), separated by shallow sills and
swells (Fig. 1-5B) (Ziegler, 1990; Bassoulet et al., 1993). The development of these paleogeographic
features was mainly related to the regional tectonic subsidence controlled by extensional faulting
(Guillocheau et al., 2001; Pienkowski et al., 2008). In the Northern German Basin the onset of
halokinetic movement during the Late Triassic further promoted the formation of several troughs and
highs (Pienkowski et al., 2008).
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Figure 1-5: A) Paleogeography of the western Tethyan shelf area (modified after Ziegler, 1990; Bassoulet et al., 1993 and
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Northern Gondwana

Thierry et al., 2000). Ammonite faunal provinces, introduced in chapter 1.1.1. are shown in red (Page et al., 2003, 2008).
B) Detailed reconstruction of the Western Tethyan shelf and proposed shelf morphology (see appendix A2 for details and
references). (HM: Herbrides Massif; PH: Pennine High; WM: Welsh Massif; CH: Cornubia High; RH: Rhenish Massif;
LBM: London-Braband-Massif; VS: Vindelecian Swell; EMS: East Midland Shelf; NS: Netherlands Swell; RFH:
Ringkobin-Fyn High; BH: Burgundy high; PH: Poitou High; HB: Herbrides Basin; DB: Danish Basin; CBB: Cardigan Bay
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Introduction and Synopsis

The shallow epicontinental shelf area was surrounded by marginal marine areas in the
southeast and lowlands in the west, north and northeast (Fig. 1-5A). In addition to the fresh water
inflow from the Arctic Ocean (Bjerrum et al., 2001; Dera et al., 2015) river influx from the
surrounding landmasses as well as from the numerous large islands located in shelf area resulted in
decreased seawater salinities (Ro6hl et al., 2001; Dera et al., 2009b). Spatial differences in seawater
salinities, documented throughout the Western Tethyan shelf (McArthur et al., 2000; Bailey et al.,
2003; Dera & Donnadieu, 2012), in combination with a latitudinal climate gradient is expressed by a

faunal provincialism as introduced in chapter 1.1.1. (Fig. 1-5A).
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1.2. The Early Toarcian Environmental Crisis

The Early Toarcian environmental crisis comprises a profound biodiversity loss, drastic
global warming, perturbation of the carbon cycle and widespread shelf sea anoxia expressed by
elevated rates of organic matter burial. Environmental changes were accompanied by the eruption of
the Karoo-Ferrar Large Igneous Province, indicating a temporal and causal relation between both
events (e.g. Bond & Wignall, 2014). Large volcanic eruptions can initiate a cascade of events as
summarized by the “Volcanic Greenhouse Scenario” by Wignall (2001; 2005) illustrated in figure 1-
6. In this scenario enhanced volcanic CO, emissions trigger global warming, resulting in an
acceleration of the hydrological cycle, shelf sea eutrophication, anoxia and mass extinctions.
Furthermore, volcanic warming can trigger the release of additional carbon from climate sensitive
reservoirs like gas hydrates or permafrost. Additionally, prolonged volcanic activity, accompanied
by the injection of SO,, aerosols and ash particles into atmosphere and stratosphere, can affect the
climate and the carbon cycle during the time span of emplacement and can furthermore enhance CO,
introduced warming subsequent to cooling events (e.g. Robock, 2000; Self et al., 2014; Mussard et
al., 2014). For a detailed discussion of all processes and events reference is made to the
corresponding literature, especially the works by Wignall (2001; 2005), Bond & Wignall, (2014) and
Caruthers et al. (2014).

Eruption of
Large Igneous Provinces

Y

voluminous emission

of CO,
ocean acidification J

(biocalcification crisis) f—

CH /CO, release "
from olimate ) global w| ocean thermohaline
- : Ny, warming #7| circulation decreases
sensitive reservoirs Vad
Yy, (mass) extinction dissolved O,

levels decline

AA

v \ 2

negative carbon ocean stagnation
isotope excursions > & marine anoxia
13, 13,
(© Cm‘g and 8°C_ ) A
increased flux of P increased Weathermg, -~ increased fresh water organic carbon bqial e
St, Re, Os erosion & supply to shelf seas (black shale formation); . .
) . gl . ) in N, Mn, Mo, § isotope
into the oceans continental run-off’ (ocean stratification) CO, drawdown from the
| atmosphere systems

’ - positive carbon
increased primary isotope excursions
productivity (8°C, and 6°C_ )

org aar

increased nutrient flux

A J | v

g A
resultéd m >
eutrophication

Figure 1-6: The volcanic greenhouse scenario illustrating cause-and-effect relationships of the earth system towards
volcanic triggered global warming (modified after Wignall, 2001, 2005; Bond & Wignall, 2014). Not all systems must
necessarily be affected during enhanced volcanic activity. Furthermore, global cooling during explosive volcanic event is
not illustrated. Weather volcanic CO, emissions can be responsible for large negative carbon isotope excursion is
questionable due to the isotopic composition of carbon of volcanic gas emissions (8> Cyqjcanic about -6 to -14%o).
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1.2.1. Toarcian biotic crisis

The Late Pliensbachian and Early Toarcian periods record several periodically recurring
multi-phased extinctions events, which are thought to be of global significance and affected marine
and terrestrial organisms (Benton, 1995; Little & Benton, 1995; Caruthers et al., 2014). A major
extinction phase can be placed at the Pliensbachian-Toarcian boundary. This extinction primarily
affected brachiopodes, ostracod faunas, benthic foraminifera and bivalvs, whereby ammonites and
belemnites experienced a drastic turnover (Little & Benton, 1995; Harries & Little, 1999; Caswell et
al., 2009). However, the magnitude of the extinction seems to be a regional phenomena (Hallam,
1986). The Pliensbachian-Toarcian extinction was followed by a second extinction phase at the D.
tenuicostatum-H. serpentinum boundary that primarily affected benthic invertebrates, such as
bivalvs, brachipodes, ostracodes and foraminiera and coincides with widespread anoxia on the
Western Tethyan shelf (Riegraf, 1985; Little & Benton, 1995; Danise et al., 2013). This second
extinction phase was more pronounced in areas with bituminous facies but is also evident from other
settings (Riegraf, 1985). Differences in the dynamics of these extinction events hint at episodes of
elevated ecological stress due to climate and/or sea level fluctuations (Dera et al., 2010). Evolution
of marine invertebrate macrofauna throughout the Late Pliensbachian and Early Toarcian is shown in
figure 1-7.

Extinction events that affected marine invertebrates where accompanied by major changes in
the community structure of marine phytoplankton. Dinoflagellates that experienced a strong
radiation during the upper Pliensbachian and the lowermost Toarcian (Jower D. tenuicostatum zone)
were abruptly replaced by opportunistic faunas, like prasinophytes, during the H. elegantulum
subzone (e.g. Bucefalo Palliani et al., 2002; van de Schootbrugge et al., 2005a).

Additionally, a biocalcification crisis is evident from the near disappearance of shallow-
water carbonate platforms (Dromart et al., 1996; Trecalli et al., 2012) and a drastic decrease in
abundance and size-reduction of the major pelagic carbonate producer Schizosphaerella punctuata
(Erba, 2004; Mattioli and Pittet, 2004; Tremolada et al., 2005; Mattioli et al., 2009; Suan et al.,
2010). The nannofossil crisis can be placed in the upper D. tenuicostatum and lower H. serpentinum
zone and is assumed to be the result of global warming and ocean acidification (Fraguas et al., 2012;
Trecalli et al., 2012; Clémence, 2014; Clémence et al., 2015) (Fig. 1-7). The effect of rising seawater
temperatures is well expressed in nannofossil assemblages from Spain, were a shift from cold water
loving Calcivascularis jansae and Schizosphaerella punctuata dominated fauna to a temperate-
loving Biscutum spp. dominated fauna has been clearly documented across the Pliensbachian-
Toarcian boundary. The lower H. serpentinum zone is dominated by the opportunistic taxas
Crepidolithus and Lotharingius (Fraguas et al., 2012). The demise of Schizosphaerella punctuata is
also documented from the Paris Basin and was accompanied by a pelagic sedimentation blackout
(Hermoso et al., 2012). However, Crepidolithus was not documented in the interval corresponding to
the biocalcification crisis. In the Paris Basin, as well as in other basins of the Western Tethyan shelf,
the strongly depleted nannofossil assemblage of the uppermost D. fenuicostatum and lower H.

serpentinum zones was dominated by Calyculus, which is known to be tolerant to low saline and low
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nitrate waters (Mattioli et al., 2008; Hermoso et al., 2009b). The spatial differences highlight the role

of local water mass conditions and thus the local character of the Early Toarcian extinction events.
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Figure 1-7: Simplified evolution of invertebrate macrofauna species ranges during the Late Pliensbachian and Early
Toarcian (e.p.s. = extinction per subzone) (modified from Little & Brenton, 1995). The extinction interval at the
Pliensbachian-Toarcian boundary is of global significance, whereas the extinction interval in the uppermost D.
tenuicostatum zone primary affected benthic taxas. The upper D. tenuicostatum and lower H. serpentinum zones are further
highlighted by a drastic biocalcification crisis that resulted from the acidification of the oceans (e.g. Clémence, 2014) and

by a replacement of dinoflagellates by opportunistic faunas, like prasinophytes (e.g. Bucefalo Palliani et al., 2002).
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1.2.2. Toarcian Carbon Cycle perturbation

The Early Toarcian carbon isotope record shows an increasing trend, which resulted from
increased rates of organic carbon burial associated with the selective removal of isotopically-light
carbon from the oceans during a time of widespread black shale deposition (Jenkyns, 1988; Kump &
Arthur, 1999). This positive trend was interrupted by a striking negative carbon isotope excursion
(CIE) that is assumed to reflect the largest carbon cycle perturbation during the Mesozoic. The Early
Toarcian carbon isotope excursion (Toa-CIE) has been documented in marine organic matter and
carbonate (e.g. Jenkyns & Clayton, 1997; Jenkyns, 1988; Hesselbo et al., 2000a; Rohl et al., 2001;
Kemp et al., 2005; Hermoso et al., 2012) as well as in terrestrial organic matter (Hesselbo et al.,
2000; 2007; Hesselbo & Pienkowski, 2011) spanning the uppermost D. tenuicostatum zone and
lower H. serpentinum/H. falciferum zone (Fig. 1-8). Additionally, a minor negative CIE documented
from the Western Tethyan shelf (e.g. Hesselbo et al., 2007; Littler et al., 2010) can be placed at the
Pliensbachian-Toarcian boundary (Pl-Toa-CIE). The major Toa-CIE has been documented at
numerous locations on the Western Tethyan shelf (see abovementioned references) as well as at
several locations outside Europe:

- Arctic: Suan et al., 2011a

- North America: Caruthers et al., 2011

- Japan: Grocke et al., 2011; Kemp & [zumi, 2014

- North Africa: Bodin et al, 2010; Krencker et al., 2015

- South America: Al-Surwaidi et al., 2010; Guex et al., 2012 (incomplete records).

The Toa-CIE is evident in different depositional environments and is not limited to the
anoxic or euxinic basins of the Western Tethyan shelf (e.g. Hesselbo et al., 2007, Hesselbo &
Pienkowski, 2011; Sabatino et al., 2013). Thus, recycling of isotopically light CO, in a stratified
water column as previously proposed by Kiispert (1982) fail to explain the Toa-CIE. Additional
evidence for a global atmospheric signal comes from §°C-data of fossil wood documenting the
negative P1-Toa-CIE and Toa-CIE (Hesselbo et al., 2000a; 2007; Hesselbo & Pienkowski, 2011). It
can therefore be inferred that the negative carbon isotope excursion reflects a global perturbation of
the carbon cycle, which affected all exchangeable reservoirs and occurred simultaneously. The
variable magnitude of -4 to -7%o0 documented in the 813C0rg shift of the Toa-CIE (table S1-1) can be
explained by different organic matter sources. Values corrected for variable organic matter sources
result in a magnitude of about -3 to -4%o (Suan et al., 2015; Montero-Serrano et al., 2015), which is
comparable with the magnitude of about -3%o. documented for 8"3Cearp, values. Higher amplitudes in
the 8" Cear, excursions were mainly documented for organic-rich facies (table S1-1) and might result
from diagenetic effects under the influence of organic matter (e.g Lavastre et al., 2001 and references

therein).
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Figure 1-8: Generalized carbon isotope stratigraphy for the upper Pliensbachian and lower Toarcian (modified from Kemp
et al., 2011 and references therein). The carbon isotope record shows two negative excursions at the Pliensbachian-
Toarcian boundary (P1-Toa-CIE) and within the uppermost D. tenuicosatum zone and H. elegantulum subzone (Toa-CIE),
respectively. The magnitude of the main Toa-CIE varies between -3 and -7%., whereby values corrected for different
organic matter sources result in a magnitude of about -3 to -4%o (Suan et al., 2015; Montero-Serrano et al., 2015). The

positive CIE spans the upper H. elegantulum and lower H. falciferum subzones.

High-resolution §"°C-records with sufficient sample resolution have shown that the shift to
lower isotope values occurred in discrete steps that might reflect single carbon injections into the
earth ocean-atmosphere system (Kemp et al., 2005; Hesselbo & Pienkowski, 2011; Hermoso et al.,
2012). Five shifts can be distinguished. Shift 1 and 2 correspond to the pre-excursion interval,
whereas shift 3 to 5 can be attributed to the main Toa-CIE (Fig. 1-9). According to Kemp et al.
(2005, 2011) these distinct pulses reflect astronomically forcing carbon injections. Durations
calculated for the Toa-CIE by cyclostratigraphy range from ~0.2 to ~0.9 Myr (Kemp et al., 2005,
2011; Suan et al., 2008; Sabatino et al., 2009; Huang & Hesselbo, 2014), whereby Sr-isotope trends
indicate a duration of roughly 0.5 Myr (McArthur et al., 2000). The release of *C-depleated carbon
from gas hydrates has been taken into account as a possible carbon source (e.g. Hesselbo &
Pienkowski, 2011; Hesselbo et al., 2000, 2007; Kemp et al., 2005). This however raises questions
about gas hydrate storage and mechanisms of carbon release and is further difficult to reconcile with
a duration longer than 0.2 Myr. Other authors suggested the release of '“C-enriched CH,4 from
magmatic intrusions into organic-rich sediments during the emplacement of the Karoo Large Igneous
Province (McElwain et al., 2005; Svensen et al., 2007). Alternatively it has been suggested that the
Toa-CIE resulted from the emission of CO, from the Karoo-Ferrar volcanism (e.g. Suan et al., 2008;
Brazier et al., 2015). However, volcanic carbon emissions fail to explain the astronomically forced

periodicity documented in the Toa-CIE pattern (Kemp et al., 2005, 2011; Huang & Hesselbo, 2014).
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Figure 1-9: High-resolution carbon isotope records from the Cleveland and the Paris Basin exhibit strong similarities in
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1.2.3. Toarcian climate evolution and climate zones

Pliensbachian-Toarican climate evolution

The Toarcian climate (as well as the Jurassic climate) is subject of controversial discussion
and in the focus of ongoing research. Originally, the Jurassic has been attributed to a greenhouse
period without significant changes throughout the period. The equator-pole gradient is assumed to
have low and the existence of persistent polar ice has been ruled out (e.g. Frakes et al., 1992;
Hallam, 1994). This view has been changed fundamentally by recent works showing drastic climate
changes during the Jurassic, comprising icehouse, greenhouse as well as extreme hothouse periods
(Vaughan, 2007; Dera et al., 2011a). These works provide strong evidence that the late Pliensbachian
correspond to cold stage (icehouse) prior to a rapid global warming of about 7°C that occurred in the
Lower Toarcian within less than 0.5 Myr (Dera et al., 2011a). The rapid warming event in the Lower
Toarcian can be inferred from the evolution of oxygen isotope data (e.g. Rosales et al., 2004; Suan et
al., 2010) and stomata analysis indicating a drastic rise in pCO, (McElwain et al., 2005). Changes in
the distribution of clay mineral assemblages (e.g. Dera et al., 2009a; Branski, 2012) indicate an

increase in humidity resulting in enhanced continental leaching (Cohen et al., 2004) (Fig. 1-10).

>
vsgf, e\‘»‘ . Sr
ARG . . . .
& W & (}égf pCO, (ppmv) 3'°0 (%o VPDB) 187188 g oo o climate inferred climate
S & & o5 & SESEES5S§E8 indices mode
»oE R < 0 1000 2000 3000 2 3 45 -6 0204060810 S SSSS S8
L 1 1 1 1 1 I} L Il 1 I} L | 1 | | L 1 1 L1 L
i | o
] & 3 8
1754 upper i | ° é g
i i | H g B
: / N § r 2
- i J -4 < g 2 greenhouse
| q g 2
7 g middle : oo =
S ; ! %0 k=
iy E I e° 8
180 % § I 3 E
—IE ] Z I B
=) o 00— 3
7 9 lower : ° oo
i 3
s L]
il =
5 upper 630041600 -
185 z (Domerian) *—> o 25
% = 2
i “ls K £ 5
= @2 =)
] Fl ¢ g g
@ lower i) o
b 5| (Carixian) 14
| = % I -
‘ 1560£600 B@g - greenhouse
190 > {3 -
| hydrothermal Q0 -
B ! influx °
L o s | —-
2105 0 5 10 silicate
relative temp. change weathering
[°C]
compiled by Royer (2006): @ Steinthorsdottir & Vada (2013) O 80 belemnites @ '¥7'%Os data (Cohen et al., 2004)
@ stomata - - GEOCARB IIl @ 30 other marine calcifiers © 756Gy data (McArthur et al., 2000)
@ paleosols (brachiopodes, oesters)
B liverworts

Figure 1-10: The Pliensbachian and Toarcian climate evolution deduced from sedimentological and geochemical
parameters. Several lines of evidence hint to cold climate conditions (icehouse) during the late Pliensbachian prior to a
global warming that occurred during the early Toarcian. The rapid warming that occurred during the Early Toarcian
resulted in hothouse conditions (also see Dera et al., 2011a; Silva & Duarte, 2015). Oxygen isotope data were collected

from numerous sources (see table S1-2).
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The Late Pliensbachian-Early Toarcian climate evolution is also expressed in the evolution
of faunal and floral realms. The Late Pliensbachian cooling is evident from the southward migration
of cold-loving marine taxa (e.g. Taylor et al., 1984; van de Schootbrugge et al., 2005; Arp & Seppelt,
2011; Dera et al., 2011b; Damborenea et al., 2013), whereas the development of an endemic Arctic
fauna during the Pliensbachian indicates strong latitudinal contrasts in climate and oceanographic
conditions (Dera et al., 2011b). The global warming during the Early Toarcian resulted in a
northward migration of warm-loving Mediterranian taxas and was accompanied by a profound
reorganization of faunal provinces (Fig. 1-11). The strong provincialism documented for the
Pliensbachian disappeared during the Early Toarcian and was replaced by a cosmopolitan fauna
(Dera et al., 2011Db).

The cold climate conditions during the Pliensbachian are also indicted by the absence of
warm-loving vegetation at high latitudes in pre-Toarcian strata, whereas the Early Toarcian warming
is expressed by northward migration of thermophilic vegetation and an increase in the abundance of
Classopollis associated with warm-loving Cheirolepidiacea (Vakhrameev, 1991; Wang et al., 2005;
Wade-Murphy et al., 2006) (Fig. 1-11). Abovementioned environmental changes occurred

simultaneously within the upper D. tenuicostatum and lower H. serpentinum zone.

Floral evolution

>
&
?’0} Qe\‘} & Faunal provincialism and Qaidam Basin (China) N-Europe Russia
&e o5 Q\V’ QQ} ecotones paleolatitude ~30 - 40°N paleolatitude ~40 - 50°N paleolatitude ~30 - 80°N
N & e X
& & &S Nl
N & Ca floral bl
> [CERSES & ord a[s;oe]m age floral assemblage Classopollis
paleolatitude [%] abundance [%)]
30 45 60°N 0 25 50 75 100 0 25 50 75 100 0 10 20 30 40
| [ N [ S S T
175 upper § Z
1 z HE —
g 1: - z
4 “lz 3 w
: 7|2 HI 2
. F s .
1 é middle 8 5 —é § E &
1 5 3 25 |2 z
S = | £ 2|2
180 =T 5| = Cheirolepidiacea 5z
| 2 Hild SlE dominated % §
3 Z <
3 9]
=2
b o lower 1= T
Z g —
1= & £
| 2 £ Coniferal &
5 upper 2 dominated é
185 z (Domerian) ! HE
b = 5| & Tl &
| 3 HE 215
2 lower 3= s|=
5 ) Q £ o=
b .8 | (Carixian) b 5 E
~ 2 = =
1 = ] E
) g 11
190 £ ° °
g L1 L1 |
A Oxytoma distribution I Conifers data sources:
(Arp & Seppelt, 2011) o Qaidam Basin (Wang et al., 2005)
<—— N/S-wards migration ems N-Europe (McElwain et al., 2005)
(Dera etal., 2011b) [ Cycadophytes- Russia (Vakhrameev, 1991)
ecotone between Tethyan and Ginkgophytes
W B ®  high-latitude bivalvs

(Damborena et al., 2013) I:l Cheirolepidiaceans

Figure 1-11: Evolution of faunal and floral realms throughout the Late Pliensbachian and Early Toarcian indicate drastic
environmental changes that occurred during the uppermost D. fenuicostatum zone. The formation of an endemic Arctic
fauna during the Late Pliensbachian is associated with a southwards expansion of Euro-Boreal faunas towards lower
latitudes. The demise of the Arctic fauna during the Early Toarcian (uppermost D. fenuicostatum zone) was accompanied
by the northwards migration of Mediterranian faunas and is also expressed by distribution of the coldwater-loving
Oxytoma. A warming of high-latitudes expressed by the shift in faunal provinces is also reflected by a significant
northwards shift of Classopollis associated with warm-loving Cheirolepidiacea.
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Glacially derived deposits and evidence for polar ice

During the Late Pliensbachian cold climates at high latitudes are indicated by the occurrence
of glacially derived deposits including diamictites, tillites, exotic boulder rocks and glendonites that
were reported from Siberia (Epshteyn, 1978; Kaplan, 1978; Price, 1999; Suan et al., 2013a). More
recently glendonites, documented in Late Pliensbachian sediments from northern Germany
corresponding to a paleolatitude of about 45°N (Teichert & Luppold, 2012), indicate that cold
climates might have extended to mid-latitudes (Fig. 1-12). The occurrence of these glendonites has
been debated controversially and was rather attributed to methane seeps than to cold climates
(Teichert & Luppold, 2012). However, glacially derived deposits in combination with fossil plants
diagnostic for cold climates were documented in Late Pliensbachian/Early Toarcian sediments from
similar paleolatitudes (Tchoumatchencoet al., 2008). Furthermore, it is interesting to note that recent
methane seeps were documented most frequently along permafrost boundaries boundary (Anthony et
al., 2012). Thus it can be argued that glendonites from N-Germany were formed at methane seeps at
water temperatures below 7°C, which has been assumed as the temperature limit for ikaite formation
(Buchardt et al., 1997; Rickaby et al., 2006).

The existence of polar ice is also indicated by a significant coupling of climate and sea level
changes during the Pliensbachian and Early Toarcian (Brandt, 1986; Suan et al., 2010; Korte &
Hesselbo, 2011; Pittet et a., 2014), whereby the Early Toarcian warming event can be associated
with a rapid sea level rise of about 30 to 90 m (Hallam, 1997). According to the timescale proposed
for the Early Toarcian the climate change and sea level rise occurred rapidly and cannot be explained
by tectonic processes or thermal expansion of ocean water (e.g. Pitman & Golovchenko, 1983).
Furthermore, rapid high-amplitude sea level fluctuations during the Lower Toarcian indicate glacio-

eustatic mechanisms as driving factors for sea level changes (Pittet et al., 2014).

Distribution of climate-sensitive sediments and inferred climate belts

The distribution patterns of climate sensitive sediments (e.g. like coals, evaporites, desert
sands) and vegetation realms are common tools to reconstruct past climate belts (e.g. Parrisch et al.,
1982; Ziegler et al., 1994; Rees et al, 2000; Ziegler et al., 2003). Several attempts that use the
distribution patterns of fossil vegetation have been undertaken to reconstruct Jurassic climate belts.
As a result of poor stratigraphic control of terrestrial paleovegetation, only Early, Middle and Late
Jurassic epochs can be distinguished (Ziegler et al., 1994; Rees et al., 2000). The poor temporal
resolution (5 — 20 Myr) does not allow the identification of periods reflecting contrasting climates or
rapid climate changes within a single epoch (Dera et al, 2011a). In the case of the Early Jurassic it
must be assumed that floral realms and inferred climate belts, proposed by Ziegler et al. (1994) or
Rees et al. (2000), represent only an average view and sum up data from the cooler
Sinnemurian/Pliensbachian and the warmer Hettangian and Toarcian. Thus, it can be assumed that
the northern limit of paleovegetation documented for the Early Jurassic reflects the warm climate
extreme of these epochs (Hettangian, Toarcian) and is thus not representative for the extent of
climate belts during cold stages (Sinnemurian, Pliensbachian). Additionally, it has been confirmed

that the Early Jurassic records a pronounced equator-pole zoning, with the boundary between warm
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and cool temperate floras situated at about 45°N (Ziegler et al., 1994; Rees et al., 2000). The
northwards extent of Early Jurassic vegetation and coal was mainly limited to latitudes between 60
and 70°N, whereas coal deposits attributed to the Pliensbachian stage show a southward shift with a
maximum of coal formation at about 50°N (Parrish et al., 1982). The northern limit of Jurassic coal
deposits and vegetation shows a similar latitudinal extent of to that Holocene peat (Markwick, 2007),
indicating similar climate conditions at these latitudes. It is further interesting to note that the present
day tree line is situated at about 70°N (Brown et al., 1997). It can therefore be assumed that the tree
line during the Pliensbachian was situated at similar latitudes.

These data indicate that the Pliensbachian was characterized by a strong equator-pole
gradient. This gradient is well expressed by the distribution of climate sensitive sediments (e.g.
Parrish et al., 1982) and by the extent of vegetation realms (Ziegler et al., 1994; Rees et al., 2000).
Reconstructed surface temperatures estimated from climate models for the Early Jurassic exhibit a
similar pattern (Fig. 1-12), whereby extreme cold temperatures were reconstructed for mid and high
latitudes of northern Pangaea (Chandler et al., 1992; Golonka et al., 1994).

isotherms ‘ glacial deposits @ reefs [ aeolian sands A A A (floral distribition

% elendonites @ cvaporites ® couls (cool-temperate, warm-temperate, tropical)

Figure 1-12: Distribution of climate sensitive sediments (glacial deposits, coals, aeolian sands, evaporites) and floral
realms. The overall distribution of climate sensitive sediments is in good agreement with modeling results that propose a
strong equator-pole gradient, whereby cold climate conditions prevailed at latitudes above 60°. However, this map provides
only an averaged view of the Early Jurassic, an epoch comprising strongly contrasting climate conditions, including

icehouse as well as greenhouse periods (see text for references and detailed discussion).
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1.2.4. Role and timing of the Karoo-Ferrar volcanism

Eruptions of large igneous provinces have assumed to be a major trigger for environmental
instabilities and mass extinctions (e.g. Bond & Wignall, 2014). An example being the causal and
temporal connection between the emplacement of the Karoo-Ferrar Large Igneous Province (K-F-
LIP) and the Toarcian environmental crisis, which is indicated by several lines of evidence (e.g.
Palfy & Smith, 2000; Caruthers et al., 2014). The emplacement of the K-F-LIP in southern Africa,
Antarctica, southern Australasia and Tasmania can be linked to breakup of Gondwana that started in
the Late Pliensbachian to Early Toarcian period (Encarnacion et al., 1996; Riley & Knight, 2001).
Both magmatic provinces consist of large basalt lava flows, dike swarms and sill complexes that
were emplaced nearly simultaneously during distinct short-term events (Jourdan et al., 2007, 2008;
Moulin et al., 2011; Svensen et al., 2012) within a period of about 5 Myr between 185 and 180 Ma
BP (e.g. Encarnacion et al.,, 1996; Riley et al.,, 2006; Jourdan et al., 2008). The Ferrar LIP is
represented by the Kirkpatrick Basalt, the Dufek layered mafic intrusion and numerous sills that
were emplaced within a period of about 350 kyr, with the onset of magmatic activity being dated to
182.8 Ma BP using high-precession U-Pb techniques (Burgess et al., 2015). The geomagnetic
polarity of the Kirkpatrick Basalt is exclusively of normal polarity and thus supports rapid
emplacement (Bachtadse & Rolf, 2012; Lemna et al., 2015). The age of the Karoo-LIP is less
constrained. Absolute ages (mainly K/Ar and Ar*’/Ar”) indicate that the entire province was
emplaced in a period of 8 — 10 Myr with an activity peak occurring between 185 and 180 Ma BP
(e.g. Jourdan et al., 2007, 2008). Precise U-Pb dating of sills and dykes resulted in ages of 183.7+0.6
(Encarnacion et al., 1996), 182.5+0.4 (Svensen et al., 2007), 183.0+0.5 to 182.34+0.6 (Svensen et al.,
2012), 183.0+£0.1 to 181.0+0.2 (Sell et al., 2014) and 182.3+0.1 (Burgess et al., 2015) for the
intrusive magmatism in the Karoo province. These dates are in good agreement with ages calculated
for the Ferrar province, while a slightly older date (~500 kyr) has been calculated for the onset of the
Karoo volcanism (Burgess et al., 2015). Extrusive magmatism in the Karoo province occurred in two
major phases (Moulin et al., 2011; Moulin et al., 2012; Gourtillot & Fluteau, 2014), an older
volumetrically minor one (basal Lesotho Basalt, Letaba River Basalt) and a younger volumetrically
major one (upper Lesotho Basalt, Sabi River Basalt, Botswana Basalt). Basalts belonging to the
initial stage are of reverse magnetic polarity (Hargreaves et al., 1997; Moulin et al., 2011; Gourtillot
& Fluteau, 2014). K/Ar (and Ar**/Ar’®) datings of the basalts indicate an age of ~184+2 My BP
(Duncan et al., 1997; Jourdan et al., 2007, 2008; Moulin et al., 2011). Basalts attributed to the main
extrusive phase are exclusively of normal magnetic polarity (Hargreaves et al., 1997; Moulin et al.,
2011; Gourtillot & Fluteau, 2014) and were emplaced between 181+2 and 183+2 Ma BP (Duncan et
al.,, 1997; Jourdan et al., 2007, 2008; Moulin et al., 2011). Despite of the large error bars,
geomagnetic data support a rapid emplacement of the Karoo basalts within brief events (Hargreaves
et al., 1997; Moulin et al., 2011; Moulin et al., 2012; Gourtillot & Fluteau, 2014). A detailed
comparison of these ages with ages from U-Pb dating is problematic due to a possible miscalibration
of the /K decay constant resulting in a ~1% shift of K/Ar (and Ar*’/Ar”®) ages towards younger
values (review in Jourdan et al., 2008; Mundil et al., 2006; Palfy, 2008). However, synthesis of
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geomagnetic information and available data on absolute ages indicate that the Karoo-Ferrar
volcanism started in the uppermost Pliensbachian and continued into the lower Toarcian, with the
peak activity occurring during the tenuicostatum zone (Fig. 1-13). The initial magmatic activity in
the Karoo province is represented by several intrusions as well as by the emplacement of the basal
Lesotho and Letaba River basalts (both are mainly of reverse magnetic polarity). This initial stage
might be responsible for the minor PI-Toa-CIE observed at the Pliensbachian-Toarcian boundary.
Based on geomagnetic and stratigraphic data, the main activity phase of the Karoo province,
characterized by the rapid emplacement of the upper Lesotho, Sabi River and Botswana Basalt as
well as by intrusive magmatism occurred simultaneously with the Ferrar magmatism (e.g.
Encarnacion et al., 1996; Riley et al., 2006).

The peak activity of the Karoo-Ferrar volcanisms took place between 184 to 182 Myr BP,
while the emplacement of the voluminous flood basalts occurred between 183.3 and 182.4 Ma,
corresponding to the D. tenuicostatum zone. The chronology proposed for the emplacement of the
Karoo-Ferrar-LIP clearly hint at a temporal connection between volcanic activity and environmental
instabilities. Thus, the K-F-LIP can be assumed to be the major trigger of the Early Toarcian
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Figure 1-13: Summary of radiometric dates for the emplacement of igneous rocks associated with the Karoo-Ferrar-LIP.
Radiometric dates in combination with geomagnetic information available for flood basalts allow to correlate the peak

activity of the Karoo-Ferrar volcanism with Toarcian environmental crisis.
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1.2.5. Toarcian black shales and anoxia

Organic-rich sediments (black shales, see Wignall, 1994) of Early Toarcian age are widely
distributed throughout northwestern Europe and the Mediterranean (Fig. 1-14B) (e.g. Farrimond et
al., 1988; 1994; Jenkyns, 1988; Baudin et al., 1990; Bassoulet & Baudin, 1994). Contemporaneous
bituminous facies have also been documented from Canada, Alaska, Argentina, Madagascar, Japan
and Australia (Jenkyns, 1988). The widespread occurrence of Early Toarcian bituminous deposits
that are limited to oxygen depleted environments let to the assumptions that they correspond to a
Toarcian Oceanic Anoxic Event (T-OAE) (Jenkyns, 1985). In stratigraphically well constrained
sections throughout Europe, Early Toarcian black shales mainly correlate to the upper D.
tenuicostatum zone and the H. serpentinum/H. falciferum zone, whereby onset and stratigraphic
extent can differ strongly (Fig. 1-14A) highlighting the role of local controls towards organic matter
accumulation (Wignall et al., 2005; McArthur, 2007; McArthur et al., 2008a, 2008b). Black shale
deposition occurred during a phase of rapid sea level rise (Rohl et al., 2001; Hermoso et al., 2013)
and global warming (Dera et al., 2011a) leading to an intensification of continental weathering rates
(Cohen et al., 2004) which in turn stimulated the primary productivity and water column
stratification (Hermoso et al., 2013). Differences in onset and stratigraphic extent of black shale
deposition reflect different paleogeographic settings and hydrodynamical regimes (Hermoso et al.,
2013).
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Figure 1-14: A) Stratigraphic distribution of bituminous facies throughout the latest Pliensbachian and early Toarcian
throughout the European epicontinental shelf and the Alpine-Mediterranean sector (Riegraf, 1985; Fleet et al., 1987). B)
Spatial distribution of bituminous facies corresponding to the Early Toarcian Oceanic Anoxic Event, deposited during the
upper D. tenuicostatum zone and the H. serpentinum zone (Baudin et al., 1990).
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Throughout Europe bituminous sediments were accumulated in two different
paleogeographic regimes, one being alongside the margins of the Tethyan Ocean (Alpine-
Mediterranean region) and the other one being within the epicontinental basin system of the
northwestern shelf area (northern Europe) (Fig. 1-14B) (Jenkyns, 1988; Farrimond et al., 1988).
Black shales are wide spread throughout the European epicontinental basin and show a high organic
matter content (TOC > 5 wt.%) that can be attributed to kerogen type II (Baudin et al., 1990). Black
shales of the Mediterranean-Alpine sector show a lower organic matter content (TOC < 2 wt.%) and
are limited to restricted basins. Organic matter from these basins is also of kerogen type Il but is in

general less well preserved.
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1.3. Motivation and objectives

Despite of numerous studies spanning the fields of paleontology, sedimentology and
geochemistry, major questions concerning the underlying mechanisms that lead to the profound
environmental changes documented during the Early Toarcian remain unsolved. Thus, no model
exists that links the different observations into a coherent Earth system concept. An exceptionally
well-preserved core (FR-210-078) from southern Luxembourg, spanning from the Late
Pliensbachian to the Early Toarcian, offered the possibility to study the Early Toarcian
environmental changes on a remarkable temporal resolution and in a very high detail. Additional
information about the study site is given in the appendix (see appendix Al).

The work presented is based on the combined use of high-resolution continuous core
analysis and discrete sample analysis, comprising organic, inorganic and isotope geochemical
approaches. It is anticipated that this approach allows to discuss environmental dynamics on
different timescales and to distinguish long-term trends and events. An overview on the conducted

analytical procedures and methodology is given in the appendix (see appendix A3).

The following major objectives are addressed in this study:

(1) Timescale and chronology of the Early Toarcian environmental crisis and the associated
carbon cycle perturbation are still discussed controversially (e.g. Suan et al., 2008; Huang &
Hesselbo, 2014; Boulila et al., 2014). However, a robust timescale is essential for the understanding
of processes and mechanisms that led to the profound environmental changes documented for this
time. One purpose of this study is to develop a cyclostratigraphy-based chronology for Core FR-210-
078 by analyzing high-resolution data obtained from continuous core scanning of sediment color and
magnetic susceptibility. The resulting robust timescale will allow the discussion of relevant
processes and underlying mechanisms that resulted in the major Toa-CIE.

(2) There is strong evidence that the Western Tethyan shelf was affected by enhanced fresh
water inflow resulting in brackish surface waters, at least during certain periods e.g. Rohl et al.,
2001; Bailey et al., 2003; Hermoso et al., 2009b; Dera et al., 2009b: 2015). However, evolution of
sea surface salinity as well as possible sources of fresh water are less well constrained. This study
aims to reconstruct changes in sea surface salinities and gain information on fresh water sources and
water mass dynamics on the Western Tethyan shelf. This knowledge can be useful for a better
understanding of the mechanisms controlling the fresh water supply. Furthermore, identifying
freshwater sources might allow to draw conclusions about environmental and climatic conditions.

(3) Water column stratification, rise in sea level and eutrophication have been assumed to
drive organic matter accumulation on the Western Tethyan shelf (e.g. Rohl et al., 2001; Hermoso et
al., 2013). A purpose of this study is to reconstruct the dynamics of shelf sea anoxia and photic zone
euxinia and their implication on inorganic, organic and isotope geochemical parameters. Particular
attention is paid to factors controlling the proposed restriction of the Western Tethyan shelf sea and

the water exchanges with the Arctic and Tethyan Oceans (e.g. McArthur et al., 2008a).
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(4) Studying dynamics of marine primary producer communities during periods of enhanced
ecological stress are of major importance for our understanding of marine ecosystems and can help
evaluating the impact of global warming and rising atmospheric CO, concentration on community
structures. Numerous works focused on the evolution calcareous nannofossils (e.g. Mattioli et al.,
2008; Fraguas et al., 2012) or organic-walled phytoplankton (van de Schootbrugge et al., 2005)
during the Late Pliensbachian and Early Toarcian. However, these groups represent only a minor
part of the overall marine primary producer communities. The response of primary producers
without hard-fossil structures or skeletons, representing the majority of marine primary producers,
has not been investigated with a sufficient resolution. It is anticipated that the detailed analysis of
steroid biomarkers will provide insights into to response of marine phytoplankton to the Early

Toarcian environmental changes.

Answering these questions will enhance our understanding of past climate and
environmental changes and can provide vital insights in the underlying mechanisms. This knowledge
might also help understanding recent and future climate changes and may allow to predict the impact

of anthropogenic-introduced global warming.
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Chapter Two: Chronology of the Early Toarican environmental crisis

Abstract

Early Toarcian (Jurassic; ~183 Ma) sediments recorded profound environmental changes,
including mass extinction, global warming, marine transgression as well as widespread bottom water
anoxia and organic matter accumulation on the Western Tethyan shelf. Enhanced organic matter
accumulation was accompanied by a positive carbon isotope excursion (CIE) in pelagic carbonate,
which marks the Toarcian Oceanic Anoxic Event. These environmental changes were accompanied
by a major perturbation of the global carbon cycle, expressed by negative CIE, interrupting the
positive trend. The duration of the carbon cycle perturbation is still debated, with estimates for the
negative CIE range from ~200 to ~600 kyr. Here we present ultra high-resolution (<lkyr)
measurements of magnetic susceptibility and sediment color from a marine section located in the
Lorraine Sub-Basin (NE Paris Basin) documenting Milankovitch-controlled fluctuations in
depositional conditions that occurred superimposed onto the overall sea level evolution. Differences
in the wavelength of the sedimentary cycles indicate variable sediment accumulation rates that
mainly resulted from rapid sea level fluctuations. The most pronounced sea level rise that took place
within the uppermost D. tenuicostatum zone resulted in a strong condensation of the basal Schistes
Carton formation. Strong condensation can explain the discrepancy between durations previously
calculated for the CIE placed at this stratigraphic interval. Our data support durations of ~900 kyr
and ~600 kyr for the positive and negative CIE, respectively. The cyclostratigraphy-based timescale
further proposes a duration of >555 kyr for the D. tenuicostatum zone and ~1300 kyr for the H.
serpentinum zone. The durations of the H. elegantulum and H. falciferum subzones can be estimated
to ~790 kyr and ~520 kyr, respectively. A change in the orbital response from eccentricity- to
obliquity-forcing, evident from other locations, is well-expressed in the Lorraine Basin and occurred
within the CIE interval. The strong impact of the obliquity component in post-event deposits hints to
processes most effective at high latitudes, such as the waxing and waning of polar ice.
Paleogeographic features of the Western Tethyan shelf supported the tele-connection of higher to

lower latitude processes via water exchange through the Viking corridor.
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2.1. Introduction

The Early Toarcian (Early Jurassic, ~183 Ma BP) is highlighted by its event-character
including mass extinctions at the Pliensbachian-Toarican boundary and at the D. fenuicostatum-H.
serpentinum boundary (Harries & Little, 1999; Caswell et al., 2009). Both extinction intervals are
marked by pronounced negative shift in carbon isotope values recorded in organic matter and
carbonate, which indicate (global) perturbations of the carbon cycle (Heselbo et al., 2000; 2007;
Suan et al., 2008; Littler et al., 2010; Kemp et al., 2005; 2011). Extinction events and carbon cycle
perturbations occurred during a period of rapid global warming that may mark the transition from an
icehouse to a greenhouse world (e.g. Suan et al., 2008; Dera et al., 2011a; Silva & Duarte, 2015 and
references therein). Global warming caused an acceleration of the hydrological cycle (Cohen et al.,
2004) and led to an eutrophication of the Tethyan shelf seas that contributed to the widespread
deposition of organic-rich sediments (Baudin et al., 1990), which are attributed to the Toarcian
Oceanic Anoxic Event (T-OAE) (Jenkyns, 1988). A fundamental reorganization of the global
climate system that resulted in changes in the water storage is documented by a shift from
eccentricity- and precession- to obliquity-dominant orbital forcing as evident from cyclostratigraphic
investigations at locations across the Western Tethyan shelf (Hinnov and Park, 1999, Suan et al.,
2008; Huang & Hesselbo, 2014). Furthermore, rapid high-amplitude (glacio-eustatic) sea level
fluctuations, superimposed on the 2™order transgression that occurred throughout the D.
tenuicostatum and H. serpentinum zones (Hardenbol et al., 1998 and Gély and Lorenz, 2006),
resulted in highly fluctuating depositional conditions and led to the formation of depositional
hiatuses and condensed stratigraphic intervals that are documented for the upper Pliensbachian and
lowermost Toarcian (e.g. R6hl & Schmidt-Rohl, 2005, Léonide et al., 2012 and Pittet et al., 2014).

Due to the event character of this period a robust timescale is of major importance for the
understanding of triggering mechanisms, especially for those causing the pronounced carbon cycle
perturbation that is closely related to the T-OAE (Hinnov & Park, 1999; Suan et al., 2008; Kemp et
al., 2011; Huang & Hesselbo, 2014; Boulila et al., 2014). Timescale and chronology of the Early
Toarican environmental crisis and carbon cycle perturbation are topic of ongoing controversial
discussion, whereby durations of ammonite zones and the carbon cycle perturbation mainly base on
floating chronologies as discrete time lines (e.g. tephra layers, intrusions, etc.) are not available for
biostratigraphic and chemostratigraphic well-constrained sections. However, floating chronologies
based on cyclostratigraphy are subject to contrasting interpretation and discussion as exemplified for
the Early Toarcian by previous contributions that calculated durations between ~200 and ~900 for
the Toarican carbon cycle perturbation (e.g. Suan et al., 2008; Kemp et al., 2011; Boulila et al.,
2014; Huang and Hesselbo, 2014). This chapter presents a timescale at the ammonite subzone scale
deduced from spectral analysis. Results highlight the importance of changes in astronomical forcing
superimposed onto the general sea level evolution and reveal that changes in sea level and sediment
supply result in strongly differing sediment accumulation rates that are well expressed by
cyclostratigraphy. Changes in sediment accumulation rates have the potential to explain the different

durations calculated for the Toarcian negative carbon isotope excursion.
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2.2. Periodicity in sediments of Core FR-210-078

Sediments of Core FR-210-078, represented by the Grés médioliasiques Fm and by the
Schistes Carton Fm, correspond the Late Pliensbachian (P. spinatum zone) and to the Early Toarcian
(D. tenicostatum zone and H. serpentinum zone). Details on the biostratigraphic framework are given
in the appendix Al1.3 (Fig. A2). The Early Toarcian carbon cycle perturbation expressed by a
negative CIE in the upmost D. tenuicostatum zone (e.g. Hesselbol et al., 2000a; Kemp et al., 2005;
Hermoso et al., 2012) is well expressed at a similar stratigraphic position in sediments corresponding
the basal Schistes Carton Fm. The overall evolution of 613Ccarbonate—data (see appendix 3.2.3 for
methodology) reveals a pronounced positive excursion of about +3%e covering the uppermost D.
tenuicostatum zone and lower H. serpentinum zone (mainly H. elegantulum subzone), which can be
associated with Early Toarican Oceanic Anoxic Event (e.g. Jenkyns & Clayton, 1997; Hesselbo et
al., 2000a; also see Chapter 1.2.2.). This positive trend is interrupted by a pronounced negative
carbon isotope excursion of about -5%o at the base of the Schistes Carton Fm, represented by Interval
3 (Fig. 2-1). The initial shift to more negative values can be placed in the uppermost D.
tenuicostatum zone, whereas the main body of the CIE as well as a subsequent gradual recovery
phase can be placed in the lower H. elegantulum subzone. In addition, two negative spikes of -1 and
-2%o, respectively, were observed within the uppermost H. elegantulum subzone (Fig. 2-1).
Furthermore, a less pronounced negative shift of -1%o occurs close to the Pliensbachian-Toarcian
boundary.

The striking negative Toa-CIE further aligns with a major facies changes marking the
transition between Grés médioliasiques Fm and Schistes Carton Fm. Both formations strongly differ
in their lithological characteristics, which are described in detail in the appendix Al.4.. Sediments
corresponding the Grés médioliasiques Fm consist of homogenous light-grey to grey bioturbated
claystones, with a mainly low carbonate content. The Schistes Carton Fm is composed of laminated
grey to dark-grey bituminous marls, with exception of the basal part that consists of a bituminous
claystone. However, a remarkable variability has been observed in sediments of the Schistes Carton
Fm, indicating profound fluctuations in depositional conditions. Results from high-resolution
measurements obtained from continuous measurements of magnetic susceptibility and sediment
color (review appendix A3.1 for methodology) show a strong correlation with lithological changes
and reveal a significant cyclicity that is well defined in the H. elegantulum subzone, less so in the H.
falciferum subzone and seems to be absent in the Grés médioliasiques Fm. High MagS-values and
low a*-values are limited to the Greés médioliasiques Fm and to the horizons within the Schistes
Carton Fm that show an indistinct lamination. In contrast, laminated sediments of the Schistes
Carton Fm are characterized by elevated a*- and low MagS-values (Fig. 2-1). Changes in parameter
obtained from continuous core measurements can be associated with changes in the sediment
compositions, whereby variations in carbonate and organic matter content obtained from bulk
geochemical analysis (see appendix 3.2.1 for methodology) have the highest impact towards
magnetic susceptibility and sediment color. A good positive correlation observed between total

organic carbon content and a*-values indicates that changes in organic matter abundance strongly
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affect this parameter (Fig. S2-1). Throughout the Schistes Carton Fm a robust negative correlation is
observed between MagS-values and carbonate content, as a negative correlation is observed

throughout the Grés médioliasiques Fm (Fig. S2-1).
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Figure 2-1: Down-core plots showing the evolution of sediment color a* (L*- and b*-values not shown here), magnetic
susceptibility (MagS), variations in carbonate content and 8Cearbonate data. Intervals 1 to 4 are distinguished on the basis of
sedimentological and geochemical criteria. Indistinct-laminated intercalations identified within Interval 2 (upper H.
elegantulum subzone) are highlighted grey, the blue mark indicates a brief carbonate-rich interval. The stratigraphic
interval that corresponds to the Toarcian Oceanic Anoxic Event is well expressed by a positive carbon isotope excursion
(highlighted in blue). Negative shifts in carbon isotope values are highlighted in red, the most pronounced —5%o shift
occurred within Interval 3 (upmost D. tenuicostatum zone and lower H. elegantulum subzone) and could be assigned to the
Toarcian carbon cycle perturbation. The negative carbon isotope excursion associated with the Pliensbachian-Toarcian
boundary is indicated but is not expressed very clear. Several negative spikes observed throughout the profile might result
from diagenesis under the influence of organic matter (Lavastre et al., 2011; see Fig. S4-6 in the appendix) and are also
documented in 8°C.ypone data from other location (e.g. Rohl et al, 2001; Hermoso & Pellenard, 2014). (Pl. =

Pliensbachian; P. spin. = P. spinatum zone; H. bifr. = H. bifrons zone; 13 = Interval 3.)
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On the base of lithological observations (e.g. sedimentation style) and bulk geochemical data
four intervals (Interval 1- 4) can be distinguished in Core FR-210-078. Within the Grés
médioliasiques Fm (Interval 4; 39.92 — 31.97 m) carbonate content is relatively low and varies
between 10 and 20 wt.%. High carbonate content that exceeds 20 wt.% is limited to narrow horizons
in the uppermost P. spinatum and D. tenuicostatum zones (Fig. 2-1). The basal Schistes Carton Fm
(Interval 3; 30.75 — 31.97 m) is characterized by the lowest carbonate content (mainly <10 wt.%).
The lowest values (<5 wt.%) occur at the base of this interval, as an increasing trend characterizes
the upper part of Interval 3. Elevated carbonate values (>10 wt.%) within Interval 3 are restricted to
narrow horizons (Fig. 2-1). Highest and most variable carbonate content is observed in Interval 2
(30.75 — 22.00 m) where values vary between ~20 and ~60 wt.%. High carbonate concentrations
occur mainly in the marls that show a distinct lamination and low concentrations in the more
homogenous horizons that show an indistinct lamination. A thin horizon from 21.88 to 21.79 m
reaches a carbonate content of 90 wt.%. The carbonate content throughout Interval 1 (22.00 — 9.55
m) is less variable and mainly ranges from ~20 to ~40 wt.% (Fig. 2).

Throughout the Intervals 1 - 4, distinguished by sedimentological criteria, the presence of
regular cycles is confirmed by spectral analysis. In Interval 1 the presence of three significant
frequency peaks that correspond to wavelengths of 2.90 m, 1.05 m and 0.60 m is confirmed by
spectral analysis. Hierarchy of the cycles allowed to attribute those to eccentricity (100 kyr),
obliquity (35 kyr) and precession (21 kyr) forced cycles (Fig. 2-2). The presence of regular cycles
with mean wavelengths of 1.10 m, 0.65 m and 0.45 m is confirmed for Interval 2. Cycle hierarchy
allowed to attribute these cycles to obliquity (35 kyr) and precession (21 kyr and 15 kyr) cycles.
Another frequency peak, representing a periodicity with a mean wavelength of about 3.00 m, is
present in the MTM power spectrum for Interval 2 but does not reach the 90% confidence level (Fig.
2-2). This cycle most likely represents the short eccentricity component. However, due to the short
sampling interval the eccentricity component was not well expressed, but appeared clearly when
analyzing the entire sediment succession from 9.55 to 30.75 m (Intervals 1 + 2; Fig. S2-2; S2-3).
Interval 3, representing the black shale interval (senso lato), reveals evidence for the presence of two
regular cycles with a mean wavelength of 0.20 m and 0.07 m. The wavelength ratio hints to cycles
matching with those of eccentricity (100 kyr) and obliquity (35 kyr) (Fig. 2-4). Spectral analysis of
the ultra-high resolution a*-data confirmed this cyclicity and further revealed evidence for the
presence of a regular cyclicity with a mean wavelength of 0.04 m and 0.03 m that can be attributed
to the 21 kyr and 15 kyr precession index (Fig. 2-4). Throughout Interval 4 the presence of regular
cycles corresponding to wavelengths of 1.15 m, 0.50 m and 0.30 m is confirmed for the a*-data (Fig.
2-2). Cycle hierarchy allowed to attribute these cycles to 100 kyr, 35 kyr and 21 kyr orbital cycles. A
strong frequency peak corresponding to a 0.50 m cycle is also evidenced in the MagS data, whereas
a frequency peak corresponding to the 1.15 m cycle is indicated but didn’t reach the 90% confidence
level. Interestingly no frequency peak reflecting the precession parameter is observed in the MagS-
data. Shifts in the cycle’s wavelengths observed between the intervals reflect significant differences

in the sediment accumulation rate.
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Figure 2-2: The 2a-MTM power spectrum for Intervals 1 — 4 of a*- and MagS-core depth series (CL: confidence levels).
Hierarchy of significant spectral peaks may be attributed to Milankovitch cycles. Spectral peaks attributed to eccentricity
cycles (100 kyr) are marked in green, obliquity cycles (35 kyr) are marked in blue and precession cycles (21 kyr and 15
kyr) are marked in orange. The presence of a regular cyclicity within Interval 3 is confirmed by spectral analysis for the

ultra-high resolution a*-core depth series (Fig. 2-4).
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Figure 2-3: Stratigraphic and lithological chart of Core FR-210-078. Lithological changes are well expressed by sediment
color and MagS-data and show a strong cyclic pattern. The periodicity closely resembles Milankovitch cycles, allowing
deduction of a time scale at the ammonite subzone level (E: short eccentricity; O: obliquity; P: precession). Cycles were
extracted using the Gaussian filter with a bandwidth of 0.2 for Intervals 1 and 2. A bandwidth of 0.25 was used to extract
cycles in the Interval 4. Evolution of the sea level is adapted from Hardenbol et al. (1998) (also see Chapter 1.1.2). Details

on the biostratigraphic framework are given in the appendix A1.3..
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Figure 2-4: A) Stratigraphic and lithological chart of the basal Schistes Carton Fm (Interval 3; 30.75-31.97 m). Interval 3
is characterized by strongly reduced carbonate content (generally <10 wt.%), as the lower black shale interval is
characterized by the most serve carbonate depletion (<5 wt.%). The overall trend observed within the 1 cm-scaled a*-
values (black curve) shows a good fit with ultra-high resolution a*-data (re-sampled to 1 mm) obtained from line camera
scanning. The presence of regular cycles that can be attributed to 100 kyr eccentricity, 35 kyr obliquity and 21 kyr
precession-forced orbital cycles indicate a strong condensation, which is corroborated by sedimentological findings. Cycles
within Interval 3 were extracted using the Gaussian filter with a bandwidth of 4. B) The 2n-MTM power spectrum of the
ultra-high resolution a*-data (rescaled to 1 mm) for the black shale interval (Interval 3; 30.75-31.97 m) confirms the
presence of regular cycles with mean wavelengths of 0.20 m, 0.07 m, 0.04 m and around 0.03 m. Hierarchy of these cycles
match well with those of Milankovitch cycles and confirmed the cyclicity observed in the 1 cm-scaled data sets (CL:

confidence levels).

The 1 cm scaled a*-data (Intervals 1, 2, 4) and 1 mm scaled a*-data (Interval 3) were
transformed from a depth to a time domain by performing orbital tuning for each interval separately.
Orbital tuning was performed by calibrating cycles attributed to the obliquity term in the original
data to a 35 kyr periodicity. We used the 35 kyr obliquity component as this parameter was well-
expressed throughout all intervals (Figs. 2-3, 2-4). Afterwards the 1 cm scaled a*-data for Intervals
1, 2 and 4 were combined with the 1 mm scaled a*-data set for Interval 3 and the entire tuned a*-
data series was interpolated, even-scaled to 0.5 kyr and subjected to spectral analysis. The MTM
power spectrum for the entire tuned a*-data showed significant periodicities at ~100 kyr, 55 kyr, 43
kyr, 36 kyr, 33 kyr, ~26 kyr, 21 kyr, 19 kyr, 18 kyr and 14 kyr and, thus, showed an excellent fit with
the astronomical model of La2004 (Fig. 2-5). According to Berger & Loutre (1994) and the La2004
astronomical model (Laskar et al., 2004) the cycle hierarchies match excellent with those for the

Early Jurassic Period.
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Chapter Two: Chronology of the Early Toarican environmental crisis

2.3. Discussion

2.3.1. Astronomical and sea level controls on sedimentary cycles

Throughout the investigated section changes in lithology are well documented by the
evolution of sediment color and MagS-values. Changes in sediment color are controlled by several
factors, including organic matter and carbonate content as well as mineral assemblage (e.g. Zhao et
al., 2011). As in Core FR-210-078 high a*-values and b*-values (Fig. 2-1) are associated with the
dark-grey laminated horizons of the Schistes Carton Fm, organic matter content is assumed to have
been the major contributing factor. A strong relation between organic matter content and a*-
chromaticity is confirmed by a positive regression that is observed between these parameters (Fig.
S2-1). Changes in MagS-values could be mainly attributed to variable dilution of terrigenous-derived
minerals by marine derived carbonate (e.g. Ellwood et al., 2000). A negative correlation that is
observed between MagS-values and carbonate content throughout the Schistes Carton Fm supports
this interpretation (Fig. S2-1).

The long-term 2™ order sea level rise proposed by Hardenbol et al. (1998) (see also Gély &
Lorenz, 2006 for the Paris Basin) is well expressed by decreasing MagS-values observed throughout
the sediment succession (Fig. 2-3). Furthermore, deposition in a shallow marine and high energetic
environment during the Grés médioliasiques Fm is corroborated by homogenous and bioturbated
sediments as well as by a low carbonate content and the occurrence of minor contributions of silt. In
contrast, laminated sediments of the Schistes Carton Fm indicate deposition in a low-energy
deposition environment below wave and storm base during a stage of higher sea level (Wignall,
1994).

Throughout the Grés médioliasiques Fm all Milankovitch cycles are well expressed by
fluctuations in sediment color (Interval 4; Fig. 2-3). In particular, obliquity and precession
components appear well defined in a*- and b*-values. A strong eccentricity component is also
present but a slightly differing number of cycles is observed in a*- and b*-values (Figs. S2-2, S2-3).
This discrepancy can be attributed to the incomplete removal of preferentially long-wavelength
cycles by erosional events (Weedon, 2003). MagS-data of Interval 4 were only analyzed from 34.00
to 38.00 m as data below and above show strong positive peaks attributed to single events and thus
are not suitable for spectral analysis. Results hint to the presence of eccentricity and obliquity
components, although the spectral peak corresponding to the eccentricity cycle does not reach the
90% confidence level. Interestingly, no spectral peak matching with those of the precession index is
found in the MagS-series. A combination of eccentricity, obliquity and precession signals in
sediments corresponding to the D. fenuicostatum zone was also documented in the Peniche (Suan et
al., 2008) and Colle di Sogno (Hinnov and Park, 1999; Hinnov et al., 2000) sections. During the
deposition of the Grés médioliasiques Fm a generally low and fluctuating sea level strongly affected
sedimentation in the Lorraine Sub-Basin, whereby short-lived sea level fluctuations led to formation
of hiatuses and condensed intervals that are well-documented for the upper Pliensbachian and lower
Toarcian across the Tethyan shelf area (e.g. Rohl & Schmidt-Rohl, 2005; Léonide et al., 2012).
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These short-lived sea level changes were most likely climate-controlled and may indicate glacio-
eustatic sea level fluctuations (Pittet et al., 2014). Iron-bearing, dolomitic horizons characterized by
elevated MagS-values and the occurrence of reworked shell fragments are observed within the
uppermost P. spinatum zone and upper D. tenuicostatum zone (Figs. 2-1, 2-3) and may indicate
erosion and/or condensation. Dolomitic intercalations in the uppermost D. fenuicostatum zone were
also observed in the Sancerre core (Hermoso et al., 2103) and could correspond to the D2
discontinuity (see figure 5 in Pittet et al., 2014). A carbonate-rich intercalation in the uppermost P.
spinatum zone that is marked by elevated MagS-values may correspond to the stage of lowest sea
level in the uppermost Pliensbachian. A thin intercalation of dark-grey, laminated bituminous
sediments marks the sea level rise, taking place at the Pliensbachian-Toarcian boundary (P18-Toal
cycle; Fig. 2-3) and resulting in a stage of condensation that may corresponds the D1 condensed
interval in the Lusitanian Basin (Pittet et al., 2014).

In the Lorraine Sub-Basin as well as in the central Paris Basin the Schistes Carton Fm
mainly consists of bituminous marls represented by Intervals 1 and 2 (9.55 — 30.75 m), whereas the
basal part (Interval 3, 30.75 — 31.97 m) represents a bituminous claystone (black shale, senso lato)
deposited during a stage of rapid sea level rise (Figs. 2-3, 2-4). Within this interval results from
spectral analysis of a*- and MagS-data indicate the presence of regular cycles with mean
wavelengths of 20 and 7 cm. On the base of their frequency ratios these cycles were attributed to 100
kyr eccentricity and 35 kyr obliquity cycles (Fig. 2-2). This finding was confirmed by the results
from spectral analysis of the ultra-high-resolution a*-data, obtained from image analysis, that also
indicated the presence of a strong 100 kyr eccentricity- and 35 kyr obliquity-forced cyclicity.
Furthermore, 21 kyr precession based cycles were clearly present in the ultra-high resolution data
(Fig. 2-4). The dominance of eccentricity forcing in sediments from Peniche/Portugal, corresponding
to the lowermost H. serpentinum zone, was corroborated by Suan et al. (2008) and Huang &
Hesselbo (2014). Results attest a strongly reduced wavelength for the sedimentary cycles observed
within Interval 3, when compared with intervals below and above (Figs. 2-3, 2-4). It is thus inferred
that the 1.22 m of strata attributed to Interval 3 represents a stage of extreme condensation and
covers about 600 kyr. Strong condensation can occur as the result of a rapid sea level rise,
accompanied by retrograding coastlines, decreased terrigenous input and thus sediment starvation
(Coe, 2003). Extremely slow sediment accumulation rates resulting in strong condensation are
documented for several black shale deposits deposited during transgressive phases (Wignall, 1994).
Extreme condensation around the D. tenuicostatum-H. serpentinum boundary is also documented by
the D3 condensed interval for the Lusitanian Basin (Pittet et al., 2014). Furthermore, Interval 3
sediments are characterized by strongly decreased carbonate contents (4 to 10 times lower) than in
the marls of Intervals 1 and 2 (Fig. 2-1). Low carbonate contents at the basal Schistes Carton Fm and
isochronous deposits across the Tethyan shelf have been attributed to a biocalcification crisis that led
to a sharp decline in calcareous nanoplankton due to harsh environmental conditions (Mattioli et al.,
2009). The decline of calcareous primary productivity might further have contributed to decreased
sediment accumulation rates. Sediment starvation in the siliciclastic-dominated environments of the

northern Paris Basin most likely resulted from a rapid sea level rise. Condensation originating from a
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biocalcification crisis might be more important in carbonate-dominated environments that were
located further south in the Mediterranean realm (Mattioli & Pittet, 2002; Léonide et al., 2012).
Thereby, the degree of condensation in isochronous deposits within various European Basins
(Cleveland Basin, South German Basin, Paris Basin, Lusitanian Basin, Lombardy Basin) can differ
strongly. Furthermore, strong condensation of the D. tenuicostatum zome in the Sancerre core
highlights the spatial variability of the depositional conditions in the Paris Basin during this period.
These highly variable depositional conditions in a shallow shelf sea can result in strongly differing
sediment accumulation rates.

Following a rapid sea level rise, reflected by Interval 3, the Intervals 1 and 2 represent a
period of generally high sea level, which is indicated by high carbonate content and decreased
MagS-values (Fig. 2-1). In detail, however, sediments corresponding to Interval 2 show frequent
intercalations of horizons with indistinct lamination and partly homogenous sedimentation style. The
alternations between distinct laminated and indistinct laminated horizons are well expressed in
MagS-data and sediment color and could indicate short-lived sea level fluctuations, which can be
clearly attributed to obliquity-forced cycles (Figs. 2-2, 2-3). Similar observation were made by
Hinnov & Park (1999) and Suan et al. (2008), who inferred that sedimentary cycles during the H.
serpentinum zone (or time-equivalent chronozones) show a very strong obliquity component. The
dominant influence of the obliquity parameter might indicate processes most effective at high
latitudes (Berger & Loutre, 1994; Laepple & Lohmann, 2009). Furthermore, Interval 2 could
represent the highstand system tract of the Toal-Toa2 sea level cycle (Fig. 2-3). A less rapid sea
level rise or stagnation, resulting in a progradation of the coastline (Coe, 2003), as well as elevated
weathering rates (Cohen et al., 2004), would have led to an increase in sediment supply and to a
steady accommodation space. This setting was very sensitive towards short-lived fluctuations in sea
level, which may have been controlled by high-latitude processes, such as the waxing and waning of
polar ice. As the Tethyan shelf was connected with the Arctic Ocean via the Viking Corridor (see
Fig. 1-4 in Chapter 1.1.3.), processes at high latitudes could be tele-connected to low latitudes via the
water exchange between the Arctic and Tethyan Oceans (Bjerrum et al., 2001).

Interval 1 corresponds to the stage of the highest sea level, as the maximum flooding zone of
the 2™ order sea level cycles can be placed somewhere within the uppermost H. serpentinum zone,
which is confirmed by Gély & Lorenz (2006) for the Paris Basin (Fig. 2-3). The periodicity observed
in sediment color and MagS-data reveals an amalgamated eccentricity, obliquity and precession
signal (Figs. 2-2, 2-3). The reduced strength of the obliquity parameter indicates that high latitude
processes were no longer the major controlling factor on sedimentation or sedimentation processes
and that the Lorraine Basin during this period was less sensitive to short-lived sea level variations

due to a generally high sea level.
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2.3.2. Towards the 405 kyr cycles in the Lorraine record

The identification of 405 kyr cycles in the original data is problematic due to strongly
fluctuating sedimentation rates. Low frequency cycles are also not expressed in the tuned a*-data
series (Fig. 2-5), as a result of the detrending procedure that was applied to the tuned a*-data.
Furthermore, low frequency cycles might be obscured by erosional surfaces in the D. tenuicostatum
zone, resulting in partially missing strata and thus the partial removal of those cycles. However,
analyzing the tuned a*-data for the Schistes Carton Fm. does not require removal of long-term trends
and consequently low frequency cycles are not affected by any detrending artefacts (e.g. Vaughan et
al., 2014). Following this approach and analyzing the tuned a*-data for the Schistes Carton Fm.
allows identification of a frequency matching with the 405 kyr period. In addition, a long-term trend
in the dataset might reflect the 1.6 Myr period. Hence, it can be stated that a 405 kyr (and the 1.6
Myr) period though not very prominent is indicated in our data set (Figs. 2-5, 2-6). In summary, the
H. serpentinum zone according to our analysis covers about 3 to 4 405 kyr cycles, matching findings

from the Peniche section (Huang & Hesselbo, 2014).

2.3.3. Duration of the ammonite zones and subzones

A timescale for the sediment succession and thus for the ammonite zones and subzone was
inferred from the tuned a*-time series (Fig. 2-6). The D. tenuicostatum zone spans from 37.90 m to
31.82 m, the D. tenuicostatum-H. serpentinum boundary is placed within the lowermost Schistes
Carton Fm (Fig. 2-3). The D. tenuicostatum zone covers 5.5 short eccentricity (100 kyr), about 16
obliquity (35 kyr) and 27 (21 kyr) precession cycles identified in interval 4 and approximately one
additional short eccentricity cycle identified in Interval 3 (Figs. 2-4, 2-6). Counting these cycles
resulted in a duration of 550 to 560 kyr. Here we suggest that the sediment succession corresponding
to the D. tenuicostatum zone represents ~555 kyr of sediment accumulation. This duration is only a
minimum estimation as erosional events during this stage are most likely. Our results are in
agreement with the timescale of Gradstein et al. (2012), which lists a duration of 800 - 1000 kyr for
the D. tenuicostatum zone. Differences to the findings of Boulila et al. (2014), who calculated a
duration of less than 100 kyr can be attributed to uncertainties in biostratigraphic framework and
unrecognized changes in sediment accumulation rate and/or erosional events in the Sancerre core.

The H. serpentinum zone includes the Intervals 1 — 3; the lowermost part of Interval 3
corresponds to the D. tenuicostatum zone (Figs. 2-4, 2-6). Approximately 12 short eccentricity (100
kyr), 35 obliquity (35 kyr) and about 60 precession-based (21 kyr) astronomical cycles are attributed
to the H. serpentinum zone, resulting in a duration of 1200 to 1260 kyr (Fig. 2-6). However, the H.
serpentinum-H. bifrons boundary is not recovered in Core FR-210-078 but would be placed at a
depth of around 6 to 7 m (see appendix Al.3.) based on parallelization with core FR-207-142
(Guérin-Franiatte et al., 2010). Assuming no significant changes in sediment accumulation rate, the

missing sediment interval of around 2.5 m covers another 100 kyr. Cumulatively, a minimum
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duration of 1300 to 1360 kyr can thus be estimated for the H. serpentinum zone. The duration of the
H. elegantulum subzone can be estimated to at least 790 kyr and the duration of the H. falciferum
subzone to a minimum of 520 kyr (Fig. 2-6). Despite all uncertainties the duration of the H.
serpentinum zone as proposed here is in good agreement with durations calculated by Suan et al.
(2008) or Huang & Hesselbo (2014), who suggested a duration ranging from 1.1 Myr to 1.6 Myr.
Furthermore, our results match well with the Geological Timescale 2012 that proposes a
cyclostratigraphy-based duration of about 1.3 Myr for the H. serpentinum zone (see Gradstein et al.,
2012 and references therein). In addition, strontium isotope data from the Cleveland Basin assigns
durations of about 1 Myr and 0.3 Myr, for the H. elegantulum and H. falciferum subzones,
respectively (McArthur et al., 2000), which slightly differs from the 0.8 Myr and 0.5 Myr estimated
by this study. However, the total 1.3 Myr duration calculated for the H. serpentinum zone is in good
agreement with the Sr-isotope profile based duration of about ~Myr (McArthur et al., 2000).
Differences in the durations calculated for the ammonite subzones might result from uncertainties of

biostratigraphic boundaries.
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Figure 2-6: Tuned a*-time series plotted against the stratigraphic column and corresponding filter output for eccentricity,
obliquity and precession components. The resulting timescale for the entire H. serpentinum zone is in agreement with
findings from the Peniche section (Suan et al., 2008; Huang & Hesselbo, 2014). The duration of ~555 kyr for the D.
tenuicostatum zone is only a minimum estimation as Interval 4 is most likely affected by erosional events. The duration for
the H. serpentinum zone can be estimated to ~1.31 Myr, the H. elegantulum subzone lasted ~790 kyr and the H. falciferum
subzone lasted ~520 kyr. On the base of the timescale proposed here, the positive Toarcian CIE lasted for 900 to 1000 kyr
and the negative Toarcian CIE lasted for ~600 kyr.
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Chapter Two: Chronology of the Early Toarican environmental crisis

2.3.4. Duration of the Toarcian carbon cycle perturbations

A pronounced positive shift in 8" Caronae-values of about +3%o, that spans the uppermost D.
tenuicostatum zone and lower H. serpentinum zone (mainly H. elegantulum subzone) that is
commonly associated with the Toarcian Oceanic Anoxic Crisis (e.g. Jenkyns, 1988), is well
expressed in our data (Figs. 2-1, 2-6). This positive shift is interrupted by a striking negative CIE,
which is documented from several time-equivalent sections across the Western Tethyan shelf (e.g.
Rohl et al., 2001; Suan et al, 2008, 2011; Sabatino et al., 2009; Kemp et al., 2011; Hermoso et al.,
2013, 2014). The negative CIE is commonly attributed to reflect a perturbation of the global carbon
cycle that occurred at the D. tenuicostatum-H. serpentinum transition (Suan et al., 2008; Huang &
Hesselbo, 2014). The stratigraphic position of the negative CIE confirms the biostratigraphic
boundary between D. tenuicostatum zone and H. serpentinum zone (Figs. 2-1, 2-6). Furthermore, a
slightly negative shift of -1%. might correspond to the negative CIE documented from the
Pliensbachian-Toarcian boundary (Suan et al., 2008: Littler et al., 2010; Pittet et al., 2014). However,
this negative shift is less pronounced, which might result from the relative low sample resolution in
this interval. Two additional brief negative excursion of -1 and -2%o0 were observed within the upper
H. elegantulum subzone (Figs. 2-1, 2-6). These negative spikes were also reported from the northern
Paris Basin at a similar stratigraphic position (Hermoso et al., 2014) but were not documented
elsewhere and, thus, most likely reflect local mechanisms. However, the overall evolution of the
carbon isotope values matches well with the proposed carbon isotope stratigraphy of the lower
Toarcian allowing a correlation of the Lorraine Sub-Basin with other distant sections.

The durations of the positive and negative Toarcian carbon isotope excursions are still
debated. Most recently, a duration of ~600 kyr for the main body of the negative Toarcian CIE has
been proposed (McArthur et al., 2000; Suan et al., 2008, 2011; Sabatino et al., 2009; Huang &
Hesselbo, 2014) and a duration of ~900 kyr for the positive CIE (Suan et al., 2011b). In contrast,
cyclostratigraphic investigations from the southern Paris Basin (Sancerre Core, Boulila et al., 2014)
calculated a duration of ~200 and ~400 kyr for the negative and positive CIE, respectively. The
timescale for Core FR-210-078 proposed here clearly support durations of ~600 and ~900 kyr for the
negative and positive CIE, respectively. The main body of negative Toarcian CIE corresponds to the
condensed Interval 3 and covers 6 cycles that were attributed to 100 kyr eccentricity cycles, which
exactly fits with the number of cycles evident from other locations (Suan et al., 2008, 2011; Huang
& Hesselbo, 2014).

Furthermore, the interval between isotope shifts A and B (Fig. 2-6) covers one 100 kyr
eccentricity cycle, which agrees with results from other locations at the Western Tethyan shelf (Suan
et al.,, 2008; Huang & Hesselbo, 2014). Differences in sediment thickness of this interval clearly
reflect different sediment accumulation rates. The positive Toarcian CIE that mainly spans the
Intervals 2 and 3 covers about 9 cycles attributed to 100 kyr eccentricity, which supports findings
from Dotternhausen (southern Germany, Suan et al., 2011b). This exact fit of the timescale proposed
here and the resulting durations of the carbon isotope excursions with other sections indicates

extreme condensation in the basal Schistes Carton Fm (Interval 3) and further provides an
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Chapter Two: Chronology of the Early Toarican environmental crisis

explanation for the discrepancy between the duration of the carbon cycle perturbation in the Paris
Basin (Boulila et al., 2014) and other Basins (Suan et al., 2008; 2011b; Sabatino et al., 2009; Huang
& Hesselbo, 2014).

2.3.4. Correlation with other Sections

The timescale developed here, in combination with the robust biostratigraphy at ammonite
subzone scale, allow to compare our results with data from other locations. One of the most complete
and intensively studied locations is located in the Lusitanian Basin (Peniche, Portugal). A high-
resolution carbon isotope stratigraphy has been elaborated by Hesselbo et al. (2007) and a floating
chronology has been constructed by Suan et al. (2008) and Huang & Hesselbo (2014). In the
Lorraine Sub-Basin as well as in the Lusitanian Basin the H. serpentinum/H. levsoni zone spans 3 to
4 long (405 kyr) eccentricity cycles, whereby the Toa-CIE interval spans about 1.5 405 kyr cycles
(Fig. 2-7). A correlation on ammonite subzone scale is prevented by the missing identification of
those zones in the Lusitanian Basin.

In the Lusitanian Basin the D. polymorphum zone, which corresponds to the D.
tenuicostatum zone, covers about two 405 kyr cycles, resulting in a duration of about 0.8 to 0.9 Myr.
On the contrary, in the Lorraine Sub-Basin the D. tenuicostatum zone represents only 0.5 Myr. This
discrepancy can be explained by highly condensed intervals and hiatuses that are documented
throughout the northwestern Tethyan shelf (Buckman, 1910; R6hl & Schmidt-Réhl, 2005; Léonide
et al., 2012) and most likely resulted from rapid sea level fluctuations (Pittet et al., 2014).
Condensation and hiatuses are less pronounced in the Mediterranean as indicted by the longer
timespan represented by D. polymorphum zone in the Lusitanian Basin (Fig. 2-7).

It is interesting to note that a similar periodicity has been documented from the pelagic
Sakahogi section (Inuyama area, Japan, Ikeda & Hori, 2014). Unfortunately, the poor biostratigraphy
and missing carbon isotope data complicate a detailed comparison with sections on the Western
Tethyan Shelf. Carbon isotope data are, however, available from the Katsuyama section (Grocke et
al., 2011), also located in the Inuyama area (Japan). Correlation of both section allow to estimate the
approximate stratigraphic position of the Toa-CIE within the Sakahogi section (see figures 3, 4 in
Ikeda & Hori, 2014). The resulting position of the Toa-CIE interval in the Sakahogi section appear at
a similar stratigraphic interval like in sections on the Western Tethyna Shelf (Fig. 2-7), supporting

the synchronicity and similar duration of the Toa-CIE.

42



Chapter Two: Chronology of the Early Toarican environmental crisis
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Figure 2-7: Floating chronologies for the pelagic Sakahogi section (Japan, Ikeda & Hori, 2014), the Peniche section in the
Mediterranean realm (Huang & Hesselbo, 2014) and for the Lorraine Sub-Basin (this study) exhibit a similar periodicity of
the 405 kyr eccentricity cycles. Offsets in cycle minima and maxima result from the different parameters subjected to
spectral analysis. The short time interval represented by the Lorraine record might also affect the filter output. However,
despite these uncertainties all sections show a similar periodicity, which allows a detailed comparison of these sections.
Unfortunately no carbon isotope data exists for the Sakahogi section. Furthermore, the biostratigraphy of this section is

affected by large uncertainties. For a better comparability the filter output for the Lorraine Sub-Basin is shown reverse.
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2.4. Conclusions

The sedimentation regime during the lower Toarcian in the Lorraine Sub-Basin was
controlled by a cyclic forcing mechanism with Milankovitch frequencies. The relative impact of the
astronomical forcing parameters changed throughout the sediment succession. Obliquity exerted the
most dominant impact especially during the upper H. elegantulum subzone, an observation that has
been confirmed in stratigraphy across the western Tethyan shelf and the Mediteranean Tethyan
province. The strong impact of obliquity forcing may indicate that processes at high latitudes
affected the sedimentation on the Western Tethyan shelf, favored by water exchange between Arctic
and Tethyan Oceans via the Viking Corridor. Spectral analysis of distinctive intervals defined by
lithological and geochemical characteristics allows to identify drastic variations in sedimentation
rates, where our results indicate a strong condensation of the basal Schistes Carton Fm (uppermost
D. tenuicostatum zone and lower H. serpentinum zone). Condensation occurred as the result of a
rapid sea level rise and might further have been exacerbated by a drastic decrease in carbonate
production due to a biocalcification crisis. These abrupt changes might be obscured when spectrally
analyzing only the complete sediment succession, and thus explain the discrepancy between
interpretations by Boulila et al. (2014) versus Suan et al. (2008) or Huang & Hesselbo (2014). Our
results allow to deduce a minimum timescale for each ammonite subzone: D. tenuicostatum zone

(>555 kyr); H. elegantulum subzone (~790 kyr); H. falciferum subzone (~520 kyr) and hence

resulting in a minimum duration of the H. serpentinum zone of ~1.31 Myr. The duration of the
negative carbon isotope excursion can be estimated to ~600 kyr, the overall positive carbon isotope
excursion lasted for ~900 kyr. Comparison of the Lorraine chronology with chronologies established
for the Lusitanian Basin and the pelagic Sakahogi section exhibit a similar periodicity and thus

highlighting the global nature of the Toarcian carbon cycle perturbation.
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Chapter Three: Astronomically-forced cryosphere demise

Abstract

The Early Toarcian (Early Jurassic; ~183 Ma BP) records a drastic global warming of about
5 to 7°C, a threefold increase in atmospheric CO, concentration as well as a rapid high-amplitude sea
level rise. Environmental changes were further accompanied by the most striking perturbation of the
global carbon cycle recorded in the Mesozoic. The carbon cycle perturbation, documented by a
negative carbon-isotope excursion of about -3%o, affected all biospheric reservoirs and reflects a
injection of huge amounts of '“C-enriched carbon into the Earth’s ocean-atmosphere system. Carbon
cycle perturbation and environmental changes occurred synchronously within less that 0.5 Myr.
Chronology, mechanisms as well as carbon sources contributing to the carbon cycle perturbation and
to the environmental crisis remain controversial. This chapter presents a conceptual model, which
shows that astronomically-forced demise of the Earth cryosphere, during an icehouse-greenhouse
transition, has the potential to explain the main key-features of the Early Toarcian environmental
changes, including global warming, sea level rise and carbon cycle perturbation. Findings allow
explaining the cyclic pattern as well as the duration of about 900 kyr calculated for the carbon cycle
perturbation. The orbital control towards the CIE pattern cannot be explained by volcanogenic
mechanisms, whereas the dissociation of shelf gas hydrates alone fails to explain the duration and
further raises questions about gas hydrate storage. The Toa-CIE can be explained by a series of high-
frequenc and high-amplitude hyperthermals that were controlled by changes in Earth’s solar orbit.
The shift in the astronomical forcing from eccentricity to obliquity resulted from changes in the
internal feedback mechanisms of the Earth cryosphere during global warming. Global warming was
initiated by the Karoo-Ferrar volcanism that released large amounts of CO, into the Earth
atmosphere and caused an initial global warming.

Findings support the existence of a Late Pliensbachian cryosphere that stored large amounts
of carbon formed during former warm climates and transferred into the cryosphere during the Late
Pliensbachian cooling. Results further highlight the role of cryosphere-stored carbon and the
amplification of climate dynamics during stages of rapid global warming triggered by external

processes, like volcanism or anthropogenic greenhouse gas emissions.
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3.1. Introduction

Recent paleoclimatic investigations challenged former views of an equal Early Jurassic
climate (e.g. Frakes et al., 1992) and indicated that during the Early Toarcian (Early Jurassic; ~183
Ma BP) the Earth experienced a drastic global warming as expressed by a rise in SST of about 5 to
8°C (Dera et al., 2011; Silva & Duarte, 2015; Gomez et al., 2015), a threefold increase in
atmospheric CO, concentrations (McElwain et al., 2005) and a northwards shift of warm-climate
loving flora by as much as 1500 to 2000 km (Vakhrameev, 1991). Progressive global warming was
accompanied by a rapid rise in sea level, probably as the result of melting ice polar ice sheets (Suan
et al., 2010; Pittet et al., 2014).

Environmental changes were accompanied by the largest carbon isotope excursion
documented in sedimentary records during the Mesozoic, expressed by a marked carbon isotope
excursion for both carbonate and organic carbon of -3 to -4%o (Suan et al., 2015) documented in all
exchangeable biospheric reservoirs (Hesselbo et al., 2000a; 2007; Kemp et al., 2005; Hermoso et al.,
2012). The Toarcian carbon isotope excursion (Toa-CIE) reflects a massive injection of '*C-enriched
carbon into the ocean-atmosphere system lasting for a period of about 0.6 to 0.9 Myr (Suan et al.,
2008a; Huang & Hesselbo, 2014; Ruebsam et al., 2014; 2015) (Fig. 3-1).

Carbon sources and release mechanisms causing the Toa-CIE have been discussed
controversially, including volcanic CO, emission (Suan et al., 2008a; Brazier et al., 2015), igneous
intrusions into organic-rich sediments (McElwain et al., 2005; Svensen et al., 2007) and the
destabilization of marine methane hydrates (Hesselbo et al., 2000a; Kemp et al., 2005). Recent
works reinforced a causal and temporal link between carbon cycle perturbation and the emplacement
of the Karoo-Ferrar Large Igneous Province (e.g. lkeda & Hori, 2014; Burgess et al., 2015).
However, it has been demonstrated that the Toa-CIE has an astronomically-forced periodicity, which
volcanism as a main controlling mechanisms fails to explain (Kemp et al., 2005; Huang & Hesselbo,
2014). Also, the injection of *C-enriched carbon from marine gas hydrates into the atmosphere-
ocean system is difficult to reconcile with the Toa-CIE duration of about 0.6 to 0.9 Myr (Dickens,
1999; Beerling & Brental, 2007). Moreover, neither volcanic activity, nor methane dissociation from
marine gas hydrates can explain the rapid high-amplitude sea level rise of about 30 to 90 m within
less that 0.5 Myr accompanying the Toa-CIE (Hallam, 1997; Pittet et al., 2014). Thus, mechanisms
of carbon release, carbon sources as well as triggering mechanisms contributing to the Toarcian
carbon cycle perturbation and associated environmental changes remain controversial. Thus,
mechanisms of carbon release, carbon sources as well as triggering mechanisms contributing to the
massive Toarcian carbon cycle perturbation and associated environmental changes remain
controversial.

In this chapter, a novel and unifying explanation for the extensive and rapid climate change
observed during the Early Toarcian is presented that links for the first time all observed
environmental responses and the astronomically forced patterns in the environmental records. This
conceptual model shows that cryosphere stored carbon (CSC), released during externally triggered

global warming, has the potential to explain the key features of the Early Toarcian carbon cycle
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perturbation. This carbon reservoir formed during the Late Pliensbachian icehouse and expanded
toward lower latitudes where it became most sensitive towards minor climate changes. Karoo-Ferrar
volcanism alone fails to explain pattern, pacing as well as magnitude of the Toa-CIE but provides a
suitable triggering mechanism (Palfly & Smith, 2000; Burgess et al., 2015) for an initial CO,
increase and global warming that in dependency of the Earth’s orbital cycles resulted in the
periodically crossing of climate thresholds controlling the release of carbon from the cryosphere.
This model allows the linking of previous isolated observations in a coherent Earth System concept
that explains earth atmosphere interaction and climate change during the Toarcian and further
highlights the role of cryosphere stored carbon as a major driver of past and recent climate change
(Schuur et al., 2015).
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Figure 3-1: Overview of environmental changes taking place during the Early Toarcian at the D. tenuicostatum-H.
serpentinum zone transition. The Toarcian carbon cycle perturbation (D) was accompanied by rapid sea level rise (A), a
rise in sea surface temperatures (B) and increasing atmospheric CO, concentrations (C). Environmental changes occurred
concomitant to the emplacement of the Karoo-Ferrar LIP (E), indicating a causal and temporal relation between
environmental changes and volcanic activity (see Chapter 1.2.4.). Environmental changes were calibrated to the
astronomical timescale proposed in Chapter 2. The Pliensbachian-Toarcian boundary date is set to 183.6 Ma BP (see
Chapter 1.1.1.). *The negative shift documented in &' Corg varies strongly between different locations (-7 to -4%o).
Calibration the carbon isotope data to different OM sources result in a -3%o shift (Montero-Serrano et al., 2015; Suan et al.,
2015; Fig. S3-2).
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3.2. Pattern, pacing and periodicity of the Toa-CIE
3.2.1. Pattern and pacing of the Toa-CIE

To investigate changes in the global carbon cycle during the Early Toarcian a new high-
resolution organic carbon isotope record has been generated for Core FR-210-078 (see appendix
A3.2.3. for methodology). The Toa-CIE is well expressed in the 613Corg—record from the Lorraine
Sub-Basin by a -7%o shift that spans the uppermost D. fenuicostatum zone and the lower H.
elegantulum subzone (Fig. 3-1), whereby the shift from background values of -26% to more negative
values of about -33%o within the Toa-CIE occurred in three discrete steps. The 613C0rg values remain
low throughout the lower part of the H. elegantulum subzone, before values return to pre-excursion
values of about -26%o (Fig. 3-1). The absolute magnitude of the Toa-CIE is of local phenomena and
varies in dependency of the substrate. Normalization of 613C0rg data to specific organic matter
sources and maturities resulted in a magnitude of about -3 to -4%o (Fig. S3-2), which match findings
of studies by Suan et al. (2015) and Montero-Serrano et al. (2105).

Stratigraphic position as well as pattern and pacing of the Lorraine 813C0,g—record match
with the 813C0rg—record from the Cleveland Basin (Kemp et al., 2005), confirming the trans-regional
nature of the carbon cycle perturbation. Comparison of the high-resolution 613C0rg-records from the
Cleveland Basin (Kemp et al., 2005) and the Lorraine Sub-Basin (this work) allows to establish a
detailed carbon isotope stratigraphy for the Toarcian carbon cycle perturbation, with identification of
four main stages (I - IV) (Fig. 3-3). Toa-CIE stage I comprised the initial decrease in carbon isotope
composition from 8"°C values of about -26%o to values near -28%o that occurred between 183.0 and
182.8 Ma BP. Superimposed on the steady 8"°C decrease are two minor negative shifts (I-A & I-B)
reported from the Cleveland Basin (Kemp et al., 2005). This interval is not covered in the Lorraine
Sub-Basin, where the upmost D. tenuicostatum zone is affected by an erosive event and/or strong
condensation (Ruebsam et al., 2014; 2015; also see Pittet et al., 2014) (Fig. S3-1). Toa-CIE stage II,
spanning the period from 182.8 to 182.6 Ma BP, records the most pronounced negative 8'"°C trend by
-7%o (about -3 to -4%o corrected for different OM sources), pinpointed by three major pulses (II-A,
II-B, II-C), which coincide with those noted in the Cleveland Basin (Kemp et al., 2005). Pulses II-A
and B exhibit the highest 8"°C amplitudes of -5 to -4%., respectively, whereby each negative shift is
followed by a recovery phase. Each pulse represents a single event, whereby the partial lack of stage
I in the Lorraine Sub-Basin causes a different amplitude for isotope shift II-A (Fig. 3-3; S3-1). The
third step 1I-C with about -2%eo is less pronounced and marks the transition to Toa-CIE stage III. This
stage spans the time from 182.6 to 182.2 Ma BP and is characterized by repeated 8"°C variations of
about +1%o (Fig. 3-2). During stage IV, 8"°C values or organic C rapidly return from -32 to -26%o
within less than 100,000 yrs of sedimentation. The agreement between the 8" °C record from the
Lorraine Sub-Basin and that of Kemp et al. (2005) is astounding and minor differences in the
amplitude of the entire Toa-CIE as well as amplitudes of individual negative 8" °C shifts may be

attributed to differences in organic matter composition.
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3.2.2. Periodicity of the Toa-CIE and inferred mechanisms

The 813C0rg—data, fitted to the timescale proposed in Chapter 2, were subjected to spectral
analysis. Additionally, 813C0rg-data from the Cleveland Basin (Kemp et al., 2005) were analyzed as
well to compare periodicities that might be present in both records as previously shown by Huang &
Hesselbo, (2014). A description of the methodology is given in the appendix A3.4.. Furthermore,
significant changes in sediment accumulation rates have been confirmed for the Lorraine Sub-Basin
and are also indicated for the Early Toarcian of the Cleveland Basin (McArthur et al., 2000; Huang
& Hesselbo, 2014). Therefore, only 813C0rg-data corresponding the main Toa-CIE interval, which
shows no significant litho-facies changes, were subjected to spectral analysis (Fig. 3-2).

Spectral analysis of 613C0,g—data from the Lorraine Sub-Basin and the Cleveland Basin
confirms the presence of a similar periodicity in both organic carbon isotope records that match with
those of Milanokovitch frequencies and further align with the astronomical model La2004 (Laskar et
al., 2004). The initial Toa-CIE stage I displays two ~100 kyr eccentricity cycles, while the main Toa-
CIE (stages II and III) is composed of six ~100 kyr eccentricity cycles and an additional cycle is
associated with the recovery interval, resulting in a duration of ~600 kyr and ~900 kyr for the main
Toa-CIE interval and the entire Toa-CIE, respectively (Fig. 3-2). During Toa-CIE stage I variations
in 613C0rg data match with eccentricity periods, stage II documents a mixed signal with a
strengthening of the obliquity component (~38 kyr), while 8"°C variations within stage III are
increasingly dominated by obliquity cycles (Fig. 3-2). A similar periodicity as well as a shift in the
astronomical response from eccentricity to obliquity dominated signals has been documented in
sediment characteristics of Core FR-210-078 (Ruebsam et al., 2014, 2015; also see chapter 2) and is
also evident from other locations throughout the Western Tethyan shelf (Hinnov & Park, 1999; Suan
et al., 2008a; Huang & Hesselbo, 2014). The coevolution of astronomical-forced periodicities in
sedimentological proxies, reflecting oceanographic and/or environmental changes, and 613C0rg values
indicate a direct coupling of carbon cycle and environmental changes possibly related to climate
fluctuations (Fig. S3-3). Shifts in astronomomical forcing, documented in periodicity of
sedimentological parameters (Hinnov & Park, 1999; Suan et al., 2008a), have been ascribed to
reorganization of global water and ice storage (Hinnov & Park, 1999). According to these authors,
dominant eccentricity/precession forcing has been associated with water/ice storage at mid-latitudes
due to integrated annual insolation at these latitudes controlling hydrology (Berger & Loutre, 1994).
Dominant obliquity forcing indicates water/ice storage at high latitudes, where integrated annual
insolation is controlled by changes in obliquity (Berger & Loutre, 1994). Alternatively, the shift
from eccentricity to obliquity forcing can also be explained by internal feedback mechanisms of
polar ice sheets during a long-term global warming, whereby eccentricity periods dominate during
cold climate stages and obliquity periods during warm climate stages (Ruddiman, 2006). In both
cases eccentricity forcing dominated during icehouse conditions with an expanded cryosphere,
whereas obliquity forcing dominated during greenhouse stages with a reduced cryosphere extent.
Concerning this relation, the eccentricity-obliquity shift, documented in carbon isotope data, can be

attributed to an astronomically forced injection of '*C-enriched carbon from climate-sensitive
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reservoirs that has been destabilized after climate thresholds were crossed during long-term global

warming.
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Figure 3-2: Filter outputs for statistically significant frequency peaks in the organic carbon isotope records from the
Lorraine Sub-Basin and the Cleveland Basin (data from Kemp et al., 2005). The timescale based on findings of Chapter 2.
The MTM power spectra for both 613C0,g records are shown as well. On the base of the frequency ratios peaks can be
attributed to ~100 kyr eccentricity and ~36 kyr obliquity periods. MTM spectrums further match with the astronomical
model La2004 (Laskar et al., 2004).
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3.3. Inferred carbon reservoirs

Observations support previous findings suggesting astronomically-pulsed injections of *C-
enriched carbon from climate sensitive reservoirs, since the observation of astronomically driven
8"*C variations cannot be explained by volcanogenic mechanisms (Hesselbo et al., 2000a; Kemp et
al., 2005; Huang & Hesselbo, 2014). Moreover, pattern, pacing and periodicity hint to an
astronomically forced carbon injection from climate-sensitive associated with the Earth cryosphere
that became destabilized during long-term global warming. The only suitable reservoir of '*C
enriched carbon that can explain these observations is cryosphere-stored-carbon (CSC) in marine and
terrestrial settings (Majorowicz et al., 2014), comprising marine gas hydrates (§'"°C on average -
60%o; Anthony et al., 2012), permafrost soil carbon (8"°C ~ -25 to -35%o; Anthony et al., 2012; Vonk
et al., 2014), and cryosphere capped methane reservoirs (3"°C = - 60 to -90%o; Anthony et al., 2012;
Wadham et al., 2012). Cryosphere stored carbon composed of CO, and CH4 comprises a major
uncertainty in the understanding of Earth’s carbon cycle and climate system as reservoir sizes as well
as their response towards global warming are poorly understood. Release of carbon from these
climate-sensitive reservoirs, in form of CH4 and CO,, can substantially promote and accelerate
global warming (e.g. Schuur et al., 2015). Furthermore, release of '*C-enriched carbon is prone to
cause major perturbation of the global carbon cycles that would be expressed in a negative CIE (e.g.

Dickens, 1999; Majorowicz et al., 2014), as repeatedly observed in this study (Fig. 3-1).

3.4. Indices for a persistent cryosphere during the Early Jurassic

The CSC-model proposed here requires a widespread and persistent cryosphere in polar
regions during a period that dominantly has been attributed to a greenhouse mode (Frakes et al.,
1992). The view of an overall ice-free Jurassic resulted from poorly dated occurrences of glacially
derived deposits and floral distribution patterns in the fossil record of the entire Early Jurassic (see
Chapter 1.2.3.). Improved chronologies and higher temporal resolution of oxygen isotope records
challenge this view and provide strong evidence for a dramatic cold snap during the Late
Pliensbachian, preceding the Toarcian environmental crisis (Vaughan, 2007; Korte & Hesselbo,
2011; Dera et al., 2011a; Silva & Duarte, 2015; Gomez et al., 2015). Occurrence of glendonites and
glacially derived deposits at mid- and high latitudes (Fig. 3-3; also see Chapter 1.2.3.) corroborate
geochemical proxies (Dera et al., 2011a). The size of the Late Pliensbachian cryosphere carbon pool
required to explain the here described Toa-CIE and its astronomically forced variations is difficult to
estimate. Former warm climates preceding the Late Pliensbachian resulted in an expansion of the
biosphere to high latitudes and promoted the formation of a huge mid- and high-latitude biosphere
carbon pool. This biosphere carbon pool was transferred into the cryosphere during the Late
Pliensbachian icehouse that lasted for about 3 Myr (Dera et al., 2011a; Silva & Duarte, 2015), a

timescale similar to the Pleistocene glaciation (e.g. Knies et al., 2009).
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3.5. Cryosphere demise during astronomically forced hyperthermals

Pattern, pacing as well as astronomically forced periodicity documented in the carbon
isotope data from the Lorraine Sub-Basin and the Cleveland Basin document a pulsed injection of
"2C-enriched carbon into the earth atmosphere during single hyperthermals. The causal and temporal
link between the early Toarcian carbon cycle perturbation and the eruption of the K-F-LIP is well
constrained (Chapter 1.2.4.) and provided a reasonable triggering mechanism for a global warming
initiated cryosphere demise (e.g. Burgess et al., 2015). The long-term decrease documented in 5'"°C-
values might reflect CO, emissions from volcanic sources (613cvolcmc ~ -6 to -14%o; Brazier et al.,
2015) but might also reflect changes in organic matter composition due to sea level variations
(Montero-Serrano et al., 2015; Suan et al., 2015) (Figs. 3-1, 3-3).

Cryosphere demise and release of '*C-enriched carbon from CSC occurred in several steps in
dependence of the sensitivity and stability of the carbon reservoirs and thus has been linked to single
“methane guns” (Dickens, 1999). Carbon release from labile reservoirs, including near surface
terrestrial permafrost at mid-latitudes and cryosphere-capped methane reservoirs and methane
hydrate at shallow shelf settings (Majorowicz et al., 2014) was controlled by eccentricity/precession
forced insolation changes (Berger & Loutre, 1994; Hinnov & Park, 1999) and is expressed by the
negative 8'3C excursions within Toa-CIE stages I and II (Fig. 2). The increase in 5 Corg, subsequent
to the negative pulses I-A, I-B, II-A and II-B, reflects brief recovery phases of the cryosphere
associated with cooling, decreasing atmospheric CO, concentration (McElwain et al., 2005) and a
recovery of the cryosphere associated carbon pool due to CO, sequestration by enhanced continental
weathering (Cohen et al., 2004) and organic carbon burial (Silva & Duarte, 2015). Thus, negative
8"C shifts within stages I and II can be attributed to single hyperthermals followed by a subsequent
cooling phase that lasted for about 100 kyr, which is in agreement with mass balance calculations
proposed for such “methane guns” (Dickens, 1999; Beerling & Brentnall, 2007; Majorowicz et al.,
2014). Ongoing warming, accelerated by the volcanic-triggered release of greenhouse gases,
promoted the subsequent demise of more stable cryosphere carbon reservoirs, mainly comprising
terrestrial CSC at high latitudes (Majorowicz et al., 2014). Thawing of high-latitude cryosphere of
reduced extent was paced by obliquity periods and is expressed by the 3"°C fluctuations within stage
III (Fig. 3-3). Demise of persistent high-latitude cryosphere occurred over a period of about 400 kyr
(stage III), which is in agreement with model results that proposed a total CSC demise 400 kyr after
deglaciation (Majorowicz et al., 2014). The exact amplitude of each single negative 613C0rg shift
might not exceed -1%o0, when assuming an absolute amplitude of about -3 to -4%o for the Toa-CIE
(Montero-Serrano et al., 2015; Suan et al., 2015), which is similar to the amplitude documented for
the PETM and subsequent smaller hyperthermals (DeConto et al., 2012; Kirtland Turner et al.,
2014). It is interesting to note that the hyperthermals of the Early Eocene are associated with a global
warming that occurred within a period of about 5 Myr with an estimated warming of about
0.9°C/Myr (Kirtland Turner et al., 2014). The warming of about 2°C/Myr estimated for the Early

Toarcian resulted in a more rapid carbon release and a higher frequency of hyperthermals.
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Figure 3-3: Chronology of the Toarcian carbon cycle perturbation and inferred mechanisms. Toa-CIE steps I-A, I-B, II-A,
II-B, 1I-C as well as fluctuations within Toa-CIE stage III can be attributed to individual hyperthermal that were
accompanied by carbon release from climate sensitive reservoirs as indicated by the astronomical controlled periodicity of
these events. Initial carbon release was externally triggered and stimulated by volcanism of the K-F-LIP. The shift in the
astronomical response from eccentricity to obliquity documents carbon injection from mid- and high-latitudinal reservoirs
that occurred after exceeding of climate thresholds during long-term global warming.

Moreover, this release of CSC caused an expeditious deglaciation that resulted in a rapid sea
level rise, whereby the highest sea level indicating a near-total demise of polar ice is placed in the
climax of the Toa-CIE interval (Pittet et al., 2014). The coupling of climate system and carbon cycle
is well documented and highlight the role of the cryosphere during the Early Toarcian environmental
crisis (Suan et al., 2010; Pittet et al., 2014). The recovery phase (stage V), following the main Toa-
CIE, indicates a depletion of the CSC pool. A gentle cooling occurring within the uppermost H.
elegantulum subzone coincides with a sea level fall (Pittet et al., 2014) and might have resulted from
enhanced silicate weathering (Cohen et al., 2004) and organic matter burial rates (Silva & Duarte,
2015). Moreover, the demise of polar ice that resulted from global warming caused a collapse of the
thermohaline circulation that transported warm water masses towards higher latitudes. A sluggish
ocean circulation is supported by a modeling approach (Dera & Donnadieu, 2012) and may have

promoted the formation of polar ice caps in the upper H. elegantulum subzone.
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Astronomically forced demise of the cryosphere, including loss of CSC and thawing of polar
ice caps, triggered by the emplacement of the K-F-LIP emplacement can explain simultaneous
response and coupling of carbon cycle, climate system and sea level changes that have been
indicated for the Early Toarcian by a similar evolution of astronomically forced periodicities
expressed in sedimentological proxies and carbon isotope data (Hinnov & Park, 1999; Kemp et al.,
2005; 2011; Suan et al., 2008a; Huang & Hesselbo, 2014; Ruebsam et al., 2014; 2015). A shift in
astronomical response has been postulated for the Pleistocene cooling, whereby obliquity dominated
during the warm Pliocene and eccentricity/precession during the cold Pleistocene (Patterson et al.,
2014). Thus, it can be inferred that eccentricity-obliquity shift during the Early Toarcian warming
can be linked to global warming and possibly to a transition from an icehouse to a greenhouse world.

These results highlight the role of the cryosphere during past and recent global warming,
triggered by external mechanisms such as volcanism or anthropogenic greenhouse gas emissions.
The timescale of such hyperthermals seems to relate to the triggering mechanisms and the rate of
global warming. Rapid warming results in a more frequent overrun of tipping points causing a rapid
response of Earth’s cryosphere. Result show that the Early Toarcian environmental crisis that
occurred over a period of about 900 kyr represents a highly dynamic event, comprising a relatively

rapid transition from icehouse to greenhouse conditions, punctuated by brief hothouse events.
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3.6. Conclusions

The conceptual model proposed here allows for the first time the linking of many previously
isolated observations, including carbon cycle perturbation, global warming and sea level rise, in a
coherent Earth System that explains earth atmosphere interactions and climate change during the
Early Toarcian. Results confirm an astronomical control on the single carbon injections into the
ocean-atmosphere system, whereby the shift in the astronomical response from eccentricity to
obliquity forcing, documented in sedimentological parameters (e.g. Suan et al., 2008a; Ruebsam et
al., 2014; 2015) as well as in "*C-records can be linked to the displacement of the cryosphere from
mid- to high-latitudes during global warming. Observations can be explained by a near-simultaneous
demise of polar ice and CSC, resulting in a rapid glacico-custatic sea level rise and carbon release
from "C-depleted reservoirs, respectively. Cryosphere demise was triggered by the Karoo-Ferrar
volcanism that alone fails to explain the Toa-CIE and associated environmental changes, but
provides a suitable external triggering mechanism that has the potential to destabilize labile
cryosphere after exceeding a thermodynamic threshold. The demise of the cryosphere and release of
PC-depleted carbon was then paced by changes in Earth’s solar cycles that repeatedly initiated
further passings of climate thresholds. Larger amplitudes during the initial Toa-CIE stages (I, II)
resulted from lower frequencies between the single “methane guns” (Dickens, 1999) and thus longer
recover phases that allowed a replenishment of the carbon reservoirs. On the contrary, higher
frequencies of “methane guns” during Toa-CIE stage III resulted in lower amplitudes due to shorter
replenishment phases.

These results highlight the role of the cryosphere during past and recent global warming,
triggered by external mechanisms such as volcanism or anthropogenic greenhouse gas emissions.
The timescale of such hyperthermals seems to be related to the triggering mechanisms and the rate of
global warming. Rapid warming results in a more frequent overrun of tipping points causing a rapid
response of the Earths cryosphere. The Early Toarcian environmental crisis occurred over a period
of about 900 kyr, thus representing rather a hothouse stage than a single brief hyperthermal event.
Within the Toarcian hothouse stage several individual hyperthermals indicate the astronomical

forced response of the Earth’s climate system during rapid global warming.
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Chapter Four: Glacio-eustatic sea level and salinity cycles during the Early Toarcian

Abstract

Global warming during the Early Toarcian was accompanied by a rapid high amplitude 3™
order sea level rise that occurred superimposed onto the long-term 2™ order Liassic transgression.
The latter was most likely controlled by tectonic processes, whereas the origin of the 3™ order sea
level changes remains controversial. Glacio-eustatic mechanisms have been previously invoked as a
possible driver, but have not been proven so far. Identifying the underlying mechanisms of Early
Toarcian sea level changes is however of paramount importance as oceanographic changes,
including widespread black shale deposition throughout the Western Tethyan shelf, were controlled
by sea level evolution. Moreover, formation of anoxic bottom waters throughout the Western
Tethyan shelf has been associated with a massive freshwater discharge onto the shelf sea that
promoted the formation of a stable pycnocline. However, freshwater sources as well as mechanisms
controlling the discharge of low-saline waters to the shelf sea remain controversial.

Long-term 2™ order as well as superimposed 3™ order sea level cycles proposed for the
Early Toarcian are well expressed in sediments of Core FR-210-078 and can be inferred from
changes in sedimentological and geochemical characteristics. Stratigraphic position as well as extent
match with the sequence stratigraphy proposed for the Early Toarcian. A rapid transgression in the
upmost D. tenuicostatum zone can be associated with the major facies change and resulted in a
strong condensation of the basal Schistes Carton Fm. Moreover, this high-amplitude sea level rise
occurred synchronically with the Early Toarcian carbon cycle perturbation and a drastic global
warming, confirming a coupling of climate system, carbon cycle and sea level changes.

Results of this chapter indicate that ice sheet dynamics controlled by 405 kyr astronomical
cycles affected the oceanographic conditions throughout the Western Tethyan epicontinental shelf
and were the main driver of sea level and salinity changes. Moreover, the coupling of sea level and
salinity changes can be explained by the waxing and waning of polar ice caps, which confirm a
glacio-eustatic origin of 3™ and 4" order sea level cycles and further indentify polar ice as the major
freshwater source. Rising global temperatures resulted in the melting of polar ice caps, which
initiated a glacio-eustatic sea level rise and an enhanced freshwater discharge to the Western Tethyan
shelf. The strong impact of Arctic-derived freshwater on the oceanographic conditions throughout
the Western Tethyan shelf resulted from paleogeographic features, comprising a severe restriction of
the shelf sea and its connection with the Arctic Ocean via the Viking Corridor. Freshwater discharge
to the Western Tethyan shelf can be assumed to have been most efficient during stages of high sea
level, when the Viking Corridor reached its widest extent. The impact of Arctic derived fresh water
contributions onto the Western Tethyan shelf is expressed by the geographical gradient documented
in oxygen isotope data, whereby lower isotope values have been documented from northernmost

latitudes in proximity to the Viking Corridor.
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4.1. Introduction

Numerous recent paleoclimatic studies, based on oxygen isotope data from belemnites,
brachiopods and oysters as well as on the investigation of floral and faunal characteristics and
dynamics (see Chapter 1.2.3.), indicate a major global warming during the Early Toarcian that
occurred subsequent to a Late Pliensbachian cold climate stage (e.g. Korte & Hesselbo, 2010; Dera
et al., 2011a; Silva & Duarte, 2015; Gomez et al., 2015). These works challenged former views of a
monotonous Early Jurassic greenhouse climate, with temperatures 5 — 10°C warmer than present
day, a low equator-pole temperature gradient and without polar ice caps (e.g. Chandler et al., 1992;
Frakes et al., 1992; Hallam, 1994). Moreover, evidence for polar ice during the Late Pliensbachian is
provided by the occurrence of glacially derived deposits and glendonites at high- and mid-latitudes
(Tchoumatchenco et al., 2008; Suan et al., 2011a; 2013a; Teichert & Luppold, 2013). Therefore, the
Early Toarcian warming might reflect a transition from an icehouse to a greenhouse world. Global
warming occurred synchronically with a perturbation of the carbon cycle as well as with a rapid
high-amplitude 3" order sea level rise of about 30 — 90 m (e.g. Hardenbol et al., 1998; Hallam, 2001,
Immenhauser, 2001; also see Chapter 1.1.2.). Coupling of climate system and sea level changes let to
the assumption that glacio-eustatic mechanisms were the main driver of Early Toarcian sea level
changes (e.g. Suan et al., 2010; Pittet et al., 2014), which however remains to be confirmed.

Beside a drastic rise in SST, oxygen isotope data from different latitudes across the Western
Tethyan shelf expose a strong geographical north-south gradient, with a higher amplitude of about 2
to 3%o, and lower absolute 8'°0 values in locations situated at high latitudes (Figs. 4-1; S4-1). If
exclusively linked to temperature changes, the isotopic difference would indicate SST for locations
at high latitudes exceeding those at lower latitudes by about 10°C, which is not plausible. It has been
therefore assumed that the isotopic difference in §'*0 values between the locations at mid- and high-
latitudes result from significantly lowered sea surface salinity throughout the Western Tethyan shelf
(Saelen et al., 1996; Rohl et al., 2001; Dera & Donnadieu, 2012). Mechanisms of shelf water
freshening as well as freshwater sources have been discussed controversial and comprise increased
riverine freshwater discharge due to intensification of the monsoonal circulation during global
warming (Rohl et al., 2001; Bailey et al., 2003; Bour et al., 2007), the inflow of low saline Arctic
freshwater (Bjerrum et al., 2001; van de Schootbrugge et al., 2005) that possibly resulted from the
demise of polar ice caps (Suan et al., 2010; Dera et al., 2015).

An acceleration of the hydrological cycle and thus and intensification of the continental run
off is indicated by changes in clay mineral assemblages (Dera et al., 2009a; Branski, 2012) as well as
by other geochemical proxies (Cohen et al.,, 2004; Montero-Serrano et a., 2015). Furthermore,
intensification of monsoonal circulation during the Early Toarcian has been indicated by
sedimentological observations (Suan et al., 2013b; Krencker et al., 2015). On the contrary, an Arctic
freshwater source is supported by modeling results (Bjerrum et al., 2001; Dera & Donnadieu, 2012)
as well as by the N-S wards gradient, observed in 8'*O data, whereby lowest values are documented

from northernmost locations in proximity to the Viking Corridor (Fig. S4-1).
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Sea level evolution as well as changes in oceanographic conditions strongly affected the
hydrodynamic regime and organic matter accumulation throughout the Western Tethyan shelf (R6hl
et al.,, 2001; Frimmel et al., 2004; Hermoso et al., 2013). Therefore, understanding underlying
mechanism controlling sea level and salinity changes on the Western Tethyan shelf can provide
important insights into superior earth system processes. This chapter examines timing as well as
evolution of sea level and changes in sea surface salinity, in the Lorraine Sub-Basin during the Early
Toarcian environmental crisis by using inorganic, organic and isotope geochemical proxies as well
as sedimentological characteristics. The detailed reconstruction of sea level and sea surface salinity

evolution will help to unravel mechanisms governing their fluctuations.
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Figure 4-1: The Early Toarcian carbon cycle perturbation was accompanied by drastic environmental changes, comprising
a major global warming of about 6°C (Dera et al., 2011a) and an increase in humidity, resulting in the intensification of
continental weathering (Cohen et al., 2004; Dera et al, 2009a; Branski et al., 2012). Global warming further caused an
intensification of the monsoonal circulation as indicate by the frequent occurrence of storm deposits (Krencker et al.,
2015). Moreover, paleoclimatic changes were accompanied by significant changes in sea level that occurred superimposed
onto the log-term 2™ order Liassic transgression (e.g. Hardenbol et al., 198; Pittet et al., 2014). The timing of these

environmental changes implies a common trigger mechanism.

60



Chapter Four: Glacio-eustatic sea level and salinity cycles during the Early Toarcian

4.2. Sediment composition and characterization

4.2.1. Sediment composition and sedimentation structure

Sediments of Core FR-210-078 can be described as a four-component system, consisting of
a siliciclastic, a carbonate, an organic matter and a pyrite/sulfide fraction (Fig. 4-2). Amounts of the
different sediment constituents were calculated following the approach of Rohl et al. (2001).
Carbonate, organic matter and sulfide contents were calculated from elemental analysis of TOC, TIC
and TS and were expressed as weight percentage (see appendix 3.2.1. for methodology). The

siliciclastic content is calculated by the equation:

siliciclastics (wt.%) = 100 (wt.%) — carbonate (wt.%) — OM (wt.%) — pyrite/sulfides (wt.%).

The inverse relation between carbonate and siliciclastic contributions (Fig. S4-2A in the
appendix) indicate variable contributions of allochthonous detrital input and autochthonous marine
carbonates, preferentially derived from calcareous nannoplankton, like coccolithophorids and
schizosphaerelles (e.g. Rohl et al., 2001, Mattioli et al., 2008; Hermoso et al., 2009b, 2009b). Thus,
variations between siliciclastics and carbonates can be attributed to changes in terrigenous
contributions and changes in the abundance of calcareous nannoplankton. The former is controlled
by sea level changes and continental run off (e.g. Coe, 2003), whereby changes in the abundance of
marine biocalcifiers can be related to nutrient availability and environmental conditions, like

seawater chemistry, CO, concentration or temperature (e.g. Melinte, 2004 and references therein).

Interval 4: Sediments of Interval 4, corresponding to the upper P. spinatum zone and lower
D. tenuicostatum zone, are dominated by siliciclastics (78.3 wt.% on average), whereas the carbonate
content stays below 20 wt.% (17.8 wt.% on average). The concentration of organic matter is low and
do not exceed 2 wt.% (1.2 wt.% on average), expect for some thin horizons were they reach ~3
wt.%. Concentrations of sulfides are low (2.7 wt.% on average), but show a high variability (between
1.3 and 10.6 wt.%). However, high sulfide concentrations are bound to horizons enriched in euhedral
pyrite clasts that are most likely of diagenetic origin (Rickard, 2012). The matrix of sediments in
Intervals 4 has a preferentially homogenous character, indicating intensive sediment reworking by
benthic organisms that resulted in the destruction of former sedimentation structures (Fig. A3).
Allochthonous clasts are rather rare but occur at certain horizons. However, coarse sandy
contributions and high energy sedimentation structures, like wave ripples or cross stratification were
not observed, indicating deposition in an intermediate water depth below the wave base in a certain
distance from the coastline (Sahagian et al., 1996; Immenhauser, 2005). Two thin horizons within
the upmost P. spinatum zone and the upper D. tenuicostatum zone show increased carbonate
concentrations accompanied by decreased concentrations of siliciclastics. These horizons are further
highlighted by the occurrence of reworked shell pavements, indicating an increased impact of wave

action towards sedimentation (Fig. 4-2). Sediments corresponding to the Pliensbachian-Toarcian
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boundary interval show a contrasting sedimentation style. Sediments are laminated and significantly
enriched in OM and framboidal pyrite, indicating a temporary deepening of the depositional
environment accompanied by enhanced OM accumulation. Deposition most likely occurred below
the wave and storm base, whereby sediments were not affected by benthic reworking processes.

Interval 3: Sediment of Interval 3, corresponding to the uppermost D. fenuicostatum zone
and lower H. elegantulum subzone, are significantly enriched in OM, whose concentration exceed 10
wt.% (10.2 wt.% on average). High OM concentrations are accompanied by high sulfide
concentrations that reaches 6.8 wt.%. This interval shows the lowest carbonate content (on average
12.7 wt.%), whereby a slightly increasing trend is observed throughout this interval. Accordingly,
siliciclastic contributions (on average 70.3 wt.%) dominate the sediment composition. Sediments
show a distinct parallel texture and are strongly enriched in pelagic fauna, like ammonites and fish
debris (Fig. A4). Furthermore, fecal pellets and lenses of solid bitumen were observed at certain
horizons. The laminated sedimentation style indicates deposition below the wave and storm base and
implies that sediment supply occurred by hemipelagic settling and frequent suspension currents.
Furthermore, the significant enrichment of pelagic fauna indicates sediment starvation (Figs. 4-2,
A3, Ad).

Interval 2: Sediments within Interval 2, representing the upper H. elegantulum subzone, are
characterized by fluctuating contributions of carbonate and siliciclastics, whereby the highest
carbonate concentrations are observed in this interval (38.6 wt.% on average). Accordingly,
concentrations of siliciclastics are significantly decreased (48 wt.% on average). Sediments are
enriched in OM (8.5 wt.% on average) and sulfides (5.0 wt.% on average). This interval shows a
remarkable variability in the sediment composition and sedimentation style. Two main types can be
distinguished: I) horizons showing a distinct lamination with high carbonate, OM and sulfide
concentrations, and II) horizons showing indistinctly laminated (partly homogenous) sediments with
lower carbonate, OM and sulfide concentrations (Figs. A3, A4). The prevailing sedimentation
process can be ascribed to suspension and turbidity currents (Fig. 4-2). Sedimentation occurred in a
low energetic environment, below the wave and storm base. However, the removal of sediment
structured in homogenous sediment horizons can be attributed to enhanced benthic activity during
certain periods of deposition. Variability of sediment composition as well as sedimentation style
indicates that the depositional environment was extremely sensitive towards fluctuations in
environmental and oceanographic conditions.

Interval 1: Composition of sediments within Interval 1, corresponding to the H. falciferum
subzone, show slightly increased concentrations of siliciclastics (59. 3 wt.% on average) and reduced
carbonate concentrations (29.7 wt.% on average). Furthermore, slightly reduced OM and sulfide
contributions of 7.6 and 4.6 wt.%, respectively, are documented within this interval (Fig. 4-2). The
sediment structure throughout this interval is less variable, when compared with Interval 2. However,
lamination of the sediment is less persistent indicating that sedimentation was affected by re-
deposition processes (e.g. winnowing), which most likely resulted from contour currents as
significant bioturbation traces were not observed (Figs. A3, A4). Sedimentation was most likely

controlled by turbidity currents and temporary altered by bottom currents (Fig. 4-2).
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Figure 4-2: Sediment composition and sedimentation style of Core FR-210-078 expressed as a four-phase system,

consisting of organic matter, pyrite (sulfides), carbonated and siliciclastic components. Prevailing sediment structures

follow the nomenclature of Wignall (1994) and are shown for the different intervals that were distinguished on the base of

lithological observations (introduced in Chapter 2; Figs. A3, A4 in the appendix). Changes in lithology, sediment

composition and sedimentation style are plotted versus the timescale proposed for Core FR-210-078 (see Chapter 2).
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4.2.2. Characterization of the siliciclastic sediment fraction

Changes in the composition of the detrital siliciclastic sediment fraction can be inferred from
relative changes in the distribution of elements such as Si, Al, Zr, Ti, K, or Na (e.g. Calvert &
Pedersen, 2007). Variations in the relative abundance of Si, Zr and Ti can be associated with changes
in the grain-size of the detrital sediment fraction (silt/sand versus clay; senso lato) as these elements
are commonly associated with minerals, like quartz (SiO,), zirconium (ZrSiOy4) or rutile (FeTiOs),
transported with the silt/sand-sized fraction. Changes in the composition of clay mineral assemblages
can be inferred from the relative abundance of Al, K and Na and result from changes in continental
weathering conditions, changes in the source area or sea level changes (e.g. Nesbitt & Young, 1982;
Yarincik et al., 2000a; Pellenard & Deconinck, 2006). Clay assemblages with high Al concentration
are characteristic for a kaolinite dominance, whereby the relative enrichment of K and Na can be
linked to clay mineral assemblages dominated by illites and smectites, respectively (e.g. Calvert &
Pedersen, 2007). Change in the clay mineral assemblages that can be linked to changes in the
weathering regime were expressed as AI/K and In(Al/Na) ratios as suggested for sediments with
variable carbonate concentration (von Eynatten et al., 2003; Goldberg & Humayun, 2010).

Interval 4, comprising the upper P. spinatum and the lower D. tenuicostatum zones,
documents the highest Si/Al and Zr/Al ratios, indicating high contributions of silt-sized siliciclastics
(Fig. S4-2B), whereas sand-sized contributions can be ruled out on the base of sedimentological
observations. Highest ratios were documented for a horizon within the uppermost P. spinatum zone,
whereas the Pliensbachian-Toarcian boundary is marked by a short-term decrease in the ratios.
Variable, but low AIK and In(Al/Na) indicate that clay mineral assemblages in this interval are
dominated by relative high, but variable illite and smectite contributions (Fig. 4-3). The uppermost
D. tenuicostatum zone and the lower H. elegantulum subzone, represented by Interval 3, show an
abrupt decrease in Si/Al and Zr/Al ratios, implying that the siliciclastic fraction within this interval is
dominated by clay minerals. An increase in the ratios, documented in the upper part of this interval,
indicate increased contributions of silt-sized siliciclastics. The Al/K and In(Al/Na) ratios show
different trends throughout this interval. Preferentially low Al/K ratios reflect increased contributions
of illite relative to kaolinite, whereby slightly increased In(Al/Na) ratios indicate reduced smectite
contributions relative to kaolinite (Fig. 4-3). Elevated contributions of silt-sized siliciclastic
throughout Interval 2 (upper H. elegantulum subzone) are indicated by slightly elevated Si/Al and
Zr/Al ratios, whereas both ratios shown a decreasing trend throughout this interval. Slightly
increased in AI/K and In(Al/Na) ratios can be attributed to elevat kaolinite contribution relative to
illite and smectite (Fig. 4-3). A local maximum in Si/Al and Z1/Al ratios at the base of Interval 1 (H.
falciferum subzone) indicate elevated silt-sized contributions, followed by a decreasing trend in both
proxies that indicates an enhancement in contributions of clay-sized detritus. High AI/K and Al/Na
ratios confirm that the clay mineral assemblage in this interval is dominated by kaolinite relative to

illite and smectite (Fig. 4-3).
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Figure 4-3: Stratigraphic evolution of proxies that allow to detect changes in the composition of the siliciclastic sediment
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4.2.3. Composition of the carbonate fraction

Previous works carried out in the Central Paris Basin and adjacent areas confirmed that
changes in carbonate content of contemporaneous sediments are bound to the abundance of
calcareous nannoplankton, which varied as a function of productivity and dilution by terrigenous
contributions (Rohl et al., 2001, Mattioli et al., 2008; Hermoso et al., 2009b; Lézin et al., 2012).
Furthermore, changes in abundance and composition of the biogenic carbonates were controlled by
environmental conditions, whereby the Lower Toarcian is marked by a pronounced biocalcification
crisis accompanying the Toarcian carbon cycle perturbation (Erba, 2004; Mattioli et al., 2004; 2008;
2009; Tremolada et al., 2005; Hermoso et al., 2012; Clémence et al., 2015). A drastic demise in
marine biocalcifying organisms is well expressed in sediments of Core FR-210-078 by a drastic drop
in the carbonate concentration synchronically to the negative Toa-CIE within the upmost D.
tenuicostatum zone and the lower H. elegantulum subzone (Interval 3) (Fig. 4-4; Fig. S4-3A).
However, the biocalcification crisis dis not result in an overall break down of primary productivity
and thus rather represents a shift in the primary producing community structure that culminate in a
decoupling of primary productivity and carbonate production (Jenkyns et al., 2001; Bucefalo Palliani
et al., 2002; Hermoso et al, 2009b). A high primary productivity and a decoupling of OM and
carbonate production during the Toa-CIE interval (Interval 3) is confirmed by a low carbonate
concentrations accompanied by high TOC values as well as high Cu/Al and Ni/Al ratios that can be
linked to the OM flux and thus to the primary productivity (Fig. S4-4) (Algeo & Maynard, 2004;
Triboviilard et al., 2006).

Changes in the composition of the carbonate fraction and the incorporation of elements like
Mg, Mn and Sr can provide information about the community structure of marine biocalcifiers (Li et
al., 2012; 2013; Hermoso et al., 2009b), changes in the primary productivity (Stoll & Schrag, 2001)
and in oceanographic conditions (Vincent et al., 2006), but can also reflect diagenetic and
sedimentological processes (e.g. Huckriede & Meischner, 1996; Jarvis et al., 2001). Distinguishing
between biological and sedimentologic/diagenetic controls on the carbonate composition is not
unambiguous when using element/calcite ratios obtained from bulk geochemical analysis, as the
ratio of biogenic versus diagenetic/micritic carbonate is unknown. However, it can be assumed that
in intervals with high carbonate concentrations changes in the element/calcite ratio reflect changes in
the biogenic carbonate fraction that can be linked to changes in the community structure of
biocalcifying organisms. On the contrary, carbonate poor intervals might carry a mixed signal with a

strengthened impact of diagenetic processes (Hermoso et al., 2009b; 2012).

Magnesium and manganese incorporation

Controls on Mg and Mn incorporation into biogenic carbonates have been debated
controversially, whereby a SST or SSS control on the incorporation of Mg and Mn in the carbonate
lattice cannot be confirmed. Moreover, the Mg/Ca and Mn/Ca ratio of biogenic carbonates might be
related to changes in the community structure of biocalcifiers (Li et al., 2012; 2013). Incorporation

of Mg and Mn into the carbonate fraction can further result from early diagenetic processes in
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relation to redox conditions and sea level changes associated with organic matter flux and detrital
input (Jarvis et al., 2001). Mg-incorporation is favored by low sulfate concentrations in pore waters,
as SO, can preclude dolomite formation by forming Mg-SO4 bonds (Irwin et al., 1977). The
incorporation of Mn into the carbonate lattice is also affected by redox conditions. Under anoxic
conditions manganese is present in seawater as dissolved Mn®". Re-oxygenation events result in the

3 which form insoluble Mn-oxides that congregate in

oxidation of reduced Mn®" species to Mn
bottom waters close to the water-sediment interface. Furthermore, Mn®>" concentrations in bottom
waters can be significantly increased by enhanced Mn scavenging on organic matter particles that act
as an efficient Mn pump (Jarivis et al., 2001 and references therein). Reestablishment of anoxia
again forms dissolved Mn*", which in combination with increased alkalinity (due to the activity of
sulfate reducing bacteria) can led to the precipitation of rhodochrosite (Huckriede & Meischner,
1996).

Mg/Ca and Mn/Ca ratios show identical trends throughout the studied sediment section,
implying that similar mechanisms controlled the accumulation of these elements into the sediment.
Relative high Mg/Ca and Mn/Ca ratios, varying around 1.1 and 105, respectively, were documented
in samples from Interval 4. However, no significant trend has been documented throughout this
interval (Fig. 4-4). Increased Mg/Ca and Mn/Ca ratios reaching values of about 1 and 400,
respectively, were documented for the Pl-Toa boundary black shale (Fig. 4-4). As carbonate
concentrations are always low throughout Interval 4, variations in the ratios most likely reflect a
diagenetic signal possibly related to changes in redox condition and/or pore water chemistry.
Following a drastic rise in both ratios at the base of Interval 3 (Mg/Ca up to 1; Mn/Ca up to 300) an
overall decreasing trend to Mg/Ca and Mn/Ca ratios of about 0.1 and 50, respectively, is documented
throughout the upper part of the interval (Fig. 4-4). The maximum at the base of Interval 3 marks the
onset of black shale deposition represented by the Schistes Carton Fm. Furthermore, two positive
spikes were documented from the upper part of the interval, where Mg/Ca and Mn/Ca ratios show a
brief increase to values of about 0.7 and 200, respectively. Horizons, showing increased Mg/Ca and
Mn/Ca ratios are highlighted by the lowest carbonate content documented throughout this interval.
The overall decreasing trend that started in Interval 3 continuous throughout Interval 2, whereby
ratios exhibit a significant variability that is better manifested in the Mn/Ca ratios. Throughout this
interval Mg/Ca ratios vary between 0.01 and 0.1, whereas Mn/Ca ratios range from 20 to 70 (Fig. 4-
4). Both ratios remain low and less variable throughout Interval 1, were Mg/Ca ratios of about 0.7

and Mn/Ca ratios of about 20 were recorded (Fig. 4-4).

Strontium incorporation

The Sr incorporation into biogenic carbonates varies as a function of PP rates of marine
calcifiers, whereby elevated Sr concentrations reflect increased PP rates (e.g. Stoll & Schrag, 2001;
Wien et al., 2005). Furthermore, changes in SSS have been confirmed to affect the Sr incorporation
into the carbonate fraction, whereby freshwater carbonates typically show lower Sr concentrations as
freshwater is depleted in Sr*" compared with normal marine sweater (e.g. Vincent et al., 2006).

Additionally, different rates of Sr incorporation in the biogenic carbonate lattice have been
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documented on taxon level (e.g. Hermoso et al., 2009b). Early Toarcian sediments from the Western
Tethyan shelf show highly contrasting Sr-concentrations, whereby certain stratigraphic intervals are
strongly depleted, while others are highly enriched. It has been shown that the variable rates of Sr
incorporation into the biogenic carbonate fraction can be attributed to changes in the abundance and
community structure of calcareous nannoplankton that represent the main carbonate-producing
organisms during this period (e.g. Hermoso et al., 2009a, 2009b; Minoletti et al., 2009; Lézin et al.,
2012). Intervals characterized by low Sr incorporation rates (low Sr/Ca ratios) are dominated by the
coccolithophorid Calyculus, which has been confirmed to mineralize coccospheres from brackish
low-nitrate waters (Mattioli et al., 2008; Hermosos et al., 2009b). An increase in the Sr incorporation
(high Sr/Ca ratios) can be associated with an increased abundance of the coccolithophorid
Crepidolithus (e.g. Bour et al., 2007; Hermoso et al., 2009b, 2012; Lézin et al., 2012), a deep
dwelling coccolithophorid that have been proven to be strongly enriched in Sr (e.g. Hermoso &
Minoletti, 2008; Minoletti et al., 2009).

In sediments from the Schistes Carton Fm (Intervals 1 - 3) Sr is preferentially bound to the
carbonate fraction as indicated by the correlation of Ca with Sr, whereby different slopes of
regression lines, indicate variable rates of Sr incorporation into the biogenic carbonate fraction (Fig.
S4-3B). Significant amounts of Sr bound to clay minerals can be excluded for samples from the
Schistes Carton Fm (Intervals 3, 2, and 1). Thus, the Sr/Ca ratios reflect the degree of Sr
incorporation into the carbonate lattice. Evolution of carbonate and Sr concentrations match
excellent with observations from the Sancerre Core in the southern Central Paris Basin (Hermoso et
al., 2009b), indicating that similar “basin-wide” processes controlled Sr incorporation into the
carbonate lattice.

Moderate ratios between 20 and 80 were documented in sediments corresponding to Interval
4 (upmost P. spinatum and lower D. tenuicostatum zones), whereby the Pliensbachian-Toarcian
boundary and a horizon in the middle part of the D. tenuicostatum zone show higher ratios up to 150
and 180, respectively. Increased ratios of about 140 were also documented in the basal and the upper
part of Interval 3 (upmost D. tenuicostatum zone and lower H. elegantulum subzone) that are further
highlighted by high Mg/Ca and Mn/Ca ratios, which support a diagenetic origin of this signal (Fig.
4-4). With exception of the high ratios in the carbonate-depleted basal part of Interval 3, Sr/Ca ratios
are low through this interval and do not exceed ratio of 70, indicating a drastic Sr depletion of the
carbonate fraction. The lower part of Interval 2 (upper H. elegantulum subzone) is marked by a
significant increase culminating in the middle part of this profile were the highest Sr/Ca ratios of
about 150 to 200 were observed. This rapid increasing is followed by a drop in the upper part of
Interval 2, were ratios decrease to about values of about 70 (Fig. 4-4). Superimposed to this long-
term trend, Sr/Ca ratios show a remarkable variability throughout Interval 2 that roughly aligns with
lithological changes. Following a minimum in Sr/Ca ratios of about 50 that marked the base of
Interval 1 (H. falciferum subzone) ratios show an increasing trend throughout the lower half of this
interval, culminating in an maximum of about 120. On the contrary, a steady decrease from ratios of

about 120 to 50 is documented throughout the upper part of the profile (Fig. 4-4).
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Figure 4-4: Stratigraphic evolution of carbonate content and composition of the carbonate fraction, expressed as Mg/Ca,
Mn/Ca and Sr/Ca ratios (Mg/Ca and Mn/Ca ratios are scaled logarithmically). Changes in ratios can reflect shifts in the
community structure of biocalcifying organisms (Li et al., 2012; 2013), but can also result from early diagenetic processes.
High incorporations rates of Mg and Mn can result from oxygen depletion and can be further characteristic for condensed
sediment intervals and thus represent early diagenetic processes. Strontium is preferentially bound to biogenic carbonates
produced by calcareous nannoplankton (Hermoso et al., 2009b), whereas Sr/Ca ration in the grey highlighted intervals
might also represent a diagenetic signal as a significant proportion of the carbonate fraction is represented by non-biogenic
protodolomite. Additionally, the weak correlation of carbonate with Sr in samples from the Grés médioliasiques Fm imply

that certain amounts of Sr might be associated with allochthonously derived clay minerals (Fig. S4-2B).
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4.2.4. Characterization of the organic matter fraction

Information about composition and preservation of sedimentary organic matter can be
obtained from the HI and OI values that allow to distinguish between terrigenous and marine organic
matter sources. Furthermore, the maturity state of the sedimentary OM can be inferred from the Ty
value (e.g. Bordenave et al., 1993). Marine OM is characterized by low OI and high HI values, while
land plant derived OM exhibit an opposite pattern. Furthermore, enhanced organic matter
degradation can result in a decrease of the HI values. Additionally, the distribution pattern of odd-
numbered n-alkanes can provide information about variations in the contribution of terrigenous and
marine originated OM. The n-alkanes, present in the aliphatic hydrocarbon fraction, were quantified
by using the mass fragment m/z 85. Representative ion chromatograms for Intervals 1 to 4 are shown
in the appendix (Fig. A10). Contributions of long-chain odd-numbered n-alkanes (>20 carbon atoms)
are originated in land plants (Eglinton & Hamilton, 1967; Cranwell et al., 1987), while n-alkanes
from aquatic sources are dominated by odd-numbered r-alkanes with chain lengths of <20 carbon
atoms (Cranwell, 1973; Cranwell et al., 1987; Meyers, 2003). Changes in relative contributions of
terrigenous-originated long-chain n-alkanes versus marine originated short-chain n-alkanes are

expressed by the TAR (terrestrial-aquatic-ratio; Bourbonniere & Meyers, 1997), which is defined as:

TAR= Cys +Cy +Cy
Cs+C;+Cy
Additionally, the carbon preference index (CPI; Bray & Evans, 1961) provides information

about n-alkane sources (even-numbered diagenetic versus odd-numbered biologic):

ol (Cps+Cpy + Cog + Cy 4 Cy) . (Cps+Cy + Cog + Cyy + Cy)
2 (C24 +Ch +Cp +Cyp + C32) (C26 +Cy +Cy +Cyy + C34)

Furthermore, the composition of marine sedimentary organic matter can be strongly affected
by the preservation conditions that vary in dependence on OM burial efficiency and redox condition
(Burdige, 2007; Zonneveld et al., 2010) but is also affected by differences in the stability and
degradability of more labile marine versus refractory terrestrially derived OM (Meyers & Ishiwatari,
1993). Thus, a predominance of refractory land plant derived OM in marine sediments can also
result from the poor preservation of more labile marine OM due to enhanced biodegradation.

A low thermal maturity of the OM has been established by previous works (Ruebsam, 2010;
Wagner, 2010) and is also confirmed for Core FR-210-078 by low Ty, values ranging from 422 to
428°C for the Grés médioliasiques Fm (Interval 4) and from 416 to 423°C for the Schistes Carton
Fm (Intervals 1 - 3) (Fig. S4-3). Variations in Ty, values between the different facies types can be

attributed to specific kerogen types (Bordenave et al., 1993). Due to the low thermal maturity
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changes in the TAR and the CPI can be attributed to changes in OM sources, which is supported by
the similar trend exhibited in both parameters (Fig. S4-5).

Organic matter of Interval 4 (upper P. spinatum and lower D. tenuicostatum zones) is
characterized by variable OI values (~20 and ~80 mgCO,/gTOC) and low HI values (<300
mgHC/gTOC). Thus, OM can be attributed to kerogen types II/IIl (Fig. 4-5A), representing
significant terrestrial contributions into a shallow marine environment. Marine OM in this interval is
affected by enhanced reworking as indicated by low HI values. The distribution pattern of n-alkanes,
expressed as TAR, supports this interpretation and confirms significant land plant derived OM
contributions (TAR > 0.8; Fig. 4-5B), whereby a clear odd-over-even predominance is indicated by
high CPI values ranging between 2 and 3 (Fig. S4-5). Organic matter corresponding to the
Pliensbachian-Toarcian boundary black shale differs from this trend. Elevated HI values (up to 530
mgHC/gTOC), low OI values (<20 mgCO,/gTOC) as well as low TAR values (<0.7) indicate that
OM within the PI-Toa boundary interval is dominated by well-preserved marine OM contributions

and can be attributed to kerogen type I1.
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Figure 4-5: A) HI-OI plot indicates increased contributions of terrestrial derived OM for the Grés médioliasiques Fm. On
contrast the Pl-Toa boundary is highlighted by increased marine OM input. Samples from the Schistes Carton Fm plot in
fields corresponding to kerogen types I-II, indicating well-preserved OM of preferentially marine origin. Samples that show
increased Ol and lowered HI values indicate that increased contributions and/or enhanced OM reworking affected the
composition of the sedimentary OM. HI values exceeding 800 mgHC/gTOC might indicate phases of monospecific algal
blooms resulting in increased contributions of H-rich lipids. B) The TAR versus HI plot allows distinguishing between
marine and terrestrial OM contributions as well as between differences in the state of OM preservation. The lowest TAR is
documented in samples of the basal Schistes Carton Fm. Slightly reduced HI values might indicate enhanced OM

degradation due to extremely slow burial rates during a stage of drastic sediment starvation.
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Organic matter in sediments corresponding to the Schistes Carton Fm (Intervals 1- 3) can be,
on the base of high HI (> 400 mgHC/gTOC) and low but variable OI values (8 — 50 mgCO,/gTOC),
attributed to kerogen types I/Il that indicate dominantly marine OM sources (Fig. 4-5A).
Preferentially marine OM sources are also confirmed by low TAR values that do not exceed 0.7 (Fig.
4-5B) and by low CPI values that range from 1.2 to 2.0. Lowest TAR values accompanied by
slightly decreased HI values are observed in Interval 3 (upmost D. tenuicostatum zone and lower H.
elegantulum subzone), which might result from enhanced OM degradation processes within this
interval. A weak covariation of TAR with HI values is observed for OM from Intervals 1 and 2
(upper H. elegantulum and H. falciferum subzones), indicating variable amounts of land plant
derived OM into a marine depositional environment. Moreover, variable degrees of marine OM
preservation might also contribute to this pattern (Fig. 4-5B).

Additional information about the composition of sedimentary organic matter and the
microlithotype can be obtained from petrographic inspection of polished blocks. Samples from
distinct laminated and parallel-textured bituminous intervals show a high abundance of alginites that
frequently occur in form of mats or are enriched in distinct horizons, confirming a preferentially
autochthonous marine organic matter sources (Fig. 4-7A, B). Telalginites preferentially occur in
form of Tasmanales but are restricted to samples from the upmost D. tenuicostatum zone (lower part
of Interval 3) and to the distinctly laminated horizons in the upper H.elegantulum subzone (Interval
2) and in the H. falciferum subzone (Interval 1). The abundant occurrence of Tasmanales in
contemporaneous sediments has been previously documented (e.g. Littke et al., 1988). Tasmanales
has been associated with transgressive black shales (see Tyson, 1995 pp. 305), whereby other
authors suggest a relation to brackish or to cold water environments (e.g. Filho et al., 2012), which
can, however, not be unequivocally confirmed (see discussion by Tyson, 1995, pp. 299 — 308 and
references therein).

Sediments from the upmost D. tenuicostatum zone and the lower H. elegantulum subzone
(Interval 3) are further highlighted by an extremely high abundance of small framboidal pyrite
(typically <10 pm in diameter). Furthermore, these sediments show no distinct lamination, indicating
deposition under extreme stagnant conditions, which match other sedimentological observations (see
4.2.1.). Similar observations were made for a parallel core studied by Song et al. (2014). Samples
from indistinct and bioturbated intervals, identified within the upper H. elegantulum subzone
(Interval 2), show a significantly reduced abundance of disperse alginites. These horizons are
highlighted by a frequent occurrence of sporinites (Fig. 4-7C, D), indicating higher contributions of

allochthonous organic matter. Furthermore, framboidal pyrites are less abundant in these horizons.
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Figure 4-6: Representative microphotographs (in incident light fluorescence mode) from polished blocks for 4 different
facies types identified in Core FR-210-078. Samples from bituminous intervals (A, B) contain high concentrations of
alginite, which can occur as algal mats. Large telalginites (7asmanales) occur in the upmost D. tenuicostatum zone and the
H. falciferum subzone (Intervals 3 and 1; A). Samples from indistinctly laminated and bioturbated horizons within the
upper H. elegantulum subzone (Interval 2) show a significantly lower abundance of alginites but are enriched in sporinites
(C,D).
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4.3. Salinity proxies

4.3.1. Oxygen isotope values of the carbonate fraction

Oxygen isotope values of authigenic carbonates vary as a function of the temperature,
precipitation and the 3'*0 value of the seawater, whereby the 3'°0 value of the seawater is controlled
by the extent of polar ice and/or by riverine freshwater discharge into a marine environment (e.g.
Grossmann, 2012 and references therein). Storage of '*O-depleted water in form of polar ice and
glaciers results in the 'O enrichment of the seawater and consequently of marine authigenic
minerals. This trend is reinforced by lower SST during glacial periods (Lea et al., 2000). The dual
dependence of the 5'*0-values can amplify the signal and thus can be clearly attributed to a climate
signal.

A drastic decease in 5'°O values of about -1.5 to -3.5%o at the D. tenuicostatum- H.
serpentinum transition is documented from several locations throughout the Western Tethyan shelf
and the Mediterranean and is commonly interpreted as a rise in global sea surface temperatures (e.g.
Dera et al., 2011a and references therein). The magnitude of the 3'°O drop exhibits a strong
geographical gradient, whereby the higher amplitudes were documented from the NE part of the
shelf. Amplitudes decrease towards the SE, whereby lowest amplitudes were recorded from locations
in the Mediterranean realm (e.g. Dera & Donnadieu, 2012; Fig. S4-1). This gradient reflects rather a
salinity signal than a temperature signal as an increase in SST temperatures of about 10°C towards
higher latitudes is most unlikely (e.g. McArthur et al., 2000; Bailey et al., 2003; Dera & Donnadieu,
2012).

Throughout the studied interval oxygen isotope data of the bulk carbonate fraction vary
between -7 and -3.5%o. Rhythmic fluctuations between -6 and -4.5%o were documented for sediments
from Interval 4 (upmost P. spinatum and lower D. tenuicostatum zones). Values drastically increase
to about -3.5%o in sediments corresponding to the basal Interval 3 (upmost D. tenuicostatum zone
and lower H. elegantulum subzone). In the following values show a decreasing trend throughout this
interval. Lowest values of about -7%o were documented in samples from the upper part of the
interval. Moreover, very low oxygen isotope values might result from diagenetic processes under the
influence of organic matter (Fig. S4-6). Slightly higher 5'*O values that range from -6.2%o to -4.3%o
are documented in samples from Interval 2 (upper H. elegantulum subzone). Throughout this interval
30 values rhythmically, whereby lower values are documented in samples from distinctly
laminated horizons and higher values from the indistinctly laminated horizons (Fig. 4-7). Oxygen
isotope data in samples from Interval 1 (H. falciferum subzone) range from -6.4 to -4.8, whereby no

significant trend can be observed (Fig. 4-7).
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4.3.2. Distribution of methyltrimethyltridecylchromans

The distribution of methyltrimethyltridecylchromans (MTTCs) has been successfully applied
as surface seawater salinity parameter (e.g. Bechtel et al., 2007; Wang et al., 2011; Tulipani et al.,
2015), whereby the origin of these compounds is still debated. A biosynthetic origin from
phytoplanktonic organisms has been proposed by Sinninghe Damsté et al. (1993), although MTTCs
or appropriate diagenetic precursor molecules have never been found in living organisms.
Alternatively, an early diagenetic origin by condensation reactions of phenol and alkylphenoles (Li
et al., 1995; Tulipani et al., 2013), or by cyclization of alkylphenols (Barakat & Rullkétter, 1993) has
been proposed. Mono-, di- and tri-methyl substituted MTTCs are present in all samples in the
aromatic hydrocarbon fraction, whereby only traces of mono-MTTCs have been detected. Therefore,
the relative distribution of MTTCs is expressed as tri-/di-MTTC ratio. Characteristic ion
chromatograms are shown in the appendix (Fig. A14). High ratios, indicating a dominance of 5,7,8-
trimethyl-MTTC, reflect diminish surface salinities, whereas low ratios indicate increased
concentrations of 5,8 and 7,8-dimethyl-MTTCs reflect more saline conditions.

Low and less variable ratios between 3 and 5 are documented throughout Interval 4 (upmost
P. spinatum and lower D. tenuicostatum zones), whereas the Pliensbachian-Toarcian boundary black
shale is highlighted by a shift to ratios of about 14 (Fig. 4-7). A significant increase in the ratio is
also documented within the lower part of Interval 3 (upmost D. tenuicostatum zone and lower H.
elegantulum subzone), whereby values remain very high (~10 on average) throughout this interval.
Lower ratios that vary between 5 and 10 are noted within Interval 2 (upper H. elegantulum subzone),
whereby periodically fluctuation follows lithological changes. High ratios are documented for
distinctly laminated sediments, whereas low ratios are documented for horizons showing an
indistinct lamination. Subsequently an increasing trend in tri-/di-MTTC ratios is observed throughout
Interval 1 (H. falciferum subzone) (Fig. 4-7).

4.3.3. Abundance of C;, steroids

The occurrence of Csp-4-desmethylsteroids (C;o steroids) is highly diagnostic for marine
environments as these compounds are biosynthesized by marine Pelagophyte algae, like
Sarcinochrysis marina and Nematochrysopsis roscoffensis (Volkman, 2003), which are intolerant
towards enhanced freshwater input and thus lower SSS (Peters et al., 2005). These algae were
originally assigned to the Chrysophyceae but have been reclassified into Pelagophyceae (see
Volkman, 2003 and references therein). The Cjy steroids, present in the aliphatic hydrocarbon
fraction, were identified using m/z 217 for the regular steranes and m/z 257 for the dia-sterenes in
combination with their molecular masses. Characteristic ion chromatograms are shown in the
appendix (Figs. A12, A13A). The amount of Cs steroids is expressed as the sum of regular C;
steroids and Cj dia-sterenes, as both compounds derive from in a Cjg sterol precursor (Mackenzie et
al., 1982).
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Low concentrations of Cs steroids of ~6.5% on average are foundin samples from Intervals
4 and 3 (upmost P. spinatum and D. tenuicostatum zone, lower H. elegantulum subzone), whereby
the Pliensbachian-Toarcian boundary is marked by a significant 2.5% drop in the abundance of Cs,
steroids (Fig. 4-6). A slight increase in the concentration of Cs, steroids is documented in the middle
part of Interval 3 (lower H. elegantulum subzone) and is followed by a significantly decreasing trend
culminating in a minimum of about 4.7% within the uppermost part of this interval (Fig. 4-6).
Samples from Interval 2 (upper H. elegantulum subzone) are substantially enriched in Cj, steroids
(~7.5% on average), whereby values are highly variable (6 — 12%) and show periodically
fluctuations throughout his interval. Average concentrations of about 7.5% in samples from Interval
1 (H. falciferum subzone) are comparable to the concentrations reported in samples from the Interval

2, but exhibit a much lower variability (Fig. 4-7).
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Figure 4-7: Evolution of proxies proposed to reflect changes in the sea surface salinity (SSS), comprising MTTCs, Csq
steroids and 8'30 values. The drastic increase in tri-/di-MTTC ratios attest a drop in SSS that aligns with a major facies
change at the base of the Schistes Carton Fm. Lowest SSS can be assumed for the upmost D. fenuicostatum zone and the
lower H. elegantulum subzone. The low abundance of Cj steroids further indicates conditions differing from normal
marine environments. A return to more normal marine conditions, with increased SSS, occurred in the upper H.
elegantulum subzone and is evident form both proxies. The evolution of SSS can be also inferred from 8'%0 values,
whereas some horizons were possibly affected by diagenetic alteration as indicated by the significant coevolution of 8'*0
values with Mg/Ca ratios. Furthermore, the upmost D. tenuicostatum zone is associated with a rise in sea surface

temperatures (SST) of about 6°C, also contributing to a decrease in 8'*0 values.
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4.4. Discussion

4.4.1. Sequence stratigraphic framework and sea level evolution

The evolution of the sea level can be inferred from changes in sediment composition as well
as from changes in the composition of the different sediment constituents. Transgressive phases can
be expressed by an increase in autochthonous marine carbonate contributions, a decrease in the grain
size of the clastic sediment fraction (low Si/Al, Zr/Al; Williams et al., 2001; Coe, 2003) and a
decrease in terrestrially originated organic matter contributions (e.g. high HI, low OI and TAR).
However, changes in sediment composition in highly dynamic shallow marine shelf settings can also
result from climate changes that affected the intensity of continental run off and thus the sediment
supply from continents. Furthermore, changes in current systems can result in changes in the source

area from which sediments were delivered.

Long-term sea level evolution (the 2" order Liassic transgression)

The Early Toarcian is marked by a long-term 2™ order tectonoeustacy-driven transgression
(T6; Liassic transgression) following a Late Pliensbachian regressive phase (R5) that let to the
formation of hiatuses and sedimentation gaps in contemporaneous strata across the Western Tethyan
shelf (Hardenbol et al., 1998; Pittet et al., 2014). The base of the Liassic transgression, the PI8
maximum regressive surface (MRS), can be placed in the upper P. spinatum zone (upmost
Pliensbachian). In Core FR-210-078 this MRS corresponds to a horizon strongly enriched in
reworked shell fragments that further shows high Si/Al, Zr/Al as well as high TAR values, indicating
significant contributions of coarse quartz-rich silt-sized siliciclastics and terrestrially contributed
organic matter (Fig. 4-8). The sediment structure is characteristic for a shallow marine environment,
where deposition is affected wave action as indicated by reworked shell material. A similar position
of the P18 MRS has also been documented in the southern Central Paris Basin (Gély & Lorenz, 2006;
Hermoso et al., 2013).

The Liassic transgression is well expressed by a long-term decrease in Si/Al and Zr/Al
ratios throughout the D. tenuicostatum and H. serpentinum zones, indicating a decrease in coarse-
grained quartz-rich siliciclastics due to retrograding coastlines that resulted in reduced contributions
from the continents (Coe, 2003). According to Hardenbol et al. (1998) and Gély & Lorenz (2006) the
maximum flooding surface (MFS) is placed somewhere within the uppermost H. serpentinum zone,
close to the H. serpentinum-H. bifrons boundary. In the Sancerre Core this stratigraphic interval is
marked by the lowest input of coarse siliciclastics, accompanied by the lowest Si/Al and Zr/Al ratios
(Hermoso et al., 2013). The H. serpentinum-H. bifrons boundary is not recovered in Core FR-210-
078, however, lowest Si/Al and Zr/Al ratios are also documented for the upper H. falciferum
subzone. Results further match with the findings from the Southern German Basin, where the MFS
of the Liassic transgression is also placed in the upper H. falciferum subzone and characterized by a

condensed sediment interval (Rohl et al., 2001).
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Short-term sea level evolution (3™ order eustatic cycles)

Subsequent to the 2™ order transgression the Early Toarcian records several rapid high-
amplitude sea level fluctuations that were attributed to 3" order cycles, namely the P18-Toal; Toal-
Toa2; Toa2-Toa3 cycles (review Chapter 1.1.2.; also see Hardenbol et al., 1998; Gély & Lorenz,
2006), which are possibly of glacio-eustatic origin (e.g. Hallam, 1997, 2001; Pittet et al., 2014).

PI8-Toal cycle. The P18-Toal cycle covers the uppermost P. spinatum zone and the major
part of the D. tenuicostatum zone (Hardenbol et al., 1998; Gély & Lorenz, 2006). A rapid, but short-
lived transgressive phase, which started in the uppermost P. spinatum zone, is well expressed in Core
FR-210-078 by a laminated bituminous claystone that highlights the Pliensbachian-Toarcian
boundary (Pl-Toa boundary black shale). The sedimentation style indicates that deposition occurred
below the wave and storm base and allochthonous contributions were transported via turbidity
currents. A decrease in silt-sized siliciclastic contributions is documented by low Si/Al ratios (<3).
Reduced input from the continental sources has been also confirmed by decreased TAR values (<1)
and increased HI values (>500 mgHC/gTOC), indicating that OM in this horizon is of dominantly
marine origin. The transgressive phase, marking the lower part of the PI§-Toal cycle, might have led
to strongly reduced sediment accumulation rates, resulting in the condensation of the Pliensbachian-
Toarcian boundary section. Reduced input of siliciclastic contribution relative to the organic matter
flux might be indicated by elevated Mn/Ca ratios (>300), supporting reduced sediment accumulation
rates (Jarvis et al., 2001). A drop in Al/K ratios to values of about 2.5 indicates a reduced kaolinite
contribution, which can reflect a decrease in chemical weathering or a rapid transgression as
kaolinite is preferentially deposited in proximity to shore lines (Yarincik et al., 2000a; Pellenard &
Deconinck, 2006). With respect to lithological observations and other geochemical data, a sea level-
driven control of the AI/K ratio is more likely. Furthermore, an increase in kaolinite contributions to
the shelf sea that resulted from a short-lived warming at the P1-Toa boundary has been documented
from contemporaneous sediments of adjacent basins (Suan et al., 2008b, 2010; Dera et al., 2009a;
2011a; Branski, 2012). Condensation of the Pliensbachian-Toarcian boundary interval has also been
documented for other locations (D1 condensation; Pittet et al., 2014) and might result in a shorter
duration of the D. fenuicostatum zone in sections on the Western Tethyan shelf when compared with
the Mediterranean realm (compare Suan et al., 2008a and Ruebsam et al., 2014, 2105). Following the
sea level rise in the lowermost D. tenuicostatum zone, the upper part of this interval represents a
steady regressive phase. Sediments are dominated by silt-sized siliciclastic contributions as indicated
by high Si/Al that vary between 3 and 4 and Zr/Al ratios that scatter around 30 (Fig. S4-2B).
Elevated organic matter contributions from the continents are also indicated by high TAR values >1
and low HI values that tend to remain below 300 mgHC/gTOC. Furthermore, periodically
fluctuations in the geochemical proxies dicussed can be attributed to high-frequent sea level
fluctuations. The Toal MRS can be placed in the uppermost D. fenuicostatum zone and is marked by
a sediment interval enriched in reworked shells that is characterized by high Si/Al (~3.8), Zr/Al
(~30) and TAR values of about 1.5 (Fig. 4-8). This sequence boundary is not recognized in the
Sancerre Core, where the uppermost D. tenuicostatum zone has been attributed to the MFS of the

P18-Toal cycle (Hermoso et al., 2013). A similar conclusion was reached by Ponsot (1994), who
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attributed the PI§-Toal cycle to the D. tenuicostatum zome and to the H. exaratum subzone.
Interpretation by Ponsot (1994) and Hermoso et al. (2013) might result from the fact that the PI8-
Toal cycle can be missing partly due to erosion and/or strong condensation. However, Gély &
Lorenz (2006) identified the Toal MRS within the uppermost D. fenuicostatum zone. A regressive
trend in the upper D. tenuicostatum zone is also evident from the Southern German Basin (Reisdorf,
2001; Rohl et al., 2001; Montero-Serrano et al., 2015), from the British Islands (e.g. Hesselbo, 2008)
as well as from the Lusitanian Basin (e.g. Pittet et al., 2014). In the Lusitanian Basin the regressive
phase in the upper D. fenuicostatum zone is expressed by the D2 hiatus (Pittet et al., 2014). A sea
level fall resulting in the removal of sediments corresponding to the D. tenuicostatum zone is also
reported from some settings from the Paris Basin (van Breugel et al., 2006).

Toal-Toa2 cycle. The 3" order Toal-Toa2 cycle covers the upmost D. tenuicostatum zone
(D. semicelatum subzone) and the H. elegantulum subzone, represented by Intervals 3 and 2. The
transgressive phase of this cycle is well expressed by a significant change in the lithology, marking
the boundary between the Grés médioliasiques Fm and the Schistes Carton Fm. Sediments show a
distinctive parallel textured and partly laminated sedimentation style and are highly enriched in OM,
indicating that deposits were unaffected by wave and storm action or benthic reworking processes in
a deep basin under extremely stagnant conditions. Extreme stagnant conditions are also indicted by
the microstructure of sediments that show no distinct lamination. The high content of siliciclastics
(70.3 wt.% on average), characterized by low Si/Al (~2.4) and Zr/Al (~20) ratios, indicate, in
combination with sediment structures, that sediment supply was dominated by fine-grained mud and
was transported via hemipelagic settling and periodically reoccurring suspension currents. Sediments
are significantly enriched in pelagic fauna, fecal pellets and Tasmanales remains (telalginites),
indicating strongly reduced sediment accumulation rates that resulted from rapidly retrograding
coastlines (Coe, 2003). A significant retrogradation of the coastlines during the Toal-Toa2
transgression is also indicated by low Al/K ratios of ~2.5 that indicate drastically reduced
abundances in kaolinite (Yarincik et al., 2000a; Pellenard & Deconinck, 2006). Similar observations
have been reported from the Sancerre Core, were the basal Schistes Carton Fm and thus the Toa-CIE
interval is also highlighted by low abundances in kaolinite (Hermoso & Pellenard, 2014). Low
kaolinite concentration in sediments from the Paris Basin cannot be explained by climate-driven
processes, as this stratigraphic interval represents a period of drastic global warming (Dera et al.,
2011a), increase in pCO, (McElwain et al., 2005) and enhanced continental weathering (Cohen et al.,
2004; Montero-Serrano et al., 2015) that resulted in an increased kaolinite contributions to the shelf
seas (Dera et al., 2009a; Branski, 2012). Thus, low kaolinite concentrations clearly support a rapid
sea level rise, taking place during this time. Low sediment accumulation rates further resulted in only
minor dilution of the OM fraction as expressed by high OM concentrations. The nearly total absence
of terrigenous contributions is also indicated by very low TAR values (0.1 to 0.2) that confirm
predominantly marine OM sources (alginites and telalginites). However, extremely slow burial rates
resulted in enhanced degradation processes, expressed by slightly lowered HI values (Fig. 4-5B).
Additionally, the biocalcification crisis, accompanying the Toarcian carbon cycle perturbation,

resulted in only minor contributions of autochthonous marine carbonate (12.7 wt.% on average),
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which further contributed to a sediment starvation. These observations are in agreement with
elevated Mn incorporation rates into the carbonate fraction (Mn/Ca = 100 to 300) that can be
characteristic for condensed sediment intervals (Jarvis et al., 2001). Condensation of
contemporarnous strata has also been documented from the Lusitanian Basin (D3 condensation;
Pittet et al., 2014) as well as from the Cleveland Basin (McArthur et al., 2000; McArthur & Wignall,
2007 and references therein). The MFS of the Toal-Toa2 cycle is not easy to identify, but might be
located somewhere within the lower H. elegantulum subzone, which is in agreement with findings
from the Lusitanian Basin (Pittet et al., 2014). The upper H. elegantulum subzone (Interval 2) can be
attributed to a regressive phase (FSST). An increase in silt-sized detrital contribution is clearly
expressed by increased Si/Al (2.4 to 2.8) and Zr/Al (15 to 22) ratios. A strengthening of continental
derived contributions is also evident from an increase in the TAR (0.2 to 0.6), indicating enhanced
delivery of land plant derived OM (Fig. 4-8). This sea level fall was accompanied by a drastic
increase in sediment accumulation rates resulting from progradating coastlines (Coe, 2003) as well
as from re-deposited sediments eroded at shallow marine settings that become sensitive towards
winnowing processes (Macquacker & Howell, 1999; Trabucho-Alexandre, 2014). The sensitivity of
the environment towards fluctuations in sea level and/or environmental changes is clearly expressed
by the lithological variability that has been documented in the upper H. elegantulum zone (Interval
2). The exact position of the Toa2-MRS is not unambiguous but can be placed somewhere within the
lowermost H. falciferum subzone as high Si/Al values (~2.8) and Zr/Al values (~22), accompanied
by increased concentrations of siliciclastic as well increased TAR values (~0.6), are documented for
this interval (Fig. 4-8). The steady increase in autochthonous carbonate, observed throughout the
upper H. elegantulum zone, resulted from a recovery phase of marine nannoplankton following a
biocalcification crisis (e.g. Mattioli et al., 2009; Hermoso et al., 2009b; Clémence et al., 2015).
Changes in sediment accumulation rates accompanying the sea level changes within the 3™ order
Toal-Toa2 cycle are also evident from cyclostratigraphy (Ruebsam et al., 2014; 2015) and strontium
isotope trends (McArthur et al., 2000; McArthur & Wignall, 2007).

An additional 4™ order cycle can be identified within the FSST of the Toal-Toa2 cycle. The
cycle and is bordered by two local maxima in Si/Al and Zr/Al ratios and in TAR values marking the
MRS. The lower Toala MRS is placed in the uppermost part of Interval 3, whereby the upper MRS
matches the Toa2 MRS in the lowermost part of Interval 1 (lowermost H. falciferum subzone) (Fig.
4-8). The Toala MRS further roughly matches the D4 hiatus identified in the Lusitanian Basin at a
similar stratigraphic position (Pittet et al., 2014). The MFS can be placed within the uppermost H.
elegantulum subzone and is marked by a drop in the TAR values. As mentioned above, sediments
within this interval show a remarkable variability that is expressed by periodical facies changes
aligning with changes in sediment composition and geochemical proxies. Horizons showing a
distinctively laminated sediment structure are characterized by high OM (preferentially alginites)
and carbonate contents as well as by low TAR values (<0.3). On the contrary, sediments showing an
indistinctively laminated and a partly bioturbated sediment structure are characterized by low OM
and carbonate contents, accompanied by increased siliciclastic contributions and elevated TAR

values (>0.3). Organic matter in these horizons is of mixed autochthonous and allochthonous origin
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as testified by the occurrence of alginites and sporinites (Fig. 4-6B, C, D). These facies changes can
be interpreted as short-term sea level fluctuations, whereby a high sea level is manifested in
laminated OM rich facies and a low sea level in a bioturbated OM poor facies.

Interestingly, facies changes are not well expressed in the Si/Al and Zr/Al ratios, indicating
that sea level changes did not caused in significant changes in the ratio of clay versus silt-sized
detritus. Thus it can be assumed that sea level changes were not accompanied by significant shifts in
the coastline and distal settings did not experienced drastic changes in continental derived
siliciclastics. Moreover, it can be assumed that drops in sea level initiated an intensification of
erosive events and winnowing processes in shallow marine settings, in particulat in near shore
environments or on top of sills and swells. Mud previously deposited in these settings during the
Toal-Toa2 transgression became more prone to erosion and was transported via ocean currents to
local depressions (e.g. Fraugéres & Stow, 1993; Macquacker & Howell, 1999; Trabucho-Alexandre,
2014). Thus, consequences of sea level fluctuations towards sedimentation were bound to the local
paleogeographic setting and resulted in the formation of several hiatuses at shallow settings (van
Breugel et al., 2006), whilst local depression received increased rates of sediment supply. The higher
variability expressed in the TAR might result from differences in the transport mechanisms of
terrigenous organic matter and siliciclastics (Nittrour, 1981; Wakeham & Lee, 1993).

Toa2-Toa3 cycle. The 3™ order Toa2-Toa3 cycle covers the H. falciferum subzone and the
lower H. bifrons zone, whereby the MFS is placed at the H. serpentinum - H. bifrons boundary
(Ponsot, 1994; Hardenbol et al., 1998; Gély & Lorenz, 2006). Only the TST of this cycle is covered
in Core FR-210-078 and is indicated by a decrease in Si/Al ratios (~2.4) and Zr/Al ratios (~17). The
overall trend matches with findings from the Central Paris Basin (Hermoso et al., 2013) as well as
with the overall sequence stratigraphy established for the Early Toarcian (e.g. Hardenbol et al., 1998;
Gély & Lorenz, 2006). However, sediments of the H. falciferum subzone show increased
contributions of siliciclastics, whereby carbonate concentrations are slightly reduced. This can result
from a reduced abundance of marine biocalcifiers due to a decrease in the primary productivity or
from increased siliciclastic input due to enhanced continental weathering and increased riverine
discharge (Cohen et al., 2004). Additionally, OM from the H. falciferum subzone shows elevated
TAR values that vary between 0.3 and 0.5, indicating enhanced contributions from terrestrial
sources. Microscopic observations confirm the presence of a few sporinites, however, sedimentary
organic matter is clearly dominated by alginites (Fig. 4-7A).

These observations are not fully in accordance with the proposed sea level evolution that
attributes the H. falciferum subzone to the stage of the highest sea level that should show the lowest
concentrations of terrigenous derived contributions (Hardenbol et al., 1998; Gély & Lorenz, 2006;
Hermoso et al., 2013). However, this problem can be overcome when assuming an acceleration of
the hydrological cycle that resulted in enhanced chemical weathering and an increase in continental
run off, which is indicated by elevated Al/K and In(Al/Na) ratios (Fig. 4-8), and which is further
supported by previous works (e.g. McArthur et al., 2000; Cohen et al., 2004; Dera et al., 2009a). The
different trend documented in the siliciclastic and organic matter fraction can be explained by

different transport mechanism for the different fractions. Silt-sized siliciclastics were deposited in
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proximity to coastlines (e.g. Nittrour, 1981), whereas OM can be easily transported to distal settings
(e.g. Wakeham & Lee, 1993). These mechanisms also resulted in a higher variability of the TAR

within the upper H. elegantulum subzone.
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Figure 4-8: Changes in composition of siliciclastics and sedimentary organic matter allow to reconstruct the sea level
evolution, whereby changes in geochemical proxies are aligned with facies changes. The long-term 2™ order Liassic
transgression is well expressed in all parameters by significant decrease in Si/Al ratios and the TAR (Si/Al and TAR are
scaled logarithmically). The divergent trends observed between Si/Al and TAR in the upper H. elegantulum and H.
falciferum subzones reflect different transport mechanisms for siliciclastic and terrestrial OM. Coarse-grained siliciclastics
marked by high Si/Al ratios are preferentially stored in proximity to the shore line. Terrestrial OM can be transported to
distal locations by surface current systems. Elevated amounts of terrestrial OM can also resulted from elevated continental
run off. An increase in humidity accompanied by enhanced chemical weathering and continental run off can be inferred
from the steady increase of the Al/K ratio. Low Al/K ratios in Interval 3 can be explained by rapidly retrograding coastlines
that resulted in a kaolinite depletion in distal areas. Superimposed 3™ order cycles were identified within the D.
tenuicostatum zone as well as within the H. elegantulum and H. falciferum subzones. Additionally the upper part of the H.

elegantulum subzone might cover another 4™ order sea level cycle.
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4.4.2. Evolution of sea surface salinity

The Early Toarcian records a drastic decrease in 8'0 values measured in the calcite of
marine invertebrates, which has been attributed to reflect a drastic rise in SST that started in the
upmost D. tenuicostatum zone (e.g. Dera et al., 2011a and references therein; also see Chapter
1.2.3.). The decrease in 8'°0 values is evident from different basins throughout the Western Tethyan
shelf situated at different latitudes between ~10 and ~45°N, where significant differences have been
documented in the amplitude of the oxygen isotope decrease. Highest amplitudes (about -3%o on
average), resulting in the most negative 8'°O values, were documented from basins situated at high
latitudes (above >30°N), whereas basins located at lower latitudes (below 30°N) show a lower
amplitude of about -1.5%o (Fig. S4-1) (e.g. Saelen et al., 1996; Bailey et al., 2003; van de
Schootbrugge et al., 2005a; Dera & Donnadieu, 2012). Significant latitudinally dependent
differences were also expressed in 8'%0 values measured on the bulk carbonate fraction, whereby
data from the Lorraine Sub-Basin (this study) and the southern Paris Basin (e.g. Hermoso et al.,
2009b) show a -3%o offset when compared with data from the Mediterranean realm (Fig. 4-9) (also
see Rohl et al., 2001).

When interpreting the geographical 8'®O data pattern in terms of differences in SST,
temperatures in the submediterranean and subboreal realms would exceed those of the mediterranean
realm by 5 to 10°C (also see Dera & Donnadieu, 2012). Such a latitudinal gradient is unrealistic as
SST temperatures commonly decline with increasing latitude. Therefore, additional factors must be
taken into account to explain the geographical differences in 80 data. Lower 'O data in NE areas
of the Western Tethyan shelf might have resulted from a shift of the habitat of marine biocalcifiers
from cold bottom waters to warm surface waters due to the formation of anoxic bottom waters
during the Toarcian Oceanic Anoxic Event (Ullmann et al., 2014). However, bottom water anoxia
alone cannot fully explain latitudinal differences in 8'°0 data as these are also documented between
different anoxic basins on the NW shelf (Fig. S4-1).

Alternatively, enhanced freshwater discharge onto the NE part of the Western Tethyan shelf
has been suggested to explain the oxygen isotope data, whereby proposed freshwater sources
comprise enhanced rainfall and fluvial freshwater discharge that resulted from global warming and
the intensification of monsoonal circulation pattern (Ro6hl et al., 2001; Bailey et al., 2003; Krencker
et al., 2015), the inflow of low saline Arctic water masses (e.g. Bjerrum et al., 2001; Hesselbo et al.,
2000), or the melting of polar ice that also promote a southwards discharge of low saline Arctic
waters (e.g. Suan et al., 2010; Dera & Donnadieu, 2012). Despite all uncertainties concerning
freshwater sources it seems to be approved that SSS of the northwestern Western Tethyan Shelf
strongly differed from those in the SE part of the shelf in proximity to the Tethyan Ocean. Reduced
SSS were for example also indicted by the community structure of calcareous nannoplankton that
records preferentially brackish surface water conditions at least during the T-OAE (e.g. Mattioli et
al., 2008; Hermoso et al., 2009b).
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According to Li et al. (2013) a difference in §'*0 values of about -2 to -3%o can be attributed
to a salinity decrease of about 20 psu. Surface salinities in the present day world oceans vary
between 31 and 39 psu, whereby high salinities are recoded at 30° north and south (Antonov et al.,
2010). On the contrary, 17 psu are recorded for the Black Sea (Mertens et al., 2012), whereas SSS in
the Baltic Sea range from 13 to 1 psu (Meier et al., 2006). Assuming relatively high salinities of
about 35 psu in the shelf seas at about 20 to 30°N (Mediterranean realm), like the Lusitanian Basin
or the Basque-Cantabrian Basin, the -3%o offset in 8'®0 values indicate SSS of about 15 psu for the
northeastern part of the Western Tethyan shelf. With respect to present day observations a salinity
difference of about 20 psu between the open Tethyan Ocean and the restricted Western Tethyan shelf
is not unrealistic as similar SSS were documented for the Black Sea or the Baltic Sea. However,
Saelen et al. (1996) proposed a salinity decrease of only 5 psu for the Cleveland Basin.

To understand mechanisms controlling changes in SSS throughout the Western Tethyan
shelf it is of major interest to reconstruct the evolution of SSS during the Early Toarcian. As
abovementioned, previous studies by Mattioli et al. (2008) and Hermoso et al. (2009b) have shown
that surface water conditions directly affected the community structure of calcareous nannoplankton,
whereby shift in the community structure are expressed by the evolution of Sr/Ca ratios of biogenic
carbonate. The high variability of Sr/Ca ratios attest strongly contrasting conditions in surface waters
and further indicate significantly reduced SSS during certain periods of the Early Toarcian (Fig. 3A
in Hermoso et al., 2009b). The evolution of the Sr/Ca ratios in the Lorraine Sub-Basin shows strong
similarities with observations from the southern Central Paris Basin indicating at least basin wide
changes in SSS (Fig. 4-9; also see Fig. 3A in Hermoso et al., 2009b). On the base of these
observations and in combination with biomarker and isotope geochemical proxies the evolution of
SSS during the Early Toarcian in the Lorrain Sub-Basin can be assessed.

Overall low tri-/di-MTTC ratios (<5) indicate normal marine to semi-saline SSS throughout
the upper P. spinatum and the lower D. tenuicostatum zones, whereby a slightly increasing trend
might be associated with a steady increase in SSS. This trend was interrupted by a drastic shift
towards higher tri-/di-MTTC values (up to 13), indicating a drop in SSS at the Pliensbachian-
Toarcian boundary. This interpretation is supported by a drastic decrease in the concentrations of C;
steroids that indicates reduced abundance of marine algae due to decreased SSS (Peters, 2005) (Fig.
4-9). The interpretation of Sr/Ca ratios and 8O values in terms of salinity changes is more
complicated as both proxies show no clear trend throughout this interval. It can be assumed that the
overall low abundance of biogenic carbonate throughout the upper P. spinatum and the lower D.
tenuicostatum zones (17.8 wt.% on average, but preferentially below 10 wt.%) results in a relative
high impact of diagenetic processes affecting the carbonate geochemistry. Furthermore, certain
amounts of Sr throughout this interval might be associated with clay minerals (Fig. S4-3B). Thus an
unambiguous interpretation of Sr/Ca rations as well as of 8'°0 data is not possible. Interestingly,
oxygen isotope values from bulk carbonate of contemporaneous sediments from the southern Central
Paris Basin, where higher carbonate contents are documented (~30 wt.% on average), show relative
constant values of about -4%o., which is about 1.5%. heavier than in the Lorraine Sub-Basin
(Hermoso et al., 2009b).
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Lower 8"%0 values in the Lorraine Sub-Basin can result from riverine freshwater discharge,
which is however not reflected in the tri-/di-MTTC ratios. Thus, a stronger impact of a diagenetic
signal onto the carbonate geochemistry in sediments from the Lorraine Sub-Basin that resulted from
the overall lower contribution of biogenic carbonates offers the best explanation for the differences
in oxygen isotope values. Indeed, tri-/di-MTTC ratios from the Lorraine Sub-Basin match well with
the 8'*0 data from the southern Central Paris Basin (Hermoso et al., 2009b), which allow to deduce
normal marine to semi-marine salinities during the P. spinatum and the lower D. tenuicostatum zones
in the Paris Basin. However, an offset of about -1 to -2%o. between the more open marine
Mediterranean realm and the Paris Basin already persisted during the P. spinatum and D.
tenuicostatum zones, indicating lower SSS in the Paris Basin than in the Mediterranean realm (Fig.
4-9). A rapid increase in the tri-/di- MTTC ratio to values >10 that is documented in the upmost D.
tenuicostatum zone and indicates a shift from semi-saline SSS to preferentially brackish conditions
that persisted throughout the upmost D. tenuicostatum zone and the lower H. elegantulum subzone.
No significant response is documented in the concentrations of Cs, steroids, which indicate that the
Toa-1-Toa2 transgression placed in this interval was not associated with a radiation of marine
Pelagophyte algae (Peters et al., 2005). However, a slightly increase in the Cjy steroids can be
correlated with the proposed MFS and is followed by a decreasing trend that can be associated with a
regressive phase (Fig. 4-9). The Sr/Ca ratios and the 8'*0 values from the upper D. tenuicostatum
zone and the lowermost H. elegantulum zone again contain a strong diagenetic signal that prohibits a
detailed reconstruction of salinity changes on the base of these data. Similar observations were made
in sediments from southern Central Paris Basin, where a mixed biogenic/diagenetic signal has been
proposed for contemporaneous sediments (Hermoso et al., 2009b; 2012). The strong impact of
diagenetic processes onto Sr/Ca and 8'®O values in the Lorraine Sub-Basin might again have resulted
from the overall lower content of biogenic carbonate in this area when compared with data from the
Central Paris Basin (carbonate content Toa-CIE interval: ~20 wt.% at Sancerre; <10 wt.% at FR-
210-078). Excluding the horizons, which potentially contain a strong diagenetic signal, the
remaining trends in Sr/Ca ratios and the 8'®O values allow to infer oceanographic conditions,
whereby trends match findings from the southern Central Paris Basin (Hermoso et al., 2009b).

Throughout the lower H. elegantulum zome very low Sr/Ca ratios can, with respect to
findings by Mattioli et al., (2008) and Hermoso et al. (2009b), be associated with calcareous
nannoplankton assemblages dominated by coccolithophorid Calyculus that mineralize from brackish
low-nitrate waters and thus support biomarker data. Further evidence for enhanced freshwater
contributions is provided by the frequent occurrence of Tasmanales that can be indicative for
freshwater environments by might also result from sediment starvation or sediment bypassing
(Tyson, 1995), which is also indicated for this interval. Additionally, a decrease in 8'°O values can
reflect elevated fresh water contributions, but might also contain a temperature signal that is
associated with global warming taking place during the upmost D. fenuicostatum zone and the lower
H. elegantulum subzone (Dera et al., 2011a). However, a significant offset between 8'*0 values from
the Mediterranean and the NW Tethyan shelf can be attributed to a latitudinal salinity gradient that is

expressed in bulk 8'%0 values as well as in 8'*0 values of belemnites (Fig. 4-9, S4-1).
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Figure 4-9: Evolution of salinity-related proxies, comprising MTTCs, Csy-steroid concentrations, Sr/Ca ratios and 8'%0
data allows to reconstruct the evolution of SSS during the Early Toarcian (Sr/Ca and 80O values within horizons
highlighted in grey most likely reflect diagenetic processes). All proxies confirm a massive freshwater surge that occurred
during the upmost D. tenuicostatum zone and lower H. elegantulum subzone (for better comparison tri-/di MTTC ratios are
plotted reverse). The overall offset between oxygen isotope values from the Mediterranean (Valdorbia section, Italy; see
Hermoso, 2007) and the European Basin System clearly confirm a pronounced latitudinal salinity gradient. Data from the
southern Central Paris Basin (southern Paris Basin Hermoso et al., 2009b) show heavier 8'30 values in sediment of the P.
spinatum and D. tenuicostatum zones. This offset might result from early diagenetic processes in the Core FR-210-078, as
fluctuations in Sr/Ca ratios and 8'%0 values are not confirmed by tri-/di-MTTC ratios. Absolute values of the tri-/di-MTTC
ratios indicate that SSS in the Paris Basin were generally lower than in the open Tethyan Ocean (MTTC calibrated to the
scale proposed by Schwark et al., 1998).
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The upper H. elegantulum subzone records a decrease in tri-/di-MTTC ratio to values that
vary between 5 and 10, indicating a return to more semi-marine SSS. Increased SSS are also
indicated by the rapid increase in concentrations of Cs steroids documenting elevated contributions
from marine Pelagophyte algae that are diagnostic for marine environments (Volkmann, 2003;
Peters et al., 2005) (Fig. 4-9). This interval further shows a drastic increase in Sr/Ca ratios that has
been associated with an increase in the abundance of the coccolithophorid Crepidolithus, a deep
dweller common in normal marine environments (Hermoso & Minoletti, 2008; Minoletti et al., 2008;
2009). An increase in SSS is also supported by an increase in 8'*0 values. Additionally, all salinity
parameters show a strong periodicity within the upper H. elegantulum subzone that is also expressed
in the lithology as well as in sea level related proxies. Higher SSS (low tri-/di-MTTC) are indicated
for horizons that show only an indistinct lamination and evidence for increased continental
contributions thus representing a lower sea level. On the contrary, lower SSS (high tri-/di-MTTC)
are indicated for horizons with distinct lamination deposited during a higher sea level.

An steady increase in the tri-/di-MTTC ratios form values of about 7 to 10 is documented
throughout the H. falciferum subzone and indicate a slightly decrease in SSS, whereby values
indicate preferentially semi-brackish conditions. A rapid increase in the ratio in the upmost part of
the profile indicates another fresh water surge. This horizon is also highlighted by the occurrence of
Tasmanales. Relative high concentrations of Cso steroids indicate at least temporarily marine
conditions (Peters et al., 2005) that however differed from full marine conditions, as indicted by §'*0
values that remain low throughout the H. falciferum subzone (Fig. 4-9). Sr/Ca ratios throughout this
interval show a maximum in the middle part of the H. falciferum subzone that might indicate an
increase in Crepidolithus abundance. The proposed fresh water surge in the uppermost part of the H.
falciferum subzone was accompanied by a drop in Sr/Ca ratios, indicating another shift in the
community structure of calcareous nannoplankton to assemblages dominated by Calyculus (Mattioli
et al., 2008; Hermoso et al., 2009b).
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4.4.3. Controls on sea level and salinity changes

The sea level evolution proposed for the Early Toarcian, including the 2™ order Liassic
transgression as well as the 3™ and 4™ order P18-Toal, Toal-Toala, Toala-Toa2 and Toa2-Toa3
cycles, is well-expressed by sedimentological features and geochemical data from the Lorraine Sub-
Basin. Furthermore, stratigraphic position of transgressive and regressive stages match with findings
from other basins (e.g. Hardenbol et al., 1998; Gély & Lorenz, 2006; Hermoso et al., 2013; Pittet et
al., 2014) and thus support a trans-regional, possibly global, character of Early Toarcian sea level
changes. Data from the Lorraine Sub-Basin further confirm a significant coupling of 3™ and 4" order
sea level cycles and salinity changes, which is indicated by the inverse correlation of tri-/di-MTTC
ratio with TAR (Fig. 4-10A) as well as of tri-/di-MTTC ratio with Si/Al ratios (Fig. 4-10B). Stages
of high sea level, expressed by low Si/Al and TAR values, were accompanied by significantly
reduced SSS as indicated by high tri-/di-MTTC ratios (Fig. 4-10). On the base of these observations
it can be concluded that changes in SSS were directly bound to sea level evolution, whereas the
scatter in the data might result from other factors, like riverine fresh water discharge, that further
contributed to changes in SSS (Fig. 4-10A). Furthermore, lowest SSS were confirmed for the upmost
D. tenuicostatum zone and the lower H. elegantulum subzone that reflect the most pronounced sea

level rise, attributed to the Toal-Toala transgression.
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Figure 4-10: A) The inverse correlation observed between the TAR and tri-/di-MTTC ratio indicates that changes in SSS
were bound to sea level evolution, whereby stages of high sea level can be associated with decreased SSS. This relation
rules out that riverine discharge was the main driver controlling changes in SSS. However, the scatter in data indicates that
riverine fresh water discharge contributed to changes in the SSS during certain periods. Riverine fresh water contributions
might be of major importance during the H. falciferum subzone, which his supported by evolution of Al/K and Al/Na ratios
that confirm enhanced chemical weathering during this period, which resulted in enhanced run off rates. B) The
interpretation is supported by the inverse relation that is documented between Si/Al and tri-/di-MTTC ratios. Low SSS are
always bound to low Si/Al ratios, indicating decreased terrigenous contributions during a high sea level. (legend as in
figure 4-5)
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The stratigraphic extent of 3/4™ order sea level cycles match those of major salinity
changes, which further support a causal relation between sea level evolution and changes in SSS. It
is further interesting to note that according to the timescale proposed for Core FR-210-078 (Chapter
2) sea level and salinity changes throughout the upmost D. tenuicostatum and H. serpentinum zones
roughly aligns with 405 kyr eccentricity periods, whereby the long-term trend can be attributed to the
1600 kyr eccentricity period, which is however not clearly confirmed due to the studied sequence
being to short in duration (Fig. 4-11) (see Chapter 2). This observation highlights the role of
astronomical controls towards oceanographic changes during the Early Toarcian and indicates that
sea level and salinity changes throughout the Western Tethyan shelf were controlled by
astronomically forced glacio-eustatic mechanism, which has been previously assumed (Brandt, 1986;
Korte & Hesselbo, 2010; Pittet et al., 2014). The results further show that Early Toarcian 3"/4™ order
eustatic cycles can be linked to long eccentricity periods (405 kyr and possibly 1600 kyr
Milankovitch periods), which is in agreement with finding from other periods in the Mesozoic (e.g.
Stasser et al., 2000; Gale et al., 2002; Boulila et al., 2011). Additionally, these results support the
existence of polar ice caps during the Late Pliensbachian and Early Toarcian, whose existence has
been questioned (e.g. Frakes et al., 1992).

On the base of these finding a detailed model can be developed that explain major sea level
and salinity changes in the Lorraine Sub-Basin and possibly throughout the Western Tethyan shelf
during the Early Toarcian. During the Late Pliensbachian global cooling, possibly promoted by
enhanced carbon burial (Silva & Duarte, 2015), resulted in a major regression due to the expansion
of polar ice caps. A pronounced southwards shift of cold climate conditions is also evident from
sedimentological observations, comprising glendonites and glacial derived deposits at mid-latitudes
(Tchoumatchenco et al., 2008; Teichert & Luppold, 2012; also see Chapter 1.2.3.). Furthermore,
sedimentological observations are supported by a southwards migration of cold water-loving
ammonites during the Late Pliensbachian (Suan et al., 2008b and references therein).

A minor and brief global warming, proposed for the Pl-Toa boundary that was accompanied
by a rapid but short-lived transgressive phase (P18-Toal transgression), expressed by the Pl-Toa
boundary black shale in the Lorraine Sub-Basin. Warming and sea level rise further align with a
decrease in SSS, which can be explained by a brief period of enhanced melting of continental ice
masses that has formed during the Late Pliensbachian icehouse (e.g. Dera et al., 2011a; Silva &
Duarte, 2015). Furthermore, a negative carbon isotope excursion at the Pl-Toa boundary (Pl-Toa-
CIE), which has been documented from several locations (e.g. Hermoso et al., 2000; Bondin et al.,
2010; Littler et al., 2010) and which is also evident form the Lorraine Sub-Basin, might reflect the
emission of greenhouse gasses from climate sensitive reservoirs. The brief warming at the Pl-Toa
boundary is also expressed by migration pattern of ammonites that show a northwards expansion of
warm water-loving Tethyan taxa towards higher latitudes (Suan et al., 2008b and references therein).

The subsequent regressive phase was accompanied by an increase in SSS and can further be
associated with a drop in SST (Suan et al., 2010; Dera et al., 2011a), accompanied by a southwards
migration of cold-loving ammonites (Suan et al., 2008b and references therein). How far these

environmental changes were controlled by astronomical cycles remains unclear as the sedimentation
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throughout the Western Tethyan shelf during Late Pliensbachian and the Early Toarcian was affected
by significant gaps, which result in an incomplete astrochronology (Ruebsam et al., 2014, 2105; also
see Chapter 2). Thus, further studies from more complete sections are necessary to discuss the
environmental dynamics during the PI-Toa boundary. A drastic rise in global SST, placed in the
upmost D. tenuicostatum zone, is evident from a major decrease in 8'°0 values (Dera et al., 2011a)
and can be further associated with a northwards expansion of floral and faunal reams (Vakhrameev,
1991; Suan et al., 2008b; Dera et al., 2009b; 2011b), and an increase in humidity that resulted in
enhanced continental weathering (e.g. Cohen et al., 2004; Dera et al., 2009b; Branski, 2012;
Montero-Serrano et al., 2015). A detailed overview about the evolution of the climate system is
given in Chapter 1.2.3.. Global warming resulted in a rapid melting of polar ice caps causing a major
sea level rise that is expressed by the transgressive phase of the Toal-Toa2 cycles, spanning the
upmost D. tenuicostatum zone and the lower H. elegantulum subzone. This sea level rise was
accompanied by massive freshwater discharge to the Arctic Ocean and subsequent to the Western
Tethyan shelf (Bjerrum et al., 2001; Dera & Donnadieu, 2012), whereby an Arctic freshwater source
is indicted by the evolution of eyp values (Fig. 4-11) (Dera et al., 2015). The coupling of climate, sea
level and salinity changes clearly points to glacio-eustatic processes, whereby warming and demise
of polar ice sheets might have been controlled by astronomical cycles of different order during a
phase of long-term global warming initiated by the emplacement of the Karoo-Ferrar LIP (Burgess et
al., 2015; Chapter 1.2.4.). Additionally, melting of polar ice occurred concomitant to release of '*C-
enriched carbon from the cryosphere, expressed by the negative Toa-CIE (see Chapter 3). Sea level
and salinity fluctuation during the Toa-CIE will be discussed later.

A subsequent increase in SSS in the upper H. elegantulum subzone aligns with a regressive
phase (Toal-Toa2 regression). The regressive phase is well expressed in sediments corresponding to
the upper H. elegantulum subzone (or coeval chronozones) throughout the Western Tethyan shelf
and led to the formation of hiatuses (D4 hiatus in Pittet et al., 2014; also see van Breugel et al., 2006;
Lezin et al., 2012). An increase in 8'*O values (Fig. S4-1) might have resulted from a drop in SST
but could also have resulted from an increase in SSS due to the reduced freshwater inflow from the
Arctic Ocean. The later is confirmed by biomarker data (Cs steroids & tri-di-MTTC ratios) and by
the evolution of calcareous nannoplankton (recovery marine communities; e.g. Hermoso et al.,
2009b). A drop in global temperatures might have occurred as consequence of widespread organic
carbon burial during this period (e.g. Baudin et al., 1990) and enhanced silicate weathering (Cohen et
al., 2004; Dera et al., 2009a; Branski, 2012) that resulted in an enhanced removal of CO, from the
atmosphere. Moreover, global warming itself might have resulted in a negative climate feedback.
The demise of polar ice led to sluggish circulation of pole-wards directed ocean currents that
transported warm waters towards high latitudes. Sluggish ocean currents occurred as the result of the
absence of or the reduced extent of dense deepwater formation in polar regions (Dera & Donnadieu,
2012). Interruption of meridional heat transport would have promoted a cooling at high latitudes,
which culminated in the formation of polar ice and led to a glacio-eustatic sea level fall.

The transgressive phase of the Toa2-Toa3 cycle, placed in the H. falciferum subzone, was

accompanied by a less pronounced decrease in SSS. The lower magnitude of salinity changes might
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result from the strongly reduced extent of polar ice caps during the Early Toarcian greenhouse stage
(Dera et al., 2011a). However, a decrease in SSS might also have been a consequence of enhanced
riverine fresh water supply, which is indicated by the weak correlation of the TAR and tri-/di-MTTC
ratios documented for samples from the H. falciferum subzone (Fig. 4-10A). A stronger impact of
riverine freshwater inflow to the Lorraine Sub-Basin that resulted from enhanced continental
weathering is supported by high AI/K and In(Al/Na) values. The transgressive phase of the Toa2-
Toa3 cycle is hard to explain by glacio-eustatic mechanisms alone, when assuming that majority of
continental polar ice had disappeared previously. Expansion of polar ice caps during a cooling
episode in the upper H. elegantulum zone could explain the observation. However, it is also possible
that the transgressive phase of the To2-Toa3 cycle corresponds to the upper part of the tectonically

driven 2™ order Liassic cycle.
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Figure 4-11: Evolution of climate, sea level and sea surface salinity during the latest Pliensbachian and Early Toarcian.
The rapid global warming that started within the upper D. fenuicostatum zone was accompanied by a rapid sea level rise
and a significant decrease in the sea surface salinity. The highest amplitude in 'O values in northern regions of the
Western Tethyan shelf resulted from the proximity to the Viking Corridor. Sea level as well as salinity show a close
relation with long-term orbital parameters proposed for Core FR-210-078. A negative shift documented in eyp values
occurred during the lower H. elegantulum subzone and has been attributed to reflect strong southwards directed Arctic

currents.
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In addition to the long-term sea level and salinity changes that were most likely driven by
long-term astronomical cycles (405 kyr and 1600 kyr), significant high-amplitude environmental
fluctuations were documented on shorter timescales. The highest variability has been documented in
sediments corresponding to the upper H. elegantulum subzone (Interval 2). This period corresponds
to the regressive phase of the Toal-Toa2 cycle and possibly represents an additional 4™ order T-R
cycle (Toala-Toa2; Fig. 4-11). The regressive trend resulted in a depositional environment that was
highly sensitive towards short-term astronomically forced environmental instabilities (Ruebsam et
al., 2014, 2015; also see Chapter 2). During this period changes in the lithology can be directly
linked to sea level and salinity changes. Stages representing a high sea level are characterized by
distinctly laminated sediments, alginite-dominated OM (Fig. 4-6B), a low TAR (<0.3) and slightly
decreased Si/Al ratios, which indicate a reduced impact of terrigenously derived organic matter and
detrital contributions. These stages further provide evidence for significantly reduced SSS as
indicated by elevated tri-/di-MTTC ratios and decreased 8'*0O values (Fig. 4-12). More brackish
conditions are also indicated by the evolution of St/Ca ratios that reflect changes in the community
structure of the calcareous nannoplankton. A decrease in Sr/Ca ratios during more brackish stages
can be attributed to an increasing dominance of Calyculus, a coccolithophorid that is tolerant
towards reduced SSS (Mattioli et al.,, 2008; Hermoso et al., 2009b). Moreover, environmental
conditions different from normal marine environments are also indicated by low contributions of C;
steroids, indicating a low abundance of Pelagophyceae (Fig. 4-12).

Intercalated sediment horizons that show a indistinct lamination and evidence for enhanced
benthic activity can be associated with stages of lower sea level, which is also indicted by elevated
TAR values (>0.3) and Si/Al ratios as well as by the frequent occurrence of sporinites (Fig. 4-6C, D)
that confirmed increased terrigenous contributions. Furthermore, low tri-/di-MTTC ratios and high
8"%0 values, documented in these horizons, provide evidence for increased SSS. An elevation in the
Sr/Ca ratios throughout these horizons reflects recovery phases of the deep dwelling
coccolithophorid Crepidolithus that has been associated with more normal marine conditions
(Mattioli et al., 2008; Hermoso et al., 2009b). More normal marine conditions (salinities) are also
indicated by increased contributions of C;, steroids that confirm a higher abundance of
Pelagophyceae (Fig. 4-12).

The coupling of sea level and SSS indicate that these environmental instabilities can be
associated with glacio-eustatic mechanisms driven by the extent of polar ice. Waxing and waning of
polar ice caps resulted in variable rates of fresh water discharge to the Western Tethyan shelf that
therefore expirienced drastic variation in the sea level and SSS. According the timescale proposed
the Core FR-210-078 (see Chapter 2; Ruebsam et al., 2014; 2015) the environmental instabilities in
the upper H. elegantulum subzone align with ~36 kyr obliquity cycles. The strong impact of the
obliquity period can be explained by internal ice sheet forcing during greenhouse climate stage with
a reduced extent of polar ice caps (Rudimann, 2006) or by obliquity forcing of polar ice sheets at
high latitudes (Berger & Loutre, 1994). Thus, environmental and oceanographic fluctuations in the
upper H. elegantulum subzone can be attributed to obliquity-driven glacio-eustatic, possibly glacial-

interglacial, cycles.
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Figure 4-12: The upper H. elegantulum subzone (Interval 2) is highlighted by a remarkable variability that is expressed in
lithology and sediment composition and can be associated with sea level and salinity related fluctuations. This interval
corresponds to the regressive phase of the Toal-Toa2 sea level cycle and represents a depositional environment that was
highly sensitive towards short-term changes in the environmental conditions. Obliquity-forcing, most efficient at high
latitudes (Berger & Loutre, 1994) controlled sea level changes and fresh water discharge from the Arctic Ocean to the
Western Tethyan shelf due to the waxing and waning of polar ice caps. Brackish stages (high tri-/di-MTTC; low §'%0
values) correspond to episodes of sea level rise (low TAR and Si/Al) represented by sediment horizons that show a distinct
lamination and elevated OM content. More saline marine stages (low tri-/di-MTTC; high §'*0 values) were associated with
a lower sea level and elevated terrigenous contribution (high TAR and Si/Al). Changes in SSS can be directly liked to
changes in the community structure of calcareous nannoplankton, which is indicated by shift in the Sr/Ca ratio. A recovery
of deep dwelling Crepidolithus is documented during the more marine stages by an increase in the Sr/Ca ratios, whereas
brackish stages can be associated with an increased abundance of Calyculus as indicated by a drop in the St/Ca ratios. A
similar tend is documented in the concentrations of Csq steroids that can be linked the abundance of Pelagophyceae, an

algae class favoring normal marine environments.
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4.4.4. Sea level and salinity change during the Toa-CIE

Data presented in this chapter show that the most profound changes in oceanographic
conditions, including a rapid rise in sea level and massive freshwater discharge to the Western
Tethyan shelf, occurred concomitant to the Early Toarcian carbon cycle perturbation, during a phase
of drastic global warming. Results are in agreement with the conceptual model proposed in Chapter
3 and confirm that the release of '*C-enriched carbon from the cryosphere was accompanied by
glacio-eustatic sea level rise as well as with a drop in SSS throughout the Western Tethyan shelf sea,
both resulting from the melting of polar ice caps. The proposed coupling of carbon cycle and
oceanographic changes expressed by the cross-plots of 613C0rg values with the TAR as well as with
tri-/di-MTTC ratios, whereby lowest 613C0rg values are bounded to lowest TAR (Fig 4-13A) and
highest tri-/di-MTTC ratios (Fig 4-13B).

The overall trend between TAR and 613C0rg values (green arrow in Fig. 4-13A) can be
attributed the differences in the isotopic signature of marine and terrigenous originates OM (Tyson,
1995; also see Fig. S3-2). Relative heavy 613C0rg values bounded to low TAR values in samples from
the upper H. elegantulum subzone (brown arrow) might result from a high primary productivity and
elevated organic carbon burial rates (Kump & Arthur, 1999) that are expressed by a positive carbon

isotope excursion associated with T-OAE (Jenkyns, 1988).
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Figure 4-13: A) The Toa-CIE is associated with a rapid sea level rise. Samples from the Toa-CIE interval show the lowest
TAR values. The overall scatter in the data shows that 613C0rg data are not exclusively bounded to changes in OM
composition (green trend) and other factors like pCO,, primary productivity and OM preservation also affected carbon
isotope and TAR values. A) The Toa-CIE interval is further associated with a massive fresh water surge resulting in a
strong decreased of SSS. A fair inverse relation between 6'3C0rg data and tri-/di-MTTC ratios (R* = 0.46) confirm that
highest rates of fresh water inflow onto the Western Tethyan shelf were accompanied by massive injection of carbon from
C-depleted reservoirs. An inverse relation is also evident for samples from Interval 4 (P. spinatum and lower D.
tenuicostatum zones) and from Interval 1 (H. falciferum subzone), which can indicate that lower 613C0rg values reflect
higher pCO, or increased contributions of marine OM during a sea level rise. The scatter in the data from the upper H.

elegantulum subzone indicates fluctuation environmental and depositional conditions. (legend as in figure 4-5)
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In the Lorraine Sub-Basin the initial part of the Toa-CIE, comprising the main Toa-CIE
shifts (II-A, II-B, II-C), records a drastic decrease in the TAR and the Si/Al ratio (and Zr/Al ratio).
The decreases in these proxies occurred in three steps that align with the major Toa-CIE shifts (II-A,
II-B, 1I-C), whereby the decline in TAR values and Si/Al (Zr/Al) ratios is most pronounced during
Toa-CIE shift II-A and II-B, but is less significant for shift 1I-C (Fig. 4-14). The decrease in these
proxies can be associated with single transgressive pulses, superimposed onto the 3™ order sea level
rise, which resulted in reduced contributions of terrigenous derived OM and coarse-grained
siliciclastics. The subsequent increase in these proxies, during the recovery phase of the Toa-CIE
shifts II-A and II-B, can be attributed to minor regressive phases. Brief regressive phases possibly
resulted from a brief global cooling due enhanced silicate weathering and OM burial (e.g. Cohen et
al., 2004; Montero-Serrano et al., 2015) that drove atmospheric CO, concentration towards lower
values (McElwain et al., 2005). Global cooling, during the recovery phase of each hyperthermal, has
been proposed as process that promoted a recovery of the cryosphere carbon pool (Chapter 3) and
might also contributed to the recovery of polar ice.

The highest sea level (MFZ) is indicated by the lowest TAR and Si/Al ratios (as well as
Zr/Al ratios) that are documented from a sediment interval associated with the climax of the Toa-
CIE (Fig. 4-14). A high sea level is also indicated by the strong enrichment of pelagic fauna that
attest drastically reduced sediment accumulation rates (Fig. A4). The stratigraphic position of the
MFZ in the Lorraine Sub-Basin match findings from the Lussitanian Basin, where the MZF is also
placed in the lower part of the Toa-CIE (Pittet et al., 2014). Assuming glacio-eustatic controls, the
highest sea level reflects the maximum deglaciation associated with the smallest extent of polar ice.
The subsequent regressive phase, taking place during the upper part of the Toa-CIE might result
from a global cooling as previously discussed in this chapter. The timing of carbon release and sea
level/salinity changes has far reaching consequences for the mechanistic model proposed in this
thesis. The offset between the MFZ, representing the highest sea level, and the onset of the Toa-CIE
recovery phase that reflects the demise of carbon stored in climate-sensitive reservoirs, indicate that
the demise of polar ice caps preceded the demise of carbon by ~300 kyr, with respect to the
uncertainties regarding the exact position of the MFZ (Fig. 4-14). This observation is in agreement
with modeling results by Majorowicz et al. (2014), which showed that terrestrial hydrates become
destabilized over ~400 kyr after full deglaciation.

Moreover, the main Toa-CIE shift (II-A, II-B, II-C) and associated transgressive pulsed
occurred synchronously with an increase in tri-/di-MTTC ratios reflecting a stepwise decrease in
SSS in the Lorraine Sub-Basin (Fig. 4-14). The decrease in SSS was most pronounced during the
major Toa-CIE shifts II-A and II-B, whereas a decrease in SSS of lower magnitude is observed
during the Toa-CIE shift II-C. Thus, it can be stated that changes in SSS closely align with the

evolution of the sea level.
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Figure 4-14: The stepwise nature of the Toa-CIE indicates that the release of isotopically light carbon from climate

sensitive reservoirs occurred in discrete steps during single hyperthermals (Toa-CIE shifts II-A, II-B, II-C). The Toa-CIE

stage I is strongly condensed in the Lorraine Sub-Basin (see Chapter 3). Each negative carbon isotope shift, representing a

single hyperthermal, was accompanied by a transgressive pulse as well as by a massive freshwater discharge, both

controlled by melting of polar ice paced by astronomical cycles. Oceanographic changes were most pronounced during

Toa-CIE shifts II-A and II-B, while oceanographic changes during Toa-CIE shift II-C were of lower magnitude, thus

matching the lower magnitude of this carbon isotope shift. Furthermore, the MFS is placed in the climax of the Toa-CIE, at

a similar stratigraphic position that has been proposed in the Lusitanian Basin (MFZ L.B.; Pittet et al., 2014). The MFZ can

be attributed to the highest sea level, which in regard to the model proposed here, reflect the near total demise of polar ice

caps. The timing of sea level and carbon release indicate that declaciation and demise of polar ice caps occurred before all

cryosphere stored carbon reservoirs became depleted, which is in agreement with modeling results by Majorowicz et al.
(2014).
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4.4.5. Ocean circulations pattern on the Western Tethyan Shelf

The role of sea level evolution regarding changes in SSS and reveal that its lowering was
most likely bound to freshwater inflow from the Arctic Ocean via the Viking Corridor as previously
proposed by Bjerrum et al. (2001), Suan et al. (2010), Dera & Donnadieu (2012), or Dera et al.
(2015). Reconstruction of sea level and salinity changes from the Lorraine Sub-Basin in combination
with the changes in the spatial 8'°0 pattern allow to reconstruct changes in current systems
throughout the Western Tethyan shelf.

Dominant cold climate conditions during the Late Pliensbachian (upper P. spinatum zone)
and the Earliest Toarcian (lower D. tenuicostatum zone) promoted the expansion of polar ice caps,
which resulted in a glacio-eustatic sea level fall. According the Bjerrum et al. (2001) the reduced
salinity gradient between Arctic Ocean and the Western Tethyan shelf resulted in a weakening of the
southwards directed Arctic current systems. Furthermore, a low sea level resulted in a reduced extent
of the Viking corridor, which limited the water exchange between Arctic Ocean and Western
Tethyan shelf. Weak Arctic current systems caused a strengthening of northwards directed Tethyan
counter currents that transported more saline waters onto the Western Tethyan shelf. The
geographically pattern of belemnite oxygen isotope values exhibits only a minor, approx. -1%o,
difference between low and high latitudinal locations (Fig. 4-15A). Slightly lowered 8'*0 values at
high latitudes might indicate a reduced but persistent inflow of low saline Arctic waters, but might
also result from riverine fresh water discharge from the surrounding landmasses. This circulation
pattern persisted during the Late Pliensbachian and during the lower D. fenuicostatum zone and was
only interrupted at the Pl-Toa boundary event. The later has been associated with a brief warming
episode (e.g. Suan et al., 2008b; Dera et al., 2011a), accompanied by a short-lived sea level rise and
salinity decrease on the Western Tethyan shelf that is clearly confirmed by this study.

The global warming that started in the upmost D. tenuicostatum zone (Dera et al., 2011a) led
to the melting of polar ice caps, which resulted in a glacio-eustatic sea level rise and enhanced
freshwater inflow to the Arctic Ocean. The high sea level further induced a widening of the Viking
Corridor, which favored the southwards discharge of brackish water masses to the Western Tethyan
Shelf and led to an weakening of northwards directed Tethyan current systems (Bjerrum et al., 2001;
Dera & Donnadieu, 2012). This massive fresh water surge is expressed by a rapid rise in the tri/di-
MTTC ratios and can further explain lower 8'*O values in proximity to the Viking Corridor (Fig. 4-
15B). Additionally, freshwater inflow from the Arctic Ocean is supported by a decrease in exp values
(Dera et al., 2015).

During the upper H. elegantulum subzone reduced freshwater discharge to the Arctic Ocean
resulted from a reduced extent of polar ice caps. A minor cooling during this interval cannot be
excluded and could trigger a gentle recovery of polar ice caps, which would explain the regressive
trend documented during this period. Regression in combination with reduced freshwater discharge
to the Arctic Ocean resulted in a weakening of southwards directed Arctic surface currents and to a
strengthening of northwards directed Tethyan deepwater currents. Reduced freshwater inflow is also

evidence by a minor increase in 8'*O values as well as from a reduced latitudinal gradient (Fig. 4-
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15). Furthermore, data from the Lorraine Sub-Basin have shown that the H. elegantulum subzone
reflects a highly dynamic period strongly affected by the interaction of Arctic freshwater and saline
Tethyan currents. Astronomically forced glacial-interglacial cycles that align with obliquity periods
resulted in significant sea level and salinity fluctuations. Enhanced melting of polar ice during
interglacial periods initiated a higher sea level, enhanced freshwater discharge and thus a
strengthening of southwards directed Arctic currents. On the contrary, glacial periods were
accompanied by the recovery of polar ice caps, which resulted in a lower sea level and a reduced
freshwater discharge and thus, in a weakening of Arctic currents.

Lower 8'®0 values and a more pronounced geographical gradients reestablished during the
H. falciferum subzone and indicate a strengthening of southwards directed Arctic currents that
possibly resulted from a wider extent of the Viking Corridor due to a high sea level, promoting an
efficient water exchange (Fig. 4-15D). Whether polar ice existed during this period and contributed
to the sea level rise and freshwater supply remains unclear. However, the southwards directed Arctic
current system possibly originated from density differences of Arctic and Tethyan water masses that
persisted even without elevated freshwater inflow from melting polar ice (Bjerrum et al., 2001; Dera
& Donnadieu, 2012). Additionally, reduced SSS throughout the Western Tethyan shelf might also
have formed via enhanced riverine freshwater discharge that arose from an acceleration of the
hydrological cycle during a greenhouse climate. Riverine freshwater contributions during the H.
falciferum subzone are indicated by the differing pattern in the TAR - tri-/di-MTTC cross plot (Fig.
4-10A).
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Figure 4-15: Maps showing assumed changes in ocean currents resulting from glacio-eustatic sea level fluctuations and the
balance of polar ice accumulation and melting controlling variable rates of fresh water inflow from onto the Western
Tethyan shelf from the Arctic Ocean via the Viking Corridor. The spatial pattern of oxygen isotope data confirms a strong
NW-SE salinity gradient, whereby lowest 8'30 values were documented in proximity to the Viking Corridor. Lowest
values were confirmed for the Toa-CIE interval (Interval 3) that represents a period of global warming. This warming was
associated with a drastic freshening of the Western Tethyan shelf that resulted from the melting of polar ice and led to
strong southwards orientated surface currents. The sea level fall taking place during the upper H. elegantulum subzone
(Interval 2) originated from a decreased fresh water inflow due to the demise of polar ice and led to an increase in the sea
surface salinity and possibly to a strengthening of northwards orientated Tethyan currents. A transgression then enhanced
connectivity between Arctic and Tethyan Ocean in H. falciferum zone. (Oxygen isotope data from: McArthur et al., 2000;
Korte & Hesselbo, 2011; Li et al., 2012; Ullmann et al. 2014 (Cleveland Basin), Price, 2010 (Herbrides Basin); Dera et al.,
2009b; Hermoso, 2007 (Paris Basin); Harazim et al., 2013 (Grand Causses Basin); Bailey et al., 2003 (Southern German
Basin); Teichert & Luppold, 2013 (North German Basin); Metodiev & Koleva-Rekalova, 2008 (Bulgaria); Rosales et al.,
2004; Gomez et al., 2008; Gémez et al., 2015 (Spain); Jenkyns et al., 2002; Suan et al., 2008b (Lusitanian Basin); Krecker
et al., 2014 (Marocco)).
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4.6. Conclusions

Early Toarcian sea level changes, comprising a long-term 2™ order transgression as well as
short-term 3™ order sea level cycles, are well expressed in sediments of the Lorraine Sub-Basin and
can be inferred from changes in sedimentological and geochemical characteristics (Si/Al, Zr/Al,
Ti/Al ratios, TAR). Stratigraphic position as well as extent of transgressive-regressive cycles match
findings from the basins (Hardenbol et al., 1998; Gély & Lorenz, 2006; Pittet et al., 2014) and thus
support a trans-regional, possibly global, nature of the Early Toarcian sea level changes. The onset of
the long-term 2™ order Toarcian transgression is placed in the upmost Pliensbachian (upper P.
spinatum zone), while the MFZ is placed at the H. serpentinum zone — H. bifrons zone boundary.
Superimposed onto the long-term 2™ order sea level rise three 3™ order transgressive-regressive
cycles were identified throughout the lower Toarcian. The PI8-Toal cycle spans the upmost P.
spinatum and the lower D. fenuicostatum zones, the Toal-Toa2 cycle spans the upmost D.
tenuicostatum zone and the H. elegantulum subzone and the Toa2-Toa3 cycle correspond to the H.
falciferum subzone. Furthermore, an additional 4™ order cycle can be identified within the regressive
phase of the Toal-Toa2 cycle. In the Lorraine Sub-Basin the transgressive phases of the 3"/4™ order
cycles align with a significant decrease in the sea surface salinity, whereby the most pronounced
freshening of the shelf seas occurred during the P18-Toal transgression at the Pl-Toa boundary and
during the Toa-1-Toa2 transgression in the upmost D. tenuicostatum zone and lower H. elegantulum
subzone. A less pronounced decrease in sea surface salinities can be associated with the transgressive
phase of the Toa2-Toa3 cycle in the H. falciferum subzone.

According to the astronomical timescale proposed for the studied sediment sequence the
3"/4™ order sea level cycles and salinity changes roughly align with 405 kyr astronomical cycles,
which support a glacio-eustatic origin of the Early Toarcian sea level changes and indicate that ice
sheet dynamics were the main controlling mechanisms. Environmental changes, including the most
rapid transgressive phase and the most pronounced salinity drop can be associated with the Early
Toarcian carbon cycle perturbation that aligns with a major global warming, reflecting the demise of
polar ice sheets during the transitions from an icehouse to a greenhouse world. This major sea level
rise (3" order Toal-Toa2 transgressive phase) occurred in distinct transgressive pulses that were
accompanied by a stepwise decrease in SSS. These transgressive pulses and changes in SSS occurred
synchronically to the Toa-CIE shift and were paced by ~100 kyr eccentricity periods. The coupling
of the carbon cycle to oceanographic changes indicates that the release of 'C-enriched carbon was
directly linked to the melting of polar ice that strongly affected the hydrodynamic regime throughout
the Western Tethyan shelf. The MZF of the 3™ order Toal-Toa2 transgression is placed in the climax
of the Toa-CIE, whereas the subsequent regressive phase, possibly resulting from enhanced silicate
weathering and organic carbon burial, precedes the recovery phase of the Toa-CIE. This offset
indicates that the maximum deglaciation occurred ~300 kyr prior to the last cryosphere stored carbon
reservoir to be depleted, which is in agreement with modeling results by Majorowicz et al. (2014).

Subsequent to the long-term changes in climate and oceanographic conditions, sea level of

higher order (5"/6™ order cycles) matching ~100 kyr eccentricity and ~36 kyr obliquity cycles, were
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identified within the upper H. elegantulum zone. These sea level fluctuations were paralleled by
those in SSS, whereby reduced SSS can be linked to a high sea level. Therefore, these changes in
oceanographic conditions possibly reflect glacial-interglacial cycle. The freshwater originated in the
Arctic Ocean entered the Western Tethyan shelf via the Viking Corridor that controlled the water

exchange between Arctic Ocean and Western Tethyan shelf.
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Abstract

During the Early Toarcian widespread organic matter accumulation on shelf settings around
the globe has been associated with profound environmental changes, including a drastic rise in
global temperatures. Global warming resulted in an intensified continental weathering and in
enhanced nutrient supply to the shelf seas that stimulated marine primary productivity. However,
diachronous onset and the variable stratigraphic extent of black shale accumulation indicate that
local oceanographic conditions also contributed to the accumulation of organic-rich sediments.
Moreover, black shale formation has been associated with the expansion of marine oxygen minimum
zones, which resulted in an extinction of preferentially benthic communities. The diachronous onset
of black shale deposition and the regional character of extinction patterns raise the question whether
shelf sea anoxia was dominantly controlled by local or global parameters (Schmidt-Rohl et al.,
2002). Distinguishing between local and global factors can help to predict the impact of global
climate change onto marine ecosystems and will further allow to discuss the effect of global and
local factors controlling the accumulation and preservation of organic matter.

Results of this chapter show that formation and expansion of anoxic/euxinic bottom water in
the Lorraine Sub-Basin resulted from global environmental changes. Bottom water anoxia/euxinia
and the formation of marine dead zones can be linked to an increased primary productivity that
resulted in an elevated organic matter flux to the sea floor, a rise in the sea level that provided low-
energetic depositional conditions throughout eutrophic shelf settings and a stratification of the water
column as a consequence of enhanced freshwater inflow to the shelf seas. These environmental
changes directly resulted from a drastic global warming that was the main driver of this event. The
persistence of bottom water anoxia/euxinia was controlled by long-term and short-term glacio-
eustatic sea level changes, whereas the expansion of photic zone euxinia into the water column was
mediated by the degree of hydrodynamic restriction and water mass stagnation. The degree of
hydrodynamic restriction of the Western Tethyan shelf depended on sea level evolution, whereas
local paleoceanographic restriction favored the expansion and spatiotemporal extent of photic zone
euxinia.

In the Lorraine Sub-Basin prolonged and persistent bottom water anoxia/euxinia,
postulateded for the Toarcian carbon isotope interval, was not accompanied by the widest extent of
euxinia into the water column. The expansion of photic zone euxinia during this period was limited
by a high sea level that allowed an efficient mixing of the upper water column and prevented the
expansion of euxinic conditions. The widest extent of photic zone euxinia occurred subsequent to the
carbon cycle perturbation and can be associated with a regressive phase that resulted in the strongest
degree of hydrodynamic restriction. During this phase the low sea level caused high frequent
environmental instabilities expressed in significant fluctuation of the redox regime. Findings of this

chapter support that Early Toarcian black shales were the local expression of global climate change.
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5.1. Introduction

Environmental changes taking place during the Early Toarcian, including a drastic global
warming of about 6°C (e.g. Dera et al., 2011a), were accompanied by widespread OM burial
throughout the epicontinental basins of the Western Tethyan shelf (e.g. Jenkyns, 1988; Bodin et al.,
1990) as well as in other shelf settings around the globe (e.g. Jenkyns, 1988; Jenkyns et al., 2001).
Due to the widespread occurrence of organic-rich deposits this period has been termed Toarcian
Oceanic Anoxic Event (T-OAE) (Jenkyns, 1988). Enhanced OM preservation throughout the
Western Tethyan shelf was linked to bottom water anoxia, which is evident from sedimentological
observations (Jenkyns, 1988; Rohl et al., 2001), increased rates of pyrite burial (e.g. Raiswell et al.,
1993), as well as from inorganic and organic geochemical proxies (e.g. Farrimond et al., 1988;
McArthur et al.,, 2008a; Hermoso et al., 2013). Moreover, the occurrence of molecular fossils
diagnostic for phototrophic sulfur bacteria indicate that euxinic conditions extended into the photic
zone at least during certain periods (Schouten et al., 2000; Schwark & Frimmel, 2004; van Breugel
et al., 2006; French et al., 2014).

Anoxia and the expansion of marine dead zones possibly has been attributed to an elevated
primary productivity that was stimulated by increased rates of continental run off and enhanced
nutrient supply to the shelf sea during a greenhouse climate (e.g. Cohen et al., 2004; Montero-
Serrano et al., 2015). When reflecting the response of black shale deposition to global climate
change during the Early Toarcian a synchronous mode is often inferred but lacks penultimate proof
(e.g. Wignall et al., 2005; also see Chapter 1.2.5.). Moreover, formation of anoxic bottom water and
the expansion of marine dead zones seems to be bound to local paleogeographic and
paleoceanographic conditions, including water mass restriction in silled basins, in which
anoxic/euxinic bottom water was separated by a pycnocline from oxic surface water (e.g. Kiispert,
1982; Saelen et al., 1996; Rohl et al., 2001; van de Schootbrugge et al., 2005b; McArthur et al.,
2008a;). The silled basin model explains the formation of Early Toarcian black shales by local
processes, without invoking global factors. Although previous works highlighted the role of sea level
changes in the formation of organic rich deposits (R6hl et al., 2001; Frimmel et al., 2004; Hermoso
et al., 2013). However, the impact of sea level changes onto the hydrodynamic regime and its control
of extent and persistence of anoxic/euxinic bottom water has so far been investigated on local scale
only (Schwark and Frimmel, 2004).

The diachronous onset and variable stratigraphic extent of black shale deposition as well as
the regional character of extinction patterns raise the question whether shelf sea anoxia was
controlled by local or global parameters. Distinguishing between local and global factors can help to
predict the impact of global climate change towards marine ecosystems and will further allow to
discuss the effect of global and local factors controlling the accumulation and preservation of organic
matter. This chapter aims to reconstruct the evolution of redox conditions in the Lorraine Sub-Basin
and further constrains underlying mechanisms controlling the degree of water column oxygenation.
These questions will be addressed by applying an integrated approach, comprising inorganic, organic

and isotope geochemical proxies to a single sediment sequence.
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5.2. Background - tracing anoxia and euxinia in ancient sediments

5.2.1. Sedimentological evidence

The sediment structure of Recent and Ancient sediments is controlled by depositional
processes as well as by benthic activity. Enhanced benthic sediment reworking can result in the
removal of former sediment structures and led to the homogenization of the unconsolidated
sediment. On the contrary, sedimentation structures can be preserved when benthic active is
significantly reduced or absent. Sediments not affected by benthic activity commonly exhibit a
laminated or parallel-textured sedimentation style (e.g. Wignall, 1994). Abundance and activity of
benthic organisms are mainly bound to oxygen availability in bottom waters, as all forms of higher
life are aerobic organisms (e.g. Rhoads & Morse, 1971; Rhoads et al., 1991). Based on this relation
the redox classification of sedimentary environments comprises oxic, suboxic and anoxic facies, the
last one can further be distinguished into non-sulfidic and sulfidic (euxinic) facies. Studies of Recent
benthic environments allowed to estimate oxygen levels for the different redox facies types. Oxygen
concentrations of >2, 2.0 — 0.2 and >0.2 ml O,/1 H,O have been estimated for oxic, suboxic and
anoxic facies. Sulfidic or euxinic conditions are defined by the presences of free H,S in the water
column (Tyson & Pearson, 1991). This general scheme includes a variety of special situations,

including episodic anoxic and reoxygenation events (Oschmann, 1991).

5.2.2. TOC-TS-Fe systematic

In normal marine oxic to suboxic environments the extent of sulfate reduction, and thus the
extent of sulfur incorporation into the sediment via pyrite formation, is limited by the availability of
metabolizable OM. This relation is expressed by a TOC-TS regression line with a slope of about 0.4,
commonly attributed to a normal marine trend or “Normal Marine Line” (Berner & Raiswell, 1983;
1984). A parallel trend with a TS intercept at about 1 to 1.5 wt.% has been identified in sediments
from the Black Sea, which represents an euxinic environment where syngenetic sulfur precipitation
in the water column induces an elevated sulfur (pyrite) burial flux (Leventhal, 1983; 1987; 1993).
However, even this TOC-TS relation derives from the limitation of labile OM that controlled the
extent of sulfate reduction and thus the sulfur burial flux. In other words, in both systems the amount
of H,S produced by sulfur bacteria covaries with the amount of metabolizable OM. Furthermore,
Raiswell & Berner (1985) found that reactive iron can be limited in anoxic/euxinic environments,
which can be expressed by a weak TOC-TS covariation accompanied by relative constant Fe/TS
ratios. The amount of reduced iron species hosted by sulfides is expressed by the degree of
pyritisation (DOP), whereby ratios < 0.45, 0.45 — 0.75 and >0.75 reflect oxic, suboxic and anoxic

environments, respectively (Canfield et al., 1996).
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5.2.3. Trace elements

The enrichment pattern of redox sensitive trace elements (TEs) in sediments is widely used
to reconstruct redox conditions in modern and ancient environments (Calvert & Pedersen, 1993;
Algeo & Maynard, 2004; Tribovillard et al., 2006). Applicability of TE as redox proxies base on the
solubility of these elements that vary as a function of the redox regime. Redox sensitive TEs are
more soluble under oxic condition but become insoluble under anoxic condition where they get
enriched in sediments. A detailed overview about behavior and reaction pathways of redox sensitive
TEs is given by Algeo & Maynard (2004) and Tribovillard et al. (2006). These authors distinguish
two groups of redox-sensitive TEs based on their enrichment characteristics. Trace elements that
show only a weak sulfidic affinity and that are delivered to the sediment in association with the OM
flux (Ni, Cu, Zn, Cd). These TEs are not significantly affected by presence of free H,S. Trace
elements that show a strong sulfidic affinity (e.g. Mo, V, U) can become highly enriched in
sediments when free H,S is available. These TEs can be directly precipitate from the seawater as
sulfides, can be incorporated into Fe-sulfides, or can involved in reactions catalyzed by free H,S.
Enrichment of these elements can be partly decoupled from OM acumulation. The resulting
enrichment pattern of the abovementioned redox-sensitive TEs can be thus used to assess the redox
facies and further allows to distinguish anoxic and sulfidic conditions. Geochemical data of selected

redox-sensitive TEs, discussed in this chapter, are shown in table 5-1.

Table 5-1: Geochemical data of selected trace elements discussed in this chapter (from Triobvillard et al., 2006 and
references therein).

Element Main species in oxic Average Residence Specification in Average Average
seawater/ concentration in  time in reducing conditions  abundance in shale
oxidation state seawater seawater upper  crust [ug/g]

[nmol/kg] [kyr] [ng/g]

Cu CuClI* /Cu(IT) 2.36 5 CusS, CuS,/Cu(l) 25 45

Ni NiCI", NiCO;, Ni** 8.18 6 NiS/Ni(II) 44 68
/Ni(IT)

A HVO*,, H,VO, 39.3 50 VO*, VO(OH)5, 107 130
IV (V) VO(OH),/V(IV);

V505, V(OH)s
/V(IID)
Mo MoO>, /Mo(VI) 105 800 Thiomolybdates 1.5 1.3
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5.2.4. Biomarker proxies

Pristane versus Phytane ratio (Pr/Phy)

Pristane (2,6,10,14-tetramethylpentadecane) and phytane (2,6,10,14-tetramethylhexadecane)
are common compounds in ancient sediments. They mainly derive from the chlorophyll-a side chain
(phytol; (2E,7R,11R)-3,7,11,15-tetramethyl-2-hexadecen-1-ol) and are formed during diagenesis in
dependency of the redox environment (Powell & McKirdy, 1973), although other sources including
tocopherols and archaea-derived lipids are possible (e.g. Chappe et al., 1982; Goosens et al., 1984;
Rowland, 1990; Schwark & Piittmann, 1990). Pristane is formed by oxidation and subsequent
decarboxylation of phytole, whereas phytane is formed by dehydration and subsequent
hydrogenation of phytol (Powell & McKirdy, 1973; Didyk et al., 1978). The diagenetic pathway of
phytol as well as additional sources of pristane and phytane have been summarized in Peters et al.
(2005).

Preservation of bacteriohopanes

The Cs; to Css homohopanes originate from Css hopanoids that are formed during early
diagenesis from Css bacteriohopanetetroles, biosynthesized by prokaryotic organisms (Peters et al.,
2005 and references therein). The distribution of the Cs3; to C35 homohopanes varies as a function of
redox conditions, whereby C;s homohopanes are preferentially preserved under anoxic conditions
via sulfurisation reactions (Sinninghe Damsté et al., 1995). Under oxic conditions, oxidation of the
functional groups at the side chain and subsequent decarboxylation result in the formation of Cs; to
Cs4 homohopanes. The preservation of the side chain can be expressed as homohopane index (HHI)
described as the ratio of C;35/Cy(31.35) homohopanes. Furthermore, the ratio of C;,/Cs;; homohopanes
may guide in distinguishing between oxic and suboxic environments. The presence of free oxygen
result in the oxidation of bacteriohopanetetrols to a Cs;, acid that can be preserved as a Cs,
homohopane if oxygen is limited or can be further oxidized to Cs;; homohopane if oxygen is

available (Peters et al., 2005 and references therein).

Sulfur incorporation into organic matter

The ratio of dibenzothiphene to phenanthrene (DBT/Phen) allows to assess the availability
of reduced sulfur for incorporation into OM. Enhanced sulfur incorporation into OM can be
promoted by iron limitation in combination with elevated rates of bacterial sulfate reduction. In
combination with other redox proxies, the DBT/Phen ratio allows to distinguish different

depositional environments (Hughes et al., 1995).

Carotenoid biomarkers as indicator for photic zone euxinia
Sulfidic conditions that extent into the photic zone of the water column (termed: photic zone
euxinia, PZE) can be traced by specific pigments (carotenoids) that derive from anaerobic

phototrophic prokaryotes, comprising purple sulfur bacteria (Chromatiaceae) as well as green and
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brown-pigmented sulfur bacteria (Chlorobiaceae). Carotenoids synthesized by these strictly
anaerobes, which require H,S and sunlight, act as accessory pigments allowing them to perform
photosynthesis in the deeper part of the water column under low light intensities (e.g. Koopmanns et
al., 1996; Sinninghe Damsté & Schouten, 2006; Brooks & Schaeffer, 2008). The monoaromatic
carotenoid okenane (originating from the precursor okenone), with 2,3,4-trimethyl substitution
pattern at the aromatic ring, is highly specific for purple sulfur bacteria (Chromatiaceae). These
prokaryotes thrive in the upper part of the photic zone, using the shorter wavelengths of the
electromagnetic spectrum of sunlight and can thus be attributed to a very shallow chemocline that
extends into the upper parts of the photic zone, typically at depth of less than 20 m below water
surface (Brooks & Schaeffer, 2008). Chlorobactane, a C4 monoaromatic carotenoid, with 2,3,6-
trimethyl substitution pattern at the aromatic ring, can be associated with green-pigmented green
sulfur bacteria. These sulfur bacteria inhabit the water layers below the purple sulfur bacteria at
depth down to 40 m below water surface. Isorenieratane, a C4y di-aromatic carotenoid, with 2,3,6-
trimethyl substitution pattern at both aromatic rings, derived from isorenieratene during early
diagenesis, is exclusively biosynthesized by the brown-colored strains of phototrophic green sulfur
bacteria (Chlorobiaceae). Green sulfur bacteria can grow at lower light intensities and thus inhabit
the lower part of the photic zone, below 40 m (Brooks & Schaefter, 2008).

5.2.5. Isotope systems (5**S and §****Mo)

Sulfur isotopes (5**S)

The sulfur isotope signature of pyrite is controlled by the rate of BSR. Bacterial sulfate
reduction results in *’S-enriched sulfide and **S-enriched residual aqueous sulfate, whereby the
isotope fractionation between sulfide and sulfate can range from 0 to 70%o (Canfield et al., 2010).
Extent of isotope fractionation during BSR is controlled by sulfate reduction rates. Low rates of
sulfate reduction result in large fractionation factors, whereby isotopic fractionation decreases with
increased rates of sulfate reduction (Habicht & Canfield, 1997; Canfield, 2001). Enhanced pyrite
burial thus induces lower isotopic fractionation. Isotopic fractionation due to BSR can be further
altered by sulfur redox recycling and microbial disproportionation of sulfur (Habicht & Canfield,
2001). Thus, the isotopic composition of sedimentary sulfur allows to assess changes in the sulfur
cycle, which can be associated with modifications of the fluxes to and out of the ocean (Bottrell &
Netwon, 2006). However, interpretation of sulfur isotope data can complicated by the fact that pyrite
formation, even in non-disturbed euxinic sediments, occurs over a period of several 10™ of thousands
of years and measured &*S values may integrate syngenetic and epigenetic pyrite formation

(Rickard, 2012).
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Molybdenum isotopes (8°***Mo)

Molybdenum isotope ratios have been established as a paleoredox proxy (Siebert et al.,
2003; Poulson et al., 2006; 2009; Pearce et al., 2008; Dickson et al., 2012; 2014; Proemse et al.,
2013). In oxic to suboxic environments Mo is preferentially adsorbed onto Fe- and Mn-oxides,
which is associated with an isotopic fractionation of about 1 to 3%o and result in §°***Mosgp values
of about -1 to +1%o, significantly lower than that of the Mo dissolved in the seawater (5°*’Mogw =
2.340.1%o; Siebert et al., 2003; Poulson Brucker et al., 2009). Under anoxic conditions Mo removal
rates from seawater significantly increases (Mo scavenging by OM and sulfides; Scholz et al., 2013)
and isotope fractionation results in sedimentary 8°***Mo values of about +1.5%o, which is +0.7%o

heavier than 8°%%

Mogw values (Poulson et al., 2006). In euxinic settings Mo can be nearly or even
completely removed from the water column without any isotopic fractionation. Then the isotopic
signature of Mogw is transferred into the sedimentary Mo and 8" Moggp = 898/95M03W = 2.3%o.

(Siebert et al., 2003; Poulson Brucker et al., 2009).
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5.3. Results

5.3.1. Lithological observations, OM and pyrite burial

A detailed sedimentological description of Core FR-210-078 is given in Chapter 4 (4.2.1.).
High OM concentrations (or TOC, respectively) accompanied by high sulfur (TS) concentrations are
documented in laminated and partly parallel-textured sediments of the Schistes Carton Fm (Intervals
3, 2, 1; upmost D. tenuicostatum and H. serpentinum zones). Changes in TOC and TS closely align
with facies changes, whereby periodically changing depositional conditions throughout Interval 2 are
well expressed in the evolution of TOC and TS values that show the highest variability within this
interval. TOC and TS values throughout the Schistes Carton Fm mainly vary between 5 and 15 wt.%
and 2 and 6 wt.%, respectively (Fig. 5-1).
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Figure 5-1: Stratigraphic evolution of TOC, TS values (as well as TOC; and TS.¢) and the TS/Fe ratio that reflect the
degree of pyritisation (DOP; senso lato). All parameters align with lithological changes, whereas positive spikes in TS and
TS/Fe in samples from the Grés médioliasiques Fm (Interval 4) are bound to epigenetic euhedral pyrite. The highest DOP >
0.75 is observed throughout the Interval 3.
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High TOC and TS values that reach 3 wt.% and 8 wt.%, respectively, were also documented
for the Pl-Toa boundary black shale. In contrast, low TOC and TS values <1 wt.% and <2 wt.%,
respectively, occur in the bioturbated sediments of the Grés médioliasiques Fm. Higher TS values
(up to 7 wt.%) are bound to thin horizons strongly enriched in euhedral pyrite (Fig. 5-1). Similar
trends were observed for TOC. and TS values, indicating that rather changes in primary
productivity and preservation of OM than variable carbonate dilution controlled the content of OM
and pyrite in the sediments.

Changes in pyrite burial can be estimated by calculating the ratio of TS/Fe that reflects the
DOP (degree of pyritisation, senso lato), assuming that Fe is mainly bound to pyrite (Canfield et al.,
1996). However, it must be mentioned that the reliability of this approach is limited without
performing an iron specification analysis (Rickard, 2012), which was not conducted in this study.
Highest DOP that varied between 0.6 and 1.0 where documented for samples from Intervals 3 and 2
(upmost D. tenuicostatum zone and H. elegantulum subzone), whereas the highest variability in the
DOP is documented for samples from Interval 2 (upper H. elegantulum subzone). Changes in DOP
further align with facies changes, whereas a higher DOP is restricted to for samples from horizons
with high TOC values and distinct lamination (Fig. 5-1). Slightly decreased and less variable values,
ranging from 0.6 and 0.8, were documented for Interval 1 (H. falciferum subzone) (Fig. 5-1).

5.3.2. Trace element-based redox proxies

TEs associated with OM flux and weak sulfidic affinity (Cu, Ni)

Cu and Ni are preferentially associated with the OM flux and have been thus attributed to be
productivity-related proxies (Tribovillard et al., 2006). In oxic environments Cu (Cu(Il)) is mainly
present as organo-metal ligand, whereby Ni exists as Ni*", Ni-carbonate (NiCOs), or is adsorbed on
macromolecular OM. Both TEs are transported to the seafloor in association with the OM flux. After
OM decay elements are liberated and may form sulfides (NiS, CuS, CuS,) under anoxic conditions.

Low Ni/Al and Cu/Al ratios of ~10 and ~7, respectively, were observed throughout Interval
4 (upper P. spiantum and the lower D. tenuicostatum zones), whereby these values match those of
average shale (Wedepohl, 1971, 1991). Higher ratios were only found in laminated sediments at the
Pliensbachian-Toarican boundary, where Ni/Al and Cu/Al ratios reach ~25 and ~15, respectively
(Fig. 5-2). Additionally, high Ni/Al ratios occur in a single sample from the uppermost P. spinatum
zone. High Ni/Al and Cu/Al ratios of about ~15 and ~13 were determined for Interval 3 (upmost D.
tenuicostatum zone and lower H. elegantulum subzone), whereby both TEs exhibit similar trends
throughout this interval (Fig. 5-2). The Ni/Al and Cu/Al ratios remain high throughout the Intervals
2 and 1 (upper H. elegantulum subzone and H. falciferum subzone), whereby Ni/Al ratios vary
between 8 and 25 and Cu/Al ratios between 6 and 18. Both ratios show periodically fluctuations that

align with facies changes.
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TEs with sulfidic affinity (Mo, V)

Vanadium: Under oxic conditions vanadium is present as dissolved vanadate (V(V)) ionic
species (HVO™, or H,VO;). Under suboxic to anoxic conditions V(V) is reduced to V(IV) that
forms insoluble hydroxyls (VO(OH);5") or hydroxides (VO(OH),). V(IV) hydroxyls can be removed
from the water column by adsorption onto OM particles or by the formation of organometalic
ligands. Thus, under mildly anoxic conditions V is mainly bound to the OM fraction. Under sulfidic
conditions V is reduced to V(III), which may form vanadyl porphyrins or is precipitated as solid
oxide (V,0;) or hydroxide (V(OH),).

Low V/Al ratios of ~7 occurred in samples from Interval 4 (upper P. spinatum and lower D.
tenuicostatum zones), whereby values are significantly lower than those of average shale (Wedepohl,
1971, 1991). Significantly increased ratios were measured in samples from Interval 3 (upmost D.
tenuicostatum zone and lower H. elegantulum subzone), where values vary between ~15 and ~25. A
drop to ratios of ~7 is seen at the base of Interval 2 (upper H. elegantulum subzone), before values
again increase in the uppermost part of this interval. Ratios between ~10 and ~15 were observed in
samples from Interval 1 (H. falciferum subzone). The same periodicity documented in Ni/Al and
Cu/Al ratios within the Intervals 2 and 1 is also evident from V/Al ratios (Fig. 5-2).

Molybdenum: In oxic environments Mo is present as Mo(VI) that forms MoO,>. Reaction
pathways of Mo under anoxic or sulfidic conditions are complex and will no be described in detail at
this point. For further details I refer to e.g. Algeo & Maynard (2004) and to Tribovillard et al. (2006)
as well as to the reference therein. Under anoxic conditions Mo(VI) is reduced to Mo(V), forming
MoO,", or to Mo(IV), forming thiomolybdates (MoOXS4_x2'). Further reduction of thiomolybdates can
form solid MoS,> species that precipitate together with Fe-sulfides. Mo precipitation by uptake in
syngenetic Fe-sulfides can be accelerated when H,S is present in the water column. Thus, in euxinic
environments the removal of Mo from the seawater can be exceptionally efficient, despite of the high
concentration and residence time in seawater (Algeo, 2004; Algeo & Maynard, 2004).

Throughout Interval 4 (upper P. spinatum and lower D. tenuicostatum zones) the
concentration of Mo stay below the limit of detection of the applied method (Mo < 2ppm). High Mo
concentrations were only noted for the Pl-Toa boundary black shale, where Mo/Al ratios increase to
~4. Mo/Al ratios that vary between ~0.5 and ~4 were determined for Interval 3 (upmost D.
tenuicostatum zone and lower D. elegantulum subzone), whereby a decreasing trend was noted for
the upper part of this interval. The decreasing trend continues in the lower part of Interval 2 (upper
H. elegantulum subzone). Lowest Mo/Al ratios are limited to the middle part of Interval 2, whereas
an increasing trend to Mo/Al ratios of about 4 is seen in the upper part of thix interval before a
second minimum occures in the uppermost part of this interval (Fig. 5-2). Mo/Al ratios show an
increasing trend throughout Interval 1 (H. falciferum subzone), where the highest values of ~10 are
resticted to the top of this interval. A pronounced periodicity that has been documented for the other

TEs is also evident from Mo/Al ratios.
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Figure 5-2: Stratigraphic evolution of redox-sensitive trace element data (elements normalized to Al). Average shale
values after Wedepohl (1971, 1991). Ni and Cu are TEs with only a weak euxinic affinity and concentrations are mainly
bound to the OM flux. V and Mo are preferentially enriched in anoxic and euxinic environments. Similar TE enrichment
patterns are documented for all TEs throughout the Intervals 1 and 2, whereby Mo is significantly depleted in Interval 2.

Throughout Interval 3 different trends were observed for TEs with weak and strong sulfidic affinity.

5.3.3. Biomarker-based proxies

Pristane/Phytane ratio (Pr/Phy)

Pristane and Phytane, present in the aliphatic hydrocarbon fraction, were quantified from the
total ion current chromatogram. High Pr/Phy ratios that vary between 2 and 3 were observed in
samples from Interval 4 (upper P. spinatum and lower D. tenuicostatum zones), whereby a slightly
decreasing trend is observed throughout the upper part of this interval. A significant drop in the
reatio to values of about 1.2 marks the Pl-Toa boundary (Fig. 5-3). A drastic decrease in Pr/Phy
ratios to values <1, which occurred in two steps, has been found within the lower part of Interval 3
(upmost D. tenuicostatum and lower H. elegantulum subzone), whereby ratios remain low

throughout the entire interval. Low but less variable Pr/Phy ratios raning from 0.8 to 1.3 were
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observed in Intervals 2 and 1 (upper H. elegantulum and H. falciferum subzones). However,
throughout the Schistes Carton Fm minor changes it changes in the Pr/Phy ratios cannot be

associated with lithological changes (Fig. 5-3).

Homohopane Index* (HHI*) and C;,/C;3; hopane ratio

Hopanoids, present in the aliphatic hydrocarbon fraction, were identified from the m/z=191
chromatograms by using the elution order as well as characteristic mass spectra. The m/z=191
chromatograms are dominated by homohopanes in afR and Bf configuration. The o3S and faS+R
isomeres were identified as well but occur only in trace amonts only. Furthermore, unsaturated
hopene homologues are present for each homohopane analog. The HHI* (= HHI x 100) was
calculated by using the regular hopanes (Cs;.35s) in ofR and 3 configuration, whereby hopenes were
not included as these compounds occurred only in very low concentrations. A representative m/z 191
mass chromatogram including an identification of the single compounds is shown in the appendix
(Fig. A11).

Low HHI* values <3 were determined for Interval 4 (upmost P. spinatum and lower D.
tenuicostatum zones), whereby a slighlty increasing trend to indices of ~4 has been observed
throughout the upper part of this interval (Fig. 5-3). Interestingly no increase in the HHI* were found
for the Pl-Toa boundary black shale, were indices stay below 4. A rapid increase in the HHI* to
indices of ~6 has been observed at the base of Interval 3 (upmost D. tenuicostatum zone and lower
H. elegantulum subzone). Afterwards indices increase to values of ~10 in the upper part of this
interval (Fig. 5-3). Highest HHI* values were documented in Interval 2 (upper H. elegantulum
subzone), were indices systematically vary between 7 and 12. Variation in the indices align with
lithological changes, whereby high HHI* values are indicative of distinctly laminated horizons and
lower indices for horizons that show only an indistinct lamination. Furthermore, the base of this
interval is marked by a brief horizon were the HHI* reached values of about 14 (Fig. 5-3).
Throughout Interval 1 (H. falciferum subzone) indices varied between 5 and 10, whereby lower
values were confined to the middle part of the interval.

The evolution of the C;,/C;; hopane ratios shows a similar trend to those observed in the
HHI* (Fig. 5-3). Ratios <0.3 were observed for samples from Interval 4 (upmost P. spinatum and
lower D. tenuicostatum zones). Throughout Interval 3 (upmost D. tenuicostatum zone and lower H.
elegantulum subzone) ratios varied between 0.2 and 0.4, but mainly remained below 0.3. Higher
ratios, exceeding 0.4, were limited to the upper part of this interval. Throughout Interval 2 (upper H.
elegantulum subzone) ratios remained relative high and predominantly varied between 0.3 and 0.4,
whereas local maxima occurred in the lowermost and uppermost part of this interval. Ratios
significantly decrease in the lower part of Interval 1 (H. falciferum subzone), were they reached a

minimum of about 0.2. Afterwards, ratios increased to about values of about 0.3.
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DBT/Phen

DBT and Phen were identified and quantified by using the characteristic molecular masses
of M=184 and M=178, respectifely (see Fig. A15 in the appendix). DBT/Phen ratios show a steady
increasing trend throughout the studied interval that starts in the lower D. tenuicostatum zone
(Interval 4) and culminates in a maximum of 0.8 that is placed in the upper part of the Interval 2
(upper H. elegantulum subzone). Afterwards ratios decline to values of about 0.6 within the lower
part of Interval 1 (H. falciferum subzone) and remain quite stable throughout the upper parte of this
interval (Fig. 5-3). This overall long-term trend is further highlighted by a brief horizon within the

lower part of the Interval 2 that shows significantly increased ratios of about 1.1.
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Figure 5-3: Stratigraphic evolution of bio/geo-marker-based redox proxies Pr/Phy, HHI*, C3,/C;; hopanes and the ratio of
DBT/Phen. All proxies attest to predominantly anoxic conditions for the Schistes Carton Fm, whereby the HHI* shows the
highest variability which can interpreted in terms of a high sensitivity towards redox fluctuations. The Pr/Phy ratio is less
sensitive and only allows distinguishing oxic/suboxic conditions during deposition of the Grés médioliasiques Fm and
preferentially anoxic conditions during deposition of the Schistes Carton Fm. The DBT/Phen ratio indicates enhanced S-
incorporation into OM of the Schistes Carton Fm. All proxies indicate an initial oxygen depletion prior the onset of black
shale deposition (arrows). Furthermore, a significant maximum in the HHI* and Cs,/Cs; hopanes values that occurred at the

base of Interval 2 is followed by a maximum in DBT/Phen ratios, revealing a substantial offset.
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Carotenoid biomarkers as indicator for photic zone euxinia

Carotenoids, present in the aromatic hydrocarbon fraction, were identified by using the
characterisitic mass fragments m/z 133 and m/z 134, in combination with their molecular masses.
Quantification was done by using the mass fragment m/z 133. A representative m/z 133 ion
chromatogram is shown in Fig. A16 in the appendix.

Only isorenieratane, exclusively biosynthesized by brown-pigmented green sulfur bacteria,
has been identified in samples from the sediment section studied. Chlorobactane and okenone were
not found and seems to be absent. Only traces of isorenieratane (<0.05 pg/gTOC) were found in the
bioturbated sediments from Interval 4 (upper P. spinatum and the lower D. tenuicostatum zones).
The occurrence of isorenieratane in these sediments, however, indicates that brief episodes of PZE
reoccurred during this period. Elevated isorenieratane concentrations of about 5.6 pg/gTOC were
found in laminated sediments that mark the P1-Toa boundary black shale. Mainly low isorenieratane
concentrations that stay below 3 pg/gTOC were determined for Interval 3 (upmost D. tenuicostatum
zone and lower H. elegantulum subzone), whereas one horizon in the upper part of this interval
shows significantly increased concentrations of ~19.6 pg/gTOC. Elevated isorenieratane
concentrations were also noted for Interval 2 (upper H. elegantulum subzone), where values fluctuate
between 2.5 and 18.4 pug/gTOC. Interestingly, high concentrations are not exclusively bound to the
distinctively laminated horizons within this interval. High isorenieratane concentrations of ~8
ng/gTOC occur in the basal part of Interval 1 (H. falciferum subzone), whereas concentrations

decrease and stay below 5 ng/gTOC in the upper part of this interval (Fig. 5-4).

5.3.4. Sulfur and molybdenum isotopes

0™ Spuik

Sulfur isotopes were measured employing bulk sediment that may comprise different sulfur
fractions. In marine sediments sulfur is mainly hosted by sulfides. However sulfur can also be
associated with the OM fraction as well as with the carbonate fraction (Bottrell & Netwon, 2006).
Due to the dominance of the sulfide fraction it can be assumed that 8**S;, values mainly represent
changes in the isotopic composition of sulfur present in sulfides.

Sulfur isotope data (pyrite associated sulfur) from Early Jurassic sediments (Posidonia Shale
and Jet Rock) vary between -40 and -15%o (Fisher & Hudson, 1987; Raiswell et al., 1993). Similar
values were determined for contemporaneous sediments from the Lorraine Sub-Basin (Schistes
Carton Fm). 8**Syu values between -35 and -25%o are reported for samples from Interval 3 (upper P.
spinatum and the lower D. tenuicostatum zones). Slightly higher values that vary between -30 and -
15%0 were found in Intervals 2 and 1 (upper H. elegantulum and H. falciferum subzones) (Fig. 5-4).
Background values of about -50%. were confined to bioturbated sediments of the Grés
médioliasiques Fm (Interval 4; upmost P. spiantum and lower D. tenuicostatum zones) where some

samples that are strongly enriched in **S show values that reach -30%o.
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§%%Mo

Molybdenum isotope analysis was performed for samples with Mo >2 ppm, which are
mainly restricted to the Schistes Carton Fm (Intervals 3, 2, 1). Only two reference samples from the
bioturbated sediments of the Grés médioliasiques Fm (upmost Interval 4) were analyzed. Samples
from the P1-Toa boundary black shale were not analyzed. Molybdenum isotope values of about 0.5%o
were documented for the two samples from the upmost Interval 4 (upmost P. spiantum and lower D.
tenuicostatum zones). Isotope values from Interval 3 (upmost D. tenuicostatum zone and lower H.
elegantulum subzone) are relative low and vary between 0.2 and 0.5%o (Fig. 5-4). Values increase
within Interval 2 (upper H. elegantulum subzone), where they range between 0.8 and 1.3%o. Slightly
higher values approaching 1.5%0 were determined for samples from the lower part of Interval 1 (H.
falciferum subzone). Molybdenum isotope data throughout this interval mainly vary between 0.8 and
1.5%o (Fig. 5-4).
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Figure 5-4: Stratigraphic evolution of isorenieratane concentrations, reflecting changes in the abundance of Chlorobiacea.
The increasing 8**Spu trend throughout the Schistes Carton Fm can be connected with elevated rates of BSR and pyrite
burial. 5°***Mo values have been proposed to reflect changes in redox conditions (redox scale after: Poulson et al., 2006;

SW is the isotopic composition of Mo in seawater).
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5.4. Discussion

5.4.1. Assessing the redox facies

The redox facies of the different lithological units represented by the Grés médioliasiques
and Schistes Carton Fm as well as fluctuations of redox conditions within these lithological units can
be inferred from the integrated application of organic and inorganic as well as isotope geochemical
proxies. This integrated approach will allow to discuss the overall evolution of redox conditions in
the Lorraine Sub-Basin and will further allow to identify mechanisms controlling the extent and

persistence of anoxia, euxinia as well as PZE.

Redox facies inferred from trace element enrichment pattern (TOC.— TE/Al covariation)

Low TE/Al ratios that show no correlation with the TOC,¢ content have been documented for
samples from the organic-poor (TOC.; <2 wt.%) and bioturbated clay-/marl-stones of the Grés
médioliasiques Fm (Interval 4) (Fig. 5-5), which is in agreement with the TE behavior proposed for
oxic to suboxic sediments (Algeo & Maynard, 2004; Tribovilard et al., 2006). Low productivity rates
in combination with a dominantly well-oxygenated water column prohibited a significant enrichment
of redox-sensitive TEs in the sediment. Variable TE/Al ratios might result from different detrital
sources, which is however not recognizable by AI-TE cross-plots that exhibit no statistical
significant correlation for Ni, V and Mo with Al (R* <0.2). However, a correlation coefficient of
0.43 confirms a stronger detrital impact onto the enrichment of Cu (Fig. S5-1 in the supplementary).
Due to these observations it is most likely that the TEs were enriched in the sediment by a
combination of autochthonous and allochthonous sources. Allochthonous TE-enrichment by detrital
contributions possibly resulted from a low sea level (see Chapter 4). Autochthonous enrichment
resulted from brief anoxic episodes. Subsequent reoxygenation events led to the degradation of OM
within the upmost-unconsolidated sediment layers, which resulted in the post-depositional loss of
TOC. Redox-sensitive TEs were less affected by post-depositional sediment reworking and remain
relatively enriched in the reworked sediments (Tribovillard et al., 2006).

Samples from the laminated Pl-Toa boundary black shale are significantly enriched in Ni
and Cu, whereby the highest TE/Al ratios relative to TOC,¢ contents are documented for this horizon
(Fig. 5-5A & B). The strong correlation of TOC,s with Ni/Al and Cu/Al (R*> = 0.74 and 0.83,
respectively) indicates that these elements were bounded to the OM flux and were subsequently
enriched in the sediment under dominantly anoxic conditions at the sediment-water interface. Slopes
of the regression lines calculated match with trends documented for Cretaceous C/T black shales
(Cenomanian-Turonian boundary) or Mediterranean sapropels, but plot above the trends documented
for Pennsylvanian shales by Algeo & Maynard (2004) (grey fields in Fig. 5-5A & B). A strong
correlation has also been observed between TOC s and V/Al (R2 = (.73) as well as between TOC,¢
and Mo/Al (R2 = 0.70), whereas absolute V/Al ratios do not exceed detrital background values from
the bioturbated oxic to suboxic sediments of the Grés médioliasiques Fm (Fig. 5-5C & D). The
strong correlation of TOC s with TE/Al ratios that show a strong euxinic affinity (V, Mo) indicate
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preferentially anoxic conditions with only mildly euxinic conditions during deposition of the Pl-Toa
boundary black shale (Algeo & Maynard, 2004; Tribovillard et al., 2006). Euxinic conditions, if
temporarily present, might have been bound to the PP and OM export rates into the bottom water
layers. The overall V/Al and Mo/Al ratios, determined for the Pl-Toa boundary black shale, match
with trends reported for Pennsylvanian shales (grey fields in Fig. 5-5C & D), but plot significantly
below trends known from Recent anoxic settings.

The TEs Ni and Cu, associated with the OM flux (Algeo & Maynard, 2004; Tribovillard et
al., 2006), are significantly enriched in the bituminous facies of the Schistes Carton Fm (TOC = 3
to 19 wt.%). Trends exposed in the TOC.~TE/Al cross-plots roughly follow trends reported by
Algeo & Maynard (2004) for Pennsylvanian shales (grey areas in Fig. 5-5) and further match with
TE/Al ratios from contemporaneous Jurassic sediments of the Southern German Basin, the
Cleveland Basin (Yorkshire) as well as with ratios known from from Recent anoxic and euxinic
settings (Fig. 5-5A & B). However, Ni/Al and Cu/Al ratios are significantly lower than ratios
documented for the Pl-Toa boundary black shale (Fig. 5-5A & B). Interestingly, only a weak
correlation of TOC,s with TE/AI ratios is observed for samples from the Schistes Carton Fm. The
highest degree of correlation is achieved for samples from the H. falciferum subzone (Interval 1;
Rial = 0.59, R2cual = 0.43), whereas no statistically significant correlation is diagnosed for TOC .+
TE/Al patterns in the upmost D. fenuicostatum zone and the H. elegantulum subzone (Intervals 3 &
2; R?<0.2) (Fig. 5-5A & B). Detrital contributions fail to explain these observations as indicated by
the lack of a correlation between Al and TE contents (Fig. S5-1 in the supplementary). Post-
depositional loss of TOC could explain the absence of a covariation. This process might explain the
weak TOC.TE/Al covariation within the upper H. elegantulum subzone (Interval 2) that shows
evidence for frequent reoxygenation events and sediment reworking. However, no evidence for
sediment reworking processes have been found within the upmost D. fenuicostatum zone and lower
H. elegantulum subzone (Interval 3), thus, post depositional loss of TOC can not account for the
weak TOC.TE/Al covariation. Consequently, other processes must be taken into account that
affected TE accumulation rates. In this context the hydrodynamic regime that controlled the TE
resupply and thus the TE concentrations in the seawater may have played an important role (Algeo &
Maynard, 2004; Tribovillard et al., 20006).

Vanadium is enriched in sediments of the Schistes Carton Fm, however, absolute V/Al ratios
are significantly lower than ratios documented from contemporaneous sediments from the Southern
German Basin, the Cleveland Basin (Yorkshire) as well as from Recent anoxic and euxinic settings
(Fig. 5-5C). A statistically significant correlation between TOC. and V/Al is only achieved for
samples from the H. falciferum subzone (Interval 1; R* = 0.66). According to Algeo & Maynard
(2004) and Tribovillard et al. (2006) this pattern can be attributed to V-enrichment under
preferentially anoxic conditions, without prolonged euxinia. The lack of correlation of TOC with
V/Al ratios in combination with the strong V-enrichment in samples from the upper D.
tenuicostatum and lower H. elegantulum subzone (Interval 3) can be explained by the presence of
free H,S in the water column that resulted in a decoupling of OM enrichment and vanadium
accumulation (Algeo & Maynard, 2004; Tribovillard et al., 2006). On the contrary, variable V/Al
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ratios in combination with a poor TE/Al - TOC,s covariation documented for samples from the upper
H. elegantulum subzone (Interval 2) can be explained by fluctuating redox conditions that shifted
between suboxic and euxinic conditions. Furthermore, the resupply of V to the seawater might also
affect V concentrations in the seawater and thus the V accumulation into the sediment.

The cross-plot of TOC. with Mo/Al exhibits two distinct trends for samples from the
Schistes Carton Fm. High Mo/Al ratios that show a strong correlation with TOC values (R* = 0.66)
were determined for samples from the H. falciferum subzone (Interval 1). On the contrary, relative
low Mo/Al ratios that show no correlation with TOC¢ values were reported from the upmost D.
tenuicostatum zone and H. elegantulum subzone (Intervals 3 and 2), whereby the lowest Mo
enrichment is noted for samples from the upper H. elegantulum subzone (Interval 2) (Fig. 5-5D).
This pattern has been previously documented from contemporaneous sediments (McArthur et al.,
2008a; Pearce et al., 2008; Lezin et al., 2012; Hermoso et al., 2013) and has been interpreted to
reflect a drawdown of seawater Mo abundance that resulted from prolonged euxinic conditions in a
strong restricted hydrodynamic setting (Algeo, 2004; Algeo & Lyons, 2006). Under such conditions
the accumulation of redox sensitive trace elements is not primary controlled by the changes in redox
conditions, but by the resupply of aqueous trace elements (Algeo, 2004; Algeo & Lyons, 2006;
Brumsack, 2006; Algeo & Rowe, 2012). Low Mo/Al ratios in samples from Intervals 3 and 2 thus
indicate that free H,S was present in the water column during certain periods, facilitating a rapid and
efficient removal of Mo to the sediment. Thus, euxinia in combination with the restricted setting of
the Western Tethyan shelf resulted in a significant decrease of aqueous Mo concentrations.

This process might be most pronounced for Mo as this redox-sensitive TE has the longest
residence time in the ocean (~800 kyr). For comparison, residence times for V is ~50 kyr, whereas
residence times for Ni and Cu are ~6 and ~5 kyr, respectively (Tab. 5-1). Furthermore, the
drawdown effect might be most significant for Mo as this TE can be removed most efficiently from
the seawater by Mo uptake in syngenetic pyrite (e.g. Algeo & Maynard, 2004 and references
therein). Based on the lowest Mo/Al ratio the strongest degree of restriction in the Lorraine Sub-
Basin can be assumed for the upper H. elegantulum subzone (Interval 2). Intermediate basin
restriction can be assumed for the upper D. fenuicostatum zone and the lower H. elegantulum
subzone (Interval 3). On the contrary, less restricted conditions that allowed a continuous resupply of
aqueous TEs are indicated for the H. falciferum subzone (Interval 1) by highest Mo/Al ratios (Fig. 5-
5D). The degree of restriction might also be reflected by the TE/Al - TOC,; covariation of the other
TEs that show the weakest correlation with TOC. values for intervals reflecting strong
hydrodynamic restriction that possibly resulted in overall reduced aqueous TE concentration.
Furthermore, Mn redox cycling can significantly affect the downward flux of redox-sensitive
elements to the bottom water and might also account for the scatter in the data (e.g. Tribovillard et

al., 2006 and references therein).
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Figure 5-5: Selected Al-normalized redox-sensitive trace elements with weak (Ni, Cu) and strong euxinic affinity (V, Mo)

plotted versus TOC,; content. Trace elements of both groups exhibit an overall weak TE-TOC,; co-variation. A statistically

significant correlation between TEs and TOC,; content is only noted for the Pl-Toa boundary black shale and for the H.

falciferum subzone (Interval 1). Different slopes of the regression lines for the Mo/Al-TOC,; co-variation point to an

element drawdown during the upper D. tenuicostatum zone and the H. elegantulum subzone. The grey areas mark the

anoxic trends documented for Upper Pennsylvanian shales (Algeo & Maynard, 2004). Reference data for Recent

Mediterranean sapropels, Black Sea, C/T OAE, Peru margin, and the Gulf of California from Brumsack, 2006; data from

the Cariaco Basin from Yarincik et al., 2000b and Little et al., 2015, data from Rietheim from Montero-Serrano et al.,

2015, data from Dotternhausen are unpublished and data from Yorkshire are from McArthur et al., 2008a (TE/Al data out

of scale are labeled). Detrital background values for the single TEs (TE/Algy.) are calculated as the average values of the

TE/Al ratios from the oxic/suboxic Grés médioliasiques Fm.
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Sulfur burial and TE accumulation pattern (TS — TE/Al covariation)

In the sediment redox-sensitive TEs are hosted by pyrite, form own sulfide phases (e.g. Ni,
Cu; see Tab. 5-1), or precipitation of these elements directly from seawater is bound to the
availability of free H,S (e.g. V, Mo; see Tab. 5-1), which is produced by BSR. Moreover, sulfate
reduction rates are the major factor controlling pyrite burial rates and thus the amount of sulfur
accumulated in the sediment (e.g. Leventhal, 1983; Berner & Raiswell, 1983). Therefore, cross-plots
of sedimentary sulfur content (TS or TS, respectively) with redox-sensitive TE/Al ratios can
provide information about the relation of BSR rates, sulfur/pyrite burial and TE accumulation.

The absence of a statistical significant correlation of TE/Al ratios with TS.; values for
samples from the non-bituminous Grés médioliasiques Fm (Interval 4) indicate a decoupling of TE
and sulfur accumulation in the sediment (Fig. 5-6A-D). The occurrence of euhedral pyrite in
sediments of the Grés médioliasiques Fm hints to a diagenetic pyrite formation, which can also have
affected the covariation of TSs with TE/Al ratios. In contrast, a strong correlation of TS,; values with
TE/Al ratios is observed for samples from the Pl-Toa boundary black shale (R* > 0.7) that shows the
highest TS, values (>8 wt.%) (Fig. 5-6A-D). Moreover, this black shale interval shows the highest
Ni/Al ratios, which might hint to Ni supply in association with a high OM flux. Furthermore,
significant amounts of Ni might be present as Ni-porphyrines (Triboviallard et al., 2006 and
references therein). Cu is enriched in the Pl-Toa boundary black shale as well, whereas Cu/Al ratios
are significantly lower than Ni/Al ratios (Fig. 5-6A & B). Lower Cu/Al ratios might indicate that the
high OM flux that transported Ni to the sediment did not coincide with persistent anoxic/euxinic
conditions that controlled the accumulation of Cu. Preferentially anoxic conditions, without
prolonged euxinia are also indicated by low V/Al and Mo/Al ratios (Fig. 5-6C & D).

Samples from the Schistes Carton Fm (Intervals 1 to 3) exhibit an overall good correlation
between TS and Ni/Al ratios as well as between TS, and Cu/Al ratios (RzNi = 0.4, R’c, =0.6).
Highest correlation coefficients, which range from 0.5 to 0.6, were observed for samples from the
upper H. elegantulum and H. falciferum subzones (Intervals 1 & 2) (Fig. 5-6A & B). Regression
lines show similar slopes that exhibit a parallel but offset trend, with higher TS values documented
for samples from the upper H. elegantulum subzone (Interval 2). This pattern can be attributed to
different sulfur/pyrite burial rates that resulted from different redox conditions, whereby higher TS
values in samples from the upper H. elegantulum subzone indicate stronger reducing, possibly
prolonged euxinic, conditions. Euxinic conditions would not affect Ni, as Ni is preferentially bound
to the OM flux. The stronger enrichment of Cu in samples from the upper H. elegantulum subzone
might indicate multiple enrichment processes, comprising the complexiation of Cu with OM and the
adsorption on particulate Mn-Fe-oxyhydroxides. Moreover, lower enrichment of Ni might result
from slower reaction kinetics of Ni incorporation into pyrite (Triboviallard et al., 2006 and
references therein). Nevertheless, the overall good correlation of TS.¢ values with Ni/Al and Cu/Al
ratios, in the upper H. elegantulum and the H. falciferum subzones, indicate that BSR rates and thus
the sulfur/pyrite burial rates were controlled by the OM flux to the bottom water and thus to the PP.
The absence of a correlation of TS. values with Ni/Al and Cu/Al ratios in the upmost D.

tenuicostatum zone and lower H. elegantulum subzone (Interval 3), where correlation coefficients for
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TS.~TE/Al patterns do not exceed 0.1 (Fig. 5-6A & B), indicates a decoupling of sulfur burial rates
from the OM flux (Algeo & Maynard, 2004; Tribovillard et al., 2006). A decoupling of Ni, Cu and
sulfur burial rates hint to preferentially euxinic conditions. The stronger enrichment of Cu when
compared with Ni might again result from multiple enrichment processes of Cu as well as from
differences in the reaction kinetics (Tribovillard et al., 2006 and references therein).

A good correlation of TS, values with V/Al ratios (R* >0.5) in samples from the upper H.
elegantulum and H. falciferum subzones (Intervals 1 and 2) indicates that the accumulation of V was
associated with the sulfur burial flux (Fig. 5-6C). However, elevated sulfur burial rates, indicating
more reducing conditions, in the upper H. elegantulum subzone (Interval 2) were not accompanied
by significantly increased V/Al ratios that are comparable to those from the H. falciferum subzone
(Interval 1). Thus, regression lines in the cross-plot of TS.s values with V/Al ratios expose parallel
tends, with similar slopes of regression (Fig. 5-6C). According to the behavior of V in euxinic
systems, elevated pyrite burial should be accompanied by elevated burial rates of V, not observed
here. A possible explanation could be the limited availability of aqueous V, which might have
resulted from prolonged euxinic conditions in a restricted hydrodynamic regime (McArthur et al.,
2008a). A depletion of aqueous V might further explain the overall low V/Al ratios in the lower
Toarcian black shale of the Western Tethyan shelf, when compared with other anoxic/euxinic
environments (compare with V/Al ratios given in Fig. 5-5C). The strong enrichment of V in samples
from the upmost D. fenuicostatum zone and lower H. elegantulum subzone (Interval 3) is not
associated with the highest TS values. The absence of a correlation between TS.r values and V/Al
ratios (R” >0.1) indicates that the enrichment of sulfur/pyrite and V was controlled by different
factors (Fig. 5-6C). High V/Al ratios in combination with moderate TS ¢ values might hint to an iron
limitation that resulted in lower pyrite burial rates (Leventhal, 1983; Berner & Raiswell, 1983). The
limitation of reactive iron species would affect pyrite burial rates but not the vanadium burial rates,
as vanadium is not hosted in the sulfide fraction (Algeo & Maynard, 2004; Tribovillard et al., 2006).

The cross-plot of TS.¢ values with Mo/Al ratios expose a similar pattern observed in the
TOC,¢ - Mo/Al plot (Figs. 5-5D, 5-6D). The highest degree of regression (R* = 0.55) is observed for
samples from the H. falciferum subzone (Interval 1) that also show the highest Mo/Al ratios (Fig. 5-
6D). The good correlation of TS, values and Mo/Al ratios indicates that Mo-enrichment was
bounded to the pyrite burial rates and thus to the redox conditions. On the contrary, samples from the
upmost D. tenuicostatum zone and H. elegantulum subzone (Intervals 3 and 2) are characterized by
the highest TS, values and low Mo/Al ratios. This pattern indicates that redox conditions controlling
sulfur burial rates were not the main control on Mo burial rates. Thus, Mo-accumulation was
decoupled from the redox conditions. As before discussed, this observation can be explained by a
Mo-depletion of the seawater that resulted from a strong hydrodynamic restriction of the Western
Tethyan shelf (McArthur et al., 2008a). The lowest Mo/Al ratios, indicating the strongest depletion
of aqueous Mo, are documented in the upper H. elegantulum subzone that also shows lower V/Al
ratios, with respect to the high TS, values. Differences in the enrichment pattern of V and Mo might

result from the different residence times of these TEs in the seawater (Tab. 5-1).
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Figure 5-6: Cross-plot of TS and selected redox-sensitive TEs yield a higher degree of correlation when compared with
TOC ~TE/Al cross-plots (see Fig. 5-5). A good correlation of TS, values with Ni/Al, Cu and V/Al ratios is observed for
samples from Intervals 1 and 2, whereby the parallel but offset trends in the slopes of regression point to different
sulfur/pyrite burial rates. The absence of a correlation of the TS ; values with TE/Al ration for samples from Interval 3
indicating a decoupling of sulfur/pyrite burial rates from TE accumulation. The effect of a proposed Mo-drawdown, which
resulted from a strong hydrodynamic restriction, is well-expressed in the cross-plot of TS values with Mo/Al ratios that

confirm a decoupling of sulfur/pyrite burial rates and Mo accumulation during Intervals 2 and 3 (legend as in figure 5-5).

TOC-TS-Fe systematic, implications for the sulfur cycle

Some samples from the non-bituminous Grés médioliasiques Fm (Interval 4) are
anomalously enriched in sulfur (TS up to 4 wt.%) and thus plot above the “Normal Marine Line”
(Fig. 5-7A). However, high TS values are mainly bound to euhedral pyrite indicting epigenetic pyrite
formation, which prohibits an interpretation of the TOC-TS systematic in terms of redox conditions
(Berner & Raiswell, 1983, 1984). Low TS/Fe ratios indicate a mainly oxic to suboxic depositional
environment, which is more consistent with lithological observations (Fig. 5-7B). Sedimentary pyrite
is strongly depleted in **S (8**S < 40%o) indicating low rates of BSR (Habicht & Canfield, 1997;
Canfield, 2001). Low DBT/Phen ratios (< 0.5) support this interpretation and indicate only minor
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sulfur incorporation into OM (Hughes et al., 1995), which is consistent with low BSR rates (Fig. 5-
7A & B). Samples from the laminated Pl-Toa boundary black shale differ from this trend. Samples
are enriched in OM and sulfur (TOC up to 6 wt.%; TS up to 9 wt.%), whereby TOC and TS exhibit a
strong co-variation (R* = 0.66) with a TS intercept close to 0, indicating that BSR was controlled by
the availability of labile OM (Fig. 5-7A). Highest TS values, indicating extremely high sulfur burial
rates, might have resulted from high contributions of reactive iron species that promoted elevated
rates of pyrite formation. High TS/Fe ratios (~0.75) indicate a higher degree of pyritisation and thus
preferentially anoxic/euxinic conditions (Fig. 5-7B). However, elevated rates of BSR, confirmed by
increased 8'S values up to 30%o, did not resulted in enhanced sulfur incorporation into OM as
indicted by relative low DBT/Phen ratios that do not exceed 0.3 (Fig. 5-7A & B). Low DBT/Phen
ratios further support that Fe was not limited and H,S was preferentially precipitated as pyrite.
Samples from the Schistes Carton Fm are strongly enriched in OM and sulfur (TOC up to 15
wt.%; TS up to 5.5 wt.%) and thus plot exclusively above the “Normal Marine Line”, close to the
“Black Sea trend” characteristic for anoxic/euxinic environments (Fig. 5-7A) (Berner & Raiswell,
1983, 1984). Preferentially anoxic conditions are also indicted by relative high TS/Fe ratios >0.5
(Fig. 5-7B). The increase in the sulfur burial flux can be attributed to increased rates of BSR, which
is supported by *’S-depleted sedimentary sulfur (8°*S values up to -15%o). The absence of a
covariation of TOC with TS values (R* < 0.1), documented in the upmost D. tenuicostatum zone and
lower H. elegantulum subzone (Interval 3), indicates that BSR was not limited by the availability of
labile OM (Fig. 5-7A). Rates of BSR in the interval were always high, which is indicated by a rise in
8**S values from about -40 to -20%o, and the excess supply of OM shifted the BSR zone from the
sediment into the water column. Under such conditions pyrite formation occurs within the sulfidic
part of the water column and is only limited by the availability of reactive iron species, which is
indicated by intercept of regression line with the TS axis at 3.8 wt.% TS (Fig 5-7A). The significant
covariation of Fe with TS (R* = 0.65), in combination with the highest TS/Fe ratios (~0.75), implies
that reactive iron might be the limiting factor controlling the sulfur incorporation into the sediment
(Fig. 5-7B). The limitation of reactive iron resulted in elevated sulfur incorporation into OM, which
is evident from high DBT/Phen ratios that exceed 0.5 (Fig. 5-8A). A similar trend is documented for
the upper H. elegantulum and H. falciferum subzones (Intervals 2 and 1), whereby a stronger
correlation between TOC and TS values (R” = ~0.4) indicate that BSR rates were more affected by
the availability of metabolizable OM. Regressions approaching the “Normal Marine Line”, with
lower TS intercepts of 2.0 and 1.3 for the upper H. elegantulum and H. falciferum subzone,
respectively, point towards a decrease in the sulfur burial flux through these intervals (Fig. 5-7A).
However, sulfides strongly depleted in **S (8°*S values range from 30 to 15%o) confirm high BSR
rates and sulfate drawdown throughout these intervals. Less persistent anoxic/euxinic conditions are
attested by slightly decreased TS/Fe ratios that range from 0.5 to 0.7. Moreover, the lack of a
statistical significantly correlation between TS and Fe concentration indicated the reduced
sulfur/pyrite burial rates not to originate from Fe-limitation (Fig. 5-7B). However, significant
amounts of sulfur were incorporated into OM as indicated by DBT/Phen ratios between 0.5 and 0.8

confirming enhanced availability of H,S or expanded euxinic conditions (Fig. 5-8B).
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Figure 5-7: A) The TOC/TS plot reveals a poor correlation between sulfur and OM indicating that the sulfate reduction
and thus the pyrite formation was not bound to the availability of OM being metabolizable by sulfate reducing bacteria.
The weakest correlation of TOC with TS and the highest intercept of the regression line with the TS axis is documented for
samples from Interval 3. Samples from Intervals 2 and 1 exhibit a similar trend but plot closer to the field of more normal
marine conditions. B) A fair correlation between Fe and TS documented in samples from Intervals 3 and 2 indicate that
pyrite formation and burial was partly controlled by the availability of iron (Raiswell & Berner, 1985). Prevailing high
rates of BSR in these intervals are confirmed by heavy 8°*S values. A weak correlation of Fe with TS values is noted for
Intervals 1 and 4, which indicate that Fe is not exclusively hosted by sulfides. The lowest DOP is documented for Interval

4, reflecting less reducing conditions in this interval. (legend as in figure 5-5)
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Figure 5-8: A) The plot of Pr/Phy versus DBT/Phen (Hughes et al., 1995) points to increased sulfur incorporation into OM
for samples from the uppermost D. fenuicostatum zone and the H. serpentinum zone. B) Light &**S values determined
throughout the P. spinatum and lower D. tenuicostatum zone, in combination with low DBT/Phen ratios can be attributed to
low BSR rates. An increase in BSR is confirmed for the upper D. tenuicostatum zone and the lower H. elegantulum
subzone by a significant **S-depletion and initiated enhanced sulfur incorporation into OM, reflected by an increase in the

DBT/Phen ratio. (legend as in figure 5-5)
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The overall increasing trend documented in the 8*'S signature of the sulfides throughout the
Schistes Carton Fm (Fig. 5-4) is also evident from carbonate associated sulfur isotope data that
reflect the marine sulfate pool (Gill et al., 2011; Newton et al., 2011). These authors showed that
high rates of BSR throughout the Western Tethyan shelf induced a decrease in marine sulfate
concentrations, whereby estimates range from 1 to 8 mM. A decrease in marine sulfate
concentrations resulted from prolonged anoxia/euxinia that are associated with high rates of BSR in
combination with the restricted hydrodynamic setting of the Western Tethyan shelf (Gill et al., 2011;
Newton et al., 2011). Data from the Lorraine Sub-Basin confirm that the deposition of the Schistes
Carton Fm and contemporaneous deposits on the Western Tethyan shelf where associated with the
establishment of sulfidic conditions and high rates of pyrite burial into the sediments. Replenishment
rates of the sulfate pool did not match the sulfate withdrawal from seawater by BSR, which is
expressed by the increase in §°*S values of the sulfides and the carbonate associated sulfur (Gill et

al., 2011; Newton et al., 2011).

Redox facies inferred from biomarker data

Samples from the OM-poor grey clay/marl-stones of the Grés médioliasiques Fm (Interval 4;
TOC < 2 wt.%) show high Pr/Phy ratios (>2) and low HHI* values (<3), indicating preferentially
oxic to temporarily suboxic conditions (Fig. 5-9A). However, some samples show slightly increased
HHI* values (2.5 o 5.0) and increased Cs,/C;; hopane ratios (0.25 to 0.30), which point to brief
episodes of decreased bottom water oxygenation that resulted in an enhanced preservation of
bacteriohopanes. Furthermore, the presence of isorenieratane in the bioturbated clay-/marl-stones
supports periodic short-lived episodes of PZE (Figs. 5-3, 5-9B). Low Pr/Phy ratios of 1.2 to 1.8,
documented from the Pl-Toa boundary black shale, reflect more reducing conditions. Moreover,
isorenieratane concentrations up to 5.6 pg/gTOC confirm frequent episodes of PZE (Figs. 5-4, 5-
9B). Interestingly, anoxic/euxinic conditions did not induce enhanced preservation of
bacteriohopanes. The relative low HHI* values and C;,/Cs; hopane ratios that do not exceed 4 and
0.3, respectively, might point to the high sensitivity of Css bacteriohopanetetroles towards post-
depositional oxidation processes. In contrast, isorenieratane reveals a more recalcitrant nature and
seems to be less affected by secondary oxidation processes, possibly due to the absence of functional
groups in the molecul structure, which is further stabilized by two benzene rings. Moreover,
isorenieratane is biosynthesized by bacteria whose habitat is located in the euxinic part of the water
column. Thus, lipids derived from these organisms are less exposed towards aerobic degradation
processes. In contrast, bacteriohopanes originate from bacteria that live in the oxic as well in the
anoxic and euxinic part of the water column and in the sediment.

Samples from the bituminous Schistes Carton Fm (Intervals 1 - 3; TOC up to 15 wt.%) show
overall low Pr/Phy ratios (<1.2), which in combination with elevated HHI* values (ranging from 3 to
10), indicate preferentially anoxic conditions (Figs. 5-3, 5-9A). Furthermore, the presence of
significant amounts of isorenieratane (up to 15 pg/gTOC) in all samples from the Schistes Carton

Fm confirms reoccurring episodes of PZE (Figs. 5-4, 5-9B). Throughout the Schistes Carton Fm the
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Pr/Phy ratios remain rather constant, whereas the HHI* expose a much higher variability that aligns
with facies changes. Moderate HHI* between 3 and 10 in combination with variable but
conservative Cs;,/Cs; hopane ratios (0.2 to 0.35) were determined in samples from the upmost D.
tenuicostatum zone and lower H. elegantulum subzone (Interval 3) as well as in samples from the H.
falciferum subzone (Interval 1), indicating that bacteriohopanes were more prone to aerobic
degradation. A longer exposure of bacteriohopanes towards oxygen may be explained by frequent
reoxygenation events in the bottom water, e.g. by storm events, or by an expanded zone of oxic
surface water that overlaid persistent anoxic bottom water of reduced extent (Fig. 5-9B). The later
explanation seems to be more probable as moderate isorenieratane concentrations (Interval 3: 1.7
ug/gTOC on average; Interval 1: 2.7 ug/gTOC on average) indicate a reduced extent of PZE (Figs.
5-4, 5-9B). Throughout the upper H. elegantulum subzone (Interval 2) higher HHI* values between 7
and 15, in combination with high C;,/C;; hopane ratios that range from 0.25 to 0.45, indicate euxinic
conditions that extended over a larger part of the water column, which is confirmed by elevated
isoreniaratane concentrations (on average 6.8 ng/gTOC). A highly variable extent of PZE and thus
less stable redox conditions are indicated by most variable isorenieratane concentrations ranging
from 2.6 to 18.4 ng/gTOC (Figs. 5-4, 5-9B). However, when present during this interval, euxinic
conditions extended over large part of the water column and bacteriohopanetetroles were thus better
protected from degradation processes. The effect of the relative proportions of oxic versus
anoxic/sulfidic zones in the water column on the preservation of bacteriohopanes is expressed in the
cross-plot of isorenieratane versus HHI* values that exhibits a positive correlation (Fig. S5-2 in the
supplementary). The impact of sulfur and sulfurisation processes towards the preservation of the side

chain of bacteriohopanes has been previously discussed by Sinninghe Damsté et al. (1995).
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Figure 5-9: A) The cross plot of Pr/Phy versus HHI* allows distinguishing oxic/suboxic facies of the Grés médioliasiques
Fm from the preferentially suboxic to anoxic facies of the Schistes Carton Fm. The higher variability of the HHI* can be
attributed to differences in the sensitivity of these molecules towards aerobic degradation. B) A cross plot of the HHI*
versus Cs3,/C;; hopane ratios, in combination with isoreniertane concentrations, provides additional information about the
extent and/or persistence of water column anoxia. Stages of extended and/or persistent water column anoxia/euxinia show

high HHI*, high C;,/C;, hopane ratios and high isorenieratane concentrations. (legend as in figure 5-5)
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5.4.2. Evolution of redox conditions

Lithological observations as well as geochemical proxies attest to significant variations in
the redox conditions throughout the interval studied. Redox conditions encompass fully oxic
conditions as well as strictly anoxic episodes. Moreover, the presence of isorenieratane, a biomarker
diagnostic for brown-pigmented green sulfur bacteria, confirms that euxinic conditions extent into
the photic zone during certain periods. However, the absence of okenone and chlorobactane indicate
that euxinic conditions were generally limited to the bottom water and the chemocline will have been
situated below a water depth of 40 m (Brooks & Schéfer, 2008).

Oxic conditions prevailed during the upper P. spinatum zone as indicated by a low HHI*
(<3), high Pr/Phy ratios (>2) and a low enrichment of redox-sensitive TEs (Figs. 5-2, 5-3, 5-10).
Furthermore, **S-enriched sulfides (Fig. 5-4) and the absence of isorenieratane indicate that BSR
rates were low and resulted in a redox boundary that was always situated in the sediment (Fig. 5-10).
Mainly low TS/Fe ratios of <0.5 support low rates of sulfur/pyrite burial (Figs. 5-1; 5-7B). Overall
oxic conditions are in agreement with lithological observations, indicating enhanced benthic activity
and sediment reworking.

Preferentially anoxic conditions were documented for the Pl-Toa boundary black shale.
Anoxic conditions are confirmed by low Pr/Phy ratios (~1.2) as well as by a significant enrichment
of TEs with weak euxinic affinity, whereas TEs with strong euxinic affinity are not significantly
enriched (Figs. 5-2, 5-3; 5-10). However, significant amounts of isorenieratane indicate that sulfidic
conditions must have extended into the photic zone at least during certain episodes. Moreover,
elevated rates of BSR, confirmed by high §**S values (up to -30%o), shifted the redox boundary from
the sediment into the water column, which resulted in high sulfur/pyrite burial rates that are
confirmed by high TS/Fe ratios (0.75 to 1.00) (Fig. 5-1, 5-7B). Interestingly, no significant response
is documented in the HHI* that remain relative low in the Pl-Toa boundary black shale (Fig. 5-10).
Low HHI* values (<4) and C;,/Cs;; hopane ratios (<0.3) reflect enhanced degradation of
bacteriohopanes during frequent reoxygenation events or might also result from a anoxic/euxinic
water column of reduced extent overlain by an expanded layer of oxic surface waters.

A return to preferentially oxic/suboxic conditions in the lower part of the D. tenuicostatum
zone is indicated by high Pr/Phy ratios (>2), low HHI* values (<3) and low TE/Al ratios (Figs. 5-2,
5-10). However, traces of isorenieratane have been confirmed for several samples from this interval,
indicating that brief episodes of PZE must have existed during this preferentially oxic/suboxic
episode. Overall low TS/Fe ratios (<0.5) in combination with low &S values (< -40%o) can be
associated with low rates of sulfate removal via BSR and with low rates of sulfur/pyrite burial (Figs.
5-1; 5-7B). Values differing from this trend might result from epigenetic processes that are indicted
by the occurrence of euhedral pyrite. During the lower part of the D. tenuicostatum zone brief
anoxic/euxinic episodes might have been established after episodic algal blooms that resulted in
oxygen depletion due to aerobic OM break down. Subsequent reoxygenation of the entire water
column allowed the resettlement of the seafloor by benthic communities, which resulted in enhanced

reworking of the unconsolidated sediments and OM degradation.
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A rapid shift from oxic/suboxic to anoxic conditions occurred in the upmost D.
tenuicostatum zone and is associated with a major facies change. Throughout the upmost D.
tenuicostatum zone and the lower H. elegantulum subzone the redox boundary is expected to have
been positioned in the water column. Sulfidic conditions expanding into the water column are
indicated by a strong enrichment of V, when compared with Ni and Cu as well as by the efficient
removal of Mo from the water column (Figs. 5-5, 5-10). Furthermore, prolonged high rates of BSR,
indicated by a steady increase in 8*S values (from -40 to -20%o), resulted in elevated sulfur/pyrite
burial rates that are attested to high TS/Fe ratios >0.75. However, a limited extent of PZE is
indicated by the relative low abundance of isorenieratane (on average 1.7 ug/gTOC). Intermediate
HHI* values that vary between 3 and 10 further confirm that a certain part of the upper water column
must be well oxygenated, which resulted in an enhanced degradation of bacteriohopanes (Fig. 5-10).
These conditions seem to be relative stable throughout this interval. However, a massive expansion
of PZE in the upper part of the interval is indicated by a drastic increase in isorenieratane
concentrations to values of about 20 pg/gTOC (Fig. 5-10). This horizon is also highlighted by an
increase in the HHI* and in the C;,/Cs; hopane ratios that confirm an enhanced preservation of
bacteriohopanetetroles due to the reduced extent of the oxygenated part of the water column.

Highest HHI* wvalues (7 - 14) and C;,/C;; hopane ratios (0.30 to 0.45) and elevated
isorenieratane concentrations (6.8 ug/gTOC on average), documented in the upper H. elegantulum
subzone, reflect the expansion of euxinic conditions in the water column and into the photic zone
(Fig. 5-10). Elevated BSR rates and pyrite burial rates are supported by high 'S values (-30 to -
15%0) and by high TS/Fe ratios (0.6 to 1.1). However, the upper H. elegantulum subzone also records
the highest variability in redox conditions, whereby fluctuation aligns with subtle facies changes.
More persistent reducing conditions were confirmed by high HHI* (>10) and high TE/Al ratios for
sediments that show distinct lamination, whereas sediments with a more indistinct lamination show a
lower HHI* (<10) and low TE/Al ratios (Fig. 5-10). A similar trend can be observed in 8*S values
and TS/Fe ratios that attest to elevated rates of BSR and enhanced pyrite burial rates for distinctly
laminated horizons (Figs. 5-1, 5-4). Interestingly, the evolution of the isorenieratane abundance
differs from this trend and high concentrations were documented from some of the horizons
characterized as deposited under less reducing conditions. This observation indicates that the
persistence of euxinic conditions might not be the major factor controlling the spatiotemporal
abundance of Chlorobiaceae and thus of sedimentary isorenieratane contributions. Moreover, the
interaction of persistence and extent of euxinic conditions in the photic zone controlled the
abundance of these organisms. Thus, short-lived PZE that expanded over a large part of the water
column might result in a stronger enrichment of isorenieratane than more persistent PZE of only
limited extent.

A slightly lowered HHI* (5 - 10) and lower TE/Al ratios (not valid for Mo/Al) in samples
from the H. falciferum subzone (Interval 1) attest to an increased oxygen availability over a wider
extent in the water column, which is also confirmed by a decrease in isorenieratane concentrations
that predominantly stay below 5 ug/gTOC (Fig. 5-10). Slightly decreased TS/Fe ratios (0.6 to 0.8)

support this finding. However, 8**S values remain relative high (about -20%o), which points to high

130



Chapter Five: Controls on redox conditions

rates of BSR and/or a **S-depleated sulfate pool. However, distinctly laminated sediments confirm
preferentially anoxic bottom waters that prevented enhanced benthic activity. On the contrary, some
horizons show evidence for enhanced activity of bottom currents and winnowing. Increased strength
of current systems possibly prohibited an expansion of euxinic conditions into the upper part of the

water column.
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Figure 5-10: The evolution of geochemical redox proxies aligns with lithological changes and attests to strongly reducing
conditions throughout the Schistes Carton Fm as well as for the Pl-Toa boundary black shale, whereas the Grés
médioliasiques Fm represents mainly oxic to suboxic conditions. Furthermore, the presence of isorenieratane in all samples
from anoxic facies of the Schistes Carton Fm indicates reoccurring PZE. The graph at the right illustrates the evolution of
redox conditions and the redox state prevailing during the Early Toarcian. The abundance of isorenieratane in combination

with the HHI* allow to infer the relative proportions of oxic versus anoxic water column.
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5.4.3. Insights into the hydrodynamic regime and extent of shelf sea anoxia

Mo enrichment in sediments is controlled by redox conditions and by aqueous Mo
concentrations that vary with Mo burial rates and Mo resupply to the oceans. The latter process
varies as a function of the hydrological regime, whereby seawater may become depleted in Mo under
persistent euxinic conditions in strongly restricted basins where the Mo resupply from the open
ocean reservoir does not match the export rates in the restricted basin (Algeo, 2004; Algeo & Lyons,
2006; Algeo & Rowe, 2012). Changes in Mo accumulation rates can be inferred from regression
slops in the cross-plots of TOC with Mo values as applied for lower Toarcian sediments (McArthur
et al., 2008a, Pearce et al, 2008; Lezin et al., 2012; Hermoso et al., 2013). These works confirmed
reduced Mo accumulation rates throughout the Western Tethyan shelf in sediments corresponding to
the upmost D. tenuicostatum zone and H. elegantulum subzone. Based on findings by Algeo (2004)
and Algeo & Rowe (2006), McArthur et al. (2008a) this pattern can be attributed to low Mo
accumulation rates that resulted from a strong hydrodynamic restriction of the Western Tethyan shelf
that in combination with persistent shelf sea anoxia that led to an aqueous Mo drawdown. Similar
observations were made for the Lorraine Sub-Basin, where lowest regression slopes in the cross-plot
of TOC s with Mo/Al ratios (Fig 5-5D) were also determined for samples from the upmost D.
tenuicostatum zone and H. elegantulum subzone.

Changes in the degree of hydrodynamic restriction can be inferred from the evolution of
Mo/TOC trends as applied by McArthur et al. (2008a) for sediment from the Cleveland Basin. The
trend documented from the Cleveland Basin is also evident from other basins located on the Western
Tethyan shelf and is further confirmed for the Lorraine Sub-Basin (Fig. 5-11). The overall similar
evolution of the Mo/TOC ratios indicates a shelf-wide decrease in aqueous Mo concentrations,
controlled by regional, at least shelf-wide, processes. In all basins moderate Mo/TOC ratios in the
upmost D. tenuicostatum zone and the lower H. elegantulum subzone (Mo/TOC: 1 - 6) hint to an
intermediate hydrodynamic restriction. The lowest Mo/TOC ratios were documented from the upper
H. elegantulum subzone (Mo/TOC < 2), indicating the strongest hydrodynamic restriction. A
significant increase in Mo/TOC ratios in the H. falciferum subzone (Mo/TCO: 2 - 30) indicates the
termination of the hydrodynamic restriction of the Western Tethyan shelf. The rapid rise in Mo/TOC
ratios further indicates that depletion of aqueous Mo was limited to the Western Tethyan shelf and
was not a global ocean wide phenomenon, which would have resulted in a much longer
replenishment period due to the long residence time of Mo (Tab. 5-1). Differences in absolute values
of the Mo/TOC ratio, documented from the different basins, can be attributed to local redox
conditions, the activity of Mn-redox cycling and/or the local hydrodynamic regime (e.g. Tribovillard
et al., 2006; Algeo & Tribovillard, 2009; Scholz et al., 2013). An alternative explanation for the low
Mo concentrations and the absence of a strong Mo enrichment during the onset of shelf sea anoxia
(reflecting the draw down phase) might be freshwater contributions from glacial meltdown that
protrudes southwards onto the Western Tethyan shelf during the upmost D. tenuicostatum zone and
the lower H. elegantulum subzone (Chapter 4). Glacially derived freshwater contribution might carry

lower Mo concentrations than ambient seawater and may have affected the seawater chemistry of the
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Western Tethyan shelf. However, this theory is difficult to reconcile, as Mo concentrations of polar

ice have not been reported so far.
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Figure 5-11: Stratigraphic evolution of Mo/TOC trends for different basins situated on the Western Tethyan shelf adapted
to the timescale proposed for Core FR-210-078 (see Chapter 2). Similar trends indicate that changes in aqueous Mo
concentration were controlled by shelf-wide processes, comprising changes in the hydrodynamical regime and Mo
replenishment and/or glacial meltwater contributions with Mo concentration lower than ambient seawater. The last
mechanism might explain the relatively low Mo accumulation rates during the onset of shelf sea anoxia. Local
mechanisms, like redox conditions, can explain differences in the absolutes values of the Mo/TOC ratio. In Dotternhausen
the Mo/TOC spike in the lower H. elegatulum subzone correspond to the Unterer Stein, a diagenetic limestone bed that can
be associated with special oceanographic conditions (Frimmel, 2003) (data sources: McArthur et al., 2008a (Yorkshire);

Hermoso et al., 2013 (Sancerre Core); data from Dotternhausen are unpublished.

Further insights into extent of shelf sea anoxia, the hydrological regime and the redox
conditions can be obtained from Mo isotope data. Changes in 8 Moggp are commonly used as
redox indicator, whereas 8°***Mosgp data from the Lorraine Sub-Basin exhibit a challenging picture
as they are strongly depleted in **Mo, which becomes commonly enriched in anoxic/euxinic
sediments (Poulson et al., 2006). According to the redox scale proposed by Poulson et al. (2006)
8’ Mo values of about 0.5 to 1.5%o, documented from the Lorraine Sub-Basin would reflect mainly
suboxic to mildly anoxic conditions, where Mo precipitation occurs under a high fractionation factor
of about 0.7 to 2.8%0, when assuming a 8" Mogw value of ~2.3%o (Pearce et al., 2008 and
references therein). This is not in full agreement with previous findings that attest to persistent
anoxic/euxinic conditions during deposition of the Schistes Carton Fm. Therefore, other factors than
exclusively redox conditions must have controlled §"¥**Mosgp values. Pearce et al. (2008) suggested

that the areal extent of anoxia has the potential to drive 8*¥*Mogw and thus §¥**Moggp towards
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lower values, as under widespread prolonged anoxic conditions the seawater may become depleted
in Mo due to the preferential removal of the heavier isotope from the seawater. A shelf-wide
change in aqueous Mo concentration is indicated by the evolution of TOC/Mo ratios (Fig. 5-11) and
might be also accompanied by shelf-wide changes in 8°¥**Mogy. Shelf-wide changes of the isotopic

98/95
8" Mosgp values

composition of aqueous Mo are indicated by parallel trends documented in the of
from the Cleveland Basin (Pearce et al., 2008) and from the Lorraine Sub-Basin (Figs. 5-12A, 5-13).
However, shelf-wide changes in the 698/95M05W fail to explain the offset in 698/95MOSED values
documented between the Lorraine Sub-Basin and the Cleveland Basin, whereby overall lower values
were documented in sediments from the Lorraine Basin (Figs. 5-12A, 5-13). Thus, other mechanisms
than changes in 8***Mogw must have driven 8°%**Moggp values.

Differences in the redox conditions fail to explain the values and the offset in the data as
euxinic conditions are confirmed for Lorraine Sub-Basin as well as for the Cleveland Basin (French
et al., 2014). Spatial differences in 8 Mogyw values throughout the Western Tethyan shelf that
resulted from an extreme hydrodynamic restriction of the different basin might explain the offset.
However, in this case the isotopic difference between different basins should be most significant
during the period of strongest restriction, which again is not supported by the data. The strongest
hydrodynamic restriction has been proposed for the upper H. elegantulum subzone, whereas the
strongest offset in 8" Mosgp values has been analyzed in samples from the upmost D.
tenuicostatum zone and the lower H. elegantulum subzone. Nevertheless, spatial differences in the
8’ Mogw values throughout the Western Tethyan shelf cannot be fully excluded and may have
resulted from local riverine Mo supply with a specific isotopic signature.

Interestingly, similar low 8" Mogep values (~0.6%0) were documented for upper
Pennsylvanian shales that were deposited under euxinic conditions (Herrmann et al., 2012). These
authors suggested that low 698/95M05ED values in euxinic sediments can be explained by Mo-
enrichment via Mn redox cycling in the water column. They concluded that **Mo-depleated Mo
becomes preferentially adsorbed on particulate Mn oxyhydroxides that form in the oxic part of the
water column. When sinking to the anoxic/sulfidic bottom water these Mn particles become
dissolved and the **Mo-depleted Mo is released, buried and thus the isotopically light Mo signature
is preserved in the sediment. Contributions of **Mo-depleted Mo by Mn shuttle processes can thus

significantly alter or overprint 8™

Mo values from Mo precipitated from anoxic/sulfidic waters
under a low isotope fractionation factor, which reflects local redox conditions (Poulson et al., 2006).
The impact of the Mn redox cycling towards §”¥**Moggp values might depend on the activity of the
Mn shuttle processes as well as on the extent of anoxic/sulfidic bottom water from with **Mo-
enriched Mo is precipitated (Fig. 5-12B). An expanded zone of oxic water overlaying the
anoxic/sulfidic bottom water of minor extent might result in 8 Moggp values dominated by Mn
redox cycling delivered **Mo-depleted signal. On the contrary, an expanded zone of anoxic/sulfidic

bottom water underlying an oxic surface water of reduced extent might result in 8°***Moggp values

dominated by **Mo-enriched signature, representing redox conditions in the bottom water.
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Figure 5-12: A) Cross-plot of 1/Mo versus 8*¥**Mo differentiating processes driving molybdenum isotope values. Pearce
et al. (2008) used this plot to address changes in the areal extent of marine anoxia (data from Yorkshire are ghosted). In the
Cleveland Basin as well as within the Lorraine Sub-Basin lower 5°%**Mo values were determined for the upmost D.
tenuicostatum zone and the lower H. elegantulum subzone (triangles). Higher 8°***Mo values characterize the H. falciferum
subzone (diamonds) as well as from the upper H. elegantulum subzone (circles). This pattern hints to regional (shelf-wide)
processes that drove 8°¥**Mo values, which were further modified by local processes, e.g. the activity of Mn-redox shuttle
processes. Differences in §°%*Mogw might also contribute to differences in 8% Moggp signatures. B) Impact of Mn-redox
cycling onto sedimentary molybdenum isotopes. Mn-redox shuttle processes may promote the export of isotopically-light
Mo to the bottom water and thus affect Mo accumulation rates in the sediment (e.g. Algeo & Tribovillard, 2009; Scholz et
al., 2013) as well as the Mo isotope signature (Herrmann et al., 2012). The effect of Mn-redox shuttle processes onto
sedimentary 8°***Mo values might be controlled by the ratio of oxic to anoxic/sulfidic water column as well as by local
redox conditions. A detailed discussion of these processes is given in the text (SWI: sediment water interface; RB: redox

boundary).

Based on these findings it can be proposed that §*°*Moggp values provide information about
the extent of anoxic/sulfidic conditions. Low &*”’Mogep values (<0.5%o) in the upmost D.
tenuicostatum zone and the lower H. elegantulum subzone indicate anoxic/sulfidic bottom water of
reduced extent, which his in agreement with low isorenieratane concentrations (1.7 nug/gTOC). Low
8" Mosgp values throughout this interval derived from **Mo-depleted Mo contributions via Mn
redox cycling that overprint the anoxic/sulfidic bottom water signal. This finding is also supported
by high Mn/Ca ratios, documented in this sediment interval (Fig. S5-3B). An increase in 8°*”*Moggp
values (up to 1.5%o) in sediments from the upper H. elegantulum subzone indicates an expansion of
anoxic/sulfidic bottom water, which is in agreement with increased isorenieratane concentrations
(6.8 ng/gTOC). On the contrary, a decrease in 8™ °Moggp values (1.2%0 on average) that is
accompanied by lower isorenieratane concentrations (2.7 ug/gTOC) in the H. falciferum zone can be
attributed to a reduced extent of anoxic/sulfidic bottom water. Results show that 698/95MOSED values
were strongly affected by local mechanisms, including Mn redox cycling or redox conditions (Figs.
5-12, 5-13), but were also driven by changes in 698/95Mosw that resulted from the areal extent of
anoxia throughout the Western Tethyan shelf as proposed by Pearce et al. (2008). The later
mechanism is well expressed by the parallel trend in ¥’ Moggp values from the Cleveland Basin

(Pearce et al., 2008) and the Lorraine Sub-Basin, whereas local mechanisms are reflected by the
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offset between both records (Fig. 5-13). In combination with the evolution of Mo/TOC ratios it can
be stated that areal extent as well as the degree of restriction changed synchronically on regional
(shelf-wide) scale (Figs. 5-11, 5-13). With respect to the data from the Lorraine Sub-Basin and the
Cleveland Basin it can be proposed that the widest areal extent of shelf sea anoxia can be placed in
the lower part of the H. elegantulum subzone coinciding with the Toa-CIE interval. Hydrodynamic
restriction of the Western Tethyan shelf was most pronounced during the upper H. elegantulum
subzone (Fig. 5-13).
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Figure 5-13: Evolution of hydrodynamic conditions and areal extent of shelf sea anoxia infreed from Mo/TOC and
8*¥"Mogpp trends. Similar Mo/TOC trends observed throughout the Western Tethyan shelf (see Fig. 5-11) attest to
regional, at least shelf-wide processes controlling aqueous Mo concentration. Lowest Mo/TOC ratios in the upper H.
elegantulum subzone can be attributed to the strongest degree of hydrodynamic restriction. Low aqueous TE concentrations
possibly resulted in an enhanced S-incorporation into OM as indicated by highest DBT/Phen ratios. Moreover, the absence
of a stron Mo enrichment during the onset of prolonged anoxia might hint to low aqueous Mo concentrations that resulted
from the Arctic freshwater inflow. The 8°¥**Mo values were controlled by regional (shelf-wide) as well as by local (basin-
wide) processes (see text for discussion). The 8°¥**Mo trend from the Cleveland Basin is shown ghosted (data from Pearce
et al., 2008), the green area indicates the 8°¥**Mo trend reported from Dotternhausen (data from Luthardt, 2013). Despite of
the high spatial variability in 8°**Mo values, data from the Cleveland and the Lorraine Sub-Basin expose similar long-
term trends that might reflect changes in the areal extent of anoxia throughout the Western Tethyan shelf as proposed by
Pearce et al. (2008). On the base of these data it can be concluded that shelf sea anoxia reached its widest areal extent

during the lower H. elegantulum subzone.
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5.4.4. Controls on redox conditions and PZE

Works by Rohl et al. (2001) and Frimmel et al. (2004) from the Southern German Basin as
well as by Hermoso et al. (2013) from the southern Central Paris Basin highlighted the role of sea
level changes towards the evolution of redox conditions and OM preservation during the Early
Toarcian. The impact of the sea level evolution is also evident in data from the Lorraine Sub-Basin.
According to the sea level curve established for Core FR-210-078 (see Chapter 4) the accumulation
of OM as well as long-term changes in the redox conditions align with 3" and 4™ order sea level
changes that were controlled by long eccentricity periods. Enhanced preservation of OM coincided
with stages of high sea level represented by the bituminous facies of the PI-Toa boundary black shale
and the Schistes Carton Fm (Fig. 5-16). Moreover, sea level changes were accompanied by changes
in SSS (see Chapter 4), whereby stages of high sea level can be associated with reduced SSS. In
contrast, more saline conditions were confirmed for stages of lower sea level. Sea level changes in
combination with changes in SSS controlled the overall depositional environment, the hydrodynamic
regime and the stability of water column stratification and thus the persistence of the bottom water
anoxia/euxinia. These relationships between the sea level evolution, changes in sea surface salinities
and redox conditions are expressed in the cross-plots of tri-/di-MTTC ratios with V/Al ratios and of
Si/Al ratios with V/Al ratios. Persistent anoxic/euxinic conditions were confined to semi-brackish to
brackish conditions during stages of high sea level (Fig. 5-14). Moreover, an overall similar
evolution of redox conditions is proposed for the different basins throughout the Western Tethyan
shelf, which indicates that regional, at least shelf-wide, factors controlled the persistence of shelf sea
anoxia (Fig. S5-4).
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Figure 5-14: A) Cross-plot of tri-/di-MTTCs versus V/Al ratios indicates persistent anoxic/euxinic conditions to have been
bound to reduced salinities. B) Cross-plot of Si/Al versus V/Al ratios attest to anoxic/euxinic conditions to stages of high
sea level. The scatter in the data indicates that neither salinity nor sea level exclusively controlled redox conditions and

rather a combination of both factors contributed to the changes in redox conditions. (legend as in figure 5-5)
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High amounts of isorenieratane, reflecting expanded PZE, are exclusively bounded to the
bituminous strata of the Schistes Carton Fm, which indicates that a minimum water depth was
required to establish persistent euxinic conditions. However, the extent of PZE was not exclusively
controlled by the sea level and the stability of water column stratification. In addition, highest
isorenieratane concentrations, reflecting the widest extent of PZE, were reported from the upper H.
elegantulum subzone, a period that reflects an only intermediate sea level during a regressive phase.
Moreover, during this period increased SSS can be associated with less stable stratification of the
water column. These conditions resulted in highly variable redox conditions and less prolonged
bottom water anoxia/euxinia (Figs. 5-15A; 5-16). However, the regressive trend resulted in the
strongest degree of hydrodynamic restriction (Fig. 5-13), which prohibited an efficient water
exchange between the different basins throughout the Western Tethyan shelf. These conditions
formed a shallow marine stagnant environment that provided optimal conditions for the expansion of
euxinic conditions in the water column (Fig. 5-15B). The extent of PZE varied between the different
basins on the Western Tethyan shelf as deduced from its location-specific evolution, highlighting the

role of paleogeographic and paleoceanographic features (Fig. S5-4).
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Figure 5-15: A) The cross-plot of tri-/di-MTTC ratios with isorenieratane concentrations suggests reduced SSS to have
promoted the expansion of euxinic conditions in the water column. However, freshwater discharge and salinity
stratification were not the exclusive drivers on the extent of PZE as highest isorenieratane concentrations were documented
during semi-brackish conditions. B) The cross-plot of Mo/TOC ratios with isorenieratane concentrations confirms that the
degree of hydrodynamic restriction strongly affected the extent of euxinic conditions in the water column, whereby periods
of strong hydrodynamic restriction records the highest abundance of isorenieratane, indicating the widest spatiotemporal

expansion of PZE in the water column. (red. ext. PZE = reduced extent of PZE; legend as in figure 5-5)

Results confirm that 3™ and 4™ order glacio-eustatic sea level changes, driven by 405 kyr
eccentricity periods (see Chapters 2 and 4) were the major mechanism controlling shelf sea anoxia
during the Early Toarcian. Moreover, high-frequent fluctuations in redox conditions can be
associated with astronomical periods of higher order (mainly 100 kyr eccentricity and 37 kyr

obliquity periods; see Chapters 2 and 4).
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Rapid melting of polar ice during the upmost D. tenuicostatum zone and the lower H.
elegantulum subzone initiated a rapid transgression and was further accompanied by a massive
freshwater discharge onto the Western Tethyan shelf. These conditions have resulted in prolonged
shelf sea anoxia/euxinia and favored the expansion of marine dead zones that reached their widest
areal extent during this period (Fig. 5-16). The vertical expansion of euxinic conditions into the
water column was, however, affected by local oceanographic conditions. In the Lorraine Sub-Basin
the high sea level during the lower H. elegantulum subzone resulted in an intermediate degree of
hydrodynamic restriction and prevented the expansion of PZE into the upper part of the water
column. Moreover, an internsification of the monsoonal circulation resulted in more frequent and
stronger strom events, which led to a better mixing of the surface water (Krencker et al., 2015).

These conditions did not favor the expansion of PZE into the upper parts of the water column.
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Figure 5-16: Changes in redox conditions during the Late Pliensbachian and the Early Toarcian were driven by changes in
sea level and changes in SSS, forced by astronomical cycles of variable frequency. The high sea level stand during the
upmost D. tenuicostatum zone and the lower H. elegantulum subzone account for the widest areal extent of shelf sea
anoxia. The subsequent regression during the upper H. elegantulum subzone resulted in the maximum restriction of the

shelf sea, which favored the expansion of sulfidic/euxinic conditions.
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The subsequent regressive trend in the upper H. elegantulum subzone promoted a stronger
hydrodynamic restriction of the Western Tethyan shelf as indicated by lowest Mo/TOC ratios (Figs.
5-11; 5-16). Moreover, the intermediate sea level created an environment most sensitive towards
minor environmental changes as expressed by the high variability of lithology and geochemical
proxies. Redox fluctuations during within the upper H. elegantulum subzone will be discussed in
detail below. Upon low sea level in combination with strong hydrodynamic restriction expanded
sulfidic/euxinic conditions into the water column (and into the photic zone) are recognizable by the
highest isorenieratane concentrations (Fig. 5-16). However, due to the lower sea level and a less
stable stratification of the water column euxinic conditions were less stable and frequently
interrupted by reoxygenation events. The sea level rise in the H. falciferum subzone led to a better
connectivity between the different basins on the Western Tethyan shelf as well as between the shelf
sea and the Tethyan Ocean, as indicated by an increase in Mo/TOC ratios (Figs. 5-11, 5-16). The
high sea level resulted in preferentially anoxic/sulfidic bottom water of limited extent evident by low

isorenieratane concentrations.

5.4.5. Redox fluctuations during the upper H. elegantulum subzone

The upper H. elegantulum subzone is highlighted by the most significant variability in the
studied section that is expressed in the lithology as well as by geochemical proxies associated with
sea level and salinity fluctuations. Findings presented in Chapter 2 and 4 allow to attribute these
fluctuations to astronomically forced glacial/interglacial cycles on frequency bands corresponding to
obliquity cycles. In the Lorraine Sub-Basin glacial/interglacial cycles resulted in significant
variations in the redox regime (Figs. 5-16, 5-17). Glacial stages, associated with a lower sea level
and increased SSS, are characterized by a lower PP. A reduced PP is inferred from decreased TOC
values as well as from low Cu/Al and Ni/Al ratios that reflect a reduced OM flux to the sea floor
(e.g. Tribovillard et al., 2006) and might have resulted from a reduced nutrient supply to the shelf
seas during a cooler climate. Lower OM export rates diminished BSR rates, which in combination
with a lower sea level resulted in less persistent anoxia/euxinia as indicated by low V/Al ratios (Fig.
5-17). Moreover, increased SSS destabilized the pycnocline, which further promoted an efficient
mixing of the water column. Interglacial stages are associated with a higher sea level and enhanced
freshwater discharge to the Western Tethyan shelf sea via the Viking Corridor and thus with a more
stable water column stratification. Furthermore, more humid climate conditions increased continental
weathering and runoff rates that in turn stimulated PP and thus the OM export to the sea floor, which
his indicated by high Cu/Al and Ni/Al ratios as well as by high TOC values (Fig. 5-17). Subsequent
aerobic OM breakdown drove the oxygen concentrations in the water column towards lower values
and promoted elevated rates of BSR. More reducing conditions during interglacial stages are well
expressed by high V/Al ratios (Fig. 5-17). The significant coevolution of the TOC content with
productivity indicators (Ni/Al, Cu/Al) and redox proxies (V/Al, HHI*) throughout the upper H.

elegantulum subzone dentifies redox conditions to have been driven by the availability of labile OM.
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Productivity-driven anoxia/euxinia has also been inferred from the TOC-TS plot, where samples
from this interval match well with the salinity stratified “Black Sea trend” (Fig. 5-7).

Throughout the lower part of this interval (from ~1.18 to ~1.32 Myr) the coevolution of
isorenieratane concentrations with V/Al ratios propose the abundance of Chlorobiaceae to be linked
to the persistence of anoxic/euxinic conditions (Fig. 5-17). A decoupling of isorenieratane
concentrations and V/Al ratios throughout the upper part of this interval (from ~1.32 to ~1.50 Myr)
is taken as evidence that the abundance of Chlorobiaceae was not exclusively controlled by the
persistence of anoxia/euxinia. Interestingly, the highest concentrations of isorenieratane have been
documented in sediments horizons characterized as less reducing. However, these horizons are still
rich in TOC (~5 wt.%) indicating that temporal high PP rates (e.g. annual algal blooms) resulted in
an oxygen-depletion of the bottom water and promoted the expansion of sulfidic conditions into the
water column. If present, PZE expanded throughout a wide part of the water column, which resulted
in massive but shortlived blooms of Chlorobiaceae, contributing high amounts of isorenieratane to
the sediment. Expanded PZE was, however, highly sensitive towards environmental changes and
thus less persistent. Annual mixing of the water column resulted in the termination of PZE, in
enhanced sediment reworking, water bottom currents and transport of oxygen to the seafloor
allowing benthic organisms to resettle the seafloor. However, if rapidly buried (e.g. due to high

sedimentation rates) recalcitrant isorenieratane.
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Figure 5-17: Throughout the upper H. elegantulum subzone redox-fluctuations can be linked with variation in the PP
during glacial/interglacial cycles that were driven by obliquity periods. The strong coupling of PP and redox conditions
indicates that anoxia/euxinia was productivity-driven, whereby a higher PP and thus more persistent reducing conditions
were confined to interglacial stages. The extent of PZE was, however, not exclusively driven by the persistence of euxinic
conditions. Moreover, short-lived but extremely expanded PZE may have contributed to a significant enrichment of

isorenieratane in the sediments (G: glacial stage; IG: interglacial stage).
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5.4.6. Evolution of redox conditions during the Toa-CIE

In the Lorraine Sub-Basin anoxic/euxinic conditions established rapidly during the initial
part of the Toa-CIE and remain persistent throughout this interval. Anoxia established stepwise,
whereby each negative carbon isotope shift (II-A; II-B; II-C) was followed by the expansion of
anoxia, recognizable in a stepwise increase in V/Al ratios (Fig. 5-18) as well as by a stepwise
decrease of Pr/Phy ratios (Fig. 5-3). Persistent anoxia/euxinia was induced by an overall increase in
PP and the subsequent OM export to the bottom water, as expressed in elevated TOC values and
Cu/Al ratios (Fig. 5-18). However, the detailed inspection of the data reveals that the negative Toa-
CIE shifts II-B and II-C can be attributed to a brief decrease in the PP, indicated by a drop in TOC
values and in the Cu/Al ratios (Fig. 5-18). A decrease in PP might have resulted from increased
environmental stress onto the primary producing communities as a consequence of CO, injections
into the Earth’s ocean/atmosphere system. Carbon injections led to ocean acidification that directly
affected the calcareous nannoplankton (e.g. Mattioli et al., 2008; Hermoso et al., 2009b, 2012). The
brief decrease in PP did not significantly affect the redox regime. A minor decrease is documented in
the V/Al ratio, but is not documented in the Pr/Phy ratio (Figs. 5-18; 5-3). The decoupling of PP and
redox conditions during the Toa-CIE interval is also expressed in the TOC-TS-FE systematic (Fig. 5-
7) and attest to changes in redox conditions not driven by the availability of labile OM. Moreover,
changes in redox conditions can be attributed to oceanographic conditions. As shown in Chapter 4
each negative carbon isotope shift was accompanied by a rise in sea level and a freshwater pulse
(Fig. 5-18). Enhanced freshwater inflow favored a stable stratification of the water column and in
combination with a high sea level promoted the formation of anoxic bottom water. Brief regressive
intervals during the recovery phases of the individual carbon injections can be associated with a shift
to less reducing conditions (Fig. 5-18). A decrease in V/Al ratios can be associated with the MFZ
and may have drived from oxic surface water expansions. The return to less reducing conditions
during the recovery phase of the Toa-CIE may have been associated with a regressive phase.

Persistent bottom water euxinia during the Toa-CIE interval was not accompanied by a wide
expansion of PZE. Rather low isorenieratane concentrations (on average 1.7 pg/gTOC) indicate PZE
of reduced extent, i.e. limited to the bottom water. An intensification of the monsoonal circulation
and a strengthening of the storm activity might have resulted in an enhanced mixing of the surface
water (Krencker et al., 2015), which prevented the expansion of PZE into the upper water column.
Similarly low isorenieratane concentrations (<2 pg/gTOC) were documented for the Toa-CIE
interval in core ANDARA HTM 102, also located in the Lorraine Sub-Basin (van Breugel et al.,
2006). These authors concluded that the recycling of *C-depleated CO, in a stratified water column
as proposed by Kiispert (1982) (Kiispert model) fails to explain the Toa-CIE as supported by this
study.

A drastic increase in isorenieratane concentrations in the upper part of the Toa-CIE interval,
subsequent to the MFZ is proposed to be in causal relationship with a decrease in SSS (Fig. 5-18).
According to the sea level evolution established for the Lorraine Sub-Basin this stage reflects an

early regressive phase. The fall in the sea level might have resulted in a strengthening of local
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processes, including riverine freshwater contributions that in combination with a lowered sea level
favored the expansion of PZE over a wider part of the water column. Whether this Chlorobiaceae
bloom is a local or a regional (shelf-wide) phenomena remains to be confirmed. It is however
interesting to note that the stratigraphic position of the isorenieratane spike match with the position
of the “Unterer Stein” in the South German Basin, diagenetic carbonate horizon that can be
associated with exceptional environmental conditions, including prolonged PZE (Schwark &
Frimmel, 2004).
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Figure 5-17: The evolution of redox conditions during the Toa-CIE was decoupled from the PP. Redox conditions were
primarily controlled by oceanographic factors, including sea level changes and changes in SSS. Shifts to more reducing
conditions occurred synchronous with individual large carbon injections (Toa-CIE shifts II-A, II-B, II, C) and can be linked
to transgressive pulses and enhanced freshwater inflow. The stage of highest sea level, placed in the climax of the Toa-CIE,
may have been connected to less reducing conditions due to enhanced water exchange with adjacent basins. A massive
increase in isorenieratane concentrations subsequent to the proposed MFZ might hint to special environmental conditions

induced by a decrease in SSS.
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5.5. Conclusions

Conclusion concerning paleoceanographic conditions

Expansion of anoxia and euxinia on the Western Tethyan shelf during the Early Toarcian
can be linked to profound environmental changes on a global scale. Global warming that started in
the upmost D. tenuicostatum zone led to an acceleration of the hydrological cycle that resulted in an
enhanced nutrient flux and caused an eutrophication of the shelf seas (Cohen et al., 2004; Montero-
Serrano et al., 2015). An increase in PP and elevated rates of OM export to the seafloor are
expressed by and high TOC values and high Cu/Al and Ni/Al documented in samples from the
Schistes Carton Fm. The subsequent aerobic OM degradation drove oxygen concentrations in the
bottom water towards lower values and elevated rates of BSR as indicated by the increasing trend in
8**S values as well as by the TOC-TS-Fe systematic. Prolonged anoxia and euxinia throughout the
Western Tethyan shelf was further promoted by a rise in sea level and enhanced freshwater supply,
both resulting from the demise of polar ice caps. These conditions provided a low-energetic
depositional environment below the wave and storm base with a stable stratification of the water
column, which prevented an efficient mixing of the water column and thus favored the accumulation
and preservation of OM.

Results confirm that 3™ and 4™ order sea level changes, driven by astronomical parameters
(possibly 405 kyr cycles), controlled the redox regime in the Lorraine Sub-Basin as well as in other
basins throughout the Western Tethyan shelf. The effect of sea level changes has been previously
proposed as the main parameter controlling anoxia (e.g. Rohl et al., 2001; Hermoso et al., 2013) and
is reinforced by this work. Moreover, sea level changes in association with lowered SSS controlled
the hydrodynamic regime throughout the Western Tethyan shelf. Persistent anoxia seems to coincide
with a high sea level and a strong freshwater inflow. However, during stages of a high sea level PZE
was limited to the euxinic bottom water, overlain by an expanded well-oxygenated water column.
Enhanced basin communication throughout the Western Tethyan shelf might have resulted in strong
surface currents, eventually enforced by monsoonal clirculation, which prohibited an expansion of
PZE into the upper part of the water column. The expansion of PZE over a wide part of the water
column was promoted by a strong restriction of the shelf seas that resulted in water mass stagnation.
In the Lorraine Sub-Basin the widest extent of PZE occurred in the upper H. elegantulum subzone
that can be attributed to a regressive phase, subsequent to the high sea level during the Toa-CIE. The
overall similar evolution of redox conditions in the different basins throughout the Western Tethyan
shelf confirm that glacio-eustatic mechanisms associated with astronomically-forced global climate
changes controlled the deposition of black shales during the Early Toarcian. Black shale deposition
on the Western Tethyan shelf was favored by paleogeographic and paleoceanographic features that
provided an environment most suitable for the accumulation and preservation of organic matter.
Local conditions in the different sub-basins, however, controlled the expansion of PZE into the water

column.
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Conclusion concerning the application of redox proxies

The overall evolution in the redox regime is well expressed by inorganic as well as by organic
geochemical redox proxies. Differences remioning in the observed observed trends can be attributed
to the mechanisms that control these proxies. The persistence of anoxia/euxinia in the bottom water
can be assessed by inorganic proxies, including the TOC-TS-Fe systematic as well as in V/Al ratios.
However, the extent of euxinic conditions and thus the ratio of oxic versus anoxic/euxinic water
column controls the concentrations of isorenieratane. Moreover, the extent of euxinic conditions in
the water column is expressed by the HHI*and the C;,/Cs; hopane ratio, as the availability of H,S is
critical for the preservation of bacteriohopanes. Therefore, the combined use of inorganic and
organic redox proxies allows discussing persistence as well as extent of anoxic/euxinic conditions.

As shown in previous works by McArthur et al. (2008a) or by Hermoso et al. (2013) the
enrichment of Mo in the sediments is controlled by the redox and by the hydrodynamic regime,
whereby strong hydrodynamic restriction induced a drawdown of aqueous Mo. Basin restriction and
element drawdown might also affected other TEs (Ni, Cu, V) but is most significant for Mo due to
the long residence time of this element.

98/95
0

Caution must be taken when interpreting Mosgp values in term of redox conditions (Poulson

et al., 2006). Results indicate that several mechanisms have the potential to affect molybdenum

isotope data. Mechanisms that can affect the 8”*Mosgp values on the Western Tethyan shelf:

- changes in 8°*”Mogy values due to the areal extent of shelf sea anoxia as proposed by

Pearce et al. (2008);

- spatial differences and thus a local evolution of 8% Mogw values due to a strong

hydrodynamic restriction of the different basin and a reduced water exchange between those;
- spatial differences in the 8°**Mo signature of Mo contributed by riverine discharge (can
result in a local provenance 8°¥*Mosy signature, when mixing throughout was hampered)
- changes in local redox conditions

- Mn-redox cycling (Mn particulate shuttle) in operation as proposed by Herrmann et al.
(2012).
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Chapter Six: Phytoplankton community dynamics

Abstract

Detailed information about changes in the community structure of marine primary producers
associated with the Early Toarcian environmental crisis mainly base on micropaleontological
observations and thus address only a small part of the marine phytoplankton. Moreover, dynamics in
the community structure of phytoplankton during the Early Toarcian carbon cycle perturbation
remain unknown. However, the response of marine primary producers towards environmental
changes, including global warming, acidification of the oceans as well as eutrophication of the shelf
seas, is of major interest and may provide information that help to predict the response of marine
ecosystems towards the recent climate change.

Biomarkers that can be linked to marine primary producers, mainly algae, provide
information about phytoplankton community dynamics and about changes in the phytoplankton
assemblages during the Early Toarcian. The period of major environmental change that spans the
upmost D. tenuicostatum zone and the lower H. elegantulum subzone shows a demise of marine
algae groups, including red algae, golden algae and Haptophyceae. These were replaced by
opportunistic green algae groups (e.g. Prasinophyceae, Chlorophyceae), which experienced a
radiation during this period. Biomarker data confirm that lowered sea surface salinities were a major
factor contribution to the demise of marine algae groups. Moreover, marine phytoplankton directly
suffered from the rise in sea surface temperatures and ocean acidification. Reduced sea surface
salinities mainly affected phytoplankton communities in shelf settings, whereas high sea surface
temperatures and an increase in ocean acidity affected the phytoplankton globally.

A high-resolution biomarker approach allowed to reconstruct community dynamics that
reflect the response of the marine phytoplankton during a time of drastic global warming. Abrupt
changes in community structure can be associated with individual carbon isotope shifts and related
hyperthermals. Each subsequent recovery phase was accompanied by a recovery of the marine
phytoplankton. Thus, changes in the community structure occurred stepwise over a period of >300
kyr. A stepwise change in the phytoplankton community structure, including recovery phases can

explain the low extinction rated that have been documented for nektonic ecosystems.
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6.1. Introduction

With a rapid rise in global temperatures of about 6°C (Dera et al., 2011a) and a threefold
increase in atmospheric pCO, (McElwain et al., 2005) the Early Toarcian reflects one of most drastic
phases of global warming during the Mesozoic, only exceeded by the warming at the Permian-
Triassic boundary (Figs. 6-1, S6-1). Environmental changes were accompanied by a severe biotic
crisis that affected mainly marine organisms, comprising benthic as well as nektonic ecosystems.
However, extinction preferentially affected benthic communities, whereby extinctions rates show a
strong regional character and differ on regional as well as on global scale (e.g. Little & Benton,
1995; Harries & Little, 1999; Caswell et al., 2009; Caruthers et al., 2013; Caswell & Coe, 2014; also
see Chapter 1.2.1.). In the European realm extinction of benthic groups has been associated with
prolonged shelf sea anoxia and the expansion of marine death zones (Danise et al., 2013; Caswell &
Coe, 2014), which explains the strong regional character that has been documented in the extinction
pattern. On the contrary, nektonic communities, like belemnites or ammonites, record drastic shifts
in their community structure, whereas extinction rates were relative low (Dera et al., 2010; 2011b).
The decoupling of benthic and nektonic ecosystems indicate that different environmental factors
controlled the evolution of these communities (Danise et al., 2015).

Environmental changes also affected marine primary producers, whereas the response of the
marine phytoplankton is less constrained, a fact that results from the limited fossilization and
preservation potential of these fragile organisms. A drastic demise in calcareous nannoplankton can
be associated with an acidification of the oceans that resulted from increased atmospheric carbon
dioxide concentrations (e.g. Erba, 2004; Mattioli et al., 2008, 2009; Hermoso et al., 2009b, 2012;
Suan et al, 2010; Clémence, 2014; Clémence et al., 2015). Furthermore, red algae and
dinoflagellates that dominated the primary producer community prior to the Early Toarcian
environmental change, were replace by opportunistic taxa, like green algae and here particularly
prasinophytes that were better adopted to warm and low saline waters (Bucefalo Palliani et al., 2002;
van de Schootbrugge et al., 2005a; 2013) (also see Chapter 1.2.1.).

However, these organism groups represent only a small part of the marine phytoplankton
and thus the response of marine primary producers towards the Early Toarcian environmental
changes remains unknown. Moreover, the discrepancy between the magnitude of
environmental/climatologic changes and the magnitude of the biotic response is still not understood
(Fig. S6-1).

In this chapter biomarkers, characteristic for marine phytoplankton, are used to reconstruct
dynamics of marine primary producing communities. Previous works have already shown that
specific biomarkers have the potential to characterize and to discuss changes in the community
structure of the phytoplankton (e.g. Schwark & Empt, 2006). The biomarker approach will allow to
discuss the response of the marine phytoplankton towards rapid global warming and changes in

oceanographic conditions at high temporal resolution.
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Figure 6-1: The perturbation of the carbon cycle and the drastic global warming, taking place during the Early Toarcian,
were accompanied by profound changes in marine ecosystems. Extinction preferentially affected benthic communities and
has been linked to the expansion of marine death zones. Nektonic communities document severe shifts in their community
structure, whereas extinction rates remain relative low. A drastic demise of calcareous nannoplankton has been associated

with a biocalcification crisis that resulted from ocean acidification.
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6.2. Background: Biomarkers as indicators of marine phytoplankton

Beside cyanobacteria and acritaches, the phytoplankton in the Early Jurassic oceans was
composed of a variety of algae groups (e.g. Killops & Killops, 2005; Peters et al., 2005 and
references therein). Only a few of them, including siliceous radiolarians, calcareous coccolithophores
and foraminiferans, as well as organic-walled dinoflagellates, are represented in the fossil record.
However, the majority of the marine phytoplankton, like Chlorophyta (green algae), Rhodophyta
(red algae), Chrysophyceae (golden algae), or Xanthophyceae (yellow-green algae), do not form hard
parts, which results in a limited fossilization and preservation potential. Thus, these groups are not
represented in the fossil record. A possibility to overcome the limited fossilization potential of
marine phytoplankton is the use of molecular fossils (biomarkers), which can be linked to former
organisms or organism groups (e.g. Peters et al., 2005; Briggs & Summons, 2014).

A variety of steroidal compounds have been identified in eukaryotic phytoplankton groups
(mainly algae) (Volkmann et al., 1990; Kodner et al., 2008; Volkmann, 2003, 2006), whereas
specific hopanoids can be diagnostic for prokaryotic phytoplankton (mainly cyanobacteria)
(Summons et al., 1999). Some of these biomolecules possess taxonomically specific properties, like
the position of double bounds and/or the position of functional groups. These molecules can get
preserved in the sediment, whereby diagenetic alteration results in the loss of chemotaxonomic
information. In ancient sediments that experienced a certain degree of diagenetic overprint mainly
the hydrocarbon skeletons of former functionalized biomolecules are preserved, which limits their
diagnostic potential. However, despite of their reduced chemotaxonomic significance diagenetically
altered molecules still allow to draw conclusions about changes in the phytoplankton community
structure. Moreover, the majority of the algae always synthesize a variety of different steroids, which
further complicates the reconstruction of ancient phytoplankton communities (Volkmann et al.,
1990; Kodner et al., 2008; Volkmann, 2003, 2006).

Desmethyl-steroids in the range from C,; to Csq are biosynthesized by different algae classes
(e.g. Volkman et al., 1998; Volkmann, 2003). C;,-24-propyl-steroids (Cs, steroids) are diagnostic for
marine Sarcinochrysis marina and Nematochrysopsis roscoffensis algae (Volkman, 2003 and
references therein) that were originally assigned to Chrysophyceae but have been reclassified into
Pelagophyceae (see Volkman, 2003 and references therein). C,; steroids, derived from cholesterol
precursors, can be associated with marine red algae and thus can also be indicative for marine
environments (Volkman, 2003; Peters et al., 2005). C,s3 steroids may originate in ergosterol
precursors, which occur in various microalgae, comprising Chlorophyceae, Euglenophyceae,
Haptophyceae, Prasinophyceae. These algae can be associated with highly contrasting
environments, comprising marine and freshwater habitats. Stigmasterols, precursors of C,y steroids,
has been found in higher land plants, but occurs also in various marine and freshwater algae,
comprising for example Chlorophyceae, Chrysophyceae, Euglenophyceae, Eustigmatophyceae, or
Rapidophyceae. Moreover, the input of cyanophytes can be identified by 2-methylhopanes (2Me-
hopanes), whereby not all cyanobacteria must necessarily synthesize bacteriohopanoids with a 2Me

substitution (e.g. Summons et al., 1999). 4-methylsterols (4Me-sterols) with a 23,24-metyhl
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substitution and related diagenetic products can be diagnostic for dinoflagellates that developed
during the Triassic (e.g. Wolff et al., 1986; Robinson et al., 1994; Amo et al., 2010). However, 4Me-
steroids have been also documented from prymnesiophyte microalgae (Haptophyceae) as well as
from Raphidophyceae confirming that these compounds are not unique to dinoflagellates (Volkman
et al., 1990; 1998; Volkman, 2003). Furthermore, not all dinoflagellates contain high concentrations
of 4Me-steroids (Volkman, 2006 and references therein). An overview about the molecular

composition of the main phytoplankton groups is given in table 6-1.

Table 6-1: Sterol distribution in microalgae, bacteria and fungi (Volkman et al., 1998; Volkmann, 2003, 2006). Habitats of
the different microalgae (Margulis et al., 1990; Lee, 2008). Algae associated with freshwater can be also common in
terrestrial habitats. Algae common for marine habitats highlighted in blue color, freshwater algae in green color and algae
from marine, freshwater and terrestrial habitats in purple. Note that the association of the microalgae classes with different

habitats base on present day observations, so caution must be taken when transferring these relation to fossil environments.

microorganisms habitat major/common sterols
Bangiophyceae Red algae mainly marine Cp A, C27A5’22, C28A7’22,

Chlorophyceae Green algae mainly freshwater CosA®, Cps A>T CagA22, CagA 22, oo’
Chrysophyceae Golden algae marine & freshwater CroA¥?2, Chol®, CpgA™?
Crypthophyceae marine & freshwater CygA>?

Dinophyceae Dinoflagellates mainly marine 4Me-A, dinosterol, Cy7A°, CogA> 24 @®
Euglenophyceae mainly freshwater CpeA¥722, CroA’, CogA, CroA™>, CpeA”%
Eustigmatophyceae marine & freshwater C,;A’ (marine), CooA> (freshwater)
Haptophyceae e.g. Coccolithophores  mainly marine CosA>?2, CprA>, CroA™?2, Cro/, 4Me
Pelagophyceae mainly marine C30A5’24 2] CpoA> 22 CaolA®, CpgA™ 2865
Prasinophyceae Green algae marine & freshwater CpA® CpeA> 2

Raphidophyceae mainly freshwater Cpol®, CpeA> 2438 4Me-A3
Rhodophyceae Red algae mainly marine CyyA°, CyyA> 22

Xanthophyceae Yellow-green algae mainly freshwater Coo®, CpiA°

Thraustochytrids mainly marine CprA%, CpoA> 22, CogA> 22, CroA> 722
Methylotrophic bacteria diverse habitats 4Me-A?

Other bacteria diverse habitats CpyA

Land plants terrestrial habitats Cy
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6.3. Results

6.3.1. Molecular composition of the aliphatic hydrocarbon fraction

Aliphatic fractions are mainly composed of n-alkanes (from nC;, to nCss), isoprenoids
(mainly farnesane, iCj4, norpristane, pristane, phytane), steroids and hopanoids, whereby relative
contributions of individual classes of compounds change throughout the studied interval. Samples
from Interval 4 (upper P. spinatum and lower D. tenuicostatum zones) are dominated by n-alkanes,
whereas samples from the Interval 1 to 3 (upmost D. tenuicostatum and H. serpentinum zones) show
the highest amounts of steroids (Fig. 6-2). Furthermore, samples from Interval 1 to 3 show higher
concentrations of isoprenoids (here only the sum of pristane and phytane have been considered)
accompanied by lower contributions of hopanoids. On the contrary, higher hopanoid concentrations

and lower isoprenoid concentrations are documented in samples from Interval 4 (Fig. 6-2).

n-alkane distribution

The n-alkane distribution may provide information about relative contributions of
terrigenous and marine derived OM, whereby odd-numbered short-chain n-alkanes (nCis.19)
predominantly originate from marine organisms and odd-numbered long-chain n-alkanes (#Cy7.31)
mainly derive from land plants (Eglinton & Hamilton, 1967; Cranwell, 1973; Cranwell et al., 1987,
Meyers, 2003). The n-alkanes, present in the aliphatic hydrocarbon fraction, were quantified by
using the mass fragment m/z 85. Representative ion chromatograms for Intervals 1 to 4 are shown in
the appendix (Fig. A10). Changes in the relative contributions from marine organisms and land
plants can be expressed by the TAR (terrestrial-aquatic-ratio; Bourbonniere & Meyers, 1997), which

is defined as:

C..+C,. +C,,
TAR= ————2,
C.+C,+C,,
High TAR values >1 in samples from Interval 4 (upmost P. spinatum zone and lower D.
tenuicostatum zone) attest to a significant contribution form land plant derived material. In contrast,
preferentially marine organic matter sources were confirmed by low TAR values <1 for samples

from Intervals 1 to 3 (upmost D. tenuicostatum and the serpentinum zones) (Fig. 6-2).
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Figure 6-2: Stratigraphic evolution of changes in the composition of the aliphatic hydrocarbon fraction that is mainly
composed of n-alkanes, steroids, isoprenoids (pristane, phytane) and hopanoids. Highest contributions of preferentially
long-chained n-alkanes were documented in samples from the Grés médioliasiques Fm (Interval 4). High steroid/hopanoid

ratios indicate mainly eukaryotically derived organic matter.

6.3.2. Eukaryotic versus prokaryotic contributions (steroid/hopanoid ratio)

Hopanes and hopenes were identified in the samples from Core FR210-078, whereby regular
hopanes occur in afS+R, faS+R as well as in B3 configuration (see Fig. A1l in the appendix for a
representative m/z 191 ion chromatogram). In this chapter only changes in the overall hopanoid
contributions will be addressed to assess the relative contributions of prokaryotes (bacteria) relative
to eukaryotic (mainly algae) sources. An important feature of the hopane distribution is the absence
of significant concentrations of 2Me- and 3Me-hopanes, indicating that specific classes of
cyanobacteria and methanotrophs did not contribute significant amounts to the sedimentary OM.
However, caution must be taken when interpreting the absence of 2Me- and 3Me-hopanes as
evidence for the absence of these organisms as not all cyanophytes and methanotrophs will

synthesize these compounds. Changes in the contributions from eukaryotes and prokaryotes can be
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inferred from the evolution of the steroid/hopanoid ratio, which reflects the sum of all steroidal
compounds (here diasterens, 4Me diasterens and regular steranes have been considered; see m/z 217,
257, 271 chromatograms: Figs. A12, A13 in the appendix) versus the sum of all hopanoids (here
regular hopanes from Cs, to Css have been considered; see m/z 191chromatogram: Fig. A1l in the
appendix).

Low and less variable steroid/hopanoid ratios, ranging from 1 to 9, have been determined in samples
from Interval 4 (upmost P. spinatum zone and lower D. tenuicostatum zone). In contrast, samples
from the PI-Toa boundary black shale show ratios of ~15. High ratios that may exceed values of 30,
but mainly vary between 15 and 38 occur in samples from Interval 3 (upmost D. tenuicostatum zone
and lower H. elegantulum subzone). One sample in the upper part of this interval shows a very low
ratio of about 9. Steroid/hopanoid ratios in samples from Interval 2 (upper H. elegantulum subzone)
mainly vary between 10 and 30, whereby an increasing trend from values of ~12 to ~25 is
documented through the lower part of this interval. Afterwards ratios decrease to values of about 15.
Ratios in samples from Interval 1 (H. falciferum subzone) range from 10 to 30, whereby high values

> 20 are characteristic for the lower and upper part of this interval (Fig. 6-2).

6.3.3. Distribution of steroidal compounds

Steroidal compounds, almost entirely originating from eukaryotes (see Tab. 6-1), are present
as regular steranes, diasterenes, diasteranes and 4Me-diasterenes, whereby diasterenes and 4Me-
diasterenes are the dominating compounds. These steroids originate from sterol precursors and are
formed during diagenesis (Mackanzie et al., 1982). The 4Me-diasterenes will not be discussed here,
as these compounds show a complex distribution pattern, but do not reveal significant trends. The
distribution pattern of the 4Me-diasterenes is shown in figure S6-3 in the supplementary.

Desmethyl diasterenes and regular steranes in the range from C,; to C;p and can be
associated different algal classes (Tab. 6-1). Diasterenes occur in BAAS+R as well as in fafS+R
substitution. Regular steranes occur as aoaS+R and affS+R isomers with some subordinate faa-
isomers, whereby the distribution pattern is clearly dominated by steranes in aacR isomerisation.
Representative ion chromatograms and molecular structures of diasterenes and regular steranes are
given in the appendix (Figs. A12, A13A). Diasterenes show a strong correlation with regular
steranes, whereby correlation coefficients are mainly >0.7 (see supplementary Fig. S6-2). To express
changes in the abundance of the different steroid classes it is therefore reasonable to express the
abundance as the sum of the diasterene and the corresponding regular sterane. Changes in the
contribution are expressed in percentage of total steroids. The steroid distribution is characterized by
high concentrations of Cy9 and C,; steroids that exceed Cyg and Cs steroid abundances (Cyy > Cy7 >
Cys >> Cs0). The stratigraphic evolution of each steroid class exhibits a high variability and is show

in figure 6-3.
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C,; steroids: The concentration of Cy; steroids in samples from Interval 4 (the P. spinatum
and the lower D. tenuicostatum zones) varies between 25 and 32%, whereby a slightly increasing
trend is documented throughout this interval. A higher abundance of C,; steroids is found in samples
from the Pl-Toa boundary interval, where concentrations reach 37% (Fig. 6-3). Low concentrations
of C,; steroids, ranging from ~25 to ~35%, occur in samples from Interval 3 (upmost D.
tenuicostatum zone and lower H. elegantulum subzone), whereas C,; steroid concentration exceeds
40% in one sample from the upmost part of this interval. Concentrations of C,; steroids ranging from
~25 to ~40% have been measured in samples from Interval 2 (upper H. elegantulum subzone),
whereby higher concentrations (>32%) are always bound to the laminated horizons identified within
this interval. Throughout Interval 1 (H. falciferum subzone) Cy; steroid concentrations decline from
values of ~32% in the lowermost part to values of ~27% in the upper part (Fig. 6-3).

Cys steroids: Low concentrations of Cyg steroids, ranging from ~12 to ~15%, are specific for
samples from Interval 4, whereas concentrations exceed 20% in the Pl-Toa boundary interval (Fig. 6-
3). The abundance of Csg steroids rapidly increases by ~5% at the base of the Interval 3. Throughout
this interval the concentration of Cyg steroids remains high and varies between 17% and 20%, with
only one sample reaching a higher concentration of 24%. The abundance of Cyg steroids remains
high in samples from Interval 2, whereby values are variable and range from ~15 to ~22%. Similar
concentrations in Cyg steroids are present in samples from Interval 1, whereby a slightly increasing
trend is observed through this interval (Fig. 6-3).

C, steroids: The highest abundance of C,y steroids is noted for samples from Interval 4,
where concentrations vary between ~45% and ~55%. A drastic drop in the Cy steroid concentration
is observed in samples from the Pl-Toa boundary interval, where values decline to ~38%. A decrease
from 50 to 40% in the lowermost part of Interval 3 is followed by a return to concentrations of
~50%. Afterwards, values remain relative high and vary around 45%, whereby the upper part of this
interval exposes a high variability in C,y steroid concentration (Fig. 6-3). Relative proportions of Cyg
steroids in samples from Interval 2 vary between 35% and 48%. Highest C,y steroid concentrations
(>44%) are documented in bioturbated and less distinctively laminated horizons, whereas laminated
horizons show lower C,o steroid concentrations (Fig. 6-3). Throughout Interval 1 concentration of
Cy steroids increase from ~40% to ~47% (Fig. 6-3).

C; steroids: Low C;, steroid concentrations, ranging from 6% to 7%, are reported for
samples from Interval 4, whereas samples from the Pl-Toa boundary interval show lower values of
about 4.2%. Concentrations remain low throughout Interval 3 and do not exceed 8% (Fig. 6-3). A
gentle increase in Cjg steroid concentration is documented throughout the lower part of Interval 3,
whereas a decreasing trend is noted throughout the upper part. Samples from the Interval 2 and 1
show significantly increased but highly variable concentrations of Cs steroids, ranging from ~6% to
~10% (Fig. 6-3). Throughout Interval 2, high C;, contributions are bound to the bioturbated horizons
showing a more indistinct lamination, whereas lower Cj, steroid concentrations are observed in

samples from laminated horizons (Fig. 6-3).

155



Chapter Six: Phytoplankton community dynamics

EOO
28 "
v S w 8 QS C, steroids C,, steroids C,, steroids C,, steroids
® 3 o 9 S o 0 0 9 D)
59 L, 5% i% (%] (%] (%] [%]
EE 228 E =g
5 §83& TH
@ @ 20 30 40 50 10 15 20 25 30 40 50 60 4 6 8 10
L 1 1 ] L 1 1 ] L 1 1 ] L 1 1 ]
1.9
g
18 — s
kg
1.7 A S
st
1.6
1.5 |
g
1.4 o =
£ |8
I j=
1.3 é: 8
S8y
12 R
s § £
LA E| %2
15} 2
¥
10 |8 .
st o
0.9
0.8 —
0.7 —
0.6 | =
g8
=P
05 SRy
3 SE-4z2
0.4 ] @
SR
03 - N RN
S 2
0.2 5
< =|5
01+ | |8
Ll &)=
0 Al

Figure 6-3: Stratigraphic evolution of steroid biomarkers reflecting changes in the eukaryotic input. Changes can be linked
to shifts in the algal community structure, whereby Cpo-steroids can also reflect contributions from land plants. The highest
variability in the steroid input has been documented throughout the upper H. elegantulum subzone (Interval 2) that is also

highlighted by pronounced facies changes. Bioturbated horizons in the upper H. elegantulum subzone are highlighted grey.
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6.4. Discussion

6.4.1. Assessing the steroid sources

Steroid distribution pattern

The relative distribution of Cy; to Cyy steroids can be associated with different biological
sources that vary in dependence of environmental and oceanographic conditions. According to the
classical approach established by Huang & Meinschein (1979) the steroid distribution in the Lorraine
Sub-Basin reflects input from algae communities that are common for eustuarine to partly open
marine environments, thus environmental conditions differing from normal marine settings (Fig. 6-
4). However, significant input of terrigenous derived OM, characteristic for eustuarine environments,
is only documented for the Grés médioliasiques Fm (Interval 4), which is supported by high TAR
values (>1) and the overall high abundance of n-alkanes (Fig. 6-2).

biological sources:

C, steroids:
0 - red algae
70 - zooplankton

65 C, steroids:

- prasinophytes
- coccolithophorids

VANV I V \/
C,steroids 60
paleoenvironmental interpretation: } /\ /\/15 C, steroids:
>3 - brown & green algae
I: plankton 20
i 50
. 4 X
N\

II: open marine
III: estuarine
IV: terrestrial
V: higher plants
VI: lacustrine

C,steroids
@ Interval 1 (4. falciferum subzone) O Interval 2 (upper H. elegantulum subzone)
A nterval 3 (upper D. tenuic. z. and lower H. elegant. sz.) [ Interval 4 (upper P. spinatum and lower D. tenuic. z.)

Figure 6-4: A ternary-plot for steroids in the range from C,; to Cy (Huang & Meinschein, 1979) reveals increased
contributions of Cyg steroid attributed to land plants as well as reduced contributions of C,g steroids for samples from the
Grés médioliasiques Fm. Samples from the Schistes Carton Fm exhibit elevated but relative uniform proportions of Cyg
steroids, but highly variable contributions of C,; and C,g steroids. C,g steroids of this formation, however, are not expected
to derive from higher land plants but rather from aquatic sources. The overall distribution of steroids indicates contributions
from algae communities that differ from normal marine communities, supporting the prevalence of special oceanographic

conditions.
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Elevated contributions of Cyg steroids might therefore reflect input of higher land plants. On
the contrary, low TAR values (<0.7) and a drastically reduced abundance of n-alkanes, documented
from the Schistes Carton Fm does not support significant contribution of land plant derived OM.
Almost exclusively marine derived organic matter is also supported by microscopic observations that
confirm a figured OM mainly composed present of alginites (see Fig. 4-6 in Chapter 4). Therefore,
high concentrations of Cyy steroids in samples from the Schistes Carton Fm (Intervals 1 - 3) are
expected to originate from brown or green algae (Huang & Meinschein, 1979), which is in
agreement with findings from contemporaneous sediments (Song et al., 2014 and references therein).
It can thus concluded that the steroid distribution in the Lorraine Sub-Basin reflects input from algae
communities differing from those of normal marine ecosystems, which hints to special

oceanographic and environmental conditions.

Covariation of steroids with environmental parameters (TAR and tri-/di-MTTC ratio)

Linking the different steroids in the range from C,; to C,y to specific algal sources is
complicated by the fact that algae taxa, characteristic for specific environments, synthesize a suite of
steroids (Tab. 6-1). To assess possible biological sources of steroids cross-plots of different steroid
proportions with the TAR and the tri-/di-MTTC ratios can be employed (Fig. 6-5). Such
discrimination diagrams may guide in distinguishing steroid contribution from marine algae from
those of algae adapted to conditions deviating from normal marine environments. Hereby, changes in
the TAR reflect variable contributions from land plant derived organic matter and changes in the tri-
/di-MTTC ratios can be associated with changes in SSS.

C,; steroids: Contributions of C,; steroids can be associated with algae common for full
marine environments, including Bangiophycea and Rhodophycea (red algae) (Tab. 6-1). A negative
trend between the TAR and C,; steroids documented within Intervals 4 and 2 indicates that C,;
steroids to be associated with preferentially marine (red) algae, whose abundance oppose that of
terrigenous input. Low concentrations of C,; steroids in the Intervals 3 and 1, characterized by low
TAR values as well, indicate that the reduced contribution from terrigenous sources were not
accompanied by a high abundance of marine C,; steroid synthesizing (red) algae (Fig. 6-5A). Thus,
these stages must represent environmental conditions that were not favorable for these full marine
organisms. Furthermore, this pattern indicates that changes in the abundance of marine algae were
not exclusively controlled by the sea level. The cross-plot of tri-/di-MTTCs ratios with C,; steroid
concentrations reveals low concentrations of C,; steroids in Intervals 3 and 1 to coincide with high
tri-/di-MTTC ratios indicating reduced SSS, thus, conditions not favorable for fully marine algae
(Fig. 6-5B).

Cys steroids: C,s steroids can be occur in a variety of algae associated with freshwater
environments (e.g. Chlorophyceae, Cryptophyceae, Euglenophyceae, Prasinophyceae), but can also
be derived from algae associated with normal marine conditions (e.g. Bangiophyceae,
Haptophyceae/Coccolithophores) (Tab. 6-1). The origin of C,g steroids in algal classes associated
with highly contrasting environments generates a more complex pattern exposed in the cross-plot of

the TAR with Cyg steroids (Fig. 6-5C). Samples from Intervals 4, 2 and 1 follow an overall negative
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background trend (negative regression), indicative of contributions of Cyg steroids of marine algae
origin to correlate with stages of high sea level and reduced contribution from terrigenous sources.
Significant contributions of C,g steroids in the Intervals 2 and 1 might be derived from
Coccolithophores (Haptophyceae) known to be important primary producers during the Lower
Toarcian, but which experienced a recovery in these intervals subsequent to a previous
biocalcification crisis (Hermoso et al., 2009b; Clémence, 2015). Samples from Interval 3 slightly
differ from this trend and are highlighted by a reduced abundance of Cyg steroids, which might
indicate the impact of the biocalcification crisis that caused a demise of calcareous nannoplankton,
including Coccolithophores (e.g. Hermoso et al., 2009b; Clémence, 2015). However, despite of a
biogenic carbonate blackout throughout Interval 3 the concentration of Cyg steroids do not decline
dramatically, indicating that significant contributions of these compounds were delivered by other
algae classes, like Chlorophyceae, Cryptophyceae, Euglenophyceae, Prasinophyceae. A cross-plot
of the tri-/di-MTTC ratio with Cyg steroids also indicates that normal marine C,s synthesizing algae
were replaced by those members tolerant towards reduced SSS (Fig. 6-5D).

C, steroids: Samples from Intervals 4 and 2 reveal an overall positive trend between TAR
and C,y steroids supporting the assignment of these steroids to land plant sources (Fig. 6-5E).
Significant influx of higher pants is in agreement with an overall low sea level during this period
(see Chapter 4). A different pattern is observed for samples from the Intervals 3 and 1 that show low
TAR values and relatively high contributions of C,g steroids (Fig. 6-5E). Due to the lack of
allochthonous terrigenous input, this pattern can be explained a C,g steroid source from fully marine
algae, like Haptophyceae or Pelagophyceae. However, C,y steroids can also be derived from algae
tolerant towards reduced SSS, comprising Chlorophyceae, Euglenophyceae, Eustigmatophyceae,
Prasinophyceae, or Raphidophyceae (Tab. 6-1). A Cy steroid origin from freshwater tolerant algae
in Intervals 3 and 1 agree well with a positive correlation of tri-/di-MTTC ratios with Cyg steroids
(Fig. 6-5F).
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Figure 6-5: Cross-plots of steroids in the range from C,; to C,9 with the TAR and the ratio of tri-/di-MTTC provide
information about environmental conditions and allow to disentangle enhanced influx of terrigenous lipids upon low sea
level stands from that of freshwater adapted algae upon sea level high stand. Significant terrigenous fluxes are limited to
the Grés médioliasiques Fm (Interval 4) and freshwater stratification characterized by hyposalinity-tolerent algae is

confined to Interval 3 (upmost D. tenuicostatum zone and lower H. elegantulum subzone).
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Abundance of C; steroids as indicator for Pelagophyceae input

Specific Cs steroids (C;¢ desmethylsteroids) are diagnostic for Pelagophyceae (Volkman et
al., 1998; Volkman, 2003), an algae class restricted to marine environments (Peters et al., 2005). The
relative low abundance of these compounds (<10%) indicates that Pelagophyceae did not belong to
the most important primary producers, possibly due to oceanographic conditions that were not
favorable for these algae. The affinity of C;, synthesizing Pelagophyceae towards fully marine
environments is well expressed by the negative regression documented between TAR values and the
abundance of C;, steroids. Low contributions of Csg steroids in the upmost P. spinatum and lower D.
tenuicostatum zones (Interval 4) are thought to be associated with a low sea level and significant
contributions of terrigenous derived OM (Fig. 6-6A; also see Chapter 4). In contrast, elevated
proportions of Cj;, steroids in samples from the upper H. elegantulum and H. falciferum subzones
(Intervals 1 & 2) are due to more marine conditions upon high sea level and reduced input of higher
land plant lipids, as indicated by low TAR values (Fig. 6-6A). Interestingly, samples from the
upmost D. tenuicostatum zone and lower H. elegantulum subzone (Interval 3) differ from this trend.
The cross-plot of TAR values versus the abundance of Cj;, steroids indicates that the rapid
transgression, starting in the upmost D. fenuicostatum zone was not accompanied by a radiation of
Pelagophyceae. The low abundance of Cs steroids and thus of Pelagophyceae in Interval 3 is related
to drastically decreased SSS as indicated by high tri-/di-MTTC ratios (Fig. 6-6B; also see Chapter 4).
The overall negative regression documented in the cross-plot of tri-/di-MTTC ratio with the
abundance of C; steroids, confirm Pelagophyceae to be intolerant towards surface water freshening
(Fig. 6-6B). This plot further demonstrates that the abundance of Pelagophyceae was controlled by

the interaction of sea level and SSS changes.
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Figure 6-6: A) The cross-plot of the TAR versus the abundance of C; steroids exhibits a negative correlation, indicating
that the abundance of Pelagophyceae was bound to marine conditions during stages of high sea level. Samples from the
Intervals 4, 2 and 1 follow this trend, whereas samples from the Interval 3 significantly differ, pointing to other factors than
sea level controlling abundances of Pelagophyceae. B) The cross-plot of tri-/di-MTTCs versus Cs, steroids shows an
overall negative correlation, indicating that Pelagophyceae were most abundant during phases of normal marine salinity.
The low abundance of Cjq steroids in samples from Interval 3 can be explained by drastically reduced SSS inferred from

high tri-/di-MTTC ratios.
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Inferred steroid sources

During the Early Toarcian the phytoplankton in the Lorraine Sub-Basin was dominated by
eukaryotes (algae), whereas prokaryotes (cyanobacteria) did not play a major role and contributed
only a small fraction to the sedimentary organic matter. The preponderance of eukaryotes is well
expressed by the high steroid/hopanoid ratios (Fig. 6-2). Changes in the community structure of
eukaryotes are reflected by variations in the abundance of the different steroids, which is however
complicated by variations in the sources of single steroid compounds. Thus, interpretation of steroid
ratios must always be discussed in the context of other environmental data. C,; steroids can be linked
to red algae (Bangiophyceae, Rhodophyceae) as well as to Eustigamatophyceae, algae groups that
are most common in marine environments (Tab. 6-1). C3y n-propylsteroids can be solely linked to
Pelagophyceae, an algae group that exclusively occurs in fully marine environments. It can be
assumed that the abovementioned sources of C,; and Cj steroids did not changed significantly
through the interval studied and that these steroids reflect input from algae adopted to fully marine
conditions (Tab. 6-2). Sources of C,g steroids are more variable and significantly change throughout
the sections investigated. C,g steroids can be attributed to both, marine algae (e.g. Haptophyceae,
Chrysophyceae, Pelagophyceae), as well as freshwater tolerant algae groups (e.g. Prasinophyceae,
Chlorophyceae, Euglenophyceae) (Tab. 6-1). A high source variability can also be attested to Cyg
steroids that can originate from marine algae (e.g. Haptophyceae, Chrysophyceae, Pelagophyceae),
from freshwater tolerant algae (e.g. Chlorophyceae, FEuglenophyceae, FEustigmatophyceae,

Xanthophyceae) and also from higher land plants (Tabs. 6-1, 6-2).
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Table 6-2: Assumed steroid sources for the different intervals distinguished on the base of lithological and geochemical
parameters. Cp; and Cs steroids can be linked to fully marine algae. Sources of Cg steroids are more variable and change
throughout the different intervals. In Intervals 4 and 2 C,g steroids are thought to preferentially derive from marine algae,
whereas in the Intervals 3 and 1 freshwater tolerant algae contribute significant amounts to the C,g steroids. Contributions
of C,y steroids can be linked to marine algae and to the freshwater tolerant algae, but might also be derived from higher
land plants. Significant influx from terrigenous sources must be considered for the Interval 4. The relative abundance of the

different steroid proportions from C,; to C;4 is shown in the right column (average abundance given for each interval).

steroid abundance [%]
C,, steroids C,, steroids C,, steroids
Interval 104 0w
Interval 1 A freshwater tolerant & marine algae: C, C,
(H. falciferum subzone) - Chlorophyceae (green algae) - Haptophyceae (Coccoliths)
- Euglenophyceae - Chrysophyceae (golden algae)
- Eustigmatophyceae - Pelagophyceae I HiE]
- Xanthophyceae
Interval 2 marine algae: marine algae (& land plants):
(upper H. elegantulum - Haptophyceae (Coccoliths) - Haptophyceae (Coccoliths)
subzone) - Bangiophyceae (1ed algae) - Chrysophyceae (golden algae) 347] Ni9.8 455
fully marine algae: - Chrysophyceae (golden algae) - Pelagophyceae
- Bz;ngiop/a:ceae (red algae) - Pelagophyceac
- Eustigmatophyceae
Interval 3 - Rhodophyceae (red algae) freshwater tolerant algae: freshwater tolerant algae:
(upmost - Chlorophyceae (green algae) - Chlorophyceae (green algae)
N — - Euglenophyceae - Euglenophyceae 31.9] | [19.4 487
il et - Prasinophyceae - Eustigmatophyceae
H. elegantulum subzone) - Rapidophyceae - Xanthophyceae
mainly marine algae: land plants & marine algae:
(upml(])l:te;‘;:l”lm m - Haptophyceae (Coccoliths) - Chrysophyceae (golden algac)
e e - Bangiophyceae (1ed algae) - Haptophyceae (Coccoliths) 31.7] 5.
D. tenuicostatum zones) - Chrysophyceae (golden algae) - Pelagophyceae
- Pelagophyceae
Y

Pelagophyceae/ (fully maring) ——>
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6.4.2. Changes in the phytoplankton community structure

Steroid distribution patterns support an evolution of the marine phytoplankton linked to
changes in environmental conditions, whereby sea level as well as the SSS played a critical role.
Moreover, changes in nutrient supply, ocean acidity and SST strongly affected the marine primary
producers (Danise et al., 2015), hence also contributing to changes in steroid input and composition.
Ocean acidification preferentially affected the calcareous nannoplankton (e.g. Haptophyceae), which
has been demonstrated by micropaleontological investigations (e.g. Erba, 2004; Mattioli et al., 2008,
2009; Hermoso et al., 2009b, 2012; Suan et al., 2010; Clémence et al., 2015). The interaction of
these environmental parameters resulted in complex steroid distribution pattern. Moreover, data
highlight the role of multiple biological sources of single steroid species that change throughout the
studied interval. Therefore, steroid-based ratios as proxies for changes in the phytoplankton
community structure cannot be applied unambiguously, when discussing its changes throughout the
entire section characterized by contrasting oceanographic conditions. The evolution of selected
steroids ratios over the entire sediment succession is show in the supplementary (Fig. S6-4). Here the
evolution of the phytoplankton community structure is discussed by interpreting the relative
abundance of individual steroid species with respect to changes in environmental parameters.

During the upmost P. spinatum and lower D. tenuicostatum zones (Interval 4), a period that
reflects a low sea level with normal SSS (see Chapter 4), the phytoplankton assemblage was
dominated by algae groups adopted to shallow though fully marine environments, comprising red
algae (Bangiophyceae, Rhodophyceae) and Eustigmatophyceae as well as Pelagophyceae and
Haptophyceae (Fig. 6-7; Tab. 6-2). However, significant contributions of C,9 steroids were derived
from higher land plants, as confirmed by the high abundance of long-chain odd-numbered r-alkanes
(Fig. 6-2; Tab. 6-2).

The upmost D. tenuicostatum zone and the lower H. elegantulum subzone (Interval 3) are
associated with severe environmental changes, including global warming and a rise in atmospheric
CO, concentration that caused a biocalcification crisis. Global warming led to the melting of polar
ice caps, which resulted in a glacio-eustatic sea level rise and a massive freshwater discharge to the
Western Tethyan shelf (Chapter 4). Paleontological observations confirmed that these environmental
changes led to a reorganization of the marine phytoplankton community structure, including a
radiation of Prasinophyceae (e.g. Bucefalo Palliani et al., 2002; van de Schootbrugge et al., 2005a,
2013) and a demise of calcareous nannoplankton (e.g. Suan et al., 2010; Clémence et al., 2015).
However, profound changes in the phytoplankton community structure are not reflected by
significant changes in the relative distribution of steroids (Fig. 6-7; Tab. 6-2). Nevertheless, in the
context of environmental changes it can be shown that steroid sources shifted during this interval.
Biomarker data attest to a marine phytoplankton that was dominated by freshwater tolerant algae
groups, like Prasinophyceae, Chlorophyceae, or Euglenophyceae that contributed significant
amounts of Cyg and C,y steroids (Fig. 6-7; Tab. 6-2). Significant contributions of C,g steroids from
Haptophyceae can be excluded as the calcareous nannoplankton experienced a biocalcification crisis,

which is proven by the very low carbonate content during this interval (mainly <10 wt.%).
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Concentrations of C,; and C;y steroids show no significant increase, which indicates that the sea
level rise was not accompanied by a radiation of marine algae, like Pelagophyceae and red algae.
Low contributions from marine algae groups can be explained by low SSS that has not been
favorable for these algae groups (Fig. 6-7; Tab. 6-2). Results reinforce findings by Bucefalo Palliani
et al. (2002) and van de Schootbrugge et al. (2005a; 2013), who showed that during the Toa-CIE
interval and the associated environmental perturbation normal marine phytoplankton was replaced
by opportunistic taxa, including a radiation of green algae.

In the upper H. elegantulum subzone (Interval 2) the calcareous nannoplankton
(Haptophyceae) experienced a recovery and a new radiation (e.g. Bucefalo Palliani et al., 2002; Suan
et al., 2010; Clémence et al., 2015). Increased contribution from calcareous nannoplankton can be
inferred from an increase in the biogenic carbonate content and might also have contributed to
significant amounts of Cyg steroids (Fig. 6-7; Tab. 6-2). Moreover, contributions of C,; and Cy
steroids might also derive from Haptophyceae (Tab. 6-1). A regressive phase, confirmed for this
interval, was associated with increased contributions of land plant derived biomass as indicated by
elevated TAR values as well as by the occurrence of abundant sporinites (Fig. 4-6 in Chapter 4).
Consequently, C,9 contribution from terrigenous sources cannot be excluded. Despite the regressive
trend fully marine algae groups comprising red algae (Bangiophyceae, Rhodophyceae),
Eustigmatophyceae, Chrysophyceae and Pelagophyceae experienced a new radiation, which is
indicated by a drastic increase in C,; and Cs steroids (Fig. 6-7; Tab. 6-2).

The transgressive phase during the H. falciferum subzone was associated with a decrease in
SSS (Chapter 4), which resulted in a decrease of marine red algae (Bangiophyceae, Rhodophyceae)
and Pelagophyceae, as expressed by a slight decrease in the concentrations of C,; and Cj steroids
(Fig. 6-7; Tab. 6-2). High proportions of C,s and C,9 steroids in this interval might be associated with
contributions from Haptophyceae as supported by the high abundance of calcareous nannoplankton
during this period (e.g. Clémence et al., 2015). The reduced abundance of fully marine algae
(Bangiophyceae, Rhodophyceae, Pelagophyceae) suggests that of Cys and Cyy steroids might also
have originated in algae groups tolerant towards lowered SSS (e.g. Prasinophyceae, Chlorophyceae,
Euglenophyceae) (Fig. 6-7; Tab. 6-2).
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Fig. 6-7: The evolution of marine phytoplankton during the Early Toarcian environmental crisis inferred from the steroid

distribution pattern, in the context of environmental changes. During the acme of the Early Toarcian environmental crisis

(Interval 3) that is associated with a negative CIE, global warming, sea level rise and a drop in SSS, normal marine algae

groups (e.g. red algae, golden algae, Pelagophyceae, Haptophyceae) were replaced by opportunistic algae taxa

(Prasinophyceae, Chlorophyceae, Euglenophyceae). Changes in the Phytoplankton community structure can be associated

with the acidification of the oceans (Haptophyceae) and with the freshening of the shelf seas (e.g. radiation of freshwater

tolerant Prasinophyceae). Radions of freshwater-tolerant algae taxa might be however most pronounced for near shore

shelf settings. Nannoplankton in the pelagic setting might have been mainly affected by global warming (rise in SST) and

ocean acidification that resulted from elevated atmospheric CO, concentration.
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6.4.3. Phytoplankton response towards the Toa-CIE

The biotic crisis that is associated with the environmental changes during the Early Toarcian
resulted in a shift in the primary producer community structure. According to Danise et al. (2015) or
Clémence et al. (2015) nektonic communities suffered from increases SST, an acidification of the
ocean and from the eutrophication of the shelf seas. Moreover, results of this chapter highlight the
role of reduced SSS that has previously proposed as factor controlling changes in the community
structure of calcareous nannoplankton (Hermoso et al., 2009b, 2012). In contrast, the extinction of
benthic communities can be linked to prolonged anoxia that lasted for several millennia (Danise et
al.,, 2013; Caswell & Coe, 2014), whereas the low extinction rates of nektonic communities,
including marine phytoplankton, remain challenging (Dera et al., 2010; 2011b).

Significant changes in the community structure of primary producing phytoplankton are also
expressed by changes in the distribution of steroid biomarkers. High-resolution biomarker data
confirm that significant shifts in the community structure of marine phytoplankton can be linked to
separate carbon injections, represented by the negative carbon isotope shifts (II-A, II-B, 1I-C) (Fig.
6-8, 6-9). Overall high steroid/hopanoid ratios indicate that algae dominated the phytoplankton
community structure (Fig. 6-8). Cyanobacteria did not play an important role as primary producer,
which is reinforced by the absence of 2Me-hopanoids that indicate cyanobacteria input (Summons et
al., 1999). Low steroid/hopanoid ratios in the sediments of the Grés médioliasiques Fm resulted from
enhanced biodegradation (Peters et al., 2005), which is confirmed by sedimentological observations.
However, the single injections of '*C-enriched carbon were accompanied by a short-lived decrease in
the steroid/hopanoid ratio that cannot be explained by enhanced OM reworking, as sedimentological
observations provide no evidence for enhanced bioturbation processes. Therefore, the decrease in the
steroid/hopanoid ratio can be interpreted to reflect brief episodes of enhanced prokaryotic biomass
input (cyanobacteria blooms?) and/or result from a decrease in contributions from algae. A decrease
in eukaryotic contribution can be attributed to increased environmental stress caused the injection of
CO; into the Earth ocean atmosphere system and rise in SST. Carbon isotope recovery phases were
accompanied by an increase in the steroid/hopanoid ratio, indicating a radiation of eukaryotic
primary producers (Fig. 6-8).

As previously discussed, the rapid rise in the sea level that accompanied the Toa-CIE, did
not trigger a radiation of marine phytoplankton, like red algae or Pelagophyceae. Moreover, this
period can be associated with a Pelagophyceae crisis, as indicated by low abundance of Csq steroids.
Only a slightly increase in Cs, steroids is noted upon the transgressive phase during the initial part of
the Toa-CIE (Fig. 6-8). Overall low contributions from fully marine algae taxa can be associated
with significantly decreased SSS that were not favorable for e.g. Pelagophyceae (see Chapter 4).
This dual relation resulted in a complex pattern. The CIE shift II-A is associated with a transgressive
pulse as well as with a massive freshwater discharge to the Western Tethyan shelf. The drastic
freshening of the surface water initiated a decrease in the abundance of Pelagophyceae. The second
negative carbon isotope shift (II-B) is also associated with a freshwater pulse and a transgression.

Both resulted in a delayed radiation of Pelagophyceae that is indicated by the offset between carbon
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isotope shift and increasing C;, steroid abundances (Fig. 6-8). The CIE shift I1I-C was also
accompanied by a transgression that was, however, accompanied by an only moderate seawater
freshening (see Chapter 4). The stronger impact of the sea level rise is seen to have triggered an
instantaneous increase in the abundance of Pelagophyceae as indicated by a rise in the abundance
C3 steroids concomitant to the carbon injection (Fig. 6-8). The decrease Pelagophyceae abundance
throughout upper part of the Toa-CIE (stage III) can be attributed to a regressive trend and an

increased impact of lowered SSS, possibly due to additional riverine freshwater inflow.
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Fig. 6-8: The evolution of the steroid/hopanoid ratio confirm that eukaryotes dominated the phytoplankton during the
carbon cycle perturbation. However, each negative CIE shift (II-A, II-B, II-C) is accompanied by a drop in the ratio and is
followed by a recovery phase. The increase in prokaryotic contributions during the individual carbon injection might hint to
enhanced environmental stress onto the eukaryotic primary producer community. Changes in C;, steroids indicate the
response of marine Pelagophyceae towards the stepwise decrease in SSS, whereby the rise in sea level does not contribute

to a radiation of marine algae taxa.

Moreover, the main Toa-CIE steps (II-A, II-B, II-C) were accompanied by significant
changes in the C,3/C,; and C,7/Cy steroids ratios that indicate an instantaneous response of the
phytoplankton community towards the individual carbon injections (Fig. 6-9). Both ratios indicate a
relative decrease in the abundance of C,; steroid synthesizing algae (mainly marine red algae). The
relative increase of C,3 and C,y steroids can be attributed to a radiation of opportunistic green algae
groups (e.g. Prasinophyceae, Chlorophyceae). Interestingly, each abrupt change in the steroid ratios
was followed by a recovery phase, were values return towards pre-excursion values (Fig. 6-9). Such
a trend can be associated with a recovery of algae taxa that dominated before the carbon injections

and the associated hyperthermals (see Chapter 3). These results are in agreement with findings by
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Hermoso et al. (2012), who reported a stepwise decrease of calcareous nannoplankton synchronous
with individual carbon injections. Moreover, these authors documented a gentle recovery of
calcareous nannoplankton during the recovery phases following each negative carbon isotope shifts.
The stepwise change might explain the low extinction rates documented in nektonic ecosystems, as
these communities had time to adapt to the new environmental conditions. Interestingly, each carbon
isotope shift that is associated with a freshwater pulse and a rise in the sea level of different
magnitude was accompanied by shift in the steroid ratios that show no significant different in the
amplitude. This discrepancy might result from differences in the sensitivity of the proxies that were
used to address changes in sea level and SSS, but might also indicate that these parameters were not
the exclusive driver of changes in the phytoplankton community structure. Rise in SST and a

stepwise acidification of the ocean might directly have affected the primary producing community

structure.
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Fig. 6-9: The evolution of the C,5/C,; and the C,7/Cy steroid ratios indicates that each negative CIE shift was accompanied
by a rapid change in the community structure of eukaryotic phytoplankton followed by a recovery phase. A stepwise

change in the primary producer assemblage over a period of about >300 kyr might explain the low extinction rates.
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6.4.4. Phytoplankton community dynamics during the upper H. elegantulum subzone

Beside changes in the phytoplankton community structure that are associated with Early
Toarcian carbon cycle perturbation and the associated environmental changes, significant
fluctuations in the phytoplankton community structure were also observed for the upper H.
elegantulum subzone (Interval 2). These shifts may have been associated with environmental
changes that could be attributed to glacial/interglacial cycles (see Chapter 4). The overall high
contributions of C,; and Cs, steroids in this interval can be attributed to a recovery of marine algae
taxa, including red algae (Bangiophyceae, Rhodophyceae), Pelagophyceae and Haptophyceae. The
recovery of these algae groups may have been induced by increases in SSS towards more normal
marine conditions as well as by increases in ocean alkalinity. However, oceanographic instabilities in
this interval linked to obliquity-forced ice sheet dynamics strongly affected the phytoplankton
community structure. Interglacial stages can be associated with a high sea level and lowered SSS,
whereas glacial stages a characterized by a lower sea level and increase SSS due to the reduced
freshwater inflow from the Arctic Ocean (see Chapter 4).

The reduced SSS during interglacial stages resulted in a Pelagophyceae decline, as indicated
by relative low contributions of Csg steroids that are comparable to those in the Interval 3 (Fig. 6-10).
High ratios of C,7/Cy and C,4/C, indicate significant contributions from e.g. Haptophyceae,
Chrysophyceae, whereas contributions from freshwater tolerant algae groups (e.g. Prasinophyceae,
Cryptophyceae, Chlorophyceae) cannot be excluded, as reduced SSS are confirmed for the
interglacial stages. Moreover, within the upper H. elegantulum subzone Cyo steroids may partly have
been contributed by higher land plants, as indicated by significant abundances of long-chain odd-
numbered n-alkanes (Fig. 6-2). Reduced fluxes of C,y steroids from land upon high sea level will
have raised the C,7/Cy9 and C,3/Cy9 ratios. The C,g/C,; ratio shows no clear trend, as within this
interval both steroid species were associated with marine algae. It can be assumed that the ratio
reflects proportional abundances of C,; synthesizing red algae versus C,3 synthesizing
Haptophyceae, Chrysophyceae (Tabs. 6-1, 6-2). Glacial stages of lower sea level and increased SSS
represent fully marine conditions, expressed by increased abundance of Cs;, steroids reflecting
Pelagophyceae input (Fig. 6-10). Low ratios of C,7/C,9 and C,5/Cy9 during glacial stages most likely
resulted from enhanced Cyy contributions from land plants. Preferentially high C,s/C,; steroids may

have been induced by C,g contribution from Pelagophyceae and/or Chrysophyceae.
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Figure 6-10: The upper H. elegantulum subzone (Interval 2) shows the highest variability in steroid ratios that can be
associated with astronomically introduced changes in oceanographic conditions, comprising changes in sea level, SSS and
nutrient availability (see Chapter 5). The dominance of C,; and Cyg steroids during interglacial stages (high sea level,
lowered SSS) can be liked to increased contributions from red algae (Bangiophyceae, Rhodophyceae), Pelagophyceae and
Haptophyceae. On the contrary, increased contributions of C,g steroids during glacial stages might result from increased
land plant derived OM as testified to high TAR values. However, more marine conditions are supported by elevated Csg
steroid abundances that indicate increased input from Pelagophyceae. No clear trend is documented in the Cp/C,; steroid

ratios.
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6.5. Conclusions

Conclusions concerning the Early Toarcian phytoplankton community structure

The distribution of biomarkers, associated with marine phytoplankton, allowed to discuss
changes in the community structure of the primary producing community at a high temporal
resolution. Data confirm that environmental changes, associated with Early Toarcian CIE that spans
the upmost D. tenuicostatum zone and the lower H. elegantulum subzone, resulted in a drastic shift in
the phytoplankton community structure. Marine algae groups, like red algae, golden algae or
Haptophyceae, which dominated the algae assemblage prior the Toarcian carbon cycle perturbation,
were replaced by opportunistic green algae groups (e.g. Prasinophyceae, Chlorophyceae). The shift
in the phytoplankton community structure occurred in discrete steps, each associated with a
hyperthermal and an injection of carbon into the Earth ocean atmosphere system. Moreover,
recovery phases of individual isotope events were accompanied by recovery of the phytoplankton
community structure. The stepwise shift in the phytoplankton community structure that occurred
over a period of > 300 kyr can explain the low extinction rates that have been documented for
nektonic ecosystems. In the Lorraine Sub-Basin as well as throughout the Western Tethyan shelf
phytoplankton suffered from a freshening of the surface water. This mechanism can explain changes
in the phytoplankton community structure throughout the Western Tethyan shelf as well as in other
near shore environments around the globe. However, marine phytoplankton also suffered directly
from the rise in SST and an acidification of the ocean that was not limited to shelf settings. These
processed affected the phytoplankton on a global scale.

Beside the shift in the phytoplankton community structure that can be associated with the
Early Toarcian environmental crisis, fluctuations in the phytoplankton assemblage were also
documented in the upper H. elegantulum subzone, subsequent to the global event. During this period
phytoplankton instability can be associated with glacial/interglacial cycles that resulted in
contrasting oceanographic conditions in the Lorraine Sub-Basin. These changes were induced by
global mechanisms (astronomically-forced ice sheet dynamics), but shifts in the phytoplankton
community structure can be causally linked to a high sensitivity of the shelf setting towards these
climate cycles. Thus, local or possibly regional (shelf-wide) conditions promoted drastic changes in

the phytoplankton community structure.

Conclusions concerning the applicability of steroid based ratios as paleoenvironmental proxies

Results of this chapter emphasize the role of source variability for individual steroid species.
Especially Cys and C,y steroids characterize algae groups that inhabit contrasting environments.
Thus, steroid-based ratios that are widely used to reconstruct changes in oceanographic conditions
(sea level changes, freshwater inflow) must be interpreted with caution and cannot be applied

without additional information about the environmental condition.
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7.1. Environmental and biotic changes during the Toarcian: A unifying model

Results of this thesis allow to propose a new unifying model for the environmental changes
documented during the Early Toarcian (Early Jurassic; ~183 Ma BP). The key features of the Early
Toarcian, comprising a global warming, increasing sea level, rise in atmospheric CO, concentrations,
ocean acidification, enhanced hydrological cycling and weathering, elevated nutrient flux to the
ocean, establishment of oxygen minimum zones in shelf areas and the perturbation of the global
carbon cycle can be explained by the response of the Earth’s sensitive cryosphere (polar ice caps and
cryosphere stored carbon) towards a moderate global warming that was externally triggered by the
eruption of the Karoo-Ferrar LIP. The formation of a persistent cryosphere during the late
Pliensbachian cold snap was associated with an increase of the cryosphere-stored carbon pool and
with the formation of persistent polar ice caps. The size of this carbon pool is difficult to estimate.
However, warm climate conditions during the lower Pliensbachian that promoted northwards biome
expansion might have contributed to the formation of a large biogenic carbon-reservoir at high and
mid latitudes. This biogenic carbon pool was transferred into the cryosphere during the Late
Pliensbachian cooling. The cryosphere-associated carbon pool reacted very sensitive to and became
destabilized by a rise in global temperature that was initiated by the emplacement of the Karoo-
Ferrar LIP (Burgess et al., 2015).

Melting of polar ice caps during the Early Toarcian global warming can explain the rapid
transgression that occurred synchronically with the increase in SST. Moreover, the demise of
cryosphere-stored carbon and the release of '*C-enriched carbon into the Earth’s ocean-atmosphere
system can explain the Toarcian carbon cycle perturbation. Both, transgression and carbon release
occurred synchronically in discrete steps and were paced by changes in the Earth’s solar orbit.
Warming and carbon cycle perturbation were of global extent and lasted for about 900 kyr (Fig. 7-1).
Different durations previously calculated can be attributed to high variable sedimentations rates in
the different basins on the Western Tethyan shelf. The stepwise nature of this event can be
associated with single hyperthermals, whereby each hyperthermal was connected with a single
methane gun of less than 100 kyr in duration (Dickens, 1999). Each hyperthermal and the associated
methane injection were followed by a recovery phase that was tied to decrease in atmospheric CO,
concentration (McElwain et al., 2005) and a recovery of the cryosphere, including the cryosphere-
stored carbon pool. A similar pulsed pattern has also been proposed for the Paleocene-Eocene
Thermal Maximum and the subsequent hyperthermals and carbon cycle perturbations of smaller
magnitude that occurred over a period of about 5 Myr (DeConto et al., 2012; Kirtland Turner et al.,
2014). The shorter time span of the Early Toarcian carbon cycle perturbation resulted from a more
rapid global warming of about 6°C within less than 0.5 Myr. An offset of about 300 kyr, documented
between the stage of the highest sea level reflecting the demise of polar ice caps and the recovery of
the Toa-CIE, indicates that the cryosphere carbon pool became depleted some kyr after full
deglaciation (Fig. 7-1), which his in agreement with modeling results by Majorowicz et al. (2014). It
can be assumed that the effects of global warming, elevated SST and a rise in atmospheric CO,

concentration causing ocean acidification affected marine ecosystems at global scale.
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Fig. 7-1: Chronology of the Early Toarcian environmental crisis and the associated OAE. The key features of the Early
Toarcian environmental crisis, comprising, a rise in SST and atmospheric CO, concentration, rapid transgression and the
perturbation of the carbon cycle can be explained by astronomically-forced demise of the cryosphere (polar ice caps and
cryosphere-stored carbon). The demise the polar ice caps explains the rise in the sea level as well as the freshening of the
Western Tethyan shelf via meltwater inflow through the Viking Corridor. Astronomically-forced demise of cryosphere-
stored isotopically light carbon (permafrost soil carbon & gas hydrates) is intrinsically connected to the Toa-CIE.
Oceanographic changes (freshening, formation of euxinic bottom waters) on the Western Tethyan shelf resulted from the
paleogeographic setting and the connection of the shelf with the Arctic Ocean via the Viking Corridor. All these
environmental changes were externally initiated by the eruption of the Karoo-Ferrar LIP. The subsequent release of carbon

from the cryosphere accelerated global warming in a runaway mode.

Moreover, oceanographic conditions on shelf settings, especially on the Western Tethyan
shelf, were affected by a massive freshwater discharge that resulted from the melting of polar ice
caps. Freshening of the shelf seas might be most significant for the Western Tethyan shelf, a fact that
can be explained by the paleogeographic setting and the connection the this shelf with the Arctic
Ocean via the Viking Corridor (Fig. 7-1). It can be thus concluded that the widespread deposition of
black shale throughout the Western Tethyan shelf that were attributed to the T-OAE (Jenkyns, 1988)
reflect the local response of this shelf environment towards global warming, acceleration of the
hydrological cycle, nutrient fluxes to the shelf and the associated eutrophication of the shelf sea.
Similar conditions might also have persisted on other shelf settings throughout the globe as indicated
by the global occurrence of organic-rich deposits during the Early Toarcian. However, onset and
duration of black shale deposition varied even throughout the Western Tethyan shelf and can

therefore assumed to be non-synchronous (Fig. 7-1). Diachronous onset of shelf sea anoxia and thus
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of black shale deposition was induced by paleogeographic features, like water depth or
hydrodynamic restriction. Nektonic ecosystems on shelf settings suffered from rising SST, the
acidification of the Ocean as well as from the freshening of the shelf seas that resulted in a bloom of
opportunistic algae groups that tolerated reduced SSS. Low extinction rates documented for nektonic
ecosystems possibly resulted from a stepwise change in the community structure that allowed the
nekton to adapt to changing environmental conditions. High but variable extinction rates
documented for benthic ecosystems can be associated with prolonged shelf sea anoxia and the

expansion of marine death zone (Fig. 7-1).

7.2. Facies model for the Lorraine Sub-Basin

The Lorraine Sub-Basin represents the northeastern part of the Paris Basin. Beside the
central part of the Paris Basin, the Lorraine Sub-Basin was one of the major subsiding areas as
indicated by high sediment accumulation rates (A2 in the appendix). To the southwest and the
southeast it was bordered by shallow marine shoals (sills, swells). To the northeast and the northwest
the basin was bordered by the Rhenish Massif and the London-Brabant Massif, respectively (see Fig.
1-5 in Chapter 1.1.3.). The distances to these emerges landmasses that represent the nearby
coastlines were > 100 km, possibly in a lower distance during stages of a low sea level and

progradating coastlines (Ziegler et al., 1990).

upmost P. spinatum and lower D. tenuicostatum zones (Interval 4)

Cold and preferentially arid climate conditions dominated during the upmost P. spinatum
and the lower D. tenuicostatum zones. These conditions were associated with low continental
weathering rates and a reduced run off to the shelf seas, which resulted in preferentially mesotrophic
conditions and in a moderate primary productivity (Fig. 7-2). The phytoplankton community in the
shelf sea was dominated by dinoflagellates (Bucefalo Palliani et al., 2002; van de Schootbrugge et
al., 2005a; 2013), calcareous nannoplankton (e.g. Erba, 2004; Mattioli et al., 2008; Hermoso et al.,
2009b; Clémence et al., 2015) as well as by red algae and golden algae. The sea level during this
period was relative low (<<50 m water depth), which resulted in elevated contributions of coarse
clastics (silt) and land plant derived OM throughout the Lorraine Sub-Basin. Moreover, the overall
low sea level allowed a mixing of the entire water column, which in combination with a moderate
downward flux of OM prevented the formation of prolonged bottom water anoxia (Fig. 7-2). The
redox boundary was preferentially situated in the sediment. Oxic to temporary suboxic bottom water
favored enhanced sediment reworking by benthic epi- and infauna, which is expressed by a
homogenous sediment structure and the frequent occurrence of bioturbation traces. Bioturbation
processes resulted in an efficient degradation of OM as testified by preferentially low TOC values
(<1 wt.%) in the sediments that have been accumulated during this period. These conditions were
only rarely disturbed by brief episodes of bottom water anoxia that possibly resulted from episodic
algal blooms. However, periods of anoxic and partly euxinic bottom waters are confirmed by the

occurrence of biomarkers characteristic for Chlorobiaceae.
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Oceanographic conditions during this period were controlled by the impact of northwards
directed saline Tethyan bottom currents and the weak southwards directed Arctic surface current
system that together resulted in preferentially saline to semi-saline conditions. Salinities lower than
normal marine might also have been induced by riverine derived freshwater inflow as indicated by

terrigenous derived OM and coarse siliziclastics (Fig. 7-2).

upmost P, spinatum and lower D. tenuicostum zones key features:
(mesotrophic shallow marine shelf)
climate system:
- cold and arid (low SST)
- low weathering rates and low run off

oceanographic conditions:

- low sea level

- low Arctic freshwater inflow

- enhanced inflow of saline Tethyan water
- well-mixed water column

- saline/marine conditions (high SSS)

Arctic
freshwater
: 27 —
highsss [ mo-—=- == .
(falrme) K ,’ & / phytoplankton community:
- low run off e V- - red aglae, golden algae, Haptophyceae
saling \ /
an water y

S .
3 redox regime:
\_/_\/' - oxic water column (oxic >> anoxic)
input of coarse clastics and terrestrial OM permanent RB

- RB preferentially situated in the sediment

(dinoflagellates)

Fig. 7-2: Facies model for the upmost P. spinatum and the lower D. tenuicostatum zones, representing a shallow marine
mesotrophic shelf with a predominantly well-oxygenated water column (RB: redox boundary; the yellow arrow marks the

position of the study site).

upmost D. tenuicostatum zones and lower H. elegantulum subzone (Interval 3)

During the upmost D. tenuicostatum zone and the lower H. elegantulum subzone a drastic
global warming that was accompanied by a rise in SST (e.g. Dera et al., 2011a). Moreover, global
warming resulted in an intensification of the monsoonal circulation (Krencker et al., 2015), an
acceleration of the hydrological cycle, which in turn caused an increase in continental weathering
and elevated run off rates (e.g. Cohen et al.,, 2004; Montero-Serrano et al., 2015). Increased
continental run off rates transported huge amounts of nutrients to the shelf seas, which stimulated the
PP and caused an eutrophication. The rapid rise in the sea level led to sediment starvation (very low
sediment accumulation rates) and a massive freshwater discharge to the Western Tethyan shelf via
melting of polar ice caps as an effect of global warming. The strengthening of the southwards
directed Arctic freshwater current that entered the Western Tethyan shelf via the Viking Corridor
and the weakening of the northwards directed saline Tethyan countercurrent resulted in a surface
layer freshening of the shelf seas (Fig. 7-3). Prolonged brackish condition on the shelf, in
combination with elevated SST and ocean acidification caused a drastic shift in the phytoplankton
community structure. During this period, marine phytoplankton, mainly composed of red algae
groups, golden algae, Haptophyceae and dinoflagellates, was replaced by opportunistic algae groups,
like Prasinophyceae or Chlorophyceae (mainly green algae groups). Algae adapted to marine
conditions mainly suffered from brackish surface waters, whereas calcareous nannoplankton suffered
from ocean acidification. A high sea level in combination with high PP and the establishment of a

stable pycnocline promoted the formation of euxinic bottom waters and the expansion of marine
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death zones culminating in the extinction of benthic ecosystems. However, in the Lorraine Sub-
Basin euxinic conditions were limited to the bottom water, whereby an expansion into the upper pat
of the water column was possibly prohibited by the high sea level that promoted enhanced basin
communication and strong surface water current. Moreover, enhanced mixing of the surface water
might have been a consequence of an intensification of monsoonal circulation and an increasing
storm activity (Krencker et al., 2015). Nevertheless, persistent and prolonged bottom water euxinia

was promoted by a stable stratification of the water column due to the massive freshwater discharge.

upmost D. tenuicostum zone and lower H. elegantulum subzone key features:
(eutrophic brackish shelf)
climate system:
- warm/hot and humid (high SST)
- high weathering rates and elevated run off

oceanographic conditions:
- high sea level
. / - massive Arctic freshwater inflow
Arctic . .
i ‘Dermanent RB ‘ 7 - reduced inflow of saline Tethyan water
x / - stratified water column

T cxzmnc / - brackish surface water (low SSS)

low SSS

) Tun off (brackish) / ; /
i ; / phytoplankton community:
= ) - bloom of oportunistic green algae
coarse clastics, kaolinite ,ﬁ\ O A o (e.g. Prasinophyceae, Chlorophyceae)

and terrestrial OM stored HS
in proximal settings 2

S redox regime:

- euxinic bottom water overlain by oxic
surface water (oxic > anoxic)

- persistent RB situated in the bottom water

Fig. 7-3: Facies model for the upmost D. tenuicostatum zone and the lower H. elegantulum subzone, representing an
cutrophic and brackish self setting. This stage represents the acme of the Early Toarcian environmental crisis and is
associated with a drastic global warming that resulted in profound environmental changes (RB: redox boundary; the yellow

arrow marks the position of the study site).

upper H. elegantulum subzone (Interval 2)

The upper H. elegantulum subzone reflects a regressive phase that resulted in an
intermediate sea level and thus in a depositional environment more sensitive towards environmental
instabilities. The regressive trend can be associated with an increase in land plant derived OM
contributions but was not accompanied by a significant increase in silt-sized detritus contributions.
However, lithological observations attest to reoccurring high energetic depositional conditions. In
shallow settings, on swell or in near coastal environments, the regressive phase is well documented
by erosional events and hiatuses in sediments corresponding to the H. elegantulum subzone (e.g. van
Breugel et al., 2006; Lezin et al., 2012). In these settings mud that had been deposited previously
was eroded and transported to deeper parts of the basin (Fig. 7-4A). Redeposition processes and
elevated terrestrial contribution drastically enhanced the sediment accumulation rate. An overall
increase in ocean alkalinity and an increase in SSS resulted in a recovery of marine algae groups,
comprising red algae, golden algae, Haptophyceae and Pelagophyceae. The overall lower sea level
resulted in a maximum hydrodynamic restriction of the Western Tethyan shelf, which promoted an
expansion of euxinic conditions into the upper parts of the water column.

However, the intermediate sea level induced a high variability in depositional conditions that

were controlled by obliquity-forced changes in sea level and SSS. These fluctuations can be
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explained by glacial/interglacial cycles coupled to ice sheet dynamics. During glacial stages, the
growth of polar ice caps was paralleled by a sea level drop and in a reduced freshwater discharge to
the Western Tethyan shelf (Fig. 7-4A). The low sea level allowed a periodically expansion of
euxinic condition throughout a wide part of the water column. However, these conditions were not
stable and episodically reoccurring reoxygenation events enabled a mixing of the entire water
column and the sea floor became resettled by benthic organisms. Thus, during glacial stages the
permanent redox boundary was situated in the sediment and expanded into the water column during
brief episodes, possibly during episodic algal blooms. Anoxia/euxinia during this period was driven
by the PP. During interglacial stages a higher sea level in combination with the enhanced inflow of
Arctic freshwater promoted the formation of a stable pycnocline. Oceanographic conditions in
combination with an elevated productivity, due to enhanced continental run off and nutrient supply,
promoted the formation of persistent euxinic bottom water. During interglacial stages the redox

boundary was preferentially situated in the lower part of the water column.

A) upper H. elegantulum subzone key features:
glacial stage)
climate system:
- cool, less humid (low SST)
i - reduced weathering and run off rates

oceanographic conditions:

- low sea level

- reduced Arctic freshwater inflow
- periodic stratified water column
- saline surface water (high SSS)

phytoplankton community:
- Haptophyceae, Pelagophyceae,
7 75 depositi
“““ AY - _/FI/S fre = epm}m/_ - red algae and golden algae
coarse clastics mdtmesw f A
OM distibuted throughout the basin redox regime: . . .
- periodic bottom water euxinia (anoxic > oxic),
interupted by oxic periods

- fluctuating RB shifting between the sediment
key features: frequency: 37 kyr \ and the upper water column

climate system:
- warm, humid (high SST) . )
- elevated weathering and run off rates (interglacial stage)

B) upper H. elegantulum subzone

oceanographic conditions:

- intermediate sea level

- enhanced Arctic freshwater inflow

- stratified water column

- semi-brackish surface water (reduced SSS)

/ Arctic / O //‘
’ freshwater ¥ permanent RB
7
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Fig. 7-4: Facies model for the upper H. elegantulum subzone, which is characterized by a high variability in oceanographic
conditions (RB: redox boundary; the yellow arrow marks the position of the study site). Variations in the oceanographic
conditions controlled the depositional conditions and can be associated with glacial/interglacial cycles. The high variability
of the depositional conditions can be explained by the intermediate sea level that provided an environment most sensitive

towards minor environmental changes.
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H. falciferum subzone (Interval 1)

The sea level rise throughout the H. falciferum subzone culminated in a sea level highstand
that is placed in the upmost part of this biochronozone. The high sea level resulted in the termination
of the hydrodynamic restriction of the Western Tethyan shelf and allowed an efficient water
exchange between the shelf sea and the Tethyan Ocean. Moreover, the high sea level promoted the
communication between Arctic Ocean and Western Tethyan shelf, which allowed an enhanced
inflow of low saline Arctic freshwater onto the Western Tethyan shelf, driven by a salinity gradient
(Bjerrum et al.,, 2010; Dera & Donnadieu, 2012). The interaction of the southwards directed
freshwater surface current and the strong northwards directed saline Tethyan bottom water current
resulted in semi-brackish conditions. Moreover, a stronger impact of riverine derived freshwater
supply is indicated by increased contributions of land plant derived OM. Furthermore, changes in
current systems that resulted from the rearrangement of the hydrodynamic regime might also have
contributed to the distribution of terrestrial OM through the basin. The freshwater inflow promoted a
stratification of the water column, which in combination with a high PP, induced the formation of
euxinic bottom water. The semi-brackish conditions in the surface water resulted in diverse
phytoplankton assemblage, comprising marine Pelagophyceae, Haptophyceae or golden algae, as

well as green algae groups that were better adapted to reduced SSS.

H. falciferum subzone key features:
(the open shelf)
climate system:
- warm and humid (high SST)
- high weathering rates and elevated run off

oceanographic conditions:
Arctic O / - highest sea level
freshwater / - enhanced Arctic freshwater inflow
AN - enhanced inflow of saline Tethyan water
: - stratified water column

reduced SSS

(semi-brackish) - semi-brackish surface water (low SSS)
T;

/
saline /
thyan water phytoplankton community:
- Haptophyceae, Pelagophyceae
// 0, - golden algae as well as green algae
- redox regime:
- euxinic bottom water overlain by oxic

surface water (oxic > anoxic)
- persistent RB situated in the bottom water

Fig. 7-5: Facies model for the H. falciferum subzone, representing an open shelf setting (RB: redox boundary; the yellow
arrow marks the position of the study site). The very high sea level during the H. falciferum subzone resulted in a
termination of the hydrodynamic restriction of the Western Tethyan shelf. Moreover, the high sea level resulted in a low
energetic depositional environment. The redox boundary was situated in the bottom water, whereas an expansion of euxinic

conditions into the upper part of the water column was prevented by enhanced mixing of the surface water.
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7.3. Outlook

The age model developed for Core FR-210-078 allows to explain the discrepancy between
the durations previously calculated for the Toa-CIE and shows that differences in time assignment
can be related to highly variable sedimentation rates throughout the highly dynamic Western
Tethyan shelf. Further works should focus on pelagic sections that experienced less variable
sedimentation rates. A first step has been undertaken by Grocke et al. (2011) and lkeda & Hori
(2014), which investigated pelagic sediment sequences from the Panthalassa Ocean. However, the
poor biostratigraphy and the missing carbon isotope stratigraphy raise questions about the
comparability of this sediment sequence with records from the Western Tethyan shelf. Moreover,
floating chronologies must be calibrated by independent dating techniques to confirm timing and
duration of the Toa-CIE and the link to the emplacement of the Karoo-Ferrar LIP.

The model proposed here bases on the assumption that the Toa-CIE reflects oceanic as well
as atmospheric signals resulting from the release of *C-enriched carbon from the cryosphere, which
has been proposed based on 8"°C data from fossil wood (Hesselbo et al., 2000, 2007; Hesselbo &
Piefikowski, 2011). However, a potential alteration of the primary wood 8"°C signature by diagenetic
processes in the marine realm raises questions on the reliability of these atmospheric CO, proxies.
Therefore, an independent proof of the atmospheric carbon isotope signal, by the compound-specific
8"°C analysis of land plant derived biomarkers, is considered necessary to reinforce a carbon
injection into the atmosphere system.

Additionally, a numerical modeling approach may allow to test various scenarios of
cryoshpere demise and associated amounts of CO, and CH, released in the wake of the T-OAE. As
reliable estimation of the Jurassic cryosphere dimension by geological/geochemical proxies does not
appear feasible, a modelling approach may be suitable for cryoshere carbon reservoir assessment.

In this work, the reconstruction of changes in SSS relied on the interpretation of MTTCs a
geomarker, whose origin is still unknown (Sinninghe Damsté et al., 1987; Li et al., 1995; Tulipani et
al., 2013). Result of this work reinforces the applicability of this empirical facies parameter as a
salinity proxy. However, underlying mechanisms as well as origin or the formation pathway(s) of
these compounds remain unknown and must be addressed by future research. A solution could be
found in the application of compound specific 8D measurements at biomarkers (MTTCS itself,
steroids) from sediments that experienced only a very low degree of thermal overprint, which allow
to exclude hydrogen exchange reactions.

Results of this thesis indicated that multiple processes affect the 8°*°’Mo signature that has
been commonly attributed to vary as a function of the redox regime. Particulate shuttle processes, the
proportional extent of oxic versus euxinic water column as well as spatial variation in the 8***Mo
signature of seawater may strongly impact on the 8°**’Mo ratio of sediments. These processes and
their impact onto the 8°*°*Mo signature of recent and ancient sediments must be addressed by further
investigations. The enhanced understanding of 8**°°Mo dynamics in combination with biomarkers
diagnostic for photoautotrophic sulfur bacteria can provide detailed information about redox

conditions in the water column and the extent of euxinic conditions.
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Al. Study Site and Stratigraphy

Al.1. Geology of the Paris Basin

The study site is located in the northeastern Paris Basin, an intracratonic semicircular basin
of about 200 km in radius, bounded by the Armorican Massif in the west, the Massif Central in the
south, the Vosges in the east and the Ardennes and the Rhenish Massif in the north and northeast
(e.g. McCann, 2008). The Paris Basin contains about 3500 m of Mesozoic sedimentary rocks, mainly
shallow water shelf sediments, which unconformably overlie the Variscian basement and locally
Permian clastics (Perrodon & Zabeck, 1990). The Mesozoic sediments record the major tectonic
events or the western Eurasian plate, including opening and closing of the Tethyan Ocean as well as
opening of the Atlantic Ocean (e.g. McCann, 2008). From the Early Triassic to the Jurassic the Paris
Basin was a widespread subsiding area in an extensional tectonic framework (Guillocheau et al.,
2000). Sedimentation was controlled by variable subsidence controlled by local tectonic features in
combination with global transgressive and regressive events (McCann, 2008). Mesozoic sediments
show a synclinale structure, gently dipping towards the centre of the Basin. Thus, the oldest Triassic
and Jurassic sediments are located at the basin margins, younger Cretaceous and Tertiary sediments
are situated in the central part of the basin. Jurassic sediments crop out in a large continuous belt in
the east and northeast. Less extensive outcrops of Jurassic sediments can be found in the southern
and southwestern part of the basin (Fig. A1A). Slowing of the subsidence and uplift during the
Cenozoic resulted in the exposure and erosion of Mesozoic sedimentary rocks, whereby the present

day shape of the Paris Basin evolved during Miocene tectonic events (Guillocheau et al., 2000).

A1.2. Study site and drill location

The Thesis presented here base on investigations performed on Core FR-210-078 drilled in 2008
during a tunnel construction campaign in southern Luxembourg, near the city of Esch-sur-Alzette
(Fig. A1B). The study area is located in the northeastern part of the Paris Basin, also termed Gulf of
Luxembourg or Lorraine Sub-Basin. Preliminary investigation, mainly focusing on maturity
reconstruction and low-resolution geochemical investigations, were performed on Core FR-207-142
(Wagner, 2010; Ruebsam, 2010) that recovered about 60 m of upper Pliensbachian and lower
Toarcian strata. This core and was also investigated for their fossil content in order to establish a
reliable ammonite biostratigraphy (Guérin-Franiatte et al., 2010). The distance in field between both
drill cores is about 1.5 km (Fig. A1B).

Core FR-207-142: 49.509730 / 5.950763 (preliminary investigations, biostratigraphy framework)

Core FR-210-078: 49.507402 / 5.930132 (this study)
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A: geological map of the Paris Basin
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Figure Al: A) B) Geological map of the Paris Basin. The study site is located in the northeastern Paris Basin, in southern
Luxembourg (red square). B) Location of drill sites of Core FR-210-078 and Core FR-207-142. This work base on
sedimentological and geochemical investigations of Core FR-210-078. Core FR-207-142 was subjected to palaecontological
investigations (Guérin-Franiatte et al., 2010) and was further subjected to low-resolution preliminary geochemical analysis
(Wagner, 2010; Ruebsam, 2010).

A1.3. Biostratigraphy and core correlation

Cores FR-207-142 (preliminary investigations) and FR-210-078 (this study) penetrate lower
Jurassic sediments spanning the uppermost Pliensbachian to middle Toarcian, mainly represented by
the Grés médioliasiques formation (upper Pliensbachian and lowermost Toarcian), the Schistes
Carton Fm (lower Toarcian) and the Marnes a Bifrons Fm (lower middle Toarcian). The Marnes a
Bifrons Fm is only recovered in Core FR-207-142. Detailed biostratigraphic investigations carried
out at Core FR-207-142 by Guérin-Franiatte et al. (2010) provide a robust biostratigraphic
framework at ammonite subzone scale (Fig. A2).

The Grés médioliasiques Fm corresponds to the upper P. spinatum zone (uppermost
Pliensbachian, Im3, Fig. A2) and to the lower D. tenuicostatum zone (lower Toarcian), whereby the
D. tenuicostatum zone reaches a thickness of about 6 m (lola, Fig. A2). The boundary between D.
tenuicostatum and H. serpentinum zone is located within the lowermost Schistes Carton formation
(lo1, Fig. A2). The boundary between H. serpentinum and H. bifrons zones is place in the uppermost
Schistes Carton Fm (102, Fig. A2). In Core FR-207-142 the H. serpentinum zone reaches a thickness
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of 26.2 m. Furthermore, ammonite assemblages in Core FR-207-142 allowed to place the boundary
between H. elegantulum and H. falciferum subzones at about 42.30 m (Fig. A2).

In the Lorraine Sub-Basin the total thickness of organic-rich sediments of the Schistes
Carton facies can reach a thickness of up to 50 m and spread over the uppermost D. tenuicostatum
zone, H. serpentinum zone and the lower H. bifrons zone (Binz et al., 1984). In Core FR-207-142 the
Schistes Carton Fm spans a sediment succession of about 31.80 m (lol + lower 102 in Fig. A2). The
boundary between Schistes Carton Fm and Marnes & Bifrons Fm is not very precise but can be
placed at core depth of approximately 23.80 m (Miinzberger, pers. comm.).

Core FR-207-142 was used as reference core and biostratigraphic boundaries were
transferred to Core FR-210-078 using lithological and geochemical data (e.g. gamma ray, carbonate
content). The core correlation is shown in figure A2. Details on the biostratigraphy are given by
Guérin-Franiatte et al. (2010).
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Figure A2: Occurrence of ammonites in Core FR-207-142 and inferred biostratigraphy (Guérin-Franiatte et al., 2010).
Biostratigraphy of Core Fr-210-078 (this study) is adapted from Core FR-207-142 (Guérin-Franiatte et al., 2010 and
Miinzberger, pers. comm.). Both cores cover middle Liassic (Im3) and upper Liassic (lol and 102) sediments, mainly
claystones and marlstones. Biostratigraphic boundaries shown are in red, lithological boundaries in black.

185



Appendix and Supplementary Material

In Core FR-210-078 (this study) the Pliensbachian-Toarcian boundary is placed in a thin
dark-grey to brownish claystone at 37.90 m. The boundary between the D. tenuicostatum zone and
H. serpentinum zone is placed within the lowermost Schistes Carton Fm at 31.82 m. Furthermore,
the boundary between the H. elegantulum and H. falciferum subzones is placed at 21.22 m. The
boundary between the H. serpentinum and H. bifrons boundary is placed at around 7 m, indicating

that about 2.5 m of the uppermost H. serpentinum zone are missing,.

Al.4. Lithology of Core FR-210-078

Core FR-210-078 provided about 30 m of continuously and exceptionally well-preserved
sediments spanning the uppermost Pliensbachian and lower Toarcian, represented by the Grés
médioliasiques and Schistes Carton Fm. Lithological inspection of the core indicates significant
differences in sedimentation style and sediment composition between the formations (Figs. A3, A4).
The Gres médioliasiques Fm (31.97 - 39.92 m) consists of homogenous light-grey to grey slightly
calcareous mudstones with minor contributions of silt, strongly affected by bioturbation and
sediment reworking (Fig A3; A — C). Intervals ranging from 39.80 to 39.00 m, 33.90 to 33.30 m and
3240 to 32.15 m are enriched in carbonate and can be attributed to argillaceous
marlstones/dolostones. Irregular shaped diagenetic pyrites (size up to 0.5 cm) occur frequently in
sediments of the Grés médioliasiques Fm. A thin interval from 37.95 to 37.87 m, which marks the
Pliensbachian-Toarcian boundary, consists of dark-grey bituminous laminated mudstone or
claystones. The occurrence of thin horizons strongly enriched in reworked shell fragments at about
39.80 m and at 32.20 and 32.05 m might indicate potential erosional events (Fig. A3; A, C).

The Schistes Carton Fm (9.55 - 31.97 m) mainly consists of grey to dark-grey marlstones
that show a distinct lamination (parallel-textured sedimentation style), indicating strongly reduced or
the absence of benthic activity and sediment reworking (Fig. A3; D — N and Fig. A4). However,
detailed inspection reveals that these laminated sediments were frequently interrupted by intercalated
horizons that show an indistinct lamination and a partly homogenous sedimentation style, which
indicate enhanced bioturbation and sediment reworking (Fig. A3; G, I, J and Fig. A4B). Horizons
with indistinct lamination are most pronounced in the lower part of the Schistes Carton Fm (22.00 —
30.50 m). Furthermore, the basal Schistes Carton Fm (30.75 - 31.97 m) significantly differs from the
upper part, as this interval is less cemented (due to low carbonate content) and thus rather represents
bituminous mudstones/claystones (black shale, sensu lato) than bituminous marlstones (Fig. A3; E,
F). Within this interval several lenses of amorphous solid bitumen were observed between 31.55 and
31.25 m (Fig. A3; E — red arrow). The transition between Grés médioliasiques Fm and Schistes
Carton Fm is marked by a condensed interval that is enriched in fish debirs, indicating a strongly
reduced sediment supply or sediment starvation (Fig. A3; D — red arrow and Fig. A4A). Strong
reduced sediment supply during deposition of the basal Schistes Carton Fm is also indicated by the
general increased fossil abundance within this interval. Sediment below this condensed horizons

show evidence for strong sediment reworking. The upper part of Core FR-210-078 (22.00 — 9.55)
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shows a less variable sedimentation style. Sediments are generally indistinctly laminated with a
partly turbulent sedimentation structures and sharp-based erosive surfaces, possibly representing
winnowing (Fig. A3; M, N, O and Fig. A4D). A carbonate bank (21.79 to 21.88 m) is intercalated
into the marlstones (Fig A3, L).
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Figure A3: Photographs taken from selected core intervals show significant differences in lithology (width of each
photograph is about 7 cm). The sediment color might be obscured as the contrast of the photographs was increased in order
to highlight sediment structures. Lithological signatures as shown in figure A2 (cls.: allochthonous clasts; r.sh.: reworked

shells; biot.: bioturbation traces; eh.p.: euhedral pyrite; s.bit.: solid bitumen; TS: transgressive surface; p.f.: pelagic fauna).
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Figure A4: Photographs of thin section (incident and transmitted light) representative for different lithological units of
Core FR-210-078. A: Microfacies of the basal Schistes Carton Fm showing a distinct to partly lenticular type of lamination
(Al). Horizons strongly enriched in fish debris and shell remains hint to condensation and sediment starvation (A2 & A3).
B: Microfacies of the indistinct laminated horizons intercalated into the upper H. elegantulum subzone. Silt-rich intervals
might result from more frequent turbidite currents the transported more coarse-grained siliziclastics into the deeper parts of

the basin.
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A2. Paleogeographic reconstruction of the Western Tethyan shelf

Shelf settings represent dynamical and highly variable sedimentation regimes, which are
extremely sensitive towards environmental and oceanographic changes (e.g. Nittrour, 1981; Einsele,
2000; Coe, 2003). The expression of global environmental changes in marine sediment sequences
can be, however, significantly modified by the local paleogeographic conditions, like water depth,
distance to land masses and basin/shelf morphology that control water mass exchanges and basin
restriction. Therefore, a detailed paleogeogrpahic reconstruction is of interest to understand
processes controlling oceanographic conditions throughout shelf settings. Previous works by Ziegler
(1990), Bassoulet et al. (1993) and Thierry et al. (2000) already indicated that the Western Tethyan
shelf was a heavily structured epicontinental shelf setting, subdivided into different sub-basin that

were separated by shallow sills and swells (Fig. AS).

Reconstruction of the shelf morphology of the Western Tethyan shelf presented here (Fig.
A6) base on the analysis of lithological and sedimentological information extracted from the
references given in figure AS5. Shelf morphology and thus the water depth can be inferred from
sedimentation style and sediment composition of contemporaneous sediments, which can be
associated with different depositional environments (e.g. Sahagian et al., 1996). Marginal, near
coastal areas are characterized by elevated contributions of terrigenous contributions, including sand
and silt-sized clastics as well as high concentrations of land plant derived organic matter. Shallow
settings, like swells and sills, can be highlighted by sedimentation gaps and hiatuses, which can
however also be characteristic for marginal areas as these environments represent high-energetic
depositional environments. Deeper basin settings, situated below the wave and storm base, represent
low energetic depositional environments. Sediments deposited in such environments are commonly
dominated by clay-sized clastics and low contributions of land plant derived organic matter, less
affected by erosional events. Furthermore, differences in the stratigraphic thickness of ammonite
zones and subzone, which represent the same time spans, can provide information about the spatial
variability in accommodation space through the Western Tethyan shelf, which can be associated with

different rates of subsidence and differences in water depth.
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Figure AS: Paleogeographic reconstruction of the Western Tethyan shelf after Ziegler (1990), Bassoulet et al. (1993) and
Thierry et al. (2000) showing the distribution of landmasses (brownish areas) and marine basins (blue areas). Marginal
areas are shown in yellow. Areas for which detailed data are available are marked by squares. Further data used for the
more detailed paleogeographic reconstruction shown in figure A6 are indicated by numbers 1 to 30 (1: Nettwedt et al.,
2008; 2: Vajda & Wigforss-Lange, 2009; 3: Hesselbo & Coe, 2000; 4: Jenkyns & Clayton, 1997; 5: Caswell & Coe, 2012;
6: Trabucho-Alexandre et al., 2012; 7: Ainsworth & Riley, 2010; 8: Underhill & Stoneley, 1998; 9: Ansorge, 1996; 10:
Hesselbo et al., 2011; 11: Baldschun et al., 2001; 12: Sundararaman et al., 1993; 13: Franke, 2014; 14: Grife, 2005; 15:
Gomez & Goy, 2005; 16: Lorenz & Gely, 1994; 17: Lézin et al. ,2001; 18: Bécaud, 2002; 19: Emmanuel et al., 2006; 20:
Suan et al., 2013; 21: Mailliot et al., 2009; 22: Léonide et al., 2007; 23: Reisdorf, 2001; 24: Reisdorf et al., 2011; 25:
Brigaud et al., 2014; 26: Hermoso et al., 2014; 27: Blaise et al., 2011; 28: van Breugel et al., 2006; 29: Lézin et al., 2013;
30: Rohl & Schmid-Ro6hl, 2005). (SM: Scottish Massif; FS: Fennosarmantia; IM: Irish Massif; WM: Wales Massif; CH:
Cornubia High; LBM: London-Brabant Massif; RM: Rhenish Massif, AM: Amorican Massif, IBM: Iberian Massif; MC:
Massif Central; VS: Vindelecian Swell; BM: Bohemian Massif).
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Figure A6: Detailed construction of he Western Tethyan shelf on base of references listed in figure AS. The light-grey line
indicates the present-day coastline, black lines indicate major faults active during the lower Jurassic, question marks

indicate areas with high uncertainty due to missing Lower Jurassic strata or poor data density.
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A3. Methodology and analytical procedures

A multi-proxy approach, comprising continuous measurements and discrete sample analysis,
was applied to sediment Core FR-210-078 in order to obtain a comprehensive data set that provide
information about changes in sediment composition on a high temporal resolution. Continuous
analysis, comprising spectrophotometry and magnetic susceptibility measurements, were performed
to obtain a continuous record of changes in sediment features. These records were subjected to
spectral analysis in order to identify sediment cycles and to establish a floating chronology for Core
FR-210-078. Discrete samples analysis, comprising inorganic, organic and isotope geochemical
analysis, were performed for selected samples that were chosen on the base of lithological
observations and results from continuous core scanning techniques. Furthermore, selected samples
were investigated by microscopic inspection of polished thin sections. An overview about the

analytical procedures applied in this work is shown in figure A7.

[ intact C(l)re half j
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Figure A7: Generalized analytical flow chart showing the different techniques applied to sediment core FR-210-078. High-

resolution data obtained from continuous measurements were subjected to spectral analysis. Bulk organic, inorganic and

isotope geochemical analysis were performed at discrete samples taken from the core.
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A3.1. Continuous measurements

In order to obtain a continuous record of the variability observed in the lithology of Core
FR-210-078 different continuous and non-destructive techniques, including spectrophotomery and
magnetic susceptibility measurements, were applied to the sediment core. All measurements were

taken directly on the cleaned core halves parallel to the strata at fixed steps of 1 cm.

A3.1.1. Magnetic Susceptibility (MagS) measurement

The magnetic susceptibility of a sediment measures the ability of the mineral constituents to
acquire magnetization when an external magnetic field is applied (Evans &Heller, 2003). In
marine sediments strong positive MagS can be associated with e.g. ferromagnetic iron oxides,
whereby paramagnetic clay minerals and pyrite have a weak positive MagS. On the contrary,
calcium carbonate and quartz are diamagnetic and characterized by a weak negative MagS. Thus,
MagS measurements of marine sediment sequences provide information about changes in sediment
composition that can be associated with variable allochthonous and autochthonous contributions.
Magnetic susceptibility measurements were performed using a Bartington MS3 device equipped
with a MS2E spot reading sensor (sensitivity 2*10° SI). During data acquisition, blank readings
against air were obtained every 10 measurements in order to correct the data for shifts in the sensor’s

background due to temperature drift.

A3.1.2. Spectrophotometry

Spectophotometric measurements allow quantify changes in sediment color, resulting from
changes in sediment composition, like variation in carbonate and organic matter content as well as
variable composition of the detrital sediment fraction (e.g. Balsam et al., 1997). Spectrophotometric
parameters were measured using a hand held Konica Minolta CM-700d spectrometer operating in a
simultaneous SCI and SCE mode, with an aperture set to 2 mm (SCI: specular component included;
SCE: specular component excluded). Results are recorded in the CIE L*a*b*chromaticity space
relative to a white standard. Additionally spectrophotometric measurements at a higher resolution of
70 um were archived for the basal black shale interval of the Schistes Carton Fm (30.75 - 31.97 m)
as this interval provide evidence for strong sediment condensation. Ultra-high resolution L*a*b*
data sets (resolution 70 um) for the basal Schistes Carton Fm (30.75 — 31.97 m; Core Interval 3)
were obtained from line camera scanning using a JAI 3CCD Line Scan Camera (model CV
L107CL).
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A3.2. Discrete sample analysis

Subsequent to continuous core scanning, core halves were cut into three parts as shown in
figure AS8. The stratigraphic high (h) combined in one sample was set to 0.5 to 1.0 cm in order to
minimize time-averaging effects. The base of the Schistes Carton Fm was sampled in a higher
resolution (~3 mm steps). Furthermore, some samples taken from non-bituminous facies comprise up
to 1.5 cm of strata to obtain a sufficient amount of sample material especially for solvent extraction.
Samples were selected with respect to the high-resolution data achieved continuous measurements in
order to get a representative dataset representing the variability of the sediment succession. Samples
taken from the core were crushed and powdered in order to get a homogenous and representative
sample material for further analysis. Afterwards the powdered samples were dried in an oven at 40°C
for 48 hours. Samples taken from the outer part (I) were subjected to bulk geochemical analysis,
including trace metal measurements, CNS, Rock Eval and isotope geochemistry, as these procedures
are less sensitive towards possible contaminations. Samples subjected to detailed biomarker

investigation were taken from the inner part (II).

core part I: bulk geochemistry
core part II: biomarker
core part III: archive

Figure A8: Sampling scheme used to obtain discrete core samples from Core FR-210-078. The sample high (h) was 0.5 -
1.0 cm in order to minimize time-averaging effects. Samples taken from core part I were subjected to bulk-geochemical
analysis (CNS, Rock Eval Pyrolysis, trace metal analysis) and isotope measurements that are less sensitive towards
contaminations. Solvent extraction and subsequent biomarker analysis was performed on samples taken from the inner core

part I1.
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A3.2.1. Bulk Geochemistry

CNS Analysis

Total carbon (TC), total nitrogen (TN) and total sulfur (TS) contents were directly measured
on powdered sample material using a Vario CNS Elemental Analyzer EL III (Elementar®). Total
organic carbon (TOC) content was determined on decalcified samples. Decalcification was achieved
by treating samples with HCl (10% and 25%) to remove calcium carbonate and dolomite.
Subsequently the samples were washed and neutralized with deionized water and dried in an oven at
40°C for 48 h. Values determined on decalcified samples were corrected for their carbonate loss to
yield original TOC concentrations. The total inorganic carbon (TIC) was calculated by subtracting
corrected TOC from TC. Reproducibility and accuracy were checked by running replicate analysis of
laboratory standards and duplicate analysis of samples and is better than 0.01 wt.% for nitrogen, 0.1
wt.% for carbon and sulfur (15). The carbonate content was calculated by multiplying the TIC by
8.33 (stoichiometry of CaCQ;). The amount of organic matter (OM) has been calculated by
multiplying the TOC by 1.3, based on the elemental analysis of Kiispert (1983) of the Posidonia
Shale organic matter. The pyrite/sulfide content has been calculated by multiplying the TS by 1.7,
assuming that 90% of the TS is incorporated into sulfides.

Rock Eval Pyrolysis

Rock Eval Pyrolysis is a common technique to characterize organic matter present in a
sample in terms of organic matter source, the state of preservation and thermal maturity. Rock Eval
pyrolysis was carried out at the original sample material using a VINCI Rock Eval II Analyzer. The
amount of free bitumen present in a sample is recorded as S1 (mgHC/gTOC) and the amount of
kerogen as S2 (mgHC/gTOC). The pyrolytically released amount of CO, is recorded as S3
(mgCO,/gTOC). The temperature at witch the maximum amount of pyrolyzate yields is released is
recorded as Tn.x (°C). Reproducibility and accuracy were checked by running replicate analysis of
laboratory standards and duplicate analysis of samples and is better than 0.2 mgHC/gRock for the S1
value, 2 mgHC/gRock for the S2 wvalues, 0.3 for S3 mgCO,/gRock and 1.5°C for T, (1o). A
detailed description of the methodology is given by Espitalié¢ et al. (1977) and Bordenave et al.

(1993). HI and OI values were calculated from S2 and S3 values, respectively by using the formulas:

(52* 100)
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A3.2.2. Element concentrations

Aqua Regia ICP-OES

Major and minor trace elements (metals) contents were determined via ICP-OES analysis
(Inductively coupled plasma atomic emission spectroscopy) at Activation Laboratories Ltd.
(Canada). Powdered samples were digested with Aqua Regia, a partial digestion that uses a mixture
of hydrochloric and nitric acid to dissolve sulfides. Oxides and silicates are only partially dissolved.
Therefore 0.5 g of powdered sample material was digested with aqua regia for two hours at 95°C.
Afterwards the samples was cooled down and diluted with deionized water. Dissolved elements were
analyzed via ICP-OES using a Varian Vista 735 ICP-OES. Accuracy and reproducibility of the
analysis were monitored by running replicate analysis of laboratory standards and duplicate analysis

of samples.

Lithium metaborate/tetraborate fusion - ICP-OES

Quantitative determination of elements bound to refractory minerals (zircon, spherene,
monazite, chromite, gahnite, quartz) was done by lithium metaborate/tetraborate fusion — ICP-OES.
Analysis was done at Activation Laboratories Ltd. (Canada). For analysis, 3 g of powdered rock
sample is mixed with a flux of lithium metaborate and lithium tetraborate and fused in an induction
furnace afterwards. The melt is then immediately poured in a weak nitric acid (5%) containing an
internal standard, and mixed continuously until completely dissolved. Dissolved elements where
then analyzed using a Thermo Jarrel-Ash ENVIRO II ICP-OES. Calibration was performed using
prepared USGS and GANMET certified reference materials. In addition certified standards and

blanks analysis were done for every batch of ten samples.

A3.2.3. Stable Isotope Geochemistry

Isotopic composition of the carbonate (3'*0 and 5"°C)

Stable oxygen and carbon isotope measurements at the carbonate fraction were performed at
the University Erlangen-Niirnberg. Powdered rock samples were treaded with 103% phosphoric acid
at 70°C using a Gasbench II connected to a ThermoFinnigan Five Plus mass spectrometer. Isotope
values were reported in per mil relative to V-PDB by assigning a 8"°C and a §'*O to NBS19 and -
49.6%0 and -26.7%0 to LSVEC, respectively. Reproducibility and accuracy were monitored by
replicate analysis of laboratory standards calibrated to NBS19 and LSVEC and is better than 0.1%o.
A detailed description of the methodology is given by Rosenbaum & Sheppard (1986) and Kim et al.

(2007). Results were reported in standard & notation (in %o) using the equations:

13/12 _13/12

613C - sample Cstan dard % 1000

13/12

stan dard
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18/16 _18/16

18 _ sample stan dard
"0 = e x 1000

stan dard

Organic carbon isotopes (613 Corg)

Stable carbon isotope measurements for the bulk organic carbon were performed at the
decalcified sample material. Carbonate was removed from the sample by acid leaching as descript
under point 3.2.3.. Stable isotope analysis was performed using a Thermo Finnigan Delta™"SXL (aka
Alaska) coupled to a Costech EA at the Isotope Science Lab (University of Calgary, Alberta,
Canada). Isotope ratios are expressed in conventional delta notation: Ssmpie (%0) = [(Rsampte — Ritandard)
/ Rytandara — 1] % 1000, where R is the ratio of *C/"*C of the sample and the standards V-PDB for
carbon. Reproducibility and accuracy were monitored by replicate standard and sample analysis and
are better than 0.2%o for 813C0rg.

Sulfur isotopes (634Sbulk)

Stable sulfur isotopes (***”S) were measured via combustion of the untreated powdered
bulk-sample using a Thermo Finnigan Delta V (aka Vathi) with Elementar Vario ISOTOPE cube at
the Isotope Science Lab (University of Calgary, Alberta, Canada). The mass spectrometer is
equipped with a collector array for simultaneous analysis of SO, and SO, which allows for oxygen
isotope effects to corrected for during analysis. Sulfur isotope values were reported in conventional
delta notation relative to VCDT (Vienna Canyon Diablo Troilite). Reproducibility of the analysis is
better than 0.3%o. This method allows to determine the **S/**S isotopic ratio of the bulk sulfur,
consisting of carbonate associated and pyrite bounded sulfur. Distinguishing between both sulfur

species in not possible by using this method.

34/32S _34/32

5 34S - sample stan dard % 1000

34/32
Ss tan dard

Molybdenum isotopes (698/ 95M0bulk)

Stable isotope analysis of molybdenum (Mo) was performed in the isotope laboratory of the
Department of Physics and Astronomy, University of Calgary, Canada. Powdered samples (~200
mg) were weighed into teflon beakers or acid digestion using a combination of HF+HNOs;,
HCI+HNO; and HCI. Afterwards samples were subjected to an ion exchange procedure in order to
extract Mo (Wieser et al., 2007). Molybdenum concentrations and isotope ratios were determined by
“double spiking” (Wieser and De Laeter, 2007). The samples were doped with a known quantity of
*Mo/”*Mo spike Mo before any sample preparation step to monitor mass fractionation during

sample preparation (Siebert et al., 2001). Molybdenum isotope measurements were performed on a
ple prep ( y p p
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Thermo Scientific multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) and

are reported as:

98/95

sample

-1{x1000

stan dard

8% Mo =

98/95

Samples were measured against an in-house standard and stable molybdenum isotope ratios
are referenced to NIST SRM-3134 (Greber et al., 2012). Analytical uncertainty was assessed by

running replicate analysis and was better than £0.20%o.

A3.2.5. Molecular Geochemistry

Solvent Extraction

Extractable organic compounds (bitumen) were obtained from solvent extraction using an
ASE® 200 (Accelerated Solvent Extraction; Dionex). Powdered samples were extracted using a
mixture of dichloromethane (DCM) and methanol (MeOH) (93:7, v/v) at 75°C and 50 bar. Heating
time was set to 5 min and the static extraction time to 20 min. A detailed description of the method is
given by Richter et al. (1996). After extraction the solvent volume was reduce to less that 1 ml using
a Biichi parallel evaporator and total lipid extracts (TLE) were transferred into pre-weight glass
vials. Afterwards, complete solvent evaporation was achieved under atmospheric conditions under a
fume hood. Extract yields were archive from balancing the glass vials including dry extracts and

subtracting the weight of the empty glass vials.

Column chromatography

Total lipid extracts (TLE) were separated in to aliphatic (saturated), aromatic and NSO
compounds using column chromatography that was performed by a FREESTYLE® SPE robot
system (LCTech). Therefore, a small amount of silica 60 mesh (63 — 200 um) was filed in a glass
vial and impregnated with an extract aliquot of about 10 mg dissolved in 200 pul DCM. The glass
vials was placed under a fume hood until all DCM was evaporated. The impregnated (and solvent-
free) silica was loaded on a 8 ml SPE column that was filled with 2.8 g Silica 60 mesh (25 — 40 pm).
Afterwards, the prepared SPE columns were placed on the autosampler rack of the FREESTYLE®
SPE robot system. Aliphatic hydrocarbons were eluted by flushing the SPE column with 6 ml n-
pentane, aromatic hydrocarbons were eluted by flushing with 6 ml n-pentane/DCM (3/2; v/v) and
hetero compounds were eluted by flushing with 16 ml DCM/MeOH (1/1; v/v) and the hydrocarbon
fractions were collected in different glass vials.

After column chromatography the aliphatic hydrocarbon fractions were treated with
activated copper in order to remove elemental sulfur. Copper was activated by acid treatment (HCl

25%) on a heating plate for 15 min and neutralization with distilled water afterwards. Before adding
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to the aliphatic hydrocarbon fraction copper was treaded with 2-propanol and DCM in order to
remove residual water and to avoid contamination, respectively. Copper and formed sulfides were
removed from the apliphatic fraction by filtration. Aliphatic and aromatic hydrocarbon fractions
were concentrated to a volume of about 1 ml and transferred to a 2 ml auto-sampler vial. To allow a
quantification of single compounds internal standard compounds were added to the saturated and
aromatic fractions. Therefore, dsptetracosane and dscholestane were added to the aliphatic fractions

and dopyrene was added to the aromatic fraction.

GC-MS Measurement

Aliphatic and aromatic fractions were analyzed by gas chromatography-mass spectrometry
(GC-MS) in order to investigate the biomarker distribution. Measurements were performed on and
Agilent 7890A Gaschromatograph equipped with a Chromech Evolution MS/MS (built upon an
Agilent 5975B MSD; www.chromtech.de). Compound mixtures were separated on a fused silica
column (Agilent DB1HT; 30 m length, 0.25 mm inner diameter, 25um film thickness). Helium was
used as carrier gas at a flow rate of 1 ml/min. Samples were injected into an Agilent Mulimode-Inlet
(MMI) in splitless mode, equipped with a bottom hole liner. The temperature program of the MMI
was: 50°C (0 min) to 400 at 400°C/min (held for 4 min), then to 280°C at 10°C/min. The over
program was: 50°C (5 min iso.) to 140°C at 10°C/min, then to 325°C at 2°C/min (held for 10 min).

The quadrupol mass spectrometer operating in scan mode in the mass-charge range from 50 to 750.

A3.3. Organic petrology and microscopy of thin sections

Organic petrography is widely used in the field of organic geochemistry and can provide
information about composition of organic matter and microlithotype. Investigation base on the
microscopic inspection of polished blocks with a size of 2 — 3 cm®. Therefore, whole-rock samples
were taken from the core and prepared following the international standard procedure 1ISO7404-2:
2009 (E). Petrographic analyzes were performed by Walter Pickel at the Coal & Organic Petrology
Services Pty Ltd..

The microscopic inspection of thin sections can provided detailed insights into the
microstructure of sediments and thus into sedimentation processes. Polished thin sections were
prepared from selected sample in bedding-normal orientations (Trabucho-Alexandre et al., 2012 and
references therein). Microscopic photographs were taken by using a Keyence digital microscope
VHX-700F.

A3.4. Spectral Analysis

High-resolution data sets obtained from continuous core scanning as well as high-resolution
bulk geochemical data (8" Cor; data) were subjected to spectral analysis in order to identify periodic

signals. Spectral analysis was performed using the multi-taper method (MTM, Thomson, 1982) as

199



Appendix and Supplementary Material

implanted in the KSpectra toolkit V3.4.1. (Ghil et al., 2002). Power spectra were calculated with 3
tapers and a resolution of 2. Confidence levels were calculated using the robust red-noise modeling
method (Mann & Lees, 1996). Prior analysis long-term trend, if present, were removed using 3™
order polynomial regressions. In order to reduce the impact of variations in sedimentation rate
spectral analysis was performed separately for different core intervals that were distinguished on the
base of lithological parameters. To convert the depth domain to the time domain a*-records of all
intervals were time-calibrated separately. The ultra-high resolution a*-data for Interval 3 were
incorporated into the 1 cm scaled a*-data set (Intervals 1, 2 and 4) and a composite time-scale was
built. The tuned a*-data set was analyzed by the MTM method again. Results are compared with the

Milankovitch parameters for the Toarcian (according to Laskar et al., 2004).
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A4. GC-MS traces
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Figure A9: Total ion current chromatogram of an aliphatic fraction from a sample from the Schistes Carton Fm (H.
serpentinum zone). Aliphatic hydrocarbon fractions are dominated by n-alkanes, the isoprenoids pristane and phytane and

by cyclic compounds, comprising regular steranes, diasterenes 4Me-diasterenes, regular hopanes and hopenes.
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Figure A10: Representative ion chromatograms (m/z 85) of an aliphatic hydrocarbon fraction showing the n-alkane

distribution for the different facies types identified throughout Core FR-210-078.
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Figure A11: lon chromatograms m/z 191, 369, 367 of an aliphatic hydrocarbon fraction showing the distribution of regular
hopanes (homohopanes) and hopenes (highlighted blue).
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Figure A12: Ion chromatogram m/z 217 of an aliphatic hydrocarbon fraction showing the distribution of regular steranes in
the range from C,; to Cs. The C,; cholestanes, Cyg methylcholestanes, C,g ethylcholestanes and C;y propylcholestanes
occur in acaS+R, afS+R as well as in aafS+R configuration. Furthermore, corresponding diasteranes were observed

for each sterane species.
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Figure A13: A) Ion chromatogram m/z 257 of an aliphatic hydrocarbon fraction showing the distribution of diasterens in
the range from C,; to Csg, which are the dominating steroidal compounds. Each diasterene occur in BBBS+R and papS+R
substitution. B) Ion chromatogram m/z 271 of an aliphatic hydrocarbon fraction showing the distribution of 4Me-

diasterens, which occur in the range from C,s to Cso. The exact elution order of the different isomeres is not fully

203



Appendix and Supplementary Material

established. The Cj;y 4Me-diasterenes have either a 24-ethyl or a 23, 24-dimethyl substitution, which couldn’t be

distinguished on the base of the mass spectrums.
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Figure A14: Ion chromatograms m/z 121, 135 and 149 of an aromatic hydrocarbon fraction showing the distribution of
mono-, di, and tri-MTTCs (methyltrimethyltridecylchromanes). All samples are dominated by tri-MTTCS, whereas mono-
MTTCs occur only in traces. The abundance of the tri-MTTCs has been set to 100%, the relative abundance of the di- and

mono-MTTCs is given for comparison. For molecular structures the reader is referred to Sinninghe Damst¢ et al. (1987).
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Figure A15: Ion chromatograms of m/z 178 and of m/z 184 of an aromatic hydrocarbon fraction showing phenanthrene

(Phen) and dibenzophenanthrene (DBT).
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Figure A16: Ion chromatograms m/z 133 of a aromatic hydrocarbon fraction showing the distribution aryl isoprenoids

(from Cy3 to Cy) as well as aromatic carotenoid biomarkers (II: p-isorenieratane; IV: isorenieratane) and diagenetic

products (I, 11, V, VI).
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Supplementary information

S1. Supplementary information: Chapter One

Table S1-1: Summary of magnitudes documented for the Toa-CIE from different locations and different depositional
environments. The magnitude documented in OM varies between -4 and -6%o. High higher variability is documented in the
magnitude of carbonate carbon isotope values that range from -2 to -6%o (-12%0). Extreme low 813Ca values are
documented from anoxic settings. Data from anoxic settings are marked in red, data from suboxic setting in green and data

from oxic settings in blue.

data source location facies type of analysis magnitude
Toa-CIE [%o]
Kiispert, 1986 Southern German Basin, Ger Anoxic OM -4to-5
Carbonate -10
Jenkyns, 1985 Dogan, Italy Oxic Carbonate -3
Jenkyns & Clayton, 1986 Italy Suboxic Carbonate -3to-5
Jiméndez et al., 1996 Basque Basin, Spain Oxic Carbonate -2
Jenkyns & Clayton, 1997 Cardigan Bay Basin, UK Anoxic OM -7
Carbonate -6
Winterborne Kingstone, UK suboxic Carbonate -3
Morettini & Bartolini, 1999 Italy Oxic Carbonate -3
Hesselbo et al., 2000 Hawsker Bottoms, UK Anoxic OM -6
Carbonate -5
Jenkyns et al., 2001 Dogna, Italy Suboxic OM -8
Rohl et al., 2001 Southern German Basin, Ger Anoxic oM -6
Carbonate -6
Duarte et al., 2003 Lusitanian Basin, P oxic Carbonate -3
Kemp et al., 2005 Hawsker Bottoms, UK Anoxic oM -7
Emmanuel et al., 2006 Aquitane Basin, Fr Anoxic Carbonate -6
Van Breugel et al., 2006 NE Paris Basin, Fr Anoxic OM -6
Hesselbo et al., 2007 Lusitanian Basin, P Oxic Carbonate -3
Sabatino et al., 2009 Valdorbia, Italy Suboxic OM -6
Carbonate -4
Monte Mangart, Italy Suboxic OM -7
Bodin et al., 2010 N-Africa Oxic Carbonate -3
Caruthers et al., 2011 N-America, Can Anoxic OM -6
Grocke et al., 2011 Inuyama, Japan Suboxic? OM -6
Kafousia et al., 2011 Greece Oxic OM -4
Carbonate -2
Suan et al., 2011 Arctic Anoxic oM -4 to -6
Hermoso et al., 2012 Southern Paris Basin, Fr Anoxic oM -7
Carbonate -6
Tabucho-Alexandre et al., 2012  Dutch Central Graben, N1 Anoxic oM -6
Sabation et al., 2013 Adriatic Platform, Croatia Oxic Carbonate -2to-3
Kemp & Izumi, 2014 Japan Suboxic oM -3
Krencker et al., 2015 N-Africa Oxic oM -4
Carbonate- -5
Monte-Serrano et al., 2015 Southern German Basin, Ger Anoxic OM -4
Carbonate -6
Suan et al., 2015 Southern German Basin, Ger Anoxic OM -6
Carbonate -6 (-12)
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Table S1-2: Data sources for oxygen isotope data available for the Pliensbachian and Toarcian presented in figure 1-10.

Data source Material location Period covered
Hesselbo et al., 2000b Belemnites Cleveland Basin, UK Pl

McArthur et al., 2000 Belemnites Cleveland Basin, UK upper PI to lower Toa
Jenkyns et al., 2002 Belemnites Cleveland Basin, UK Pl to Toa

Baily et al., 2003 Belemnites Southern German Basin, Ger upper PI to lower Toa
Rosales et al., 2004 Belemnites Basque-Cantabrian Basin, Es PI to lower Toa

Van de Schootbrugge et al., 2005 Belemnites Basque-Cantabrian Basin, Es P1 to lowermost Toa
Gomez et al., 2008 Blemnites Basque-Cantabrian Basin, Es upper PI to lower Toa
Metodiev & Koleva-Rekalova, 2008 Belemnites Western Balkan, Bulgaria Toa

Dera et al., 2009b Belemnites & fish  Paris Basin, Fr Toa

Nunn et al., 2009 Belemnites West Herbrides Basin, UK Pl

Gomez & Arias, 2010 Belemnites Es Lower Toa

Price et al., 2010 Belemnites West Herbrides Basin, UK Toa

Suan et al., 2010 Brachiopodes Lusitanian Basin, P PI to lower Toa
Deraetal., 2011a Belemnites Paris Basin, Fr Toa

Korte & Hesselbo, 2011
Lietal., 2012

Harazim et al., 2013
Aremdariz et al., 2014
Krencker et al., 2014
Ullmann et al., 2014

div. biocalcifiers
Belemnites
Belemnites
Belemnites
Brachiopodes

Belemnites

Cleveland Basin, UK
Cleveland Basin, UK
Grands Causses Basin, Fr
Asturian Basin, Es

Oran Meseta, Maroccco
Cleveland Basin, UK
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S2. Supplementary information: Chapter Two
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Figure S2-1: Cross-plot of carbonate content with MagS-values (left) shows a positive correlation for samples
corresponding the Grés médioliasiques Fm and a negative correlation for samples corresponding the Schistes Carton Fm.
The positive correlation between carbonate and MS-values might indicate contributions of Fe-bearing carbonates such as
ankerite or siderite. The negative correlation between carbonate and MS-values in sediments of the Schistes Carton Fm
indicates variable degrees of dilution of terrigenous-derived clay minerals by marine carbonate. The positive correlation
observed between a*-values and TOCcf (total organic carbonate on carbonate-free base) indicate that changes in organic

matter abundance (and possible associated sulfides) have a strong impact on this parameter.
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Figure S2-2: 2n-MTM power spectrum for Intervals 142 (top) and for Interval 4 (bottom) of a*-, b*-, and MS-data (MS-
data within Interval 4 analyzed from 34.00 — 38.00 m). Throughout Intervals 142 (top) the presence of regular cycles with a
mean wavelength of around 3.10 m, 1.47 m, 1.20 m, 0.65 and 0.46 m is confirmed. The presence of regular cycles with a
mean wavelength of around 1.20 m, 0.50 m, 0.43 m and 0.30 m is confirmed for Interval 4. In Interval 4 slightly different
wavelengths of the low-frequency compounds are observed between a*- and b*-data. This discrepancy can be attributed to
the incomplete removal of preferentially low-frequency cycles by erosional events. On the base of their cycle hierarchy we

attribute those cycles to short eccentricity (E), obliquity (O) and precession (P) based cycles.
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Figure S2-3: Filter output for a*-, b*- and MagS-values of significant spectral peaks (see Fig S3A). The 100 kyr

eccentricity, 35 kyr obliquity and 21 kyr precession components are well expressed in the parameters investigated. The 100

kyr eccentricity component is always very weak in MS-data, whereas sediment color seems to be more sensitive towards

this frequency component. By analyzing Intervals 1 + 2 the presence of a 100 kyr eccentricity component is confirmed for

Interval 2 and the 1.10 m cycle within this interval can be clearly attributed to the obliquity component. The 100 kyr

eccentricity component might be weak in Interval 2 as this interval represents only a short period of time (around 290 to

315 kyr) and thus cover only 3 short eccentricity cycles. Cycles were extracted using the Gaussian filter with a bandwidth

of 0.2 for Intervals 1 and 2. A bandwidth of 0.25 was used to extract cycles in the Interval 4.
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S3. Supplementary information: Chapter Three
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Figure S3-1: Carbon isotope records from the Cleveland Basin (Kemp et al., 2005; 2011), the southern Paris Basin
(Sancerre, Hermoso et al., 2012), from the Lorraine Sub-Basin (this study) and from the Lusitanian Basin (Hesselbo et al.,
2007) allow to establish a robust carbon isotope stratigraphy for the Late Pliensbachian and Early Toarcian. The Pl-Toa-
CIE is not expressed in the Sancerre Core (even not in the high-resolution 8'*Cy,-record; see Hermoso et al., 2012). In all
records, the main negative Toa-CIE exhibits a tripartite nature, whereby slightly differences in the amplitude observed for
the first negative shift might result from differences in the chosen baseline. The astronomical timescale (ATS) as well as
durations given for the ammonite zones and subzones base on floating chronologies proposed by Suan et al. (2008), Huang
& Hesselbo (2014) and by this work (Chapter 2; also see Ruebsam et al. (2014; 2015)).

210



Appendix and Supplementary Material

24

A B 8°C,,_ (% VPDB)
y = -0.005x -26.3 4 2 0 5 4
............ 8 R2=-0.38 o 8 o
T-el o o o L)
Ay
207 ﬁ |‘:|:E'| """"""""" 2 b _® ° § ‘g.
o 854 e < - g o,
: & BT R'<010 ° o B o H .
oo - =, T o o omO o g o
A é’ o -1 g °
o o o (o] Ry ..:..o e
I — ° . @ o ©° o % % o e
QDJ 28 - T °© oo ° | o o
BN Tt o9 o o L)
2 W\: : ™ ¢
=] © 80 = HE
$ )9x -24 o R2<-0.10 HE '?.':.
= 0.6 a . B 9 “ie
® ’ AD Sl S| 8 °®
S a0 ; gl |3 o>
g 30 1 o a E|5 g g
] = (8 = = ° J
17e) o © 5G] = [
@ Interval 1: H. falciferum sz. A ° B 3 (]
A A*t AAM ol Ll | e08%
Q Interval 2: upper H. elegant. sz. A‘ 5| K1) .‘.?
A A, A & N
LY g8
-32 | A Interval 3: upper. tenuic. z. & 4 ' K S <« [
lower H. elegant. sz. A% 8 H -3 to -4% ’.'
A A, Taa K .
[ interval 4: P. spin. & lower D. ATA Sl . ‘.’
tenuic. sz. A A a8 R?<-0.10 L
A cro‘o
= &
-34 T T T T Ala 3‘.
0 250 500 750 1000

HI [mgHC/gTOC]
Figure S3-2: A) Cross-plot of HI values with organic carbon isotope values has been used by Suan et al. (2015) and
Montero-Serrano et al. (2015) to correct organic carbon isotope values for different organic matter sources. According to
these authors 613C0rg values slightly decrease with increasing HI values (samples from the Toa-CIE are excluded). Such a
relation is not well expressed in the cross plot of HI values and 613C0rg values for Core FR-210-078. However, when
excluding samples from Interval 2 that show relative heavy organic carbon isotope values and high HI values a weak
negative regression can also be documented between HI and 613C0rg values. The resulting equation for the regression line is
y = -0.005x — 26.3 (R* = -0.38). This trend rough match the overall trend documented between HI and ' Corg In Jurassic
sediments (Tyson, 1995). The poor correlation documented fro samples from Interval 2 might result from high OM burial
rates affecting dissolved CO, and thus f)”COrg values of OM (e.g. Kump & Arthur, 1999). Furthermore, differenced in the
degree of OM preservation can alter HI values (Bordenave et al., 1993). B) Organic carbon isotope trend corrected for
different organic matter sources, calculated following the approach by Suan et al. (2015). Correction of organic carbon
isotope data result in a magnitude of about -3 to -4%o, which is in agreement with findings by Suan et al. (2015) and

Montero-Serrano et al. (2015).
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Figure S3-3: MTM power spectrums for tuned a*-values (see Chapter 2) and for the organic carbon isotope data sets from
the Lorraine Sub-Basin and the Cleveland Basin compared with the astronomical model La2004 (Laskar et al., 2004).
Periodicities documented in organic carbon isotope data match periodicities expressed in sedimentological parameters of

Core FR-210-078 and further aligns with the frequency spectrum proposed by La2004.
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S4. Supplementary information: Chapter Four
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Figure S4-1: Stratigraphic evolution of oxygen isotope data from location situated at different latitudes. Data are from

references listed in table S2 (appendix 4.1.). Overall lower 8'%0 values and a stronger decrease in the values have been

documented from locations at high latitudes, like the Cleveland Basin, the Paris Basin and the Southern German Basin. In

contrast, lower amplitudes have been documented from the Mediterranean sector. Amplitudes are given as average values

and as absolute value. According the e.g. McArthur et al. (2008a) or Dera & Donnadieu (2012) geographical differences

most likely reflect a latitudinal dependent salinity gradient throughout the NW Tethyan shelf. Stratigraphic extent of

bottom water anoxia mainly base on the stratigraphic extent of organic-rich deposits as well as on redox proxies, if those

are available (Cleveland Basin: McArthur et al., 2008a; Paris Basin: Hermoso et al., 2013; Southern German Basin: Rohl et

al., 2001; Frimmel et al., 2004; Lusitanian Basin: Hesselbo et al., 2000; Basque-Cantabrian Basin: van de Schootbrugge,
2005a; Gomez & Arias, 2010; Grands Causses Basin: Harazim et al., 2013).

213



Appendix and Supplementary Material

100

80

60

40

carbonate [wt.%]
|

20

40 60
siliziclastics [wt.%]

B A
7 a
r's
A a2 g
8 L’:‘ a Al o
o/ S
3/§ quartz A oa 4 o
YN e A& A f= o)
& O o -
1 & £ 2
&) o e
~ s o [=]=]

6 - s increase in quartz
= IR contributions (siltsand)
é o * o
Z g %° N
<

4

o o
2+ o
o
0 T T T T T
100 0 5 10 15 20 25 30
Si[wt.%]

1 4
@)

Interval 1 (H. falciferum subzone)

Interval 2 (upper H. elegantulum subzone)

A

[ Interval 4 (upper P. spinatum and lower D. tenuic. z.)

Interval 3 (upper D. tenuic. z. and lower H. elegant. sz.)

Figure S4-2: A) The inverse relation observed between siliziclastics and carbonate indicate variable contributions of

allochthonous siliziclastics and autochthonous carbonate. B) The Si versus Al plot allows a qualitative estimate of quartz

contributions. The Si/Al atomic ration of about 1 for of clay minerals (kaolinite, muscovite) is shown.
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Figure S4-3: A) The linear regression observed between carbonate content and Ca concentrations confirm that Ca is

mainly bound to the carbonate fraction. Minor differences in the slope of the regression line result from variations in the

carbonate compositions, may due to Mg or Fe incorporation (review Hermoso et al., 2009). B) The cross-plot of carbonate

with Sr content expose different slopes for intervals. A weak correlation of carbonate with Sr has been documented for

Interval that represents a stage of increased terrigenous contribution. Thus, significant amounts of Sr might be bounded to

the detrital sediment fraction. A good correlation of carbonate with Sr has been documented for the Interval 3, whereby the

flat slope of the regression line indicate low Sr incorporation rates into the carbonate lattice. High Sr concentration were

documented for samples from Interval 2, whereby the scatter in the data result from highly variable Sr incorporation rates

into the carbonate lattice. The step slope of the regression line calculated for samples from Interval 1 indicate high Sr

incorporation rates that were less variable.
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Figure S4-4: Stratigraphic evolution of TOCs and the primary productivity indicators Cu/Al and Ni/Al indicate high OM
export rated during the Schistes Carton Fm. The base of the Schistes Carton Fm, corresponding to the Toa-CIE interval,
show extreme low carbonate and Sr concentrations indicating reduced carbonate production and thus a decoupling of
organic matter and carbonate export. Low carbonate concentrations result from a bioclacification crisis as carbonate
concentrations are bound to the abundance of calcareous nannoplankton (e.g. Hermoso et al., 2009). A fair co-variation
between OM and carbonate production is observed throughout the upper elegantulum zubzone and the falciferum subzone

indicating a coupling of OM and carbonate production.
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Figure S4-5: Changes in TAR, CPI and T,,,, values align with facies changes, whereby low T,,., values confirm a low

thermal maturity for OM in Core FR-210-078, which was indicated by previous works (Ruebsam, 2010; Wagner, 2010).
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Figure S4-6: The cross-plot of bulk (micritic) carbonate 8'°0 with §"°C values allow to estimate diagenetic alterations of
the carbonate fraction and thus of the isotope values. Trend 1 represents the evolution of marine calcite during slightly
meteoric diagenesis, while trend 2 represents the evolution during intensive meteoric diagenesis and/or marine calcite
affected by early diagensis (see Lavastre et al., 2011 for details). Bulk carbonate values, representing micritic and biogenic

carbonates, are commonly lower (dark-green box) than values from unaltered carbonate shells (light-green field).
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S5. Supplementary information: Chapter Five
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Figure S5-1: Cross-plot of Al content with redox-sensitive elements associated with the OM flux (Ni, Cu) and elements

with strong euxinic affinity. The absence of a statistically significant correlation indicates that TE enrichment was mainly

controlled by autochthonous mechanisms and detrital contribution played only a minor role. However, a minor detrital

contribution of Ni, Cu, V and Mo cannot be ruled out.
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Figure S5-2: The cross-plot of isorenieratane concentration (logarithmic scale) with HHI* values expose a positive

correlation, which indicate an enhanced preservation of bacteriohopanes during periods of expanded euxinic conditions.
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Figure S5-3: A) The cross-plot of isorenieratane concentrations with molybdenum isotope values can be used to determine

the relation between extent of euxinia and 8°***Mogp values. A positive trend can be associated with the preferential

removal of Mo under anoxic/euxinic conditions. B) Adsorption of isotopically-light Mo onto Mn particles in the oxic part
of the water column can alter 698/95MOSED values. A high Mn downwards-flux to the euxinic bottom water can be indicated

by high Mn/Ca ratios (Mn present in the sediment as rhodochrosite).
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Figure S5-4: Evolution of redox conditions and PZE for different basins throughout the Western Tethyan Shelf. A similar

evolution of anoxia in all basins can be associated with eustatic sea level changes, whereby a regressive phase throughout

the upper H. elegantulum subzone resulted in a more frequent bottom water reoxygenation that is evident from all

locations. The extent of PZE, inferred from the abundance of carotenoid biomarkers (aryl isoprenoid ratios for Sancerre),

expose a different pattern and different trends were observed. Moreover, okenane and chlorobactane were documented

from the Cleveland Basin (French et al., 2014) and the South German Basin (Schouten et al., 2000), but are absent in the

samples from the Lorraine Sub-Basin. The absence of these biomarkers indicate that the redox boundary in the Lorraine

Sub-Basin was situated in a water depth >40 m (e.g. Sinninghe Damsté & Schouten, 2006).
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S6. Supplementary information: Chapter Six
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Figure S6-1: Marine extinction from the Ordovician to the Neogene (Peters, 2008) in comparison with the evolution of the
Earth climate. Shown are the evolution of atmospheric carbon dioxide concentration (Berner, 2001) and SST (Grossmann,
2012).
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Figure S6-3: Stratigraphic evolution of 4Me-diasterenes expressed as ration with des-methyl-steroids and as percentage of
the different 4Me-diasterenes that has been identified. The C,3 compound can be ascribed to 4-methyl-diacholest-13(17)-
enes an the C,9 compounds to 4, 24-methyl-diacholest-13(17)-enes. The Cs3y compounds can either be ascribed to 4-methyl,
24-ethyl-diacholest-13(17)-enes or to 2, 23, 24-methyl-diacholest-13(17)-enes, which could not be distinguished on the
base of the mass spectrums.
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Figure S6-4: Changes in steroids ratios allow to document shifts in eukaryotic communities, mainly algae, which were the
dominating primary producers during the Early Toarcian. However, the significance of steroid-based ratios as source
indicator is limited as sources of single steroids change throughout the profile. Especially ratios that include Cyq steroids
might be misleading as Cyo-steroids are originated in land plants as well as in marine algae, whereas relative contributions
from these sources change throughout the profile. Relative changes in land plant derived biomass can be inferred from the
evolution of the TAR. Within intervals, characterized by a high TAR, significant amounts of the C,y steroids can be
originated in higher land plants. Changes in the relative abundance of Cj steroids can be associated with contributions
from Pelagohyceae and thus represent input from exclusively marine algae. High contribution of Cs can be associated with
marine conditions (high sea level, normal marine SSS). Steroid ratios (C,9 to Cy9) provide further information about
changes in the phytoplankton community structure. However, interpretation of these ratios must be done for each interval
separately as the biological sourced of the steroids change throughout the intervals. Inferred biological sourced of the
different steroid species and thus the underlying prediction of the ratios are given as well (M: marine algae input; FW:

freshwater tolerant algae; T: terrestrial contributions).
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Information about the digital data sheet
(data_table Diss WR__Core-FR-210-078)

Data discussed in this thesis are available as excel data sheet that is attached to the thesis.

Date data sheet contains the following sub-sheets:

1- Master sheet: comprising merged data from organic, inorganic and isotope geochemical
analysis

2- MagS data: high-resolution magnetic susceptibility measurements

3- Lab: com: high-resolution spectrophotometry measurements

4- ultra-high-res a: a*-values from line scanning of the basal Schistes Carton Fm

5- bulk data: bulk geochemical data (TC, TS, TN, TOC, TIC, Rock Eval)

6- eclements 1: element data measured via Aqua Regia ICP-OES

7- elements 2: element data measured via Lithium metaborate/tetraborate fusion - ICP-OES

8- 13Corg: 613C0rg data

9- 180 & 13Ccarb: 80, data and 8"°C.,y,, data

10- 34S: 8**C data of the sediment

11- dMo: 8"¥Mo data

12- biomarker data: selected biomarker data
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