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Preface

This dissertation is submitted to achieve the title 'Doctor of Natural Sciences (Dr. rer. nat.)’ at the
University of Bremen in the Department of Geosciences (FB5) and the research faculty MARUM
— Center for Marine Environmental Sciences. This project was part of the research group "TER-
SANE - Temperature-related Stressors as a Unifying Principle in Ancient Extinctions", which
aimed to resolve the combination of environmental stressors like ocean deoxygenation, ocean acid-
ification, and elevated seawater temperatures as a potential trigger for two past extinction events
(Permian—Triassic boundary and Early Jurassic Toarcian Oceanic Anoxic Event). The focus of this

project was the investigation of the Early Jurassic event and is subdivided into five chapters:

Chapter 1: This first chapter outlines the background information of this thesis including the
motivation and objectives, the different isotope systems used in this study and how to apply them
to paleoenvironmental reconstructions, details about the study areas, and a section about the cur-
rent state of the science of environmental conditions during the Pliensbachian and early Toarcian

time interval.

Chapter 2: The second chapter describes all the materials and methods used in this study
including the sample collection, sample preparation techniques, laboratory chemical procedures for
isotope analyses and further analytical methods, as well as the description of leaching procedure
developments. Moreover, a section describes the evaluation of the sample preservation. This chap-

ter is thought to serve as a supplementary material to the manuscripts in chapter 3 and 4.

Chapter 3: This third chapter contains the manuscript "A comparative study on seawater pH
changes during the T-OAE (Early Jurassic) with boron isotopes", which is in preparation for sub-
mission to Science or Nature Geoscience. The manuscript examines different archives of carbonates
and their usage as seawater pH tracers. Furthermore, it provides the first direct evidence for a

seawater pH drop during the Toarcian Oceanic Anoxic Event.

Chapter 4: The fourth chapter contains the manuscript "Enhanced silicate weathering pulses
and Lusitanian basin restrictions during the Early Jurassic (Pliensbachian-Toarcian)", which
is in preparation for submission to Geochimica et Chosmochimica Acta. The manuscript sup-
ports already published findings of enhanced continental weathering rates during the T-OAE and
Pliensbachian—Toarcian boundary, but is firstly able to unravel the changes in solely silicate weath-
ering as a COy drawdown mechanism. In addition, we are in fact able to outline an evidence of a

short-term restriction of the Lusitanian Basin during both investigated events.



Chapter 5: The final chapter summarizes the results of each chapter and gives an outlook for

future research.

Note: All images shown in this thesis plus additional data tables with all data gener-
ated for this study can be found on the attached CD!
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Abstract

The Early Jurassic (Pliensbachian-Toarcian, ~183 Ma) is characterised by some of the Mesozoics
most drastic environmental perturbations. The Pliensbachian—Toarcian boundary (P1-To) and the
early Toarcian Oceanic Anoxic Event (T-OAE) both witnessed a second-order global extinction
and severe faunal assemblage changes. The biological crisis for both events is being linked with
the emplacement of the Karoo-Ferrar large igneous province (LIP). Rapid intrusive volcanism, to-
gether with contact metamorphism, triggered volatile releases of particularly the greenhouse gases
carbon dioxide (CO3) and methane (CHy4) leading to pCO;y concentrations of 2-4 times higher
than pre-industrial levels. This volcanic activity is also recognised in a negative carbon isotope
perturbation that can be recorded worldwide. The effects of such elevated atmospheric COs con-
centrations were manifold: rising temperatures in the atmosphere and seawater, deoxygenation of
wide parts of the ocean, a possible ocean acidification event, and drastic changes in the nutrient
cycles. The combination of all these stressors is termed as the "deadly quartet" and observed
in several mass extinction events during our geological past. Humankind is currently facing the
deterioration of its climatic and environmental conditions by even these very stressors. However,
the raise in atmorspheric COs concentrations is this time initiated by humans itself by burning
fossil fuels and inducing drastic changes in land use. Nonetheless, we do not know how all these
stressors will affect our future ecosystem. Therefore, it is of utter importance to investigate past
events where the "deadly quartet" occurred and to examine the role of each stressor during the

extinction event, to hopefully learn what to probably expect of our future.

One aim of this study is to unravel changes in seawater pH during the T-OAE, as already sev-
eral indications exist but the direct evidence is lacking so far. With the help of boron isotopes
(6''B) we are not only able to trace such changes, but are also able to compare different archives
(inorganic and biogenic carbonates) on their liability as seawater pH recorders. We present high-
resolution 6''B records for two carbonate transects located on opposite margins of the Iberian
Massif (Lusitanian and Iberian Basin) and give the first direct evidence for a seawater pH drop
during the T-OAE. Because the pH decline is only concise in the inorganic carbonates, while the
biogenic carbonates (derived from brachiopods and bivalves) do not show this trend, this leaves

the question of the liability of biogenic carbonates as accountable pH recorders.

A second aim is the reconstruction of silicate weathering conditions for the P1-To boundary and
T-OAE. As both events are thought to being triggered by abrupt rises in atmospheric CO43 from
Karoo—Ferrar flood basalt volcanism, this would have implemented Earth’s feedback mechanism

to draw down the CO2 amounts with enhanced silicate weathering. Here we present two basins



located around the Iberian Massif that show abrupt changes in the Li isotope signature (67Li) at
both events supporting earlier studies findings of elevated continental weathering, whereas we are
able to specifically trace the silicate weathering part with our generated Li isotopes. We further
suggest that the Lusitanian Basin (Portugal) was probably restricted for a short time at both
events owing to abrupt sea level falls and a tectonic event that formed effective barriers to prevent
open marine circulation. As no such indications can be found for the Iberian Basin (Spain), we
hence suggest that it records open marine conditions, whereas more research with Li isotopes in

different basins are recommended to support this idea.

Overall does this thesis contribute important findings to the understanding of the Pliensbachian—
Toarcian crisis intervals. A seawater pH drop is now evident with the help of this study, and adds
up to confirm the definite occurence of the third stressor of the "deadly quartet", with implications
for being the reason for the observed extinction during the T-OAE. However, further research
focusing on this part is required to better understand the driving mechanisms of the fauna during

this time of extreme changes.
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Kurzfassung

Das frithe Jura (Pliensbach—Toarc, vor ~183 Millionen Jahren (Ma)) zeichnet sich durch einige
der drastischsten Umweltkatastrophen des Mesozoikums aus. Die Pliensbach—Toarc Grenze (Pl-
To) und das im frithen Toarc auftretende Ozeanische Anoxische Event (T-OAE) sind beide von
globalem Aussterben und einschneidenden Anderungen der Faunengemeinschaft geprigt. Die bi-
ologische Krise beider Events héngt mit dem Auftreten der magmatischen Grofiprovinz (Large
Igneous Province — LIP) Karoo—Ferrar zusammen, bei dem sehr grofe Mengen an Magma zutage
gefordert wurden. Der schnelle, intrusive Vulkanismus des Karoo-Ferrar LIP zusammen mit dem
Auftreten von Kontaktmetamorphismus 16sten das Entgasen grofier Mengen von Treibhausengasen
aus, speziell Kohlendioxid (CO3) und Methan (CHy). Dies fiihrte zu CO5 Konzentrationen die 2- bis
4-fach hoher liegen als noch vor der industriellen Revolution. Der LIP-Vulkanismus ist auferdem in
einer weltweit zu vernehmenden negativen Exkursion in der Kohlenstoff-Isotopie zu erkennen. Die
Auswirkungen solch hoher COs Konzentrationen waren vielfaltig: Erhohte Temperaturen in der
Atmosphére sowie im Meereswasser, der Verlust von Sauerstoff von grofen Teilen des Ozeans,
das Auftreten einer méglichen Ozeanversauerung, sowie gravierende Anderungen im Nihrstof-
fkreislauf. Die Kombination dieser vier genannten Stressfaktoren wird auch "Tdédliches Quartett"
genannt und dessen Vorkommen konnte schon zusammen mit einigen Massenaussterbeevents un-
serer geologischen Vergangenheit beobachtet werden. Die Menschheit erfihrt momentan dieselben
Stressfaktoren, die zur Verschlechterung des Klimas und der Umwelt fiihren, ebenfalls ausgelost
durch den schnellen Anstieg des Treibhausgases CO5 in der Atmosphére. Allerdings sind heute das
Verbrennen des fossilen Brennstoffs und massive Anderungen der Landnutzung der Ausloser dafiir.
Jedoch wissen wir noch nicht, wie sich die ganzen Klimafinderungen in Zukunft auf unser Okosys-
tem auswirken werden. Daher ist es von grofiter Wichtigkeit vergangene Events zu erforschen, die
mit dem "Tddlichen Quartett" in Verbindung stehen, um herauszufinden, welchen Einfluss jeder
Stressfaktor auf das Massenaussterben hatte. Somit kénnen wir hoffentlich Riickschliisse daraus

ziehen, was uns in Zukunft erwarten wird.

Ein Ziel der vorliegenden Studie ist es herauszufinden, ob es Anderungen im pH-Wert des
Meereswassers wiahrend dem T-OAE gegeben hat, da es bisher noch keinen direkten Nachweis
dafiir gibt. Mit Hilfe von Bor-Isotopen (6''B) sind wir nicht nur in der Lage solche Anderun-
gen im pH-Wert des Meereswassers zu entschliisseln, sondern kénnen auch noch mehrere Archive
(anorganische und biogene Karbonate) miteinander vergleichen und somit Riickschliisse auf deren
Zuverlissigkeit als pH-Archive des Meerwassers ziehen. Wir priisentieren hochauflésende 6''B-
Profile von zwei karbonatischen Aufschliissen, die an entgegengesetzten Randern des Iberischen

Massivs liegen (Lusitanisches und Iberisches Becken), und geben den ersten direkten Beweis dafiir,

VII



dass es eine Verringerung des Meerwasser-pH-Wertes wihrend des T-OAE gegeben hat. Da diese
Verringerung des pH-Wertes nur in den anorganischen Karbonaten aufgezeichnet wurde, lasst dies

die Zuverldssigkeit der biogenen Karbonate als pH-Archive anzweifeln.

Ein weiteres Ziel war es, die Verwitterung von Silikaten wihrend der P1-To Grenze und des T-
OAE zu rekonstruieren. Da beide Events vermutlich von einem schnellen Anstieg im atmosphérischen
CO4 Gehalt des Karoo—Ferrar-Vulkanismus ausgelost wurden, hitte dies den Feedback-Mechanismus
der Erde in Gang gesetzt. Dieser bewirkt, dass das iiberschiissige CO2 durch die Verwitterung
von Silikaten abgebaut wird und die urspriinglichen COs; Gehalte wieder erreicht werden. Mit
unserer zweiten Studie sind wir in der Lage, abrupte Anderungen in der Li-Isotopie (07Li) an
beiden Events nachzuverfolgen, um bereits verdffentliche Ergebnisse zu unterstiitzen, die erhohte
kontinentale Verwitterungsraten rekonstruieren konnten. Der Unterschied zu diesen Studien ist
allerdings, dass unsere generierten Li-Isotope in der Lage sind ausschliefslich die silikatische Ver-
witterung nachzuverfolgen, wofiir es bisher noch keine Untersuchungen im frithen Jura gibt. Wir
vermuten aufserdem, dass das Lusitanische Becken (Portugal) méglicherweise kurzzeitig abgegrenzt
vom globalen Meereseinfluss wihrend beider Events gewesen ist. Dies war wahrscheinlich die Folge
eines plotzlichen Abfalls des Meereswasserspiegels zusammen mit dem Auftreten eines tektonis-
chen Events, das zur Errichtung von effektiven Barrieren fiihrte und somit den Austausch der
globalen Meereszirkulation verhinderte. Da das Iberische Becken (Spanien) eine andere §''B Sig-
natur verzeichnet, gehen wir davon aus, dass hier die globale Meeressignatur aufgezeichnet wurde,
wobei weitere Studien mit Li-Isotopen in anderen Becken benotigt werden, um diese Theorie zu

untermauern.

Allgemein gesehen leistet diese Thesis einen wichtigen Beitrag zum Versténdnis der beiden Events
im frithen Jura. Wir liefern den Nachweis fiir einen verringerten Meereswasser pH-Wert, womit
ein weiterer Stressfaktor des "Tddlichen Quartetts" nun bewiesen wiren. Dies kann nun als Aus-
gangspunkt fiir weitere Studien genutzt werden, um die einzelnen Folgen der Stressoren auf die

Fauna wahrend des T-OAEs zu untersuchen.
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Introduction






1 INTRODUCTION

1. Introduction

1.1. Motivation and objectives

Atmospheric COs concentrations have relentlessly increased since the beginning of the industrial
revolution from ~280 ppm to about 390 ppm today, owing to mainly anthropogenic fossil fuel
burning and changes in land use (IPCC, 2007; Peters et al., 2012). These elevated CO4 concen-
trations will lead to higher surface temperatures, which will have drastic effects on our terrestrial
ecosystem (e.g. Deutsch et al., 2008; Tewksbury et al., 2008; Wright et al., 2009). But also the ma-
rine ecosystem will be influenced, not only by likewise increased seawater temperatures (Munday
et al., 2012 and references therein) but also by impacts of the oceans absorption of large parts of
atmospheric COy (> 41%; Gruber et al., 2019; Sabine et al., 2004) due to the air-sea equilibrium.
Already does this absorption cause an acidification of the surface ocean by an increase of seawater
pH by 0.1 units (Caldeira and Wickett, 2003; Wolf-Gladrow et al., 1999), and models predict a
further decrease in pH by the year 2300 of about 0.8 units (Caldeira and Wickett, 2003). Another
effect of this climate warming on the marine system is the shortage of available oxygen in seawater
caused by warmer waters and the increased stratification of the ocean (Bijma et al., 2013; Portner
et al., 2005).

Hence, the stressors of our modern marine ecosystem are acidification, deoxygenation, warming
and changes in nutrient cycling, which are also known as the "deadly quartet" (Bijma et al., 2013;
Clapham et al., 2013; Piazza et al., 2019) and already played a major role in several extinction
events during our geological past, e.g. the end-Permian (~252 million years ago (Mya)) and end-
Triassic (~200Mya)) extinction events (Brand et al., 2012; Clarkson et al., 2015; Honisch et al.,
2012; Jaraula et al., 2013; Joachimski et al., 2012; Kiessling et al., 2007; Kiessling and Simpson,
2011; Knoll et al., 2007). As our understanding of the final effects of all these combined stressors
on the marine ecosystem is still unknown up to date, we can investigate those events in the past
and hopefully learn for our future.

The Early Jurassic Pliensbachian—-Toarcian times (~180Mya) were associated with two minor
extinction events where high COg levels, climate warming, and ocean deoxygenation occurred
(e.g. Benton, 1995; Bodin et al., 2016; Cecca and Macchioni, 2004; Dera and Donnadieu, 2012;
Mattioli et al., 2009; McArthur et al., 2008; Percival et al., 2015; Suan et al., 2008). Despite
our knowledge about two associated extinction events that occurred during these extreme times
— Pliensbachian-Toarcian boundary (183 Mya) and Toarcian Oceanic Anoxic Event (T-OAE, 180
Mya) — still many questions remain unresolved. One question for example is the occurrence of an
ocean acidification during both events to add up to the incident of the "deadly quartet" as a possible
kill mechanism. Many indications for an acidification already exist for the T-OAE, as for instance a

major carbonate production crisis that resulted in the size reduction of marine carbonate producing
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organisms (Piazza et al., 2019; Suan et al., 2008), the decrease in the carbonate accumulation rate
(Hermoso et al., 2012), and the near disappearance of shallow-water platforms (Trecalli et al.,
2012). However, a direct evidence for a drop in seawater pH is lacking so far. Following, the first

questions that this study tries to answer are:

1. Is there a change in seawater pH across the T-OAE and Pliensbachian—Toarcian boundary?

2. If there is a decrease in seawater pH, how drastic was it and can it be termed as an ocean

acidification event?
3. Which environmental changes lead to the decrease in seawater pH?

4. Which influences do seawater pH changes have on marine calcifiers?

The fourth questions is thought to be addressed together with our research groups paleontologists
whom we are working on together on the same transects and who investigate the assemblage changes

during the T-OAE event. Also, a further matter of this study is :

5. What are the weathering conditions during the Early Jurassic?

This question aims to unravel changes in silicate weathering. When atmospheric CO5 concentra-
tions rise Earth’s feedback mechanism will be triggered. This means that through the weathering
of geologic materials the excess COy will be consumed, which is subsequently transferred to the
ocean where is it stored in precipitated carbonate rocks, on the long term leading to a drawdown of
the high CO5 levels and stabilization of Earth’s climate. The most important part in this process
play silicate minerals as they have the highest consumption capacity of COs. Hence, tracing this
feedback mechanisms during both Early Jurassic events is likewise of importance and helps us to

learn for our future climate.
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1.2. Tracing seawater pH with boron isotopes

Dissolved boron occurs as two species in seawater, one being the trigonal boric acid (B(OH)3) and
the second being the tetrahedral oriented borate (B(OH); ) with relative proportions of 80 and
20 % at pH 8, respectively. The abundance of each species is dependent on the pH as described by

this reaction formula (see also Fig. 1):

B(OH)s3 + H>0 < B(OH)] + H* (1)

This means that at low pH all dissolved B is present in B(OH)3, whereas at high pH B is present
in the B(OH), species. Owing to stronger boron-oxygen bonds in B(OH)3 this species is enriched
in 1B, while B(OH), is preferentially enriched in B (e.g. Zeebe, 2005) with an offset of 26-27 %o
(Klochko et al., 2006; Nir et al., 2015). Isotopic fractionation between these two species occurs
due to coordination-controlled vibration differences as a function of pH, also altering its §''B value
as both species become enriched in 'B with rising pH and concurrently B(OH); becoming the

dominant aqueous species (Kakihana et al., 1977; Oi et al., 1988; Schwarcz et al., 1969).
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Figure 1. Boron species in modern seawater modified after Xiao et al., 2013. pK; value from Dickson,
1990 and fractionation factor a from Klochko et al., 2006.

The 61!B value of today’s seawater (6'1Bgy) is 39.61 %o (Foster et al., 2010) and homogeneous
throughout the world ocean (Hemming and Hanson, 1992; Spivack et al., 1987) due to the long
residence time of boron in the ocean of 14-20 Ma (Lemarchand et al., 2000, 2002; Spivack et
al., 1987) making it a good tracer for long-term changes of at least a few million years in the
0"'Bgw. The rather heavy §''Bgy indicates that mechanisms exist that remove the light B

from the seawater relative to the input from the detritial fraction from the continents with an
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SUB imprint of -15 to -8 %o (Ishikawa and Nakamura, 1993). Three sinks of boron in the ocean
are recognised: (I) adsorption of boron onto marine clays; this fractionation prefers °B and is

! and a §''B signature of -6

pH dependent, revealing high boron concentrations of 96-132 pg g~
to +2.8%c (Ishikawa and Nakamura, 1993; Palmer et al., 1987), (II) exchange with oceanic crust
with §11B values from -2 to -4 %o(Spivack et al., 1987), and (ITI) the coprecipitation with calcium
carbonate revealing §''B values of modern biogenic and abiogenic marine carbonate between +10
to +30 %c¢ (Hemming and Hanson, 1992; Ishikawa and Nakamura, 1993; Vengosh et al., 1991).
The preferential uptake of B(OH), in calcite was firstly suggested by Hemming and Hanson,
1992 explained by the negatively charged species being more attracted to the positively charged
calcite surface than the uncharged B(OH)3 (Palmer et al., 1998; Pearson and Palmer, 2000; Spivack
et al., 1993; Xiao et al., 2014). This assumption is used as a basis for many pH reconstruction
studies, however recent studies seek to improve our understanding of the B species uptake in
carbonates (e.g. Balan et al., 2018; Farmer et al., 2019; Holcomb et al., 2016; Kaczmarek et al.,
2016; Mavromatis et al., 2015; Noireaux et al., 2015; Uchikawa et al., 2015). The current findings
imply that aragonite seems to only incorporate B(OH); while calcite may take up a mixture of
B(OH)3 and B(OH), . Nevertheless, as it is still a matter of debate how B is incorporated exactly
in marine carbonates, pH reconstructions still use the assumption of Hemming and Hanson, 1992

where only B(OH), is incorporated into the calcite, leading to the following relation:

6llBSW - 6lleorate
611BSW — (OéB * 5lleorate> - 103 * (OéB - 1)

pH = pK;, —log |— (2)

with pKj, being the dissociation constant of B with a given value of 8.597 at 25°C (Dickson, 1990),
"' Bgw being the boron isotopic composition of seawater (39.61 %o, Foster et al., 2010), ap as the
B isotope fractionation factor and 6! Byy,qse as the B isotopic composition of the marine carbonate.
A first estimate for the value of ap was given by Kakihana et al., 1977 with a value of 1.0194 (eg=
19.4%0; ep = (ap — 1) * 103). By contrast, various subsequent studies found different estimates
ranging between 18-30 %o depending on the speciation calculation methods. Recent studies, for
example, suggested values of 1.025 4+ 0.001 (Noireaux et al., 2015), 1.026 £+ 0.001 (Nir et al., 2015)
and 1.025 4+ 0.0005 (Kaczmarek et al., 2016). Nonetheless, in modern studies for pH reconstructions
the widely accepted value of 1.0272 + 0.0006 by Klochko et al., 2006 is still used. Depending on
which ap value is applied the calculated data can alter in the range of 1-2 %0 (Fig 2). Moreover
to mention is a possible small-scale influence of temperature on ag observed with biotic carbonate
precipitation (Farmer et al., 2015; Honisch et al., 2019; Honisch et al., 2008; Rae et al., 2011) and

inorganic carbonate (Kakihana et al., 1977). As mentioned above, the fractionation of B in calcite

is still a matter of debate and in need of clearance. Therefore we apply the ap from Klochko et al.,
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2006 in this study, also because the values fall within the uncertainty from Nir et al., 2015 and for

better comparison to other studies.
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Figure 2. Selected estimated fractionation factors for B (ap). Applied pK, value of 8.597 for 25°C
(Dickson, 1990) and 6*'Bgw = 39.61 %o (Foster et al., 2010). For the Penman et al., 2013 calculation a
species specific correction factor was used (a = -2.4, for more information see Penman et al., 2013).

Another varying factor in the pH calculation equation is the dissociation constant of boric acid
pKp. Different studies found that pKj is temperature, pressure and salinity dependant (e.g. Cul-
berson and Pytkowicx, 1968; Dickson, 1990; Hansson, 1973; Roy et al., 1993). Generally spoken,
the pK} increases with decreasing temperature and salinity. As recent studies use the pKj values
from Dickson, 1990 and his results were confirmed by Roy et al., 1993 and are in agreement with
the findings from Hansson, 1973, we also apply his values for our reconstructions in this study.

A further matter not yet resolved is the B fractionation during biogenic carbonate precipitation
for brachiopods. Fossil brachiopods are often used for isotope analyses as they are regarded to
confidently preserve their original chemistry despite post-depositional processes, because their low-
magnesium calcite shell is more robust against such influences (e.g. Brand et al., 2012; Brand
and Veizer, 1980, 1981; Brand et al., 2003). Only a few studies addressed the potential use of
brachiopods as pH tracers up to date (Joachimski et al., 2005; Jurikova et al., 2019; Lécuyer et al.,
2002; Penman et al., 2013). Three of those studies investigated the fractionation of B between the
brachiopod shell and seawater concluding in different relations of the pH and B incorporation (Fig.
2). What those studies agree on, is the reduced §'!B sensitivity against pH changes (Jurikova et al.,

2019; Penman et al., 2013) compared to the aqueous fractionation in marine carbonates predicted
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by Klochko et al., 2006. Also a common finding of both brachiopod studies is the occurrence of
vital effects, which leads to an altered 6''B value of the marine organism shell in comparison to
the ambient seawater (Jurikova et al., 2019; Penman et al., 2013). Nevertheless, both studies speak
for the use of brachiopod derived §''B as a mean to reconstruct past seawater pH changes, but

suggest focusing on a single species or cross-calibrating coeval species.
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1.3. Reconstructing paleo-weathering conditions with isotopes

Weathering is an important process to regulate Earth’s climate while being influenced by the
climate itself. The processes involved in weathering deliver nutrients and solutes to the ocean
and have the potential to act as a climate feedback mechanism by stabilizing Earth’s climate
through the consumption of atmospheric CO4 and transferring it into the ocean system by forming
sedimentary rocks.

The most crucial geological materials that consume CO2 during chemical weathering are silicate
and carbonate minerals, whereas the importance of both on climate stabilization differs. While
carbonate minerals are relatively more soluble than silicates, they act as a climate stabilizer on
the short term. This is because the dissolution of carbonate and the involved COs consumption is
reversible in the oceans by precipitating carbonate and the accompanied return of the greenhouse
gas into the ocean—atmosphere system. Nonetheless, carbonate weathering also is a strong buffer
to ocean acidity by adding alkalinity in the form of bicarbonate and carbonate ions.

On the other hand, weathering of silicate minerals also adds alkalinity through bicarbonate
but on a lesser extend. Moreover, it can act as a net sink for CO5 and help balancing Earth’s
climate on the long term, especially by weathering Ca and Mg silicates (France-Lanord and Derry,
1997). Silicate weathering is also more complex as carbonate weathering, because carbonates simply
dissolve completely (congruent weathering) while silicate weathering involves the formation of a
new secondary clay mineral (incongruent weathering), which is an important process for forming
soils.

To reconstruct paleo-weathering conditions several isotopic systems can be used as a tracer and
different systems should also be combined to verify ones theory. In the following the three different

isotopic systems of Sr, Li and Mg are explained as tracers for continental weathering processes.

1.3.1. Strontium isotopes

The element strontium (Sr) has four isotopes 84 (0.56%), 86 (9.87%), 87 (7.04%) and 88 (82.53%)
with each relative abundances (Faure, 1986). The 37Sr isotope is the product of radioactive decay
of 87Rb and thus the proportions vary according to the time passed. Sr can be used as a tracer for
global weathering because of its long residence time in the oceans (1-5 Ma, McArthur et al., 2012;
Palmer and Edmond, 1989). It enters the oceans through weathering of silicate and carbonate
minerals as well as submarine hydrothermal alteration. The major sink for Sr is the precipitation
of marine carbonates, whilst this process does not involve isotopic fractionation and records the
Sr signal of the time the rock was formed (Edmond, 1992). Today’s 87Sr/%6Sr composition of the

seawater is 0.70917 and varied greatly over the geological timescale (Palmer and Edmond, 1989).
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Simply spoken, as each input source of Sr has a distinct lower (hydrothermal alteration) and higher
(continental river flux) Sr isotopic composition, the variations should be the result of differing
input rates of each process (Palmer and Edmond, 1992). However, Raymo and Ruddiman, 1992
already stated that this simplified view of increasing 87Sr/26Sr in the oceans is unlikely to generally
correlate with increased silicate weathering rates due to higher atmospheric COs concentrations.
This is because of the differing abundances of Ca and Mg in the silicates and accordingly their
varying amounts of COy consumption (Dessert et al., 2003). While granitic silicates generate a
high 87Sr/%0Sr they have rather low Ca and Mg contents, in contrast to mafic silicates that show
low 87Sr/86Sr ratios but high Ca and Mg abundances and hence have the ability to act as a stronger
CO; sink than granitic silicates. This effect can be observed since the Eocene as marine 7Sr/%6Sr
ratios were constantly increasing, which is almost certainly the result of different rock types that
have been weathered and does not speak for elevated CO4 consumption (Derry, 2009).

Modern day Sr river input dominates the ocean budget by contributing two-third of the total Sr
content in the oceans in contrast to one-third from hydrothermal systems. The river 7Sr/86Sr is
greatly influenced by the so called "memory effect", which describes the weathering of old marine
carbonates and the release of their ancient Sr isotopic composition of the past oceans that have
been relatively more radiogenic.

Note that already a number of studies exist that tried to explain the oscillations of the 87Sr/%6Sr
seawater signature during Pliensbachian—Toarican times (see section 1.5) in terms of continental
weathering. None of those studies were able to explain the steep decrease in Sr isotopic signature at
the P1-To boundary as well the distinct rise to more radiogenic values during the T-OAE (Fig. 19).
Sr isotopes are not unambiguous in their interpretation when it comes to differ between carbonate
and silicate weathering rates, as explained above. Because the 37Sr/8¢Sr isotopic signature of
this study retraces the already published seawater signal, this study will only use the generated
Sr isotopes in terms of stratigraphy and evaluation of the preservation. Continental weathering

reconstructions will thus be conducted with Mg and Li isotopes.

1.3.2. Magnesium isotopes

Magnesium (Mg) has three stable isotopes (24, 25, 26) with typical relative abundances of 78.99%,
10.00% and 11.01%, respectively (Berglund and Wieser, 2011). As the mass difference between
24Mg and 26Mg is relatively large with over 8%, significant mass fractionation in numerous geolog-
ical processes can be observed. With its long residence time in seawater of over 10 Ma (Li, 1982) it
exceeds the ocean mixing time of 1-2kya (Garrison, 2006) and thus is homogeneously distributed in
the oceans. In today’s seawater §2Mg compositions of -0.83 4 0.09 %o are reported (Foster et al.,
2010; Ling et al., 2011) with average Mg contents of 53 mmol/l (Foster et al., 2010; Tipper et al.,

2006). The main sinks of Mg are hydrothermal circulation at mid-ocean ridges, the precipitation
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of dolomite, as well as ion-exchange reactions with clays (Elderfield and Schultz, 1996). The main
sources of Mg into the oceans are rivers (Tipper et al., 2006).

The fractionation of Mg isotopes occurs during the formation of carbonate minerals, which prefer
to incorporate the light Mg isotope with weaker Mg bonding strength, and during the formation of
silicate minerals, which take up the heavier Mg isotopes (Schauble, 2011). But also the vegetation
has the potential to fractionate Mg isotopes as they are highly enriched in Mg and preferentially
take up the light Mg and thus deplete the surface waters (Anderson et al., 1983; Bi et al., 2007;
Black et al., 2006). On the other hand, the decay of plants thus may drive the isotopic composi-
tion of surface waters to lighter values. Typical §26Mg values of silicates range between -0.77 to
-0.09 %0 and hence are virtually uniform, indicating a limitation of Mg isotopic compositions at
high temperatures (e.g. Chakrabarti and Jacobsen, 2010; Liu et al., 2010; Teng et al., 2010a). In
contrast, carbonate minerals show a wide variety of 62°Mg between -5.6 to -1 %o (e.g. Fantle and
Higgins, 2014; Gao et al., 2018; Li et al., 2012; Wang et al., 2017). The Mg isotopic content of
rivers is consequently controlled by the formation and weathering of these terrestrial components
and explains the high 6?Mg diversity in modern river waters of in mean -1.09 %o with a range of
+ 2.5%0 (Tipper et al., 2006).

Another important process during incongruent silicate rock weathering is the formation of sec-
ondary (clay) minerals. Clays usually prefer the incorporation of the heavy Mg isotopes into their
crystal lattice (Tipper et al., 2006; Tipper et al., 2010), but also light Mg isotopes can be adsorbed
on the surface of the mineral (Opfergelt et al., 2014; Wimpenny et al., 2014). During weathering
the light Mg isotopes are washed out by fluids and leave the weathering products (such as soil and
clay minerals) with heavy Mg isotopic compositions (e.g. Brenot et al., 2008; Gao, 2016; Liu et al.,
2014; Teng et al., 2010b; Tipper et al., 2006).

The fractionation of Mg isotopes into calcite minerals is also complex and not yet fully resolved as
it depends on several factors like temperature, calcite growth rate, the aqueous Mg concentration,
pH, mineralogy, the precipitation process and the Mg content in the calcite (Galy et al., 2002;
Immenhauser et al., 2010; Li et al., 2012; Saenger and Wang, 2014; Wang et al., 2019). For instance,
the temperature effect on Mg fractionation is found to be negligible at temperatures between 4—
45°C with rather small temperature sensitivities of 0.011 %o /°C (Li et al., 2012) and 0.009 %o /°C
(Wang et al., 2013). Moreover, mineralogy also plays a role as the Mg isotope fractionation in in
calcites is larger than in aragonites with a general increasing fractionation as follows: aragonite <
dolomite < magnesite < calcite (Wang et al., 2013). Precipitation rates influence the Mg isotope
fractionation likewise to that effect that fractionation is smaller at faster rates (Immenhauser et
al., 2010; Mavromatis et al., 2013), and larger fractionation has been observed in calcites with
lower Mg contents (Wang et al., 2019). Lastly, effects from aqueous Mg concentration, pH and

the precipitation process have been suggested by Saenger and Wang, 2014 but no empirical studies
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exist up to date to evaluate the specific fractionation processes in greater detail.

1.3.3. Lithium isotopes

Lithium (Li) has two stable isotopes, °Li and 7Li, with typical relative abundances of 7.52%,
92.48%, respectively (Berglund and Wieser, 2011). As the relative mass difference between both
isotopes is large the fractionation at low-temperature processes has a wide span, making it a good
tracer for those processes in a geological context. The seawater ¢’Li amounts to 31.0 & 0.5 %o
(Broecker and Peng, 1982) and is globally evenly distributed, owing to the long residence time
of Li in seawater of about 1.2 Ma (Stoffynegli and Mackenzie, 1984) exceeding the rates of ocean
mixing. The main sinks for Li in the oceans is the incorporation into clays and the subsequent
integration into marine sediments, which makes up 70% of the Li removal, and the low-temperature
alteration of oceanic crust, which also involves the formation of clays (Chan et al., 1992; Chan et
al., 2006; James et al., 1999; Seyfried et al., 1998; Verney-Carron et al., 2011; Vigier et al., 2008).
During formation of clay minerals Li isotopes fractionate and %Li is preferentially incorporated into
the mineral lattice as well as adsorbed onto the clay mineral surface (e.g. Pistiner and Henderson,
2003; Vigier et al., 2008; Williams and Hervig, 2005; Wimpenny et al., 2015; Wunder et al., 2010,
2007, 2006), explaining the relatively light Li isotope composition of those phases and the heavy
d7Li of seawater.

The main sources of Li into the ocean are continental river runoff with its signature of low-
temperature chemical weathering processes, and hydrothermal activity high-temperature processes
at the mid-ocean ridge (Elderfield and Schultz, 1996; Gaillardet et al., 2003; Huh et al., 1998; Lui-
Heung et al., 1994). Both sources contribution to the Li seawater budget is nearly equal but the
Li isotopic composition is very distinct with a mean of ~8.3 %o for hydrothermal fluxes (Elderfield
and Schultz, 1996; Lui-Heung et al., 1994; Rudnick and Gao, 2003; Tomascak et al., 2008) and
23.5 %o for the mean river runoff (Huh et al., 1998). The reason for the large isotopic offset between
the two sources is the isotopic fractionation of Li during chemical weathering. The fractionation
on the continents occurs according to the fractionation in seawater. During chemical weathering
of silicate minerals secondary (clay) minerals are formed (incongruent weathering), leading to a
high 67Li river signature with low Li concentrations. However, during congruent weathering, and
thus only primary silicate mineral dissolution, low 7Li and high Li element concentrations can be
observed in the rivers (Dellinger et al., 2015; Kisakurek et al., 2005; Liu et al., 2015; Misra and
Froelich, 2012; Pogge von Strandmann et al., 2010, 2013).

A major advantage of using Li isotopes for the reconstruction of chemical weathering in compar-
ison to other isotope systems like strontium, magnesium, calcium and osmium is that Li isotopes
are almost exclusively fractionated and drained in rivers by the weathering of silicates (silicate

weathering contributes more than 95%) (Dellinger et al., 2015; Huh et al., 2001; Kisakurek et al.,
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2005; Millot et al., 2010). While being transported in rivers, only a small portion of Li (~20%) is
available in the dissolved load, while the majority is transported in suspended phases (e.g. Dellinger
et al., 2015; Gaillardet et al., 2003; Palmer and Edmond, 1992). A fractionation also occurs be-
tween these two phases with an offset of about 2 %o, the bedload being mostly heavier than the
suspended sediments, whereas there is a dependence on the secondary mineralogy (Kisakurek et al.,
2005; Millot et al., 2010; Pogge von Strandmann et al., 2006; Wimpenny et al., 2010).

While clay minerals have high Li contents as they are easily incorporated into the crystal struc-
ture, carbonate minerals have rather low Li concentrations (Burton and Vigier, 2012) controlled
by the concentration of available Li in the precipitation solution (Hathrone and James, 2006; Mar-
riott et al., 2004a,b; Misra and Froelich, 2009, 2012; Rollion-Bard et al., 2009). However, there
are several factors that affect the incorporation of elemental and isotopic Li into inorganic calcite
minerals. On the one hand, elemental Li concentrations are higher at low temperatures and there
is also a positive correlation for salinity, Li isotopes on the other hand are not fractionated by these
two influences (Marriott et al., 2004a). Moreover, Li concentrations are also affected by the calcite
growth rates and pH, revealing higher concentrations with higher growth rates and less elemental
Li with higher pH (Fiiger et al., 2019), whereas no studies exist that show the same behaviour for
Li isotopes. Albeit, Li isotopes show an isotopic offset when it comes to different mineralogies as
calcites reveal an offset of -2 to -6 %o to the water they precipitated from, in contrast to aragonites
that showed a larger offset (~-11 to -10 %o ) (Marriott et al., 2004a,b; Pogge von Strandmann et al.,
2019). Nevertheless, several studies support the use of inorganic calcites as archives for past Li
isotope ratios in seawater, although great care should be taken with the leaching methods and the
quantification of a possible influence of diagenesis on the primary §”Li composition (e.g. Marriott

et al., 2004a; Pogge von Strandmann et al., 2013, 2019).
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1.4. Study Areas
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Figure 3. Paleogeography and study area location maps. (A) Global paleogeography during the Early
Jurassic, modified after Dera et al., 2011 and Korte et al., 2015. Red area depicts the suggested expansion
of the Karoo-Ferrar Large Igneous Province (LIP). (B) Detailed reconstructed map of the NW Tethys
area, showing that mainly the northern part of this area suffered anoxia during the T-OAE (modified
after Bassoullet and Baudin, 1994; Ruebsam et al., 2018). Stars mark the locations of the studied areas
— (1) Rabagal/Fonte Coberta (Lusitanian Basin) and (2) Barranco de la Canada (Iberian Basin). [High-
resolution image on attached CD]

1.4.1. Rabacal/Fonte Coberta - Lusitanian Basin (Portugal)

The origin of the Peri-Tethyan Lusitanian Basin is related to the opening of the Atlantic Ocean
during the Mesozoic (e.g. Alves et al., 2009; Rasmussen et al., 1998; Wilson et al., 1989). It
comprises of a small, shallow (less than 160-200 m depth; Bjerrum et al., 2001) and narrow north—
south elongated basin that was limited to the east by the Iberian Massif, to the north by shallow
seas and to the west by emerged horst blocks. To the south it was open to the epicontinental basins
of the NW tethyan realm (Bassoulet et al., 1993) (Fig. 11). Located in the Lusitanian Basin are the
Rabagal (40°03°08.0"N 8°27°30.5"W) and Fonte Coberta (40°03’36.5"N 8°27°33.4"W) composite
sections, situated 1km south of the small village Fonte Coberta and about 2.5km north of the
village Rabagal. This section represents a former homoclinal northeast dipping outer/mid-ramp
environment during the Early Jurassic with a paleo-waterdepth of 80-120m (Gahr, 2005; Silva
et al., 2015). The depositional environment is thought to have remained below storm-wave base
throughout the studied time interval (Gahr, 2005). The biozonation in this succession is well defined
through ammonites, nannofossils and dinoflagellate cysts (Comas-Rengifo et al., 2013; Correia et

al., 2018; Ferreira et al., 2015; Mouterde et al., 1964-1965).
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The studied part of this section encompasses 73m from which 17m covers the Pliensbachian
(margaritatus and spinatum AZ — for an overview of the biostragigraphy see Fig. 4) as well
as 55m of the early to middle Toarcian (polymorphum, levisoni and bifrons AZ)(see Fig. 9).
Lithologically the studied section covers the Lemede Formation (Pliensbachian) and the Sdo Gido
Formation (Toarcian), which can be subdivided into the following members (Fig. 9, 12) (e.g.

Duarte et al., 2018 and references therein):

Lemede Formation. This formation spans across the margaritatus and spinatum AZ and consists

of centimetre scale marl and decimetre scale bioturbated limestone alternations (Duarte, 2007).

Marly limestone with Leptaena fauna (MLLF) member (mb). Resembling the base of the Sao
Giao Formation this member is dominated by marls. It comprises an alternation of bioturbated
grayish decimetre marls with centimetric fossiliferous micrites to biomicrites/wackestones. At the
top of this member a thick limestone bed occurres (at ~6m height in the lithological log, Fig.
9) which serves as a reference level in the whole Lusitanian basin, with exception of the southern

sectors.

Thin nodular limestone (TNL) mb. Commencing about the polymorphum-levisoni AZ boundary
and thus marking the onset of the TOAE, the TNL mb is identified by a striking change in
sedimentology that can be followed throughout the Lusitanian Basin: few cm-thin marlstones
alternated with brownish claystone and micritic to microsparitic limestones. The succession appears
nodular and has a typical total thickness of about 7m. This striking sedimentological change is
referred to as storm flow conditions and/or distal turbidite currents probably caused by tectonic

activity of the Berlenga-Farilhoes block.

Marls and marly limestones with Hildaites and Hildoceras (MMLHH) mb. Returning to decimetre
to metre-thick marl and marly limestone alternations the MMLHH mb spans from the middle

levisoni AZ up to the upper bifrons AZ.

Remarkably, the typical black shale depositions, which are characteristic for the T-OAE and can
be found throughout the globe, are not developed in this section. This is due to the oxygenated
state of this area during the anoxic event. In fact, there is no evidence for low-oxygen conditions
in the Rabagal /Fonte Coberta region as total organic carbon levels are rather low (Duarte et al.,
2005) and bioturbation traces during the crisis speak for oxygenated bottom conditions (Piazza

et al., 2019).
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middle bifrons bifrons
Toarcian L o
sublevisoni sublevisoni
180.39 180.39
falciferum falciferum
serpentinum levisoni
elegantulum levisoni
182.92 early 182.92
Toarcian . X
semicelatum Il semicelatum Il
tenuicostatum polymorphum
paltum mirabile
183.72 183.72
. elisa hawskerense
emaciatum
184.55 solare spinatum
levidorsatum apyrenum
late meneghenii 185.12
Pliensbachian algovianum accuratum .
bertrandi gibbosus
186.15 ragazzonii
cornacaldense
margaritatus subnodosus
lavinianum
stokesi
188.29 188.29

Figure 4. Ammonite Biostratigraphy Zones for submediterranean (Spain; BAC section) and mediterranean
Provinces (Portugal; R/FC section) (Page, 2003). Ages given in million years (Ma) according to Geological
Time Scale 2016 (Ogg et al., 2016).

1.4.2. Barranco de la Caiiada - Iberian Basin (Spain)

The Barranco de la Canada section is located in the former Iberian Basin (Fig. 11), which in turn
is situated in the Iberian Range, representing a moderately deformed intraplate chain (Celtiberian
Chain) that was formed by a NW trending folded and thrusted belt (Vicente et al., 2009). During
the Early Jurassic sedimentation was dominated by shallow carbonate platforms and transgressive
hemipelagic alternations of limestone and marls deposited in an intracontinental basin during
a post-rift episode (Gémez and Fernandez-Lopez, 2006; Gomez and Goy, 2005). The outcrop is
situated ~5km west of the village Albarracin (40°23’53.4"N 1°30°07.4"W). Its complete succession
of the upper Pliensbachian up to the middle Toarcian make it a good example to investigate
the T-OAE. The studied interval spans in total 48 m, from which 15m cover the Pliensbachian
(Barahona Formation) and 33 m belong to the Toarcian (Turmiel Formation), reaching up to the
bifrons ammonoid zone (AZ) (Fig. 9). Facies, ammonite zones and fossil paragenesis were described
in detail by Gahr, 2002. The succession represents a former gently sloped homoclinal mid-ramp

environment (e.g. Comas-Rengifo et al., 1996; Gahr, 2002) with a paleo-water depth of about
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40-70 m. Compared to the Rabacal/Fonte Coberta section the here described outcrop was slightly
shallower and less influenced by tectonic activity, but both sections were most of the time below
storm wave base (e.g. Duarte and Soares, 1993; Kullberg et al., 2001).

The lithology in this section is an alternation of marls and limestones. The Pliensbachian margar-
itatus and lower spinatum AZ are dominated by metre-thick limestones with frequently occurring
biomicrites. Up to the Pl-To boundary and the tenuicostatum AZ limestones (biomicrites) oc-
cur in decimetre-thick layers alternated with marly limestones and calcareous marls. The whole
tenuicostatum AZ (corresponding to the polymorphum AZ in the Lusitanian Basin) is dominated
by marls with a few centimetre-thick marly limestone layers. The subsequent serpentium AZ (cor-
responding to the levisoni AZ in the Lusitantian Basin) as well as the bifrons AZ are an alternation
of centimetre-tick limestones varying in their clay contents and marls (Gahr, 2002).

Matching the findings in the Lusitanian Basin this area of the Iberian Basin seemed to be
oxygenated during the T-OAE crisis interval, based on the occurrence of plenty of fossils throughout

the event (Gahr, 2002; Piazza et al., 2020).
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1.5. State of the Science: Environmental conditions during late

Pliensbachian—early Toarcian times

The Early Jurassic (Pliensbachian—Toarcian, ~183 Ma) is characterised by some of the Mesozoics
most drastic environmental perturbations. The Pliensbachian—Toarcian boundary (Pl-To) and
the early Toarcian both witnessed a second-order global extinction impacting ~5 % of marine
families and up to ~13% of terrestrial families during the Toarcian (Benton, 1995). Also, severe
assemblage changes of pelagic and benthic organisms can be observed (Cecca and Macchioni, 2004;
Danise et al., 2019; Gomez et al., 2008; Mattioli et al., 2009; Palliani and Riding, 2003; Piazza
et al., 2019, 2020; Wignall and Bond, 2008). The crisis interval during the early Toarcian spread
over the boreal ammonite tenuicostatum—falciferum AZ and coincided with the onset of deposits
of laminated organic-rich black shales that can be found worldwide and record an event of globally
widespread anoxic conditions of the oceans (T-OAE, Jenkyns, 1988; Jenkyns, 2010).

The biological crisis during the T-OAE as well as during the Pl-To boundary is being linked
with the emplacement of the Karoo—Ferrar large igneous province (LIP), which occurred during the
breakup of Gondwana and appears in South Africa across Antarctica and southestern Australasia
including Tasmania (Fig. 11) (e.g. Aarnes et al., 2011; Burgess et al., 2015; Elliot and Fleming,
2008; Elliot, 2013; Palfy and Smith, 2000; Percival et al., 2015; Svensen et al., 2012). Several phases
of LIP extrusion were recognised spreading over several million years from the early to mid-Toarcian
stage with each phase lasting several 10-100 kya (Percival et al., 2015). Volumetrically the Karoo—
Ferrar LIP is one of the biggest flood bastalts during the Phanerozoic (Rampino and Stothers, 1988)
with nowadays more than two million cubic kilometres outcropping igneous rocks (Pankhurst et al.,
2000). Rapid intrusive magmatism together with contact metamorphism triggered volatile releases
of especially the greenhouse gases COs and methane (CH,4) leading to recently calibrated pCOq
concentrations of 2-4 times higher than pre-industrial levels (Dera and Donnadieu, 2012; Ullmann
et al., 2020), which then in turn drove the environmental change and lead to the biotic crisis and
extinction (Svensen et al., 2012). This volcanogenic CO4 has an isotopically light carbon imprint
(613C ~-7%o0 Hesselbo et al., 2007), which is thought to be the cause of the globally recognised
negative carbon-isotope excursion (CIE) during the T-OAE with an evidenced drop of ~3-9 %,
depending on the material analysed (e.g. Danise et al., 2019; Hesselbo et al., 2000; Izumi et al.,
2012; Kemp et al., 2005; Littler et al., 2010; Suan et al., 2011). Two more causes debated for the
cause of the CIE are first, the input of thermogenic CO4 released during the interaction of Karoo—
Ferrar magma and organic-rich sediments or second, the release of methane from the dissociation
of marine clathrates (§'3C ~-60 %o ; e.g. Hesselbo et al., 2000; Kemp et al., 2011; McElwain et al.,
2005; Palfy and Smith, 2000; Svensen et al., 2012, 2007). As the CIE is observed globally in

many diverse materials, like wood, carbonate and marine organic matter, it stands to reason that
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both the atmosphere and the ocean systems were perturbed. Therefore the CIE serves as a better
marker for the onset of the T-OAE than the commencing deposition of the black shales (e.g. Bodin
et al., 2016; Hesselbo et al., 2007; Reolid et al., 2014; Rohl et al., 2001; Suan et al., 2011; Them
et al., 2017; Xu et al., 2017). Furthermore, during the PI-To boundary a smaller negative CIE with
a magnitude of ~-2 %o was recognised (Hesselbo et al., 2007; Littler et al., 2010; Percival et al.,
2016). The duration of the CIE and OAE has recently been calibrated to be between ~300 and
900 kyr (Boulila et al., 2014; Huang and Hesselbo, 2014; Tkeda and Hori, 2014; Pittet et al., 2014;
Suan et al., 2008), whereas the PI-To boundary event was astronomically calibrated to a shorter
duration of ~60kyr (e.g. Huang and Hesselbo, 2014; Pittet et al., 2014).

A further environmental perturbation triggered by elevated CO, gas amounts is the rise in
atmospheric temperatures, which have been modelled with a rise of about 3°C and 5°C for the
tropical and midlatitude areas, respectively (Dera and Donnadieu, 2012; Palfy and Smith, 2000).
The high latitudes are more impacted by atmopsheric heating of about 10°C due to the reductions
in the ice shield and albedo. Concurrently to atmospheric heating, the seawater temperatures were
also affected by warming, which can be directly reconstructed with §'%Q isotopes derived from
brachiopod shells and belemnites. While the latest Pliensbachian spinatum AZ was dominated by
a rather cold climate with seawater temperatures around 11-16°C (Bailey et al., 2003; Dera and
Donnadieu, 2012; Dera et al., 2011; Rosales et al., 2004; Suan et al., 2010) and probable existing
continental ice masses (Suan et al., 2010), the PI-To boundary experienced an abrupt rise in the
seawater temperature by ~4-5°C (Suan et al., 2008) with a subsequent decrease to low sea-surface
temperatures and cold and wet climate with accelerated physical weathering prior to the T-OAE
(Bailey et al., 2003; Lézin et al., 2013; Rosales et al., 2004; Suan et al., 2010). Ongoing, during
the T-OAE and hence the CIE a seawater temperature rise of about 3-7°C was recorded (Bailey
et al., 2003; McArthur et al., 2000; Suan et al., 2010, 2008; Ullmann et al., 2020) with a maximum
temperature of 26°C (Rosales et al., 2004; Ullmann et al., 2020). After the T-OAE the early
Toarcian climate was dominated by greenhouse conditions (Dera et al., 2011) as is also evident for
the middle Toarcian bifrons AZ (Bailey et al., 2003; Dera et al., 2011; Gémez and Arias, 2010;
Gomez and Goy, 2011; Léonide et al., 2012).

The theory behind entering the state of widespread oxygen-depleted oceans is that elevated
CO4 amounts in the atmosphere lead to warmer global temperatures accompanied by an enhanced
hydrological cycle and higher continental weathering rates, which would have raised the nutrient
fluxes into the oceans (Brazier et al., 2015; Cohen et al., 2004; Fu et al., 2017; Hermoso and
Pellenard, 2014). This condition subsequently enhanced primary productivity and resulted in the
anoxic conditions through the oxidation of the elevated extent of organic matter in more restricted
settings (Jenkyns, 2010). This enhanced carbon burial is also conspicuous in the carbon isotope

curve predating the T-OAE and negative CIE through a broad positive excursion with a magnitude
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of ~+3 %o (Hesselbo et al., 2007; Huang and Hesselbo, 2014; Jenkyns, 1988; Suan et al., 2008).

According to this theory the investigation of continental weathering rates during the T-OAE
has been of special interest as it played an important role in leading to the anoxic conditions of
the oceans, and also helped to terminate the state of elevated COy as the process of chemical
weathering consumes this greenhouse gas. Strontium isotopes (37Sr/®6Sr) can be used as a mean
to reconstruct changes in continental weathering and were the first tries to unravel the history of
continental weathering during the T-OAE. Sr isotope data were firstly published for the T-OAE by
Jones et al., 1994, who investigated belemnites and oysters from three different sections in the UK.
They firstly detected the strontium isotope excursion where values drop to more unradiogenic values
across the Sinemurian—Pliensbachian intervals, the curve becoming steeper from the margaritatus
AZ on with a slow increase across the Pliensbachian—Toarcian boundary (Fig. 19). A study by
Jones and Jenkyns, 2001 suggested that this decrease to more unradiogenic Sr values might be
the result of increased hydrothermal activity. Ongoing in the strontium-isotope curve is the most
remarkable jump to pre-excursion 87Sr/80Sr ratios starting at the ewaratum subzone (equals the
elegantulum subzone) and reaching into the overlying falciferum subzone and hence crossing the
T-OAE (see Fig. 19, red box). This sudden increase has also been recorded by McArthur et al.,
2000 from belemnites collected at the Yorkshire coast. Both publications interpreted this rapid
increase as a result from condensed intervals or hiatuses in the sedimentological log, and not as a
result of higher continental weathering rates, as such a rapid shift seemed unlikely considering the
long residence time of Sr in the ocean (~1Ma; McArthur et al., 2012). In an effort to explain the
sharp increase in Sr isotopic composition during the T-OAE Waltham and Grocke, 2006 tried to
model these data. Unfortunately, they were not able to recreate the abrupt increase of seawater
87Sr /%St and stated three different possible drivers for the abrupt Sr isotopic change: an increase of
the strontium flux from the continents by weathering, a change in continental weathered minerals
with more radiogenic 87Sr/#Sr or increased hydrothermal venting. In the end they concluded
that a minor climatic event could have also lead to the shift instead of a postulated major event.
Hence, up to date there is no clear explanation for neither this Sr-isotope excursion during the late
Pliensbachian nor the sharp shift to more radiogenic values during the T-OAE. Also interestingly
to mention, compared to other OAEs like those during the Cretaceous, which also record Sr-isotope
excursions, the Toarcian OAE occurs at the end of the excursion, while for the Early Aptian and
Cenomanian-Turonian OAEs they appear at the the respective onsets of the OAEs (Jones and
Jenkyns, 2001).

Luckily, there are more isotope systems that can serve as tracers for continental weathering
changes. An early study from Yorkshire (UK; Cohen et al., 2004) suggested on the base of more
radiogenic 1870s/1880s isotopes an increase of 4-8 times in magnitude of continental weather-

ing rates during the T-OAE. However, these data stand in contrast to more recent studies with
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1870s/1880s conducted in two different realms: the eastern margin of the Panthalassa Ocean (Them
et al., 2017) and NW Tethys (Percival et al., 2016) (Fig. 14). Both recent studies record a sim-
ilar magnitude in the Os isotope excursion during the T-OAE speaking for a global event of ~3
times increased weathering rates relative to the conditions prior to the T-OAE (Percival et al.,
2016; Them et al., 2017). The more radiogenic Os isotopes recorded by Cohen et al., 2004 are most
probably the cause of a basinal restriction and regional influences (McArthur et al., 2008; Waltham
and Grocke, 2006). Moreover, Percival et al., 2016 recorded likewise more radiogenic 870s/*#Os
and thus ~2 times elevated weathering rates for the Pl-To boundary. More assumptions about
increased weathering rates derive from a negative §*4/40Ca isotope excursion with a suggested in-
creasing factor of 5 for the P1-To boundary event as well as the T-OAE (Brazier et al., 2015) (Fig.
14). This study speculated that two processes played together in leaving the seawater enriched
in the light *°Ca isotope and explaining the negative Ca isotope excursion: (I) increased riverine
fluxes and thus weathering rates together with (II) ocean acidification associated with decreased
carbonate burial due to the massive input of COs.

Another approach for continental weathering reconstructions was performed by Hermoso and
Pellenard, 2014. Their study used relative clay mineral (kaolinite) occurrences as an equivalent
for weathering intensities. With their findings they demonstrated decreased weathering rates as
relative proportions of kaolinite were diminished during the late Pliensbachian (prior to the P1-To
boundary), emphasising the theory of a cooling and arid climate with the probable occurrence of
ice sheets during this interval (Bailey et al., 2003; Chandler et al., 1992; Dera and Donnadieu,
2012; Dera et al., 2011; Suan et al., 2010). Ongoing, the kaolinite contents revealed a cold and dry
climate for the early Toarcian (prior to the T-OAE), warmer conditions for the T-OAE interval
with enhanced kaolinite supply and thus elevated weathering conditions, and finally warm and
humid climate conditions for the time interval after the T-OAE (Hermoso and Pellenard, 2014).
Furthermore, they hypothesised that the short kaolinite enrichment episode discovered at the be-
ginning of the CIE ceased very quickly due to the rapid removal of the greenhouse gasses in the
atmosphere.

Higher greenhouse gas concentrations in the ocean—atmosphere system are also to blame for a
carbonate production crisis during the T-OAE and P1-To events as evident in the size reduction
in marine carbonate producing organisms (Schizosphaerella, Mattioli and Pittet, 2002; Suan et al.,
2008; and solely for the T-OAE for brachiopods by Piazza et al., 2019). Accordingly, a decrease
in carbonate accumulation in the basinal depositional environment (Mattioli et al., 2004, 2009)
and the near disappearance of shallow-water platforms was induced (Dromart et al., 1996; Trecalli
et al., 2012). Not only were higher temperatures a trigger for this carbonate production crisis, but
also a probable ocean acidification event catalysed by the massive CO; injections in the marine

system (Beerling and Brentnall, 2007; Hermoso et al., 2009; Kemp et al., 2005). Hints for a reduced
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seawater pH level are recorded by the characteristic diminished total carbonate content during the
T-OAE caused by reduced seawater carbonate saturation (Hermoso et al., 2012; Suan et al., 2008)
possibly also affecting the especially selective extinction against marine calcifying organisms like
corals and unbuffered organisms (Kiessling and Simpson, 2011) as well as buffered organisms like
bivalves as shown by Trecalli et al., 2012. Hence, direct evidence for an acidification event during

the T-OAE is not given up do date and will be delivered with this study (see chapter 3).
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2 MATERIALS, METHODS AND SAMPLE PRESERVATION

2. Materials, Methods and Sample Preservation

2.1. Sample collection

Marine carbonates and biogenic material from shallow water environments were collected from two
different locations in the western Tethys — in Rabagal/Fonte Coberta (Portugal; 40°03°08.0"N
8°27’30.5"W) representing the Lusitanian Basin and Barranco de la Canada (Spain; 40 °23’53.4"N
1°30°07.4"W) for the Iberian Basin (see section 1.4). Both sections are about 600 km located apart
from each other. For this study 20 carbonate samples and 5 brachiopod samples for the Lusitanian
Basin as well as 25 carbonate samples, 33 brachiopod, and 24 bivalve samples for the Iberian Basin
were collected. The fossiliferous material (brachiopods and bivalves) was collected in collaboration
with palaeontologists from our research group TERSANE (DFG, FOR 2332) and their preservation
evaluation, as well as oxygen and carbon isotopes, are published in Ullmann et al., 2020. Sampling
intervals amount to 0.1-11m covering the upper Pliensbachian from the margaritatus AZ up to

the middle Toarcian bifrons AZ, comprising the PI-To boundary and the T-OAE crisis interval.

2.2. Age model

The age model for this study is based on the latest findings on the biozonations published by Comas-
Rengifo et al., 2013, Correia et al., 2018, and Ferreira et al., 2015 for Rabagal /Fonte Coberta, and
for the Barranco de la Canada section by Gahr, 2002, 2005, as well as observations in the field. The
absolute ages for the ammonite zones (AZ) are defined by the Geological Time Scale 2016 (Ogg
et al., 2016) and given in Fig. 4. The lower boundary of the spinatum AZ for BdC is based on Sr
isotopes generated for this study and calibrated on the 87Sr/8¢Sr seawater curve from McArthur
et al., 2000. The age model was established with the assumption that sedimentation rates were

constant throughout the studied interval.

2.3. Sample preparation

Based on visual and optical examinations micritic carbonate samples were preselected for further
analyses. Every sample with a micritic matrix and no obvious secondary alteration signs, such
as colour changes, lack of structural cohesion or powdery appearance, were selected. For this
study, 20 micritic samples for the Lusitanian and 25 samples from the Iberian Basin were chosen
for further diagenetic screening. Five badly preserved carbonate samples from the Obon section
(Spain; 40°54’59.3"N 0°43’19.9"W; described by Val et al., 2017) were picked for a comparative
study.

The micritic carbonates were cut into thin slices with a diamond saw (research group petrology
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2 MATERIALS, METHODS AND SAMPLE PRESERVATION

of the ocean crust, University of Bremen). Ongoing, each slice was examined under a binocular
microscope and carefully broken into small pieces with a preparation needle. During this sampling
it was crucial to ensure to only pick the pristine micritic matrix, avoiding any fossils, veins, late
stage secondary alteration or dolomitization, fractures, pervasive recrystallization, any spar or
microspar, as well as areas where original sedimentary features (e.g. burrow traces, finely detailed
sedimentary lamination) were preserved. Subsequently, the chips were manually pestled with an
agate mortar, while it was crucial to grind them not too finely to avert reaming any clay minerals.
The powdered sample material was used for any further trace element and isotope analyses.

Although great care was taken during the sampling, it was not possible for all carbonate samples
to only sample the matrix. For several samples the shell material was so densly packed that a
sampling around it was impossible. The shell material included in the sampling for the Barranco
de la Canada section comprised mostly of shell material, a sampling of other fragments was still
especially avoided. The affected micritic carbonate samples are declared as "mixed samples" in
Table 6 in the appendix.

For SEM and CL imaging small pieces of the carbonate were chipped from each sample and
embedded in epoxy resin (EpoxyCure Epoxy Resin 20-8130-032 by Buehler). Next, they were
lapped with siliciumcarbid cloths starting with a grain size of 400 going down to 5000 pm. Then
the epoxy mounts were polished with aluminium oxide emulsion down to a grain size of 0.05 pm.
Both steps were conducted in the processing labs of University of Bremen (Geo building, research

group geodynamics of the polar regions).

2.3.1. Fossil preparation

For all fossil shells the surface was cleaned from sediments and altered rinds and for brachiopods
calcite of the primary shell layer was removed if present using a preparation needle, scalpel or
hand-held drill with diamond coated drill bit. For most fossil samples, shell material was extracted
as sheaths of multiple shell layers with a preparation needle. Where this was not possible due
to the dense nature of the material (mostly for Gryphaea), samples were taken with a scalpel or
hand-held drill using a diamond coated drill bit of approx. 1mm diameter. Sample sizes ranged

from 0.9 to 14 mg (typically 1-3 mg) for fossils.
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2 MATERIALS, METHODS AND SAMPLE PRESERVATION

2.4. Sample purification for isotope analyses

In total 20 well preserved micritic carbonate rock samples covering the upper Pliensbachian to
the middle Toarcian were picked for the Lusitanian and Iberian Basin, respectively, for further
boron (B), lithium (Li), strontium (Sr) and magnesium (Mg) isotope analyses. Additionally, 22
brachiopod and 13 bivalve shell materials from the Iberian range section were analysed for their
B isotope ratios, as well as 33 brachiopods for their Sr isotope composition. For the Lusitanian
Basin 5 brachiopod samples were analysed for their §''B composition.

All sample preparations for isotope analyses were conducted in the Isotope Geochemistry Clean
Laboratory at MARUM — Center for Marine Environmental Sciences, University of Bremen,
Germany. This section describes the sample purification techniques applied in this study, which is
performed right after each dissolution method described in section 2.6. For each isotope system a
distinct ion exchange chromatography procedure was applied to separate the aiming isotopes from

their sample matrix. The same procedures were conducted for the micrites and fossil shell material.

2.4.1. Strontium isotopes

The chromatographic Sr procedure is modified after Pin and Bassin, 1992 and shown in detail in
Appendix C, Figure 22. Previously, dissolved sample powder (procedure described in section 2.6.3)
containing 300 ng Sr for one measurement were dried and redissolved in 2M HNOgs. Subsequently,
~T70ul of Triskem Sr spec resin (mesh size 50-100 pm) were loaded on the columns and first washed
with ultrapure water (Milli-Q) and 2M HNOj3. In a next step the sample material was added in
100l steps. Unwanted elements were removed from the resin by washing the resin with in total
1200 pl 2M HNOsj. The eluate was disposed and the Sr fraction was collected by rinsing the
column with 200 ul 0.05 M HNQOj. Before drying the Sr fraction at 80-100°C two drops of 0.1 M
H3PO, were added. After drying two steps were applied to remove any potential organic matter
from the Sr fraction: first, 70l of concentrated HNO3 (65 %) were added and the sample dried at
80-100°C, and secondly it was treated with 40 pl of HoO5 and dried at 100°C. Finally, the columns

were cleaned and the resin discarded.

2.4.2. Boron isotopes

The B purification of micritic carbonates and fossil shell materials was performed with a cation
exchange in PP BIORAD Bio-Spin columns with 1 ml of BIORAD resin AG 50WX8 (200-400 mesh
size). The procedure is described in detail in Appendix C, Figure 23. For this separation a specific
distilled HCI (< 70°C) was used to ensure that the B contamination was kept as low as possible.
For B separations it is also important to add mannitol to the sample solution to prevent any B

loss during the evaporation process (1 ug B: 40 ug mannitol) (Nakamura et al., 1992).
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2 MATERIALS, METHODS AND SAMPLE PRESERVATION

The powdered sample material was digested as described in section 2.6.4 and for the separation
again dissolved in 0.02M HCI. Each sequence consists of 14 columns from which 11 were available
for sample material, while the remaining three columns were loaded each with two standard ma-
terials (NIST SRM 951 and bottom seawater from SuSu Knolls) and one procedual blank in order
to validate the separation procedure. The resin was cleaned with 6.2M HCI and subsequently
conditioned with 0.02M HCI. From now Savillex beakers were placed under the columns to collect
the main B fraction. The sample solution was placed on the resin and eluted by various steps
with 0.02M HCI. The "tail" fraction was collected after the main fraction to check for any B loss
by adding 2ml 0.02M HCI. Evaporation of the main and tail fractions was done below 67 °C.
During this step it was crucial to prevent the sample from falling dry for too long as this might
lead to loss of B. After drying the samples were thus also immediately dissolved in 2% HNOj as
a preparation for the concentration check on the MC-ICP-MS and the subsequent measurement.

For B loss determinations the tail fractions were dissolved in 0.5ml 2% HNOs.

2.4.3. Lithium isotopes

Li isotopes were separated from their matrix using the two-step column separation procedure mod-
ified after Moriguti and Nakamura, 1998. The first separation was conducted with PP-BIORAD
columns loaded with 1.4 ml BIORAD resin AG 50WX8 (200400 mesh size; volume in 6 N HCI),
and for the second separation the same resin was used, but only 1ml contained in PE-BIORAD
Bio-spin columns. For each sequence 14 columns were available, from which 3 were blocked for
standards (L-SVEC/ NIST SRM 8485 and in-house standard bottom seawater from SuSu Knolls)
plus a procedural blank. Li isotopes fractionate during the ion exchange chromatography and thus
the "head" and "tail" fractions (fractions before and after the Li main fraction, respectively) were
collected and checked for Li loss.

The powdered sample material was dissolved as described in section 2.6.5 and redissolved for the
first Li separation in 2ml 0.15 M HCI (detailed procedure description in Appendix C, Figure 24).
After precleaning and conditioning the columns, the sample solution was loaded on the resin and
the head fraction was collected with the following 2ml of 0.15M HCI. Following, the Li main
fraction was sampled by eluting the resin with in total 28 ml of 0.15 M HCI and the tail fraction
was collected with the subsequent 2ml. All fractions were evaporated at 90 °C. After drying the
sample was redissolved in 1ml 0.15 M HCI for the second separation procedure. Differing from the
first Li separation the collection of the head, main and tail Li fraction is done with 0.5 M HCI in
50 % ethanol. During each elution step with this acid it was crucial to load the resin continuously
after each liquid passed the column to ensure the continuity of the molarity. Evaporation of each
Li fraction was done as during the first Li separation. After drying, all Li fractions were dissolved

in 2% HNOj;. Head and tail fractions were checked for Li loss during the separation and the main
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fraction was analysed for its Li concentration for the subsequent measurement on MC-ICP-MS.
Here it was also important to check the sodium (Na) concentration (should range below 1V), as

this element would interfere with the Li isotopes during the measurement.

2.4.4. Magnesium isotopes

Isotopes of the element Mg were extracted from the sample matrix through ion exchange chro-
matography with PE BIORAD Bio-spin columuns filled with BIORAD resin AG50WX8 (200-400
mesh size) after the method from Strelow, 1960; Strelow et al., 1965. The steps taken during
the separation are listed in Appendix C, Figure 26. Similar to the B and Li separation, the Mg
sequence also has 14 available columns from which 3 are blocked for two standards (in-house stan-
dard bottom seawater SuSu Knolls and GSJ-JCp-1) and one for a procedural blank. According
to the Li procedure here the "head" and "tail" fractions were checked for any Mg loss during the
separation.

As a first step for the Mg separation every already clean Savillex-beaker to be used is again pre-
cleaned over night with 1ml at 120 °C on the hotplate with closed lids to keep the contamination
as minimal as possible. Further, the sample material is redissolved in 0.5 ml 0.8 M HCI, after being
digested as described in section 2.6.6. After the cleaning and conditioning steps of the columns the
sample is loaded on the resin, while already collecting for the head fraction. The rest of the head
fraction is eluted with in total 8.5 ml 0.8 M HCl. The main Mg fraction is eluted with 13 x 1 ml
0.8 M HCI, while the tail fraction is sampled with 2 ml of the same acid. All fraction solutions were
evaporated at 90 °C. If there was no visible residue, any organic material was removed by adding
151l of HyO4 in the hot beaker and dried at 90 °C. When all fractions dried off they were redis-
solved in 2% HNOg, head an tail fractions were checked for Mg loss. Main fractions were analysed
for their Mg concentrations as well as any calcium and sodium impurities due to interferences of

these elements during measurement.
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2.5. Analytical methods
2.5.1. Optical and element concentration analyses

Secondary Electron Microscopy (SEM) images (backscatter and secondary electron images as well
as element mappings) were taken with a field emission electron microscope SUPRA 40 (Zeiss)
coupled with an EDX detector XFlash 6|30 (Bruker). Cathodoluminescence (CL) images were
taken with the same epoxy mounts as for the SEM images. The CL equipment used was the
Technosyn Cold Cathode Luminescence Model 8200 Mk II, both CL and SEM devices are located
within the research group petrology of the ocean crust, Department of Geosciences, University
of Bremen. Additional SEM images were taken with a Tescan Vega 3 XMU coupled with an
Oxford EDX detector at the Zentrum fiir Marine Tropenforschung (ZMT, Geolaboratory, Bremen,

Germany).

In a first try for trace element measurements, 40 mg of the powdered sample were dissolved in
1ml of 0.5 M HCI. 1ml of this aliquot was extracted and diluted with 2ml 0.5 M HCI and passed for
trace element analysis with ICP-OES. The results made clear that during the dissolution process of
the samples also the detritial fraction was affected, thus not representing solely the trace element
concentrations of the matrix. For this reason, the method for preparing the samples for trace
element analyses were adjusted, so that the carbonate was leached with 0.1 M HCI dissolving only
25 % instead of 100 % of the carbonate fraction. Accordingly, 100 mg of the sample material were
leached for 2 hours in 5ml of 0.1 M HCI. 4ml of the aliquot were extracted and mannitol was
added for the boron fraction (see section 2.6.4). The samples were dried < 70°C and afterwards
3ml of 0.5M HCI were added and analysed again for their trace element concentrations. High
purity certified multi element standards were used for element-specific instrumental calibration.
Results of the trace element measurements can be found in the Appendix B. Each trace element
analyses were conducted with ICP-OES, for the samples from R/FC at the inorganic geochemistry
laboratory, University of Bremen with an Agilant 720 and the majority of the BAC samples were
analysed at the Alfred-Wegener Insitute (AWI, Bremerhaven, Germany). Measurements for R/FC
have a 2rsd of 3% determined through 3 times repeated measurements of two international standard
materials during the sequence. For BAC repeated measurements of a standard solution during the
sequence also yielded a 2rsd of 3%. Li and B trace element concentrations for BAC were measured
with ICP-MS (Neptune Plus, Thermo Fisher) and repeated measurements of the international
standards NIST 8545 and NIST 951 over the period of 3 years yielded a 2rsd of 4% for Li (n=36)
and 9% for B (n—108), respectively.

Half-quantitative x-ray diffraction pattern analyses were performed with an X’Pert Pro multipur-

pose diffractometer in the Department of Geosciences, University of Bremen (Central Laboratory
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for Crystallography and Applied Material Sciences, ZEKAM). The XRD analysis results are listed
in Table 1.

2.5.2. Isotope analyses

Most isotope ratios reported in this study are given in J-notation (%o) relative to their certified
international reference materials. The J-notation is universally described for each element X as

follows:

(%)sam le
(S(LX == axip - 1 * 1000 (3)
(W)standard
with a and b being the isotopes of the element.

Boron (B), lithium (Li) , strontium (Sr) and magnesium (Mg) isotope ratios were determined
in the Isotope Geochemistry laboratory at MARUM - Center for Marine Environmental Sciences

(University of Bremen, Germany). Dissolution methods and sample purification procedures for

each isotope system are described in section 2.6.

Carbon and Ozxzygen Isotopes

Carbon and oxygen isotopes were analysed with a Thermo Finnigan MAT 252 gas isotope mass
spectrometer with Kiel ITT automated carbonate preparation at MARUM, University of Bremen,
Germany. Results are given in Appendix A and Fig. 7 relative to the Vienna Peedee Belem-
nite (VPDB) standard. The analytical reproducibility of §*3C and §'80 of the house standard
(Solnhofer limestone) are better than + 0.04%0 and + 0.05%0¢ (2sd) for each respectively.

Strontium Isotopes

Sr isotope measurements were performed using a ThermoFisher Scientific Triton Plus thermal
ionization mass spectrometer (TIMS) in the dynamic multicollection mode. The purified Sr frac-
tion was dissolved in 0.1 M H3PO, and loaded on a single degassed rhenium filament, which was
previously covered with a tantalum emitter. The instrumental precision was controlled with the
replicate analyses of the international standard NIST SRM 987, which yielded a 87Sr/#6Sr mean
value of 0.710250 £ 0.000011 (2sd, n=13) over a period of 3 years and is in accordance with pub-
lished values (0.710238 + 0.000008, Brand, 2004; 0.71024 + 0.002%, Gruber et al., 2019). The
long term external reproducibility of our laboratory is &+ 0.000015 (2sd). The instrumental mass

fractionation was corrected using 88Sr/%6Sr — 8.375.
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Boron, Lithium and Magnesium Isotopes

B, Li and Mg isotopes were analysed with a ThermoFisher Scientific Neptune Plus Multicollector-
inductively coupled plasma-mass spectrometer (MC-ICP-MS) using a stable introduction system
(SIS) and a high-efficiency x-cone. All isotope ratios were measured using the standard-sample-
bracketing method with the respective international reference materials NIST SRM 951, NIST
SRM 8545 (L-SVEC) and a Mg ICP Standard (Alfa Aesar Magnesium plasma standard solution,
Specpure) as the bracketing standard. Each sample was analysed at least three times in blocks
and 2% HNO3 was used for baseline corrections and at a time measured before and after each
standard and sample. Isotope ratios are reported in per mill (%o) with the delta notation relative
to the certified reference materials (see equation 5). To control and verify the chemical purification
and dissolution procedures in this study, each series contained an international reference material

which underwent the same separation and dissolution methods as the sample materials.

B isotope ratios 1'B/19B were concurrently analysed on the Faraday cups L3 and H3 with typical
1B intensities of the standard NIST SRM 951 (100 ppb) of around 1.5V and baseline intensities
around 7mV. Procedural blanks were mostly below 1% (two sequences ranged between 2-7 %) and
thus not affecting the sample composition. The leakage of B during the purification was below
0.2%. 6B of the NIST 951 reference material was -0.1 & 0.1 %o (2se, n=37; over a period of
3 years), the long-term reproducibility 2sd of the laboratory is + 0.5 %c. Repeated measurements
of the in-house standard bottom seawater from SuSu Knolls (BSW) yielded §!'B vaules of 39.7 +
0.4 %o (2sd, n=28), which are in agreement with published data (39.61 + 0.04 %o ; Foster et al.,
2010). For verifying the precision and accuracy of the method the certified standards GSJ-JCt-1
and GSJ-JCp-1 were also analysed. Average !B values for JCt-1 are 16.3 & 0.2 %o (2sd, n=2)
and JCp-1 24.5 + 0.1 %o (2sd, n=1), which are both according to published values (e.g. Farmer
et al., 2016; Foster et al., 2013; Wang et al., 2010).

The Li isotopes 6Li and "Li were simultaneously measured on the Faraday cups L4 and H4.
Intensities for “Li in the bracketing standard (25 ppb) were typically around 1.5V and baseline
intensities in average around 11mV. Li loss during the separation was less than 0.01 % and pro-
cedural blanks were below 0.01% and thus not affecting the sample isotopic composition. The
reproducibility of NIST SRM 8545 for the three years of this project was 67Li = -0.1 % 0.3 %o (2sd,
n=14), whereas the long-term reproducibility 2sd of the laboratory is &+ 0.5 %c. To control the
accuracy and precision of the method the in-house standard bottom seawater from SuSu Knolls
(BSW) was also repeatedly measured and yielded a value of §7Li = 30.5 + 0.4 %o (2sd, n=7),
which is within analytical uncertainty in agreement with published literature values (31.1 & 0.3 %o

(2sd); see e.g. Huang et al., 2010; Pogge von Strandmann et al., 2019a; Wimpenny et al., 2010).
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Differing from B and Li isotope ratios, Mg isotopes are reported relative to the international
reference material DSM-3 and not the bracketing standard. The conversion from the Mg delta ICP
Standard values to those equivalent on the DSM-3 scale is expressed as follows (Young and Galy,

2004):

T mpl x ampl €T MgICP T mpl T MgICP
0"Mgpans = 0" Mejerop + 0" Mgpdys +0.001 % 6" Mgyriee * 6" Mepéyrs (4)

with z referring to either to the isotope 25 or 26. To control each single Mg measurement sequence
the international reference materials DSM-3 and Cambridge-1 (Cam-1) were additionally analysed.

Mg isotopes with masses 24, 25 and 26 were each counted on the Faraday cups L3, center cup and
H3. Typical intensities of the bracketing standard (200 ppb) on the mass 2°Mg were ranging around
1.7V with baseline intensities around 0.8 mV. The instrumental precision is validated through the
repeated measurement of the international reference materials Cam-I and DSM-3. Measured §2Mg
isotopes over the three years of this project yield Cam-I values in accordance to published data
(-2.61 £ 0.06 %0 (2sd, n=8); compare with -2.62 + 0.04 %o from Pogge von Strandmann et al.,
2011; Tipper et al., 2006; Tipper et al., 2010). For DSM-3 a precision of 0.03 %o was achieved with
a 026Mg of 0.00 %o (2sd, n—=8), which is validated by published data (0.01 + 0.14 %o ; Tipper et al.,
2006). The external reproducibility was secured through repeated preparation and measurements
of the in-house seawater standard (SuSu Knolls) that yielded a value of -0.85 &+ 0.05 %0 (2se, n=13)
and GSJ-JCp-1 -2.00 &+ 0.19 %o (2se, n—=6), also in agreement with published values of -0.83 +
0.09 %o (Foster et al., 2010; Ling et al., 2011), and -1.96 4 0.05 %o (Teng, 2017), respectively. Also,
procedural blanks confirmed that no contamination of the sample material occurred (<0.1 %) and

Mg loss during the separation was also negligible (<0.1 %).
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2.6. Leaching procedure development for isotope analyses

Clay minerals and other detritial components of the carbonate rock can contaminate the sample
solution by detritial mineral dissolution. So far, the techniques applied by Ohnemueller et al., 2014
and Clarkson et al., 2015 avoided any detectable contamination by the detritial fraction. However,
the carbonate rocks used in their studies contained less clay and detritus amounts, making it crucial
to refine the digestion techniques for each isotopic system in this study. This section describes the
leaching experiments undertaken for each isotope system to achieve the best true matrix isotopic
results. The sample material worked with for the digestion experiments was the powdered micrite
material from the Rabagal/Fonte Coberta section.

If not stated otherwise, all sample preparation steps were conducted in the clean laboratories of

the Isotope Geochemistry research group, MARUM at University of Bremen, Germany.

2.6.1. Fossil material

The well preserved brachiopod and bivalve shell material was prepared for the isotope chromatog-
raphy through several steps. First, sufficient shell material was weighed out and subsequently
cleaned thrice with ultrapure water and ethanol. Afterwards the shells were dissolved in sufficient
volume of 1 M HCI and reacted for at most 24 h until the reaction ceased. In a final step the aliquot

was centrifuged and pipetted for isotope column separation.

2.6.2. Determination of the detritial fraction

The mineralogical composition of the detritus was determined with X-Ray Diffraction pattern
analysis (see section 2.5.1, for results Table 1). The majority of the detritial fraction comprises
typical detritial minerals found in carbonates: quartz, biotite and to a minor content clay minerals.
The mean clay mineral content in the carbonate rocks is 4 %.

To determine the weight percentage of the detritus 100 mg of powdered sample material was
dissolved with 0.5 M HCI, so that the whole carbonate fraction was in solution. This fraction was
removed and the residue washed with ultrapure water 3-5 times. Afterwards, the residue was
evaporated at 90 °C in the drying oven and after cooling down weighted out. Results are noted in

Appendix B, Table 6, 5.

2.6.3. Strontium isotopes

For the Sr digestion experiments 4 samples from the Rabagal /Fonte Coberta section were chosen,
each distinct in their content of detritus and stratigraphical position (pre-, post- and T-OAE crisis

interval).
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Sample | Calc }C\ZI‘;;C Qz 1]\3/Ili)ct/ G(it)llllp S:;Iu)p Ié:glui;l Amph Spha Orth Py Rut
P1 81 9 6 1

P4 45 23 13 5 3 6 3

p7 74 17 12 2 7

P9 76 8 4 6 i}

P10 69 14 9 4 4

P12 71 20 4 4 1

P15 87 8 3 2

P16 75 14 5 5 1
P17 72 11 4 9 4

P18 79 13 6 3

Table 1. Results of mineralogical composition derived from half quantitative analyses with XRD. Ab-
breviations stand for Calc — Calcite, Qz — Quartz, Msc/Biot — Muscovite/Biotite, Chl — Chlorite, Serp —
Serpentine, Amph — Amphiboles, Spha — Sphalerite, Orth — Orthoclase, Py — Pyrite, Rut — Rutile

After weighing 50 mg for each digestion experiment from each sample, the powdered material
was washed (only for batch 4 and 5, see Table 2). Therefore, ultrapure water was added to the
sample (~5ml) and left standing for 24 hours, while carefully pivoted repeatedly during the whole
timespan. Afterwards, the water was removed and either discarded or prepared for Sr purification
(section 2.4). Subsequently, the distinct acid for each dissolution experiment was added to the
sample. When calculating the amount of the acid to dissolve the carbonate fraction the detritus
had to be subtracted from the total volume. Every acid was reacted with the sample as long as it

took with the help of an ultrasonic bath until the reaction ceased (which could take up to 4 hours).

Different dissolution methods were tested (see Table 2), partially according to methods found in
literature. Some authors state that attacking detritial minerals, and thus nontarget minerals, by
acid leaching poses a danger for the real 87Sr/36Sr of the matrix (e.g. Brand, 2004; DePaolo et al.,
1983; McArthur et al., 1993a; Montafiez et al., 1996; Ohde and Elderfield, 1992). Preleachings
are advised to minimise the contamination of the detritial fraction (Bailey et al., 2000). However,
Denison et al., 1994 and Brand, 2004 agreed that without preleaching only a content of more than
30 % of detritus impacts the matrix 37Sr/56Sr.

To test the sequential dissolution method for whole rocks described by Bailey et al., 2000, we carried
out different procedures of sequential leachings (batch 2-5, see Table 2) where different amounts
of the carbonate were dissolved with varying acids and analysed for their Sr isotopic composition.

Testing the influence of the detritial fraction on the matrix Sr signal was done with batch 1, but
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could also be determined with all digestion runs. Run 1 was the very first try in leaching only 25 %
of the carbonate fraction with a relatively weak acid. Run 2-6 include dissolution of the whole
carbonate fraction with different molarities ranging from 0.5M HCI to 2.5M HCIl. Ongoing, to
determine the Sr isotopic composition of the detritus in run 6 two strong acids were mixed, after

all of the carbonate fraction was removed and reacted for 24h at room temperature.

B;:(t:h :F:;n Acid C(Jiail::ooll\::fie Remarks
(%)
1 0.1 M HCl 25
2 0.5 M HC1 100
3 0.6 M HCl 100
1 4 1.0 M HCI 100
b) 2.0 M HC1 100
6 2.5 M HCl 100
7 6 M HCI + / on detritus (residue) of no. 4, reacted
6 M HNOs; for 24h at room temperature
9 8 0.5 M HCl 50
9 0.5 M HCl 30 on carbonate residue of no. 8
3 10 1.0 M HCI 50
11 1.0 M HCI 30 on carbonate residue of no. 10
12 / / water from washing fraction
4 13 0.1 M HC1 40
14 0.5 M HC1 30 only on samples P1 & P7
15 1.0 M HCI 30 only on samples P13 & P18
16 / / water from washing fraction
5 17 1.0 M C2H40 40
18 0.5 M HC1 30 only on samples P1 & P7
19 1.0 M HCI 30 only on samples P13 & P18

Table 2. Summary of the different dissolution steps for digestion procedure development for Sr isotopes
on micritic carbonate rocks
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Figure 5. Plot of Sr isotopic results for all dissolution experiments.
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The 87Sr/%6Sr isotopic composition of the detritus in this study is as expected much more
radiogenic than the matrix signal (detritus: 0.708-0.710; matrix: 0.707 | see Figure 5). Run 1
demonstrates that leaching of only 25 % of the carbonate fraction still bears the influence of the
detritial fraction with 87Sr/%6Sr values being more radiogenic than those with 100 % dissolved
carbonate. With our samples containing up to 22 % detritus and the 87Sr/36Sr of the sequential
leachings of batch 2 and 3 show that the preleachings still contain a minor imprint of contaminant
Sr, as there is a slight trend to more unradiogenic values for the second leachings, although they
overlap in their analytical errors (run 9 and 11). These second leaching results plus the results from
run 2-6, where the total carbonate fraction was dissolved, confirm the findings of Denison et al.,
1994 and Brand, 2004 that a detritial content of at least < 22 % does not influence the matrix Sr
signal when 80-100 % of the carbonate is dissolved.

Following the suggested sequential leaching procedure of Bailey et al., 2000 with preleaching
40 % of the sample to remove the main fraction of the contaminant Sr and subesquently dissolving
the following 30 % of the carbonate for Sr analyses is performed in batch 4 and 5. First, the sample
was washed in ultrapure water for 24 hours, which removes the water-soluble Sr from ion-exchange
sites as seen in the more radiogenic 87Sr/®6Sr signature of the washing fraction. Secondly, 40 %
of the carbonate were dissolved with 0.1 M HCIl and 1M acetic acid, respectively. The results
show that at least for batch 4 the preleachtes are slightly more radiogenic than the following
30 % dissolved carbonate fraction representing the matrix signal, thus containing contaminant
Sr from ion-exchange sites from the detritus. However, batch 5 reveals lower 7Sr/86Sr for the
preleachates than the matrix, speaking for using an preleaching acid that was too mild to remove
all the contaminant Sr. Comparing the Sr signals from the sequential leachates that are thought
to represent the matrix (run 9, 10, 14, 15) with those of the total carbonate dissolution (run 2-6)
speaks against the necessity of a preleaching as suggested by the aforementioned authors, as all

fractions exhibit the same 87Sr/86Sr signature.
Conclusion

Comparing the 87Sr/86Sr from the matrix leachates with those of the 100 % carbonate dissolu-
tions from run 2-6 implies that a preleaching is not necessary to remove the unwanted Sr from
nontarget minerals, as the 100 % digestions are the most unradiogenic and thus closer to the real
seawater Sr signal. Dissolving at least 80 % of the carbonate is adequate to overprint the signal of
the detritial minerals, whereas a medium strong acid should be used (at least 0.5 M HCl). Dissolv-
ing the whole carbonate fraction is not advised as there is still the possibility that the noncarbonate
residuum could be attacked during this process and the detritial Sr signature could impurify the
matrix signal, although this was not observed in this study. Washing the sample material with

ultrapure water prior to leaching is a step that is additionally applied, because it already removes
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a part of the contaminant Sr. Although this step not coercively necessary as a comparison between

the washed and leached fractions (run 14, 15) and the unwashed dissolved fractions (run 2-6)

demonstrates.

With these findings, the Sr isotopes of this study were for simplifying matters prepared with the
same method as the boron isotopes (see section 2.6.4) by dissolving 80 % of the carbonate fraction

with 1M HCI, and thus partitioned from the same aliquot for Sr isotope purification.

2.6.4. Boron isotopes

L T T T T T et TET PP

24 --------0----]ee - - - b

311B [%o]

el rrrlrng

-12

-16

Figure 6. Results of the §''B dissolution experiments. Leaching was done with 1M HCI with different
amounts of dissolved carbonate (noted at each data point). Three samples with different detritus amounts
and two standard materials were picked for the experiment: A = P7 (22 % detritus), B =P8 (16 % detritus),
C = P11 (10 % detritus), D = KH (standard, 13 % detritus), E = IAEA-B7 (standard, 0.2 % detritus).
Black filled symbols are carbonate fractions, white and grey filled the detritial fraction. The detritus 6*'B
was determined by treating the sample 24 hours with 6 M HCl at 68°C (white symbols) and at room

temperature (grey symbol). For interpretation see text.

The boron digestion methods described in Clarkson et al., 2015 and Ohnemueller et al., 2014
dissolve 50 % of the carbonate fraction with 1 M HCI for 24 hours. However, their sample material
contained much less detritus than the sample material used in this study. For our sample material
with in mean 14 % detritus leaving the sample for that long in contact with the reagent acid makes
it far more prone to contamination by the detritial fraction. Consequently, we have to refine this

method and adjust it to micritic carbonate sample material with higher detritus contents.
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Besides using three different samples with differing detritus contents, two standard sample mate-
rials were additionally used for the dissolution experiments. The standards IAEA-B7 and KH were
picked for this purpose because both are limestones and KH additionally has a detritial amount
of about 13% (B7 is relatively pure with 0.2% detritus) and thus well resembles our processed

sample material.

For the dissolution tests, sample powder containing 250ng B were weighed and subsequently
treated with ultrapure water for washing purposes for 24 hours with occasional pivoting. After-
wards, the fluid was removed with centrifuge and pipette. For the dissolution 1M HCI was used,
since it was already proven as the best acid for leaching B isotopes on carbonates (Clarkson et al.,
2015; Ohnemueller et al., 2014). For the digestion a special distilled HCI acid was used (once sub-
boiled < 67°C) to keep the B contamination as low as possible. The acid was added to the sample
according to the varying amounts of carbonate to be leached (75-100% carbonate). Accelerated
with an ultrasonic bath the end of the dissolution reaction was bided (max. 4 hours) and the
fluid extracted with centrifuge and pipette. A mannitol complex (1 ug B : 40 ug mannitol) was
added to the solution prior to evaporation below 67 °C and subsequent B isotope purification and
measurement.

The B isotope ratio of the detritus was determined on all samples and the KH standard on the
runs where the total carbonate was dissolved. 2ml of 6 M HCl was added to the residuum plus
mannitol and placed with lid for 24 hours on a hotplate at 68 °C. For the KH standard a second
run on the detritus was done with the same steps as previously described, but reacted at room
temperature. Subsequent B purification and measurements were performed as described in section

2.4, 2.5.2. The results of the §''B dissolution experiments are summarised in Figure 6.

The B isotope ratio for the detritus reveals, as expected, relative much lighter §''B of about -1
to -2 %o(Figure 6). Such light B isotope signatures are due to the preferential uptake of the 1°B
isotope by adsorption onto clays (Palmer et al., 1987; Schwarcz et al., 1969). The difference between
the two different digestion methods for the KH detritus is due to the temperature the reaction was
accelerated with. At 68 °C the reaction of the acid with the detritus is more aggressive and dissolves
more B from the detritial minerals. Furthermore, as evident in the plot of the different dissolution
steps for §''B, there is a clear trend towards lighter B isotope ratios the more carbonate is dissolved.
This trend is due to the rising influence of the contaminant B from the detritus on the matrix signal.
The trend is also visible in the standard materials, for B7 with only minor detritus content the
trend is mitigated. It appears that the true matrix 6''B is reflected by dissolving 75-80 % of the
carbonate through the stabilisation of the B signal (Fig. 6) .
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Conclusion

The final method, with which the micritic sample material in this study was dissolved to gain
the true matrix signal, is by leaching 80 % of the carbonate fraction with 1M HCIL. Prior to the
digestion, washing of the sample powder with ultrapure water is mandatory, as it removes the

water-soluble B from ion-exchange sites as evidenced by the Sr dissolution experiments.

2.6.5. Lithium isotopes

Avoiding the dilution of Li from the silicate minerals is critical during acid dilution of carbonates,
as they contain much higher Li concentrations and lower §7Li than the carbonate fraction and could
thus easily contaminate the carbonate Li signal (Bastian et al., 2018; Pogge von Strandmann et al.,
2013). The Li isotopic imprint of the detritial fraction is characteristically light, because the °Li
isotope is preferentially incorporated by secondary clay minerals (Burton and Vigier, 2012). The
carbonate leaching procedure of this study is based on the findings of Pogge von Strandmann et al.,
2013, Bastian et al., 2018 and Macedo de Paula-Santos et al., 2017. Pogge von Strandmann et al.,
2013 showed that the Al/Ca ratio in carbonates must be >0.8 mmol/mol, before the carbonate Li
isotope signature is contaminated by Li derived from clays, supported by the study of Bastian et
al., 2018 who suggested an Al/Ca ratio below 2mmol/mol. Moreover, all studies found that weak
acids should be used during the leaching since stronger acids increase the content of contaminant
Li. Macedo de Paula-Santos et al., 2017 also varied the amount of leached carbonate between 20
and 50 %, finding that dissolving only 20% yields the heavier §"Li and hence less contaminated
signature. The studies by Macedo de Paula-Santos et al., 2017 and Pogge von Strandmann et al.,
2013 obtained the best results by leaching the micritic carbonate in 0.1 M HCI for 1 hour.

In an effort to refine the above described leaching methods and gaining the §7Li that is closest to
the matrix signal, we carried out leaching experiments by varying the amount of leached carbonate
(30%, 25%, 22.5%, 20%). According to Pogge von Strandmann et al., 2013 we dissolved our
carbonate samples with 0.1 M HCI, but for 2 hours. We decided for the extra hour of leaching as 1
hour did not always seem to be sufficient for the neutralisation reaction of acid and carbonate to
finalise. Differences in the §”Li of the 1 hour and 2 hour leachings were not observed, as best seen
in the leaching experiments for Mg (see section 2.6.6). As the leaching procedures and behaviour
for both elements during leaching are equal, an impact from the detritial fraction would drive the
§26Mg and likewise the §7Li isotopic signature to lighter values (Opfergelt et al., 2014; Pogge von
Strandmann et al., 2013; Wimpenny et al., 2014). As this process can not be observed during the
Mg leaching experiments, the same must be true for Li. The results of the Li leaching experiments
are found in Table 3. For the experiments 3 samples with differing detritial contents were chosen,

and also for a better evaluation and comparison of the gained data the KH standard material,
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because it resembles with its 13 % detritus well our sample material. To determine which isotopic

imprint any contaminant Li holds, the detritus was leached with 6 M HCI for 24 hours at 90°C.

leached fraction §"Li (%o)
sample 30% 25% 22.5% 20% detritus
pP7 14.9 13.8 13.1 13.2 -2.9
P8 14.4 14.8 14.1 12.7 -2.9
P11 16.2 17.6 16.4 15.3 -3.3
KH 12.6 124 10.9 8.3 -11.0

Table 3. Results of 6" Li leaching experiments in varying the amount of dissolved carbonate. Each sample
has different detritus contents: P7 = 22 %, P8 = 16 %, P11 = 10 %, KH = 13 %.

The difficulty with leaching Li on carbonates is always to find the right amount of leached
carbonate that represents the matrix signal and thus heaviest §7Li, while not leaching too much
to affect the detritus or too less and not leaching enough to properly represent the matrix. It can
be seen from Table 3 that the more carbonate is leached the heavier the 67Li becomes. There are
small differences in the §”Li between the 25 and 30 % dissolved carbonate step, the isotopic value
becoming only slightly heavier, indicating equilibrium with the matrix signal. However, sample
P11 reveals a lighter value by dissolving the maximum amount of carbonate contradicting the
trends observed in the other samples. The observed trend is probably due to the influence of the
detritial contaminant Li, as too much of the carbonate is leached, also affecting the detritus. We
therefore decided to continue our Li experiments by leaching 25 % of the carbonate fraction, since

it represents the most stable and unaffected matrix signature.
Conclusion

The final method with which the micritic sample material in this study was dissolved to gain
the true 67Li matrix signal is by leaching 25 % of the carbonate fraction with 0.1 M HCIl. Prior to

the digestion, washing of the sample powder with ultrapure water is mandatory.

2.6.6. Magnesium isotopes

As Li and Mg have a similar ion radius they also behave similarly during secondary mineral
formation and carbonate leaching. The Mg isotopes fractionate during secondary mineral formation
taking up the heavy isotopes and thus enrich the residuum in the light 2*Mg isotope (Tipper et al.,
2006; Tipper et al., 2010), meaning that the detritus in carbonates should have a heavy isotopic

imprint. As the light isotope is also attached at clay minerals by adsorption, like with Li leaching,
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it is also easily affected during the digestion of the carbonate material. For this reason, the same
carbonate leaching method as performed for Li isotopes was preferred. To test if any differences in
the Mg isotope values are produced in comparison with other leaching methods, we also performed
the Mg leaching methods from Pogge von Strandmann et al., 2012 and Macedo de Paula-Santos
et al., 2017, who reacted their samples with 0.2 N HCI for 2 hours and 0.1 N HCI for 1 hour,
respectively. The results of the leaching experiments are given in Table 4 and reveal that every
leaching method leads within uncertainty to the same 62Mg value. These results lead to the
conclusion that all three methods can be used for Mg leaching on our carbonates. For simplicity

and better comparison in this study we use the same method as described for Li leaching.

§2°Mgpsms (%o)
sample leaching 1 leaching 2 leaching 3
p7 -3.46 -3.41 -3.44
P11 -3.58 -3.61 -3.57
P19 -3.57 -3.51 -3.57
KH -3.85 -3.84 -3.85

Table 4. Mg isotopic results of the leaching experiments performed on 3 carbonate samples and one
standard reference material KH, also with differing detritial contents. Leaching 1 refers to the leaching
procedure done in this study as described for Li isotopes (see section 2.6.5, leaching for 2 hours with 0.1 M
HCI). For comparatative reasons, two different leaching methods described in the literature were performed
to validate our method. Leaching 2 refers to the method described by Macedo de Paula-Santos et al., 2017
who treated the sample for 1 hour with 0.1 M HCI. Leaching 3 refers to Pogge von Strandmann et al., 2012
who treated their samples for 1 hour with 0.2 M HCI.
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2.7. Evaluation of the sample preservation

Marine carbonate rocks are widely used for paleoenvironmental reconstructions as they are thought
to reflect the chemistry of the ambient seawater during its time of deposition. However, diagenesis
may influence and alter the original chemistry of the carbonate. In the case of carbonate sediments,
it is important to note that they experienced some kind of post-depositional diagenetic alteration
during the conversion from unlithified carbonate mud into carbonate rocks (Bathurst, 1971; Higgins
et al., 2018; Swart and Eberli, 2005). The magnitude of alteration is dependent on a few factors
of the diagenetic environment: (I) the stability of the mineralogy, (II) the chemical composition
of the diagenetic fluid, (III) the mechanism of solute transport (diffusion vs. advection), (IV)
pressure and temperature during the burial history (e.g. Ahm et al., 2018; Banner, 1995; Banner
and Hanson, 1990; Brand et al., 2012; Brand and Veizer, 1980, 1981). To quantify the degree of
the alteration and overprint of the initial chemistry of the carbonate, it is thus crucial to test the
preservation of the rock with different methods as stated in the literature (Brand et al., 2011 and
references therein). For this study the already successfully applied methods by Kasemann et al.,
2010, Ohnemueller et al., 2014 and Clarkson et al., 2015 were used. In the following the single
methods for the investigation for any crucial diagenetic alteration of the initially selected carbonate

rocks are described.

2.7.1. Optical tests of the microstructure

Cathodoluminescence (CL) images is one mean to assess the degree of diagenetic alteration in
micritic carbonates. The luminescence of carbonates is caused by several factors, the main factor
being the presence of trace elements (Machel, 1985 and references therein). Important activators in
calcites are manganese (Mn) and iron (Fe) is amongst the most important quenchers. The amount
of each element determines the color of the crystals luminescence. Colors observed in carbonates
are usually red, orange and yellow. However, Machel, 1985 and Machel et al., 1991 demonstrated
that only relying on the intensity of the color as an indicator for high Mn or Fe contents is not
possible. Thus, using CL as an only mean in the chemical interpretation of diagenesis is neglected,
which is why a set of several tests is applied in this study. CL images are nonetheless used for
qualitative petrography as for detecting growth zones, discontinuities and peculiar cementation
fabrics (e.g. Dickson, 1983; Walkden and Berry, 1984). All of our selected carbonate samples
showed no such patterns and the luminescence was according to their trace element concentrations
of Mn and Fe, ranging from yellowish to reddish implying an incorporation during recrystallization
(Appendix A, Fig. 21).

Scanning electron microscopy (SEM) is generally used as a screening test to asses the microstruc-

ture of carbonate rocks (e.g. Brand et al., 2012, 2011). The images showed no signs of alteration
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and no dolomitization of the matrix was observed. EDX measurements yielded the typical minerals
incorporated in carbonates (e.g. quartz, biotite, feldspar, clay minerals)(Appendix A, Fig. 20 —

images for all samples can be found on this thesis attached compact disc).

2.7.2. Mineralogical, elemental and isotopic tests

Clay minerals, and other detritial components of the carbonate rock, can contaminate the sample
solution by detritial mineral dissolution. So far, the techniques applied by Ohnemueller et al.,
2014 and Clarkson et al., 2015 avoided any detectable contamination by the detritial fraction.
However, to test for any detritial contamination of the sample solution, not only the trace element
compositions of characteristic elements (e.g. Al, Si, Ba), but also XRD analyses were performed
to determine the amount and varieties of the clay minerals and detritial components. The miner-
alogical composition of the detritus was determined with X-Ray Diffraction pattern analysis (see
section 2.5.1, for results Table 1). The majority of the detritial fraction comprises typical detritial
minerals found in carbonates: quartz, biotite and to a minor content clay minerals. The mean
content of clay minerals in the carbonate rocks is 4 %.

Furthermore, trace element concentrations were performed for assessing the diagenetic overprint.
If a limestone is exposed to meteoric waters during post-depositional processes and is dissolved
and recrystallized, elements like Fe and Mn usually become enriched, whereas strontium (Sr) and
sodium (Na) are lost as those waters contain less or more of those elements, respectively (Brand
and Veizer, 1980; Denison et al., 1994; Pingitore, 1978). In particular, Sr and Mn are often
used in studies for diagenetic effects because they have opposing trends. A study by Denison
et al., 1994 proposed the use of static limits for whole rocks, deeming samples with the elemental
concentrations of Sr > 900 ppm and Mn < 300 ppm as well preserved. However, this method ignores
the natural variations due to spatial and temporal differences (Brand et al., 2012). For this reason,
this study concentrates not only on the absolute trace element values but the ratios of Mn/Sr
together with 6'C, 580 and 87Sr/#0Sr isotopic values, which are often used as an indicator for
diagenetic alteration (Jacobsen and Kaufman, 1999). Also, conspicuous values in the amounts of
any trace elements (e.g. B, Al, Sr, Mn, K, Fe) are used in this study as hints for a probable poor
preservation.

In the mineralogical and isotopic tests conspicuous patterns were detected for samples S8, S10,
S20, S21, S22 for the BAC section. Sample S8 has also an apparent high Mn/Sr ratio of ~2
and striking different isotopic values for 87Sr/86Sr, §11B, 6'80, also true for some of the other four
mentioned samples (Fig. 9, Table 5, 6). All five samples were deemed diagenetically overprinted and
neglected for any further environmental interpretation. Also, any statistically significant correlation
between boron and elemental concentrations (Al, Ba, Ca, Fe, Mg, Mn, P, S, Si, Sr) was tested but

not found, as well as the correlation between 6'3C, 680 and §'!B (see Fig. 7).
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Preservation of the original §'°C and 6190 seawater signal

The alteration of the initial carbonate chemistry by early marine diagenesis is dependent inter alia
on the abundance of an element in the carbonate and the amount added to it by the diagenetic fluid.
0'3C isotopes are thus amongst the most robust isotopes due to the high carbon concentrations
in the carbonate rocks relative to the highest amount that could be added by diagenetic fluids
(Banner and Hanson, 1990; Derry, 2010). Owing to the high abundance of oxygen in water §80
isotopes are in contrast the less stable isotope system in carbonates (Ahm et al., 2018). Accordingly,
during meteoric diagenesis both §'3C and §'®0 isotopes become lighter the greater the influence
of the diagenetic fluid, as it is usually depleted in 180 and 3C (Vogel, 1959). Generally, potential
primary isotope signals are thought to be preserved with 6§80 >-4%0 and 6'*C >+1%o (Banner,
1995; Brand and Veizer, 1981), whereas these limitations ignore, among other things, spatial and
temporal variations due to differences in local conditions (Brand et al., 2012). Hence, it is once
more important to combine different screening tests to separate unaltered from altered material.

The comparison of our generated 6'3C,,icrite and 6'8Oynicrice iSotopes with already published
values for each basin is displayed in Appendix A, Figure 18 (BdC) and 17 (R/FC). The §'3C for
the R/FC section are well aligned with published data for the Lusitanian basin, even though the
CIE does not reach negative values. This could be owing to the shallower water depth at the R/FC
section representing the mid-/outer ramp environment, compared to the Peniche section, which
represents the basin facies and shows the most negative values for the CIE. For the BAC section
the published §'3C and 680 values show a wide scatter (Danise et al., 2019), with our generated
data lying amidst the published data. Luckily, fossil carbon and oxygen isotopes also exist for
the BAC and R/FC sections published by Ullmann et al., 2020. Brachiopods and bivalves are
thought to be the best sample material for isotope analyses because their low-Mg-calcite is more
resistant against diagenetic alteration (e.g. Al-Aasm and Veizer, 1982; Angiolini et al., 2010; Brand
et al., 2012; Brand and Veizer, 1980; Brand, 2004; Mii and Grossman, 1994). Ullmann et al., 2020
deemed the brachiopod and bivalves from the BAC and R/FC as well preserved. Our §'3C,,icrite
are very close to the fossil values for both sections, speaking for a likewise good preservation. The
580 micrite datain contrast are lighter as the §'80 4,55, data, indicating a diagenetic overprint. The
previously mentioned samples S8, S10, S20, S21, S22 already conspicuous in trace element contents
also reveal a rather negative §'0,,crite imprint with values lower than -4%., also speaking for its

diagenetic altered nature on these samples.
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Preservation of the original 87 Sr /%6 Sr seawater signal

The Sr digestion experiments helped to clarify which method can be best used to exclude the
biggest influence of the nontarget minerals on the 87Sr/36Sr of the matrix (section 2.6.3). Nonethe-
less, our micritic carbonate values are more radiogenic than the published seawater Sr values derived
from belemnites for the Early Jurassic (McArthur et al., 2000) for both, the BAC and R/FC section
(Fig. 19). This is a phenomenon observed by many studies on carbonates (e.g. Brand et al., 2012;
Brand, 2004; Denison et al., 1994) deriving from diagenetic equilibration. The amount on how
much the matrix 87Sr/%6Sr deviates from the seawater Sr signatures is thought to be dependant on
three factors of the diagenetic fluid: (1) how much Sr was imported; (2) the isotopic composition
of the imported Sr; and (3) the pore volume of the rock (Denison et al., 1994). Hence, though
influenced by diagenetic fluids a whole rock can preserve the original seawater signature, if the
diagenetic 87Sr/36Sr is comparable with that of the host limestone. However, both our sample sets
from BdC and R/FC are more radiogenic than the seawater Sr signal (McArthur et al., 2000) (Fig.
19) implying not to bear the original 87Sr/%6Sr seawater signal, although the trends in the Sr curve
are still preserved. The micrites from BdC show less a deviation from the seawater Sr curve than
the R/FC. Additionally to the micrites we were also able to generate Sr isotopes on well preserved
fossil brachiopod and bivalve shell material for the BAC section. The fit between the belemnite Sr
values from McArthur et al., 2000 and our newly generated brachiopod and bivalve data is well

within the range and plotting on the published data (Fig. 19).

2.7.3. Conclusion

Five samples from the BAC sections that were firstly chosen for further isotope analyses were found
diagenetically altered: S8, S10, S20, S21, S22, S23. All five samples were noticeably divergent from
the trace element contents of the additional samples, and they all also had §®0 values below -4 %o.
They furthermore showed a distinct different §''B and 87Sr/%6Sr isotopic composition, making it
more clear that these samples should be neglected for further isotope analyses and interpretation

approaches.
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2.8. Preservation of the original §''B, §’Li and §**Mg seawater signatures

The preservation of each sample was carefully checked by several methods (as discussed above) and
did not reveal major impacts on the initial isotopic composition of the carbonate rock. However,
as the degree of alteration is dependent on several factors, one isotope system can be strongly
influenced by diagenesis, whereas other isotopic systems are unaffected. The preservation of the
original 6''B, §7Li and 2°Mg can hence be additionally ensured by analysing multiple sections of

the same period for their isotopic signature (Pogge von Strandmann et al., 2019b).

2.8.1. Boron isotope signal
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Figure 8. Atmospheric CO3 concentration reconstruction for the T-OAE from Ullmann et al., 2020
plotted with B isotopes from this study. [High-resolution image on attached CD]
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Our 6''B isotopes generated for R/FC and BAC show the same trends in decreasing B values
during the T-OAE. Besides the change in seawater pH this drop could also be influenced by a few

other factors, which are discussed in the following paragraphs.

Temperature

Temperature reconstructions with 680 isotopes from low-Mg calcite brachiopods for the BAC
section revealed a rise in seawater temperatures of 3.5 + 0.3 °C during the T-OAE (Ullmann et
al., 2020). As the dissociation constant of boric acid (pKj) decreases with increasing temperature
(Dickson, 1990) the given seawater warming at the site of precipitation could lead to an increase
in the boron isotopic composition in the marine carbonates, even if the seawater pH was stable at
this time. The reconstructed rise in seawater temperature would equal an increase in §''B of about
0.45 %o at a given pH of 8. Since this would be a rather minor increase, and the oxygen isotopes
at the BAC section increase concordantly with the decrease in the §''B signal, the influence of the

ambient seawater temperature on the boron isotope signal is unlikely.

Salinity

Accordingly to temperature changes, alterations in salinity also affect the pKj, value (Dickson,
1990). To produce a significant negative shift in §'!B composition of marine carbonates a drastic
decrease in salinity is necessary (e.g. from 35psu to 25 psu). However, models reconstructing the
sea surface salinity changes during the T-OAE show that the areas around the Bdc and R/FC were
not affected by salinity fluctuations (Dera and Donnadieu, 2012). What is more, both of our study
areas represent shallow water environments that should be farther away from freshwater inputs.

Thus, an effect of salinity on our boron composition of the marine carbonates is probably not given.

Water-Depth

As the depth in the water column increases, the temperature and hence §''B composition de-
creases accordingly. Remarkably, the absolute §'!B values at the BAC site is generally ~2 %o lower
than at the R/FC site, although the boron isotope excursions during the T-OAE crisis interval have
a similar magnitude. Given the greater paleo-depth at R/FC of about 80-120m (Gahr, 2002, 2005)
compared to the depth of 40-70m at BAC, lower temperatures and §''B values are rather expected
at the R/FC. Thus, the different water depths can not be accounted for the offset in the general

O''B signature at both sites.

Atmospheric CO,; concentrations

Rapid inputs of CO5 and CHy into the atmosphere derived from Karoo—Ferrar intrusive volcanism
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and the dissociation of marine clathrates at the onset of the T-OAE (Burgess et al., 2015; Elliot,
2013; McElwain et al., 2005; Percival et al., 2015; Svensen et al., 2012) have already been suggested
to be a cause for a possible seawater acidification (Beerling and Brentnall, 2007; Hermoso et al.,
2009; Kemp et al., 2005). Climate models from Dera and Donnadieu, 2012 estimated a rise
in atmospheric COs concentrations of about 2—4 times higher than pre-industrial levels, which
has been confirmed by the current study from Ullmann et al., 2020, based on models from 80
isotopes from brachiopod and bivalve shell material. Fig. 8 shows the direct correlation between the
reconstructed rise in CO5 with the concurrent decline in §*!B for both studied sections, emphasizing

the authenticity of a seawater signal for our boron isotope data.

Conclusion

Effects from salinity and water temperature associated with depth can mainly be ruled out as
drivers for the negative §''B excursion seen in both sections. The rapid rise is atmospheric COq
and a subsequent drop in seawater pH it thus the most likely driver. The offset in absolute values

in both basins must be the effect of regional differences we were not able to decipher.

2.8.2. Lithium and Magnesium isotope signal

For this study, the two sections R/FC (Portugal) and BAC (Spain) display the same 67Li values
prior and after the T-OAE, although during the OAE interval both sections reveal a different
signature, which could be due to regional differences. Furthermore, comparing the trends of the
§7Li signature to already published Ca, Sr, and Os isotopes (Fig. 14) the simultaneous changes
in isotopy during the T-OAE and Pl-To boundary support the idea of a primary seawater signal
preserved in the carbonate rocks (for further information see discussion in chapter 4).

The Mg isotopes for both sections have a likewise light isotopic signature with rather negative
values (-3.98 %o — -3.59 %o ) with a slight offset between the two sections of 0.39 %o . Generally,
carbonate rocks have a relatively wide span of §2Mg signatures (-5.6 to -1%o , e.g. Fantle and
Higgins, 2014; Gao et al., 2018; Li et al., 2012; Wang et al., 2017) as many low-temperature
processes fractionate the Mg isotopes during the incorporation into the calcite. Our generated
§26Mg values thus fall within the reasonable range of up to date published values of carbonate
rocks. Diagenetic overprint may shift the §2Mg to more negative and even more positive values
(Fantle and Higgins, 2014), however the lack of variability in both sections over the investigated
time span (> ~7Ma) is conspicuous. If diagenesis would have influenced the primary signal of
both sections a uniform shift in §26Mg in the same direction affecting the whole transect is rather

unlikely. Also, the difference in absolute §26Mg values at both sections is small and probably owing
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to regional differences as they record different basins in the northwestern Tethys. To conclude, the

Li and Mg isotope signals recorded here for the two basins record a true seawater signal.
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2.9. Calculation of seawater pH with boron isotopes

Dissolved boron occurs as two species in seawater, one being the trigonal boric acid (B(OH)3) and
the second being the tetrahedral oriented borate (B(OH), ) with relative proportions of 80 and 20%
at pH 8, respectively. The abundance of each species is dependent on the pH meaning that at low
pH all dissolved B is present in B(OH)3 whereas at high pH B is present in the B(OH), species.
Owing to stronger boron-oxygen bonds in B(OH)3 this species is enriched in 'B whereas B(OH)
is preferentially enriched in 1°B (e.g. Zeebe, 2005) with an offset of 26-27 %o (Klochko et al., 2006;
Nir et al., 2015). Isotopic fractionation between these two species occurs due to coordination-
controlled vibration differences as a function of pH, also altering its §''B value as both species
become enriched in 'B with rising pH and concurrently B(OH); becoming the dominant aqueous
species (Kakihana et al., 1977; Oi et al., 1988; Schwarcz et al., 1969).

Using boron isotopes incorporated into marine calcites as a mean to reconstruct seawater pH
is based on the assumption that the calcite preferentially takes up B(OH),, which was firstly
suggested by Hemming and Hanson, 1992. The negatively charged species is thought to being
more attracted to the positively charged calcite surface as the uncharged B(OH)3 (Palmer et al.,
1998; Pearson and Palmer, 2000; Spivack et al., 1993; Xiao et al., 2014). However, recent studies
imply that aragonite seems to only incorporate borate while calcite may take up a mixture of boric
acid and borate (Noireaux et al., 2015). Nevertheless, as it is still a matter of debate how B is
incorporated exactly in inorganic marine carbonates, pH reconstructions still use the assumption
of Hemming and Hanson, 1992 that only borate is incorporated into the calcite, leading to the
pH-6''B relation shown in equation 2. A few important variables are to be solved to calculate past
seawater pH. First, the B isotope fractionation factor, where a first estimate for the value of ag was
given by Kakihana et al., 1977 with a value of 1.0194 (ep= 19.4 %0; e = (ap — 1) *10%). However,
various subsequent studies found different estimates ranging between 18-30 %o depending on the
speciation calculation methods. For example suggested recent studies values of 1.025 £+ 0.001
(Noireaux et al., 2015), 1.026 + 0.001 (Nir et al., 2015) and 1.025 + 0.0005 (Kaczmarek et al.,
2016). However, in modern studies for pH reconstructions the widely accepted value of 1.0272 +
0.0006 by Klochko et al., 2006 is still used. Depending on which a g value is applied the calculated
data can alter in the range of 1-2%o0 (Fig. 2). Moreover to mention is a possible small-scale
influence of temperature on ag observed with biotic carbonate precipitation (Farmer et al., 2015;
Honisch et al., 2019; Honisch et al., 2008; Rae et al., 2011) and inorganic carbonate (Kakihana
et al., 1977). As mentioned above, the fractionation of B into calcites is still a matter of debate
and in need of clearance. Therefore we apply the ag from Klochko et al., 2006 in this study, also
because the values fall within the uncertainty from Nir et al., 2015 and for better comparison to

other studies.
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Another varying factor in the pH calculation equation is the dissociation constant of boric acid
pK,. Different studies found that pKj, is temperature, pressure and salinity dependant (e.g. Cul-
berson and Pytkowicx, 1968; Dickson, 1990; Hansson, 1973; Roy et al., 1993). Generally spoken,
the pK} increases with decreasing temperature and salinity. As recent studies use the pKj, values
from Dickson, 1990 and his results were confirmed by Roy et al., 1993 and are in line with the
findings from Hansson, 1973, we also apply his values for our reconstructions in this study.

A further important prerequisite is the §''B isotopic composition of the seawater (§''Bgyy)
during the time of deposition. Today’s 6''Bgy is 39.61 %o (Foster et al., 2010) and globally
homogenous, though many studies have shown that this value during ancient time can be highly
variable (Clarkson et al., 2015; Henehan et al., 2019; Joachimski et al., 2005; Kasemann et al.,
2010; Paris et al., 2010) due to the long residence time of B in seawater. Here we test different
values for 6''Bgy to find the best fit of reconstructed pH values with our recorded 6''B isotopes
on micrites and brachiopods (Fig. 10).

First, the §''Bgy, during the Early Jurassic can not exceed a value of 36 %o as a lot of our
recorded values would then not be able to calculate for a pH value. Using this value for pH
calculation would mean that we record a major drop of 0.8-0.9 for the T-OAE. However, if we
lower the §1'Bgyy value to as much as 33 %o we would get a rather moderate drop of 0.4-0.5. This
uncertainty in pH calculations is included in our models.

Second, Jurikova et al., 2019 assumed that the 6''B recorded in brachiopod shells does probably
not reflect the §''Bgy, composition, but a mixture of the internal calcifying fluid and that of
the ambient seawater. If we go one step further and assume that they only record the internal
fluid with their secondary shell, which would support the stability of our 511Bbmchiopod data, we
would then also be able to make suggestions about the pH drop observed in the micrites. Modern
brachiopods have an internal fluid pH of 7.8, which is thought to be a remnant of their time of
evolution (Jurikova et al., 2019). Calculating the equivalent §''B of their internal fluid would thus
be ~35 %o (when applying the B fractionation from Penman et al., 2013, which has the best fit).
Since the micrites prior and after the T-OAE record the same §''B signature as the brachiopods,
this would imply that the same 6''Bgy prevailed during this time. Adjusting this value to our
pH reconstructions results in a scenario where a drop of 0.6 in both basins was recorded (Fig. 10).
Nevertheless, this would only be the case if brachiopods exclusively record the 6''B of their internal
fluid and not a mixture with the ambient seawater, which would further complicate calculations.
To clarify this matter, further research on brachiopods and the source of their §''B records is

needed.
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3. A comparative study on seawater pH changes during the

T-OAE (Early Jurassic) with boron isotopes

3.1. Abstract

Reconstructing past seawater pH changes with boron isotopes (§1!1B) on different archives has been
the focus of several studies for many years, with brachiopods being regarded as a good archive.
We present high-resolution 6''B records for two carbonate transects located on opposite margins
of the Iberian Massif during the Toarcian Oceanic Anoxic Event (T-OAE), a time interval where
ocean acidification triggered by a rapid and massive CO, injection is suggested. We compare §''B
generated on inorganic micritic carbonates with biogenic carbonate shell material from brachiopods
and bivalves, as well as give the first direct evidence for a seawater pH drop during the T-OAE.
Because the pH decline is only concise in the micritic carbonates this leaves the question of the

liability of biogenic carbonates as pH recorders.

3.2. Introduction

The Toarcian Oceanic Anoxic Event (T-OAE, ~183 Ma; Early Jurassic) records an episode that is
not only characterized by widespread anoxic conditions of the oceans (Jenkyns, 2010), but also a
second-order extinction event and severe assemblage changes of pelagic and benthic organisms (e.g.
Benton, 1995; Danise et al., 2019; Piazza et al., 2019). The environmental and biological crisis
is linked to pulses of rapid intrusive volcanism and contact metamorphism of the Karoo—Ferrar
large igneous province (Burgess et al., 2015; Elliot, 2013; Percival et al., 2015) that lead to pCOq
concentrations of at least 2-4 times higher than pre-industrial levels (Dera and Donnadieu, 2012;
Ullmann et al., 2020). The rise in volcanogenic CO3, together with the release of methane from
the dissociation of marine clathrates (McElwain et al., 2005; Svensen et al., 2012), is also noticed
in the globally recognised negative carbon isotope excursion (CIE) during the T-OAE with an
evidenced drop of ~3-9%o (e.g. Danise et al., 2019; Kemp et al., 2005; Suan et al., 2011) and a
recently calibrated duration of 300-900 kyr (Boulila et al., 2014; Percival et al., 2016). Hence, global
elevated atmospheric temperatures of ~5°C for the mid-latitudes (Dera and Donnadieu, 2012) and
3-7°C for seawater temperatures (Suan et al., 2010; Ullmann et al., 2020) were the result. Another
suggested effect of a rapid input of CO5 in the atmosphere—ocean system at the onset of the T-OAE
is a consequential ocean acidification event, which has been assumed for quite some time (Beerling
and Brentnall, 2007; Hermoso et al., 2009; Kemp et al., 2005). Indications exist in the form of a
carbonate production crisis that is evidenced by the size reduction in marine calcifying organisms
(Mattioli and Pittet, 2002; Suan et al., 2008), a decrease in the carbonate accumulation rate and

thus reduced seawater carbonate saturation (Hermoso et al., 2012; Mattioli et al., 2004, 2009; Suan
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et al., 2008), and the near disappearance of shallow-water platforms (Dromart et al., 1996; Trecalli
et al., 2012). Moreover, the extinction was especially selective against marine calcifying organisms
like corals, bivalves and unbuffered organisms (Kiessling and Simpson, 2011; Trecalli et al., 2012).
With this study we deliver (1) the direct evidence for a seawater pH drop during the T-OAE, (2)
show that brachiopods do not act as a good archive for reconstructions of pH changes and (3)

present the first data set yet available for boron isotopes on fossil bivalves.

3.3. Materials and Methods

To test for a possible seawater pH drop during the T-OAE we generated two boron isotope
(6'1B) profiles on marine micritic carbonates from shallow water environments for two sections:
Rabagal/Fonte Coberta (R/FC) in Portugal, and Barranco de la Canada (BdC) in Spain, each
located in the former Lusitanian (LB) and Iberian Basin (IB) in the NW Tethys, respectively (Fig.
9, supplement/ see section 1.4). Additionally, shell material from well preserved rhynchonellid
brachiopods and bivalves (oyster: Gryphaea)(from Ullmann et al., 2020) was analysed for their
boron isotopic composition in order to assess their application as proxies for past seawater pH
changes. For both successions the biozonation is well defined so that the ammonite stratigraphy
together with the distinct carbon isotope (6'2C) and ®7Sr/8¢Sr isotope curves are used for age

model constraints (supplement /see chapter 2, section 2.2).

3.4. Results

Sampling intervals reached from the latest Pliensbachian margaritatus ammonoid zone (AZ) to the
mid-Toarcian bifrons AZ and analysed 6'3C,,icrize iSOtopes retrace the CIE characteristic for the
T-OAE (Fig. 9). Values for R/FC range between 0.85 and 4.30 %o , for BAC between -0.13 and
3.91 %o and plot well with the published data for the corresponding brachiopod and oyster §'3C
as well as published bulk rock data for each basin (for discussion see supplement/ section 2.7.2).
The analogous 3''B,,icrite values show similar values for pre- and post-boron isotope excursion
(BIE) times at both sections with in mean 15.38 + 0.7%0 (1sd, n=8) for R/FC and 12.88 +
0.7%o (1sd, n=10) for BAC (Fig. 9), the offset between both basins probably being a cause of
regional differences. A gradual decrease during the T-OAE can be observed with a reduction
of 5.5%0 for R/FC and 3.7 %0 for BdC, indicating a decline in seawater pH for both basins.
Minimum 6''B,,icrite values are 9.92 and 9.14 %o for R/FC and BdC respectively. In contrast,
the 6 Byrachipoa show a different signature with rather stable boron isotopes of in mean 13.7 +
0.4 %0 (1sd, n=22) for BdC and 14.1 £ 0.7 %0 (1sd, n=>5) for R/FC even during the T-OAE. For
the oysters we see a similar pattern with only a slight offset from the brachiopods and mean 6''B

of 12.3 + 0.4 %o (1sd, n=13).
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3.5. Discussion

For the reconstruction of seawater pH the 6! B-pH relationship has often been applied (e.g. Clark-
son et al., 2015; Sosdian et al., 2018), whereas the fractionation factor of B («p) into marine calcites
is still a matter of debate (see supplement/ section 1.2). The widely accepted empirical value from
Klochko et al., 2006 is still used in modern studies and hence also applied in this study for better
comparison. Calculating the past seawater pH with our generated §''B,,;crite data (20°C and 35
psu) reveals a drop of 0.4-0.6 in the pH value during the T-OAE interval for R/FC and BdC,
respectively, and strongly depending on the pH reconstruction scenarios (see supplement/ chapter
2, section 2.9; Fig. 10). Relying on which pH value was present prior to the T-OAE, such a
drop could be accounted for an acidification event. As the Early Jurassic 6''B composition of the
seawater is not known, but mandatory for absolute pH calculations, we are only able to constrain
the relative drop in seawater pH in this study.

The onset of the decline in §''B is latest during the polymorphum AZ, and thus prior to the
defined boundary of the T-OAE as shown for R/FC, commencing concurrently with the abrupt
rise in atmospheric CO2 concentrations (Fig. 8). For BdC a timing for the onset cannot be
resolved due to the lack of proper sample material. However, a concordant gradual decline in
seawater pH during the T-OAE interval for both basins is observed, while the ending of the pH
decline is decoupled with R/FC returning earlier to pre-T-OAE conditions than BAdC. While both
sections are located around the Iberian Massif, they are still situated on opposite margins (Fig. 9),
which could nonetheless lead to differences in weathering intensities, bathymetries, sedimentation
rates, and water temperatures. As influences of water-depth and temperature can be ruled out in
this case (see supplement/ section 2.7), and sedimentation rates were comparable in both basins
(Gahr, 2005) varying weathering intensities coupled with basin restrictions can be accounted for
a possible mechanism. Through the intensification of continental weathering, ocean alkalinity is
elevated and enables the buffering of a lowered seawater pH (e.g. Honisch et al., 2012; Kasemann
et al., 2014). Several studies already suggested an enhanced discharge from the continents during
the T-OAE, with varying magnitudes of 3 times stronger weathering rates from the eastern margin
of the Panthalassa Ocean (Them et al., 2017) and the northern parts of the NW Tethys (Percival
et al., 2016), whereas 5 times stronger fluxes were reconstructed for the LB (Brazier et al., 2015).
Corresponding data sets are up to date lacking for the IB, however as different rates for weathering
fluxes throughout the NW Tethys region exist, lower fluxes than reported in the LB can also be
assumed for the IB affecting the relatively longer recovery time for the seawater pH level, which
is nonetheless in accordance with the long duration of the raised CO; levels (9). Therefore, the
higher reconstructed weathering rates for the LB, together with a probable basin restriction (for

further discussion see section 4.5.4) could be a driver for the observed faster seawater pH recovery.
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Figure 9. (A) Paleogeographic reconstruction for the Early Jurassic (~180Ma) (modified after Dera

et al., 2011; Korte et al., 2015) showing the position of the NW Tethys realm (B) Enlarged section of
the NW Tethys showing the locations of the two sampled sections on the Iberian Massif, Barranco de
la Caifiada (BdC) (1) and Rabagal /Fonte Coberta (R/FC) (2) (modified after Bassoulet et al., 1993;
Ruebsam et al., 2018) (C) Generated boron and carbon isotope data for both sections with long-term
external reproducibility (2sd) of & 0.5 %o for §''B, for §'*C 4 0.03 %o for R/FC and 4 0.04 %o for BdAC
samples are plotted. Brachiopod and oyster carbon isotope data, the T-OAE interval (orange colored area),
the crisis interval (dashed line), and the interval of elevated CO2 (green lines) as published by Piazza et
al., 2019, 2020; Ullmann et al., 2020. For better comparability of the CIE at R/FC reported data for the
Lusitanian Basin are plotted from literature by Duarte, 1998; Duarte et al., 2004; Hesselbo et al., 2007;
Oliveira et al., 2006; Pittet et al., 2014. §''B values for the altered carbonates are depicted as crosses but
were not taken into account for interpretation (for further information see supplement/ chapter 2, section
2.7). Lithological log from BdC modified after Gahr, 2002 and for R/FC after Duarte, 1995; Paredes et al.,
2016. [High-resolution image on attached CD]

An additional fact is that at both sections the seawater pH drops not only fall in line with
elevated CO2 concentrations, but also the defined crisis intervals (Ullmann et al., 2020) (Fig. 8),
which mark the inception of the extinction horizon and severe assemblage changes with the solely

occurrence of the opportunistic brachiopod Soaresirhynchia (Piazza et al., 2019; Ullmann et al.,

84



3 A COMPARATIVE STUDY ON SEAWATER PH CHANGES DURING THE T-OAE
(EARLY JURASSIC) WITH BORON ISOTOPES

2020). This finding indicates that the drop in seawater pH might be accounted for a kill mechanism,
together with global warming, ocean deoxygenation and changes in nutrient cycling termed as the
"deadly quartet" (Bijma et al., 2013; Piazza et al., 2019). This term describes the coupling of
those four stressors, which usually occurred during past mass extinction events (Jenkyns, 2010),
and was also suggested for the T-OAE (see above).

A further matter not yet resolved is the B fractionation during biogenic carbonate precipitation
for brachiopods and bivalves. Fossil brachiopods are often used for isotope analyses as they are
regarded to confidently preserve their original chemistry in their secondary shell layer despite
post-depositional processes, owing to the robustness of their low-magnesium calcite shell against
such influences (e.g. Brand et al., 2012; Brand and Veizer, 1980, 1981; Brand et al., 2003).
Rhynchonellid brachiopods are the favoured brachiopod order for geochemical analyses because
their secondary shell material is in equilibrium with the ambient seawater, and furthermore the
geochemical signature is not altered by vital effects (Brand et al., 2013; Ullmann et al., 2017). Only
a few studies addressed the potential use of brachiopods as pH tracers up to date (Joachimski et
al., 2005; Jurikova et al., 2019; Lécuyer et al., 2002; Penman et al., 2013), however none of them
included rhynchonellid brachiopods. Three of those studies investigated the fractionation of B
between the brachiopod shell and seawater, with each study concluding in different relations of
the pH and B incorporation (Fig. 10). However, what those studies agree on is the reduced §''B
sensitivity against pH changes in brachiopods (Jurikova et al., 2019; Penman et al., 2013) compared
to the empirical aqueous fractionation in marine carbonates predicted by Klochko et al., 2006, and
that they reveal vital effects by altering the incorporated ambient seawater §''B signature into
their shell (Jurikova et al., 2019; Penman et al., 2013). Despite all the uncertainties, the studies
speak for the use of brachiopod derived §''B as a mean to reconstruct past seawater pH changes,
but suggest focusing on a single species or cross-calibrating coeval species.

Although we were not able to stick to a single species of brachiopods for our study, as the
assemblage changes were too severe at both sections, we nevertheless only used rhynchonellid
brachiopods to ensure the best possible results. Interestingly, our data set of 611Bbmchipod stands
in stark contrast to the BIE visible in the micrites, since they do not record this event (Fig. 9).
Nevertheless, the 611Bbrachipod data have a scatter of about 2 %o, which could reflect the seawater
pH drop in terms of their reduced sensitivity (Fig. 10). On the other hand, Jurikova et al., 2019
suggested that the secondary layer reflects a mixed signal of the internal calcifying fluid and that
of the ambient seawater. Yet, what speaks against it is that the 511Bbmch,~pod values fall into the
same range as the §''B,,;crite prior and after the T-OAE interval. Also, if an alteration by the
internal fluid would be given lower §''B values would be expected as pH measurements of the fluid
on modern species revealed low values of 7.8 (Jurikova et al., 2019), assuming past brachiopods

precipitated their shell at the same level or below that of seawater pH. But, if we consider recording
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Figure 10. Two scenarios for a seawater pH reconstruction with biogenic and abiogenic carbonate B
fractionation approaches. Curves and generated data are plotted for varying 6*'Bsw, 20°C and 35 psu,
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absence of a calculated offset for our species and only for comparison matters we plotted our data on their
curve. [High-resolution image on attached CD]

the internal fluid §''B this would mean that we need to adjust our 6''B,;crite pH reconstructions
(supplement/ chapter 2, section 2.9; Fig. 10).

Besides, when comparing the different fractionation curves with our generated boron data in
micrites and brachiopods (Fig. 10) the very alkaline reconstructed seawater pH of above 9 for the
curve of Jurikova et al., 2019 is very unlikely and does not speak for the uniformity of their curve
and the application of such on pH reconstructions. In contrast, the curves from Penman et al.,
2013 and Lécuyer et al., 2002 plot closer to the empirical carbonate curve from Klochko et al.,
2006, still both curves show a minor drop in pH by contrast to the study from Jurikova et al., 2019.

For bivalves up to date no study on the incorporation of boron into their shell in relation to
the ambient seawater pH exists. A recent study from Sutton et al., 2018 reported the first §''B
data available for the modern oyster species C. virginica with a value of 16.03 %o at a seawater
pH of 8.2, and hence not falling on the pH curve from Klochko et al., 2006. Our firstly reported
d''B on fossil oysters show a mean value of 12.3 %o and thus heavier isotopic composition as the
according micrites. Lacking appropriate data during the T-OAE interval, we are unfortunately not
able to assess if oysters were able to record the change in seawater pH as evident in the micrites.
Nonetheless, as our (511B0yster values are still not in accordance with the micrite values, they also

fall below the empirical pH curve from Klochko et al., 2006. Thus, our findings indicate that the
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incorporation of boron into the bivalve shell is likewise more complex and in need of clearance.

3.6. Conclusions

The T-OAE was a time of extreme environmental perturbations with a massive input of vol-
canogenic CO, that lead to a seawater pH drop as evidenced with §''B isotopes on marine car-
bonates for two basins. The magnitude of the pH drop is matter of current models and will clarify
if we can speak of an acidification event. Despite this, the BIE is not recorded in brachiopod or

bivalve shells, stressing the point for more research in this area.
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4. Enhanced silicate weathering pulses and Lusitanian basin
restrictions during the Early Jurassic

(Pliensbachian—Toarcian)

4.1. Abstract

The Pliensbachian—Toarcian boundary and Toarcian Oceanic Anoxic Event (T-OAE) are thought
to being triggered by abrupt rises in atmospheric CO, from Karoo—Ferrar flood basalt volcanism,
which would have implemented Earth’s feedback mechanism to draw down the CO5 amounts with
enhanced silicate weathering. Here we present two basins located around the Iberian Massif that
show abrupt changes in the §7Li isotope signature at both events, supporting earlier studies findings
of elevated continental weathering, whereas we are able to specifically trace the silicate weathering
part with Li isotopes. We further suggest that the Lusitanian Basin (Portugal) was probably
restricted for a short time at both events owing to abrupt sea level falls and a tectonic event that
formed effective barriers to prevent open marine circulation. Hence, the Iberian Basin (Spain)
is thought to record open marine conditions, whereas more research with Li isotopes in sections

within the tethyan or even other realms are recommended to support this idea.

4.2. Introduction

The Early Jurassic Toarcian Oceanic Anoxic Event (T-OAE, ~183 Mya; Jenkyns, 1988; Jenkyns,
2010) is a globally recognised event of widespread anoxic conditions of the oceans that occurred
concurrently with the Karoo—Ferrar large igneous province (e.g. Aarnes et al., 2011; Burgess et al.,
2015; Elliot and Fleming, 2008; Elliot, 2013; Palfy and Smith, 2000; Percival et al., 2015; Svensen
et al., 2012), and subsequently most likely triggered a biotic crisis (Cecca and Macchioni, 2004;
Danise et al., 2019; Goémez et al., 2008; Mattioli et al., 2009; Palliani and Riding, 2003; Piazza
et al., 2019; Wignall and Bond, 2008). The cause for the crisis were elevated atmospheric pCOq
concentrations in the order of 2—4 times higher than pre-industrial levels (Dera and Donnadieu,
2012; Ullmann et al., 2020) that derived from Karoo-Ferrars rapid intrusive magmatism, and
together with contact metamorphism, also raised the greenhouse gas concentrations of methane
(Svensen et al., 2012). This volcanogenic CO2 has a distinct isotopically light carbon imprint
and can be globally recognised as a negative carbon isotope excursion (CIE) during the T-OAE
with an evidenced drop of ~3-9 %o, depending on the material analysed (e.g. Danise et al., 2019;
Hesselbo et al., 2000; Izumi et al., 2012; Kemp et al., 2005; Littler et al., 2010; Suan et al.,
2011). The duration of the CIE and OAE has been calibrated between ~300-900kya (Boulila
et al., 2014; Huang et al., 2014; Tkeda and Hori, 2014; Pittet et al., 2014; Suan et al., 2008). The
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following environmental perturbation triggered by those high CO, amounts were manifold. The
latest Pliensbachian spinatum ammonoid zone (AZ) was dominated by rather cold climate with
seawater temperatures around 11-16°C (Bailey et al., 2003; Dera and Donnadieu, 2012; Dera et al.,
2011; Rosales et al., 2004; Suan et al., 2010) and probable existing continental ice masses (Suan
et al., 2010). The subsequent Pliensbachian-Toarcian boundary (P1-To) experienced an abrupt
rise in seawater temperatures (also linked to the activity of Karoo-Ferrar) by ~4-5°C (Suan et al.,
2008) with a subsequent decrease to lower sea-surface temperatures, with cold and dry climate
conditions and accelerated physical weathering prior to the T-OAE (Bailey et al., 2003; Hermoso
and Pellenard, 2014; Lézin et al., 2013; Rosales et al., 2004; Suan et al., 2010). Ongoing, during the
T-OAE, and hence the CIE, a rise in seawater temperature of about 3-7°C was recorded (Bailey
et al., 2003; McArthur et al., 2000; Suan et al., 2010, 2008; Ullmann et al., 2020), together with a
rise in atmospheric temperatures of about 3-5°C for the tropical and midlatitude areas (Dera and
Donnadieu, 2012; Pélfy and Smith, 2000) and thus warm and humid climate conditions (Hermoso
and Pellenard, 2014). After the T-OAE the early and middle Toarcian climates were dominated
by greenhouse conditions (Bailey et al., 2003; Dera et al., 2011; Gémez and Arias, 2010; Gomez
and Goy, 2011; Léonide et al., 2012).

Another effect of elevated COs concentrations were higher continental weathering rates, which
are thought to be the trigger for entering the state of a widespread anoxic ocean. The higher
weathering rates would have raised the nutrient fluxes into the oceans (Brazier et al., 2015; Cohen
et al., 2004; Fu et al., 2017; Hermoso and Pellenard, 2014), which enhanced the primary produc-
tivity, and through the resulting oxidation of the huge amounts of organic matter, anoxia in more
restricted settings of the global ocean was induced (Jenkyns, 2010). On the other hand, continental
weathering (especially silicate weathering) consumes CO2 and helps to stabilize Earth’s climate.
Reconstructing the rates and regimes of continental weathering during the T-OAE has thus been
of special interest. Several studies already exist that looked into this matter finding ~3 times
increased weathering rates for the T-OAE interval from #70s /188 Os isotopes (Percival et al., 2016;
Them et al., 2017a) and about 2 times elevated weathering rates for the PI-To boundary (Percival
et al., 2016). A study with §*%/40Ca isotopes in contrast found an increase of a factor of 5 for the
continental weathering rates for both events (Brazier et al., 2015).

As the yet available studies on continental weathering during the T-OAE concentrated on the
absolute weathering rates, we aim to unravel the changes in the different weathering regimes and
hence the changes in silicate and carbonate weathering. As weathering of both geologic materials
includes the consumption of COs, carbonate weathering only acts as a short term climate stabi-
lizer, as the dissolution of carbonate in the oceans by lowered pH levels leads to the return of the
greenhouse gas into the ocean—atmosphere system. Nevertheless, carbonate weathering also is a

strong buffer to ocean acidity by adding alkalinity in the form of bicarbonate and carbonate ions
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(Berner, 2003). By contrast, silicate weathering acts as a net sink for CO5 and helps balancing
Earth’s climate on the long term, especially by weathering Ca and Mg silicates (France-Lanord and
Derry, 1997). Silicate weathering is also more complex as carbonate weathering as carbonates sim-
ply dissolve completely (congruent weathering) while silicate weathering involves the formation of
a new secondary clay mineral (incongruent weathering), which is an important process for forming
soils. Because both weathering processes are differently crucial for the drawdown of atmospheric
COg, the rates of each weathering process are of utter importance for the efficiency of Earth’s
climate stabilization. With this study we present new high-resolution lithium (Li) and magnesium
(Mg) isotopes from two different locations in the western Tethys during the T-OAE and Pl-To
boundary that help to understand the changing mechanisms of weathering during times of elevated

CO4 concentrations.

4.2.1. Isotopic variations during continental weathering — from continental sources to marine

sinks

Magnesium isotopes

Magnesium (Mg) has three stable isotopes (24, 25, 26) with typical relative abundances of
78.99%, 10.00% and 11.01%, respectively (Berglund and Wieser, 2011). As the mass difference
between 24Mg and 26Mg is relatively large with over 8%, significant mass fractionation in numerous
geological processes can be observed. With its long residence time in seawater of over 10 Ma (Li,
1982) it exceeds the ocean mixing time of 1-2kya (Garrison, 2006), and thus is homogeneously
distributed in the oceans with a current seawater §2°Mg composition of -0.83 + 0.09 %o (Foster
et al., 2010; Ling et al., 2011). The main sinks of Mg are hydrothermal circulation at mid-ocean
ridges, the precipitation of dolomite, as well as ion-exchange reactions with clays (Elderfield and
Schultz, 1996), while the main sources of Mg into the oceans are continental rivers (Tipper et al.,
2006).
The fractionation of Mg isotopes occurs during the formation of carbonate minerals, which prefer
to incorporate the light Mg isotope with weaker Mg bonding strength. However, the specifics of
the fractionation are not yet fully resolved, since it depends on several factors like temperature,
calcite growth rate, aqueous Mg concentration, pH, mineralogy, the precipitation process and Mg
content in the calcite (Galy et al., 2002; Immenhauser et al., 2010; Li et al., 2012; Saenger and
Wang, 2014; Wang et al., 2019). This explains the wide variety of §2Mg in carbonate minerals
between -5.6 to -1%o (e.g. Fantle and Higgins, 2014; Gao et al., 2018; Li et al., 2012; Wang
et al., 2017). Silicate minerals also fractionate the Mg isotopes by preferentially incorporating the
heavier Mg isotopes (Schauble, 2011). Typical §2°Mg values of silicates range between -0.77 to
-0.09 %0 and hence are virtually uniform, indicating a limitation of Mg isotopic compositions at

high temperatures (e.g. Chakrabarti and Jacobsen, 2010; Liu et al., 2010; Teng et al., 2010a).
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Another Mg fractionation process occurs during the weathering of silicate rocks, where secondary
clay minerals are formed (incongruent weathering). This process usually prefers the incorporation
of the heavy Mg isotopes into their crystal lattice (Tipper et al., 2006; Tipper et al., 2010). This
practically means that during the weathering process the light Mg isotope is washed out by fluids
and leaves the weathering products, such as soil and clay minerals, with a heavy Mg isotopic
composition (e.g. Brenot et al., 2008; Gao, 2016; Liu et al., 2014; Teng et al., 2010b; Tipper et al.,
2006). The Mg isotopic content of rivers is thus controlled by the formation and weathering of
carbonates and silicates, whereas the vegetation might also play a role (Anderson et al., 1983; Bi
et al., 2007; Black et al., 2006), explaining the high diversity of §2Mg in modern river waters of
in mean -1.09 %o with a range of &+ 2.5 %0 (Tipper et al., 2006).

Lithium isotopes

Lithium (Li) has two stable isotopes, °Li and “Li, with typical relative abundances of 7.52%,
92.48%, respectively (Berglund and Wieser, 2011). As the relative mass difference between both
isotopes is large, the fractionation at low-temperature processes has a wide span making it a
good tracer for those processes in a geological context. Especially the reconstruction of chemical
weathering on continents is a major advantage of Li isotopes, because unlike other isotope systems
as strontium, magnesium, calcium and osmium, Li is almost exclusively fractionated and drained
in rivers by the weathering of silicates (silicate weathering contributes more than 95%) (Dellinger
et al., 2015; Huh et al., 2001; Kisakurek et al., 2005; Millot et al., 2010).

The seawater §7Li amounts to 31.0 & 0.5 %o (Broecker and Peng, 1982) and is globally evenly
distributed, owing to the long residence time of Li in seawater of about 1.2 Ma (Stoffynegli and
Mackenzie, 1984) exceeding the rates of ocean mixing. The main sinks for Li in the oceans is the
incorporation into clays and the subsequent integration into marine sediments, which makes up
70% of the Li removal. Another sink is the low-temperature alteration of oceanic crust, which also
involves the formation of clays (Chan et al., 1992; Chan et al., 2006; James et al., 1999; Seyfried
et al., 1998; Verney-Carron et al., 2011; Vigier et al., 2008). During formation of clay minerals
Li isotopes fractionate and SLi is preferentially incorporated into the mineral lattice, as well as
adsorbed onto the clay mineral surface (e.g. Pistiner and Henderson, 2003; Vigier et al., 2008;
Williams and Hervig, 2005; Wimpenny et al., 2015; Wunder et al., 2010, 2007, 2006), explaining
the relatively light Li isotope composition of those phases and the heavy 6"Li of seawater.

The main sources of Li into the ocean are continental river runoff, with its signature of low-
temperature chemical weathering processes, and hydrothermal activity high-temperature processes
at the mid-ocean ridge (Elderfield and Schultz, 1996; Gaillardet et al., 2003; Huh et al., 1998; Lui-
Heung et al., 1994). Both sources contribution to the Li seawater budget is nearly equal, but the
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Li isotopic composition is very distinct with a mean of ~8.3 %o for hydrothermal fluxes (Elderfield
and Schultz, 1996; Lui-Heung et al., 1994; Rudnick and Gao, 2003; Tomascak et al., 2008) and
23.5 %0 for the mean river runoff (Huh et al., 1998). The reason for the large isotopic offset
between the two sources is the isotopic fractionation of Li during terrestrial chemical weathering.
The fractionation on the continents occurs according to the fractionation during clay mineral
formation in seawater. As secondary (clay) minerals are formed during silicate mineral weathering
(incongruent weathering), this leads to a high 67Li river signature with low Li concentrations.
However, during congruent weathering, and thus only primary silicate mineral dissolution, low
07Li and high Li element concentrations can be observed in the rivers (Dellinger et al., 2015;
Kisakurek et al., 2005; Liu et al., 2015; Misra and Froelich, 2012; Pogge von Strandmann et al.,
2010, 2013). The ability to differentiate between congruent and incongruent weathering gives us
the opportunity to track changes in the intensity of silicate weathering and hence the feedback of

Earth’s environment to elevated CO5 concentrations.
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4.3. Materials and Methods
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Figure 11. Paleogeography and study area location maps. (A) Global paleogeography during the Early
Jurassic, modified after Dera et al., 2011 and Korte et al., 2015. Red area depicts the suggested expansion
of the Karoo—Ferrar Large Igneous Province (LIP). (B) Detailed reconstructed map of the NW Tethys
area, showing that mainly the northern part of this area suffered anoxia during the T-OAE (modified
after Bassoullet and Baudin, 1994; Ruebsam et al., 2018). Stars mark the locations of the studied areas
- (1) Rabagal /Fonte Coberta (Lusitanian Basin) and (2) Barranco de la Canada (Iberian Basin). [High-
resolution image on attached CD]

4.3.1. Study areas

Marine micritic carbonates from shallow water environments were collected from two different
locations in the western Tethys — in Rabagal/Fonte Coberta (R/FC, Portugal, 40°03’08.0"N
8°27°30.5"W) representing the Lusitanian Basin and Barranco de la Canada (BdC, Spain,
40°23°53.4"N 1°30°07.4"W) for the Iberian Basin (Fig. 1; also see supplement/ section 1.4).
For this study 20 carbonate samples for the Lusitanian Basin as well as 25 carbonate samples for
the Iberian Basin were collected and checked for their preservation (see supplement/ section 2.7).
Sampling intervals amount to 0.1-11m, covering the upper Pliensbachian from the margaritatus
A7 up to the middle Toarcian bifrons AZ, comprising the Pliensbachian—-Toarcian boundary and
the T-OAE crisis interval.

The age model for this study is based on the latest findings on the biozonations published by
Comas-Rengifo et al., 2013, Correia et al., 2018 and Ferreira et al., 2015 for Rabagal /Fonte Coberta,
and for the Barranco de la Canada section by Gahr, 2002 and Gahr, 2005, as well as additional
observations in the field. The absolute ages for the AZ are defined by the Geological Time Scale
2016 (Ogg et al., 2016). The lower boundary of the spinatum AZ for BAC is based on Sr isotopes
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generated for this study and calibrated on the 87Sr/%6Sr seawater curve from McArthur et al.,

2000.

4.3.2. Sample preparation

After passing the sample scrutiny for diagenetic overprints (see supplement/ section 2.7), the
20 samples from R/FC and remaining 20 samples from BdC were prepared for further isotope
analyses. First, the micritic carbonates were cut into thin slices with a diamond saw (research
group petrology of the ocean crust, University of Bremen). Ongoing, each slice was examined under
a binocular microscope and carefully broken into small pieces with a preparation needle. During
this sampling it was crucial to ensure to only pick the pristine micritic matrix, avoiding any fossils,
veins, late stage secondary alteration or dolomitization, fractures, pervasive recrystallization, any
spar or microspar as well as areas where original sedimentary features (e.g. burrow traces, finenely
detailed sedimentary lamination) were preserved. Subsequently, the chips were manually pestled
not too finely with an agate mortar to avert reaming any clay minerals. The powdered sample

material was used for any further isotope analyses.

4.3.3. Isotope ratio measurement

All sample preparations for isotope analyses were conducted in the Isotope Geochemistry clean
laboratory at MARUM — Center for Marine Environmental Sciences, University of Bremen, Ger-
many. The powdered sample material was leached as described below (section 4.3.4.) prior to ion
exchange column chromatography. All isotope measurements were operated with a ThermoFisher
Scientific Neptune Plus MC-ICP-MS with a stable introduction system (SIS) and high-efficiency
x-cone. Isotope ratios are reported in per mill (%) with the delta-notation relative to the certified

reference materials:

—
ot
~

ﬁ)
vX ) standard

(7%) sampi
§*X = <(“m” - 1> * 1000
with a and b being the isotopes of each element.

Li isotopes were separated from their matrix using the two-step column separation procedure with
BIORAD resin AG 50WX8 modified after Moriguti and Nakamura, 1998. Head and tail fractions
of each separation were checked for Li loss and its purity with MC-ICP-MS. The standard-sample-
bracketing method with international reference material NIST SRM 8545 (L-SVEC) was applied.
The reproducibility of NIST SRM 8545 for the three years of this project was §7Li = -0.1 £ 0.3 %o
(2sd, n=14), whereas the long-term reproducibility 2sd of the laboratory is + 0.5 %o . To control

the accuracy and precision of the method the in-house standard bottom seawater from SuSu Knolls

(BSW) was also repeatedly measured and yielded a value of 67Li = 30.5 4+ 0.4 %o (2sd, n=7), which
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is within analytical uncertainty in agreement with published literature values (31.1 & 0.3 %o (2sd);
see e.g. Huang et al., 2010; Pogge von Strandmann et al., 2019; Wimpenny et al., 2010).

Isotopes of the element Mg were extracted from the sample matrix through ion exchange chro-
matography with BIORAD resin AG50WX8 and 0.8 M HCI following the procedure described by
(Strelow, 1960; Strelow et al., 1965). Head and tail fractions of the separation were likewise checked
for Mg loss with MC-ICP-MS. Each series also contained an international reference standard, which
underwent the same preparation and leaching methods as the sample materials. Measured §2Mg
values were normed to the DSM-3 scale as described by Young and Galy, 2004. Repeated measure-
ments of the international standard CAM1 yielded a 62°Mgpgas3 value of -2.61 £ 0.06 %o (2sd,
n=8), for DSM-3 0.00 + 0.03 %o (2sd, n=8), repeated measurements and preparations for the
in-house seawater standard (SuSu Knolls) yield -0.85 + 0.05 %o (2se, n=13) and for GSJ-JCp-1
-2.00 £ 0.19%0 (2se, n=6), all in agreement with published values -2.623 4+ 0.03 %c (Teng, 2017),
0.01 £ 0.14 %o (Tipper et al., 2006), -0.83. + 0.09 %o (Foster et al., 2010; Ling et al., 2011), and
-1.96 £ 0.05 %0 (Teng, 2017), respectively.

4.3.4. Leaching procedure

Clay minerals and other detritial components of the carbonate rock can contaminate the sample
solution by detritial mineral dissolution. So far, the techniques applied by Ohnemueller et al., 2014
and Clarkson et al., 2015 avoided any detectable contamination by the detritial fraction. However,
the carbonate rocks used in their studies contained less clay and detritus amounts, making it crucial
to refine the leaching techniques for each isotopic system in this study. This section describes the
leaching experiments undertaken for each isotope system to achieve the best true matrix isotopic

results.

Lithium isotopes

Avoiding the dilution of Li from the clay minerals is critical during acid dilution of carbonates, as
they contain much higher Li concentrations and lower 6Li than the carbonate fraction and could
thus easily contaminate the carbonate Li signal (Bastian et al., 2018; Pogge von Strandmann et al.,
2013). The Li isotopic imprint of the detritial fraction is characteristically light, because as the
6Li isotope is preferentially incorporated by secondary clay minerals (Burton and Vigier, 2012).
The carbonate leaching procedure of this study is based on the findings of Pogge von Strandmann
et al., 2013, Bastian et al., 2018 and Macedo de Paula-Santos et al., 2017. Best results in these
studies were gained by leaching the micritic carbonate in 0.1M HCI for 1 hour.

In an effort to refine the above described leaching methods and gaining the §7Li that is closest to

the matrix signal, we carried out leaching experiments by varying the amount of leached carbonate
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(30%, 25%, 22.5%, 20% — results and detailed discussion can be found in the supplement/ section
2.6.5. Our experiments showed that the micritic carbonates are best leached for 2 hours with 0.1M

HCI by dissolving 25% of the carbonate fraction to gain the true 6’Li matrix signal.

Magnesium isotopes

As Li and Mg have a similar ion radius they also behave similarly during secondary mineral
formation and carbonate leaching. The Mg isotopes fractionate during secondary mineral formation
taking up the heavy isotopes and thus enrich the residuum in the light 24Mg isotope (Tipper et al.,
2006; Tipper et al., 2010), meaning that the detritus in carbonates should have a heavy isotopic
imprint. As it is also attached at clay minerals by adsorption like Li it is likewise easily affected
during the digestion of the carbonate material. For this reason, the same carbonate leaching
method as performed for Li isotopes was preferred. Results of our carried out leaching experiments
showed no differences for our micritic carbonates between the different leaching methods in other
publications (see supplement/ section 2.6.6), hence for simplicity and better comparison of both

isotopic systems the same leaching method as described for Li was applied.

4.3.5. Sample preservation

Marine carbonate rocks are widely used for paleoenvironmental reconstructions with Li and Mg
isotope as they are thought to reflect the chemistry of the ambient seawater during its time of de-
position (Higgins and Schrag, 2012; Pogge von Strandmann et al., 2019). However, diagenesis may
influence and alter the original chemistry of the carbonate, which is why it is crucial to scrutinize
the miciritc carbonates for any diagenetic overprints. The detailed results and interpretation for
the different tests conducted in the course of this study are listed in the supplementary material/

section 2.7.
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4.4. Results

Striking are the shifts to more positive 67Li values of about 2.4 %o at the Pl-To boundary and
5.7%0 during the Toarcian OAE to values of 19-20 %o (Fig. 12). However, this abrupt rise in
d7Li is only distinct at the R/FC section. Although the pre- and post-T-OAE 67Li values at
both sections lie in the same range, the absolute values differ during the OAE with BdC signature
showing even a minor decrease in the Li isotopes simultaneously with the decrease seen in R/FC.

Mg isotopes show only little variation at both sections over the studied interval with mean 62°Mg

values of -3.59 &+ 0.09 %o (1sd) for R/FC and -3.98 £ 0.15 %0 (1sd) at BAC (Fig. 12).

4.5. Discussion
4.5.1. Implications for the seawater isotopic composition during the Early Jurassic

Mg isotopes derived from marine carbonates are fractionated by a number of low-temperature
processes, making it difficult to make any assumptions about the §26Mg composition of seawater.
Relative changes in the isotopic composition of the carbonates may though speak for a change in
the seawater composition, and hence the continental river fluxes as the main source of Mg (and thus
continental weathering rates), when all other fractionating processes can be excluded as a possible
driver. Both sections in this study record stable §26Mg values for the late Pliensbachian-early
Toarcian with a minor offset in the absolute values between both basins, which might be owing to
differences in regional circumstances. The stability of both Mg records suggests no changes in any
of the drivers that might influence the 6?Mg of the carbonate rock and hence also the seawater
signature over the whole studied interval.

Li isotopes on the contrary are relatively unaffected by a lot of low-temperature processes, and
as the possible overprint of diagenesis probably has no effect on the Li isotopic composition of
the studied rocks (see section 2.8.2), they have the potential to carry the original §7Li seawater
(0"Ligw ) signature (Pogge von Strandmann et al., 2019). Correcting our Li data for the calcite iso-
topic fractionation of ~6 %o , which is the current highest value published (Pogge von Strandmann
et al., 2019) we gain a 6" Ligy between 20.3-22.0 %o for the whole studied interval (acting on the
assumption of mean measured §7Li values for the late Pliensbachian of 16.0 %o and 14.3 %o for pre-
and post-T-OAE). Compared to nowadays d” Ligy of ~31 %o (Broecker and Peng, 1982; Pogge von
Strandmann et al., 2019), to published values from the Late Cretaceous (94 Ma) of ~26-27 %o , and
to reconstructed values from the Late Jurassic (155-148 Ma) of ~29-32 %o (Ullmann et al., 2013),

our generated values for the Early Jurassic are rather more comparable to the minimum values
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recorded during the Paleogene of ~22 %o (Lechler et al., 2015; Misra and Froelich, 2012; Pogge
von Strandmann et al., 2013). Given the higher Li isotope composition of seawater during the
Late Jurassic compared to the Early Jurassic (~180 Ma) the 6" Ligy composition was not, constant
during the whole Jurassic epoch and required a major rise in 6’ Ligy of ~9-12 %o, and from here
even a minor decrease to reach the Late Cretaceous level. To resolve these 6" Ligyw changes more
studies covering the Jurassic time interval are needed.

Also, minor oscillations seemed to already appear during the studied interval of the Early Juras-
sic. Mean §7Li values prior to the Pl-To boundary are ~16 %o, whereas subsequently pre- and
post-T-OAE values reveal a mean value of ~14 %o , suggesting a drop in the 67 Ligy in the Toarcian

that persisted at least until the mid-Toarcian.

4.5.2. Observed §7Li trends in R/FC and BdC

Variations in the seawater §7Li signature are a result of the varying fluxes of the main Li sources,
being hydrothermal activity and continental rivers. Strictly speaking, a positive excursion as
observed for the P1-To boundary and T-OAE interval in R/FC could mean either a decrease in
hydrothermal fluxes, an increase in riverine fluxes, or, if river fluxes stayed stable, a change in
congruency and thus changes in the fluvial §Li, or even a combination of all these three factors.
Li element concentrations also vary with the change in congruency, but the Li concentrations
derived from marine carbonates can not be used as tracers because too many factor influence the
incorporation into the calcite mineral (see above). The possible influence of hydrothermal activity
is discussed in the section below, but seen as rather unlikely. As no information about the river
fluxes during the studied intervals exist we consider them for now stable until box model efforts
can be conducted and help to answer this question. In the following we will focus on the changes in
the different silicate weathering congruencies, in terms of congruent and incongruent weathering,
and the possible mechanisms behind it.

The 67Li record from R/FC reveals two major increases at the P1-To boundary of about 2.4 %o
and shortly after the onset of the T-OAE of about 5.7%0 (Fig. 12, 13). Those shifts go along
with two eruption pulses from the Karoo—Ferrar LIP volcanism, which are also recognised as a
perturbation in the carbon isotope record (e.g. Aarnes et al., 2011; Burgess et al., 2015; Elliot and
Fleming, 2008; Elliot, 2013; Palfy and Smith, 2000; Percival et al., 2015; Svensen et al., 2012). This

Figure 12 (following page). Generated §'°C, §'Li and §°°Mg isotopes for BAC and R/FC sections.
Brachiopod and oyster carbon isotope data, the T-OAE interval (orange colored area), the crisis interval
(dashed line), and the interval of elevated CO- (red lines) as published by Piazza et al., 2019, 2020; Ullmann
et al., 2020. For better comparability of the CIE at R/FC, published data for the Lusitanian Basin are
plotted from literature by Duarte, 1998; Duarte et al., 2004; Hesselbo et al., 2007; Oliveira et al., 2006;
Pittet et al., 2014. Lithological log from BAC modified after Gahr, 2002 and for R/FC after Duarte, 1995
and Paredes et al., 2016. [High-resolution image on attached CD]
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volcanism is thought to being the cause for higher atmospheric COy concentrations, which in turn
fueled Earth’s climate feedback mechanism of enhanced silicate weathering. Two recent studies,
investigating two OAE events during the Cretaceous period, already showed the importance of
silicate weathering to sequester CO5 on the long term (Lechler et al., 2015; Pogge von Strandmann
et al., 2013). The two abrupt shifts to positive §7Li values recognised in this study for the Early
Jurassic period suggests a change in weathering congruency with a higher fractionation of Li iso-
topes away from primary silicate mineral dissolution and congruent weathering, to the domination
of secondary clay mineral formation that take up the Li isotope (incongruent weathering). These
short-term shifts had an approximate duration of ~150kyrs for the T-OAE and ~7kyrs for the
P1-To boundary. Subsequently, the §7Li values become lighter implying a regime change to more
congruent weathering.

However, die Li isotope record from BdC shows a different pattern. If we assume that the same
§7Li values prevailed at BAC as for R/FC during tenuicostatum/polymorphum AZ (as we were not
able to recover well preserved sample material from this interval) then instead of following the
rise in 07Li during the T-OAE, as observed in R/FC, a decrease is recorded (Fig. 12, 13). Also,
increased §7Li values are not observed during the P1-To boundary for the BdC section, although
this is probably owing to the lack of sufficient sample material covering this event. A decrease in
d7Li rather speaks for primary mineral dissolution and congruent weathering. The trend observed
here also does not show as a sharp shift in §7Li as seen in R/FC, which could, however, be due
to the lack of a sample at the horizon where the minimum 6'3C value occurred. Nevertheless,
the maximum drop in 67Li observed for BAC is 1.7 %o , and values subsequently recover to record
heavier values until they reach the same isotopic signature as for R/FC at the end phase of the

OAE.

4.5.3. Constraints from multi-isotope excursions

In terms of hydrothermal activity, the radiogenic isotope Sr is often used to determine the hy-
drothermal fluxes as they are more sensitive against such changes (Pogge von Strandmann et al.,
2013) and would show more unradiogenic signature with higher activity. However, for the Sr iso-
topes a gradual decrease in the isotopic signature was observed starting in the Sinemurian and
stretching into the Pliensbachian, reaching its minimum values close to the P1-To boundary (Jones
et al., 1994; McArthur et al., 2000)(Fig. 14). This decrease was probably the result of increased
hydrothermal activity (Jones and Jenkyns, 2001), and the influence of this process ceased dur-
ing the Toarcian as Sr isotopes gradually became more radiogenic (Fig. 14). Short-term abrupt
changes in hydrothermal fluxes are not recorded in the Sr-isotope-curve at both events and are thus
a rather unlikely driver for the observed positive 6'Li shift, although a minor contribution might

be possible at the P1-To boundary, when Sr isotopes became more radiogenic and hydrothermal
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activity decreased. However, Sr isotopes would not be able to record such short-term events, as
this isotopic system is generally well buffered due to its long residence time in the ocean. Os, on the
other hand, has also radiogenic isotopes that behave comparably to Sr, but have a much shorter
residence time, and hence are able to record such short-term fluctuations (Peucker-Ehrenbrink and
Ravizza, 2000). Three studies in total exist that concentrated on ¥70s/!¥8Os isotopes during the
Pliensbachian-Toarcian. An early study from the NE Tethys region (Cleveland Basin) suggested
an increase of 4-8 times in magnitude of continental weathering rates during the T-OAE (Cohen
et al., 2004). However, the global extend of this signal was questioned, first by the restriction of
the depositional basin and the condensation of the section (McArthur et al., 2008), and second by
two recent additional Os isotope studies focussing on two basins that were probably connected to
the open ocean. To investigate the global scope of enhanced weathering rates each study covered a
different realm in the Pliensbachian—Toarcian: the northern Tethys (Cardigan Bay Basin, Wales;
Percival et al., 2016) and the Panthalassa Ocean (Western Canada Sedimentary Basin; Them et
al., 2017a) (Fig. 14). Remarkably, both studies found ~3 times increased continental weathering
rates during the Early Toarcian, based on an increase in the Os isotope values (more radiogenic),
although the absolute values differ, which could be a result of regional differences. Also, the PI-To
boundary event is likewise calculated to a ~2 times increased flux from the continents (Percival
et al., 2016).

More assumptions about increased weathering rates derive from a negative §*4/4°Ca isotope
excursion with a suggested increase by a factor of 5 for the P1-To boundary event as well as the T-
OAE (Brazier et al., 2015). This study speculated that two processes played together in leaving the
seawater enriched in the light °Ca isotope and explaining the negative Ca isotope excursion: the
increased riverine fluxes, and thus weathering rates, together with ocean acidification associated
with decreased carbonate burial due to the massive input of COs in the ocean—atmosphere system.

d26Mg isotopes generated in this study show no variations at the P1-To boundary or T-OAE
events, contrasting the signatures of the other isotopic systems (Fig. 14). This observation is
probably due to the well buffered state of Mg in seawater as a result of the residence time, that
compared to all the other isotopic systems reported here is tremendously long (Li, 1982). Such
short-term fluctuations, as recorded for the late Pliensbachian and early Toarcian, can for all these
reasons not be captured with Mg isotopes.

The onset of isotopic excursions in each study is also coincidental with the onset of our generated
d7Li isotopes for both basins (Fig. 14), strongly supporting an alike effect of increased continental
weathering on this isotopic system (for a detailed discussion of the 67Li signals see below). Further,
a model published by Ullmann et al., 2020, based on reconstructions of sea water temperatures
and atmospheric CO5 contents, also assumed a peak in silicate weathering that perfectly falls into

line with the peaks observed in Li and Ca isotopes (Fig. 14). Moreover, Li isotopes can also be
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Figure 13. Plot of §’Li from R/FC versus BdC. The red shaded area marks the time interval with
increased CO2 concentrations, which are also separately shown with the grey line (after Ullmann et al.,
2020). Margari. = margaritatus. [High-resolution image on attached CD]
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used for the reconstruction of the weathering fluxes for both discussed events, together with the
already published and above described isotope data following the example from earlier studies
(Lechler et al., 2015; Pogge von Strandmann et al., 2013). Our incongruent weathering signal,
recorded in the Lusitanian Basin, is therefore especially well suited because weathering rates in
these regimes respond to changes in the kinetics (thus temperature, CO2 supply and runoff) and
display a global response, in contrast to congruent weathering regimes where the silicate weathering
rates are dependent solely on erosion rates (West et al., 2005). In any case, a modelling effort is

beyond the scope of this study and envisaged for future studies.

4.5.4. Basin restrictions during Pliensbachian—Toarcian times

The Toarcian Oceanic Anoxic Event

To say in advance, a trend to lighter Li values, if not a true seawater signal, can also derive from
diagenesis and the leaching of clays during sample preparation. A possible diagenetic overprint
was thoroughly checked and no indications were found for the analysed samples (see supplement/
section 2.7). Leaching procedures were also refined for our sample material, in order to avoid
the leaching of clays (see supplement/ section 2.6.5) and falsification of the original matrix signal.
Besides, recording the same §”Li values at both sections for pre- and post-T-OAE times reduces
the probability that just the samples during the T-OAE at BdC should be affected by improper
leaching. Accordingly, regional differences must be accounted for the different Li isotopic signatures
observed in the Lusitanian basin (LB, Rabagal/Fonte Coberta section) and Iberian basin (IB,
Barranco de la Canada section)(Fig. 14). A possible explanation for the opposing trends could
be that either one basin was restricted during this time interval, and therefore not representing
the global §"Ligyy signature, or both basins were. There are several points that might speak for a
temporary restriction of the LB, which are therefore discussed in the following.

First, a striking feature are the contrasting lithologies of both basins during the T-OAE interval
(Fig. 12), although both basins should record the same facies. While the deposits prior and after the
crisis interval are comparable, the LB reveals calcarenitic depositions with the onset of the T-OAE,
which also prevail for the majority of the OAE interval. In fact, this calcarenitic facies represents
storm deposits that are found throughout the LB (Duarte, 1997, 2007; Duarte and Soares, 2002;
Pittet et al., 2014; Rodrigues et al., 2016; Suan et al., 2010; Wright and Wilson, 1984) and can also
be found in several basins in the NW Tethys (Krencker et al., 2015). The Peniche section located
in the LB, representing the outer ramp to basin facies, equivalently deposited turbidites during the
T-OAE that were probably sourced by the Berlenga-Farilhées block (Fig. 16 E)(Hesselbo et al.,
2007). This change in facies is thought to be caused by a rapid tectonically-driven sea level fall
that concluded in a lowstand for the LB, which in turn was triggered by the uplift of the Berlenga-
Farilhoes block (Duarte, 1997, 2007; Duarte et al., 2004; Kullberg et al., 2001; Wright and Wilson,
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1984). This sealevel lowstand terminated concurrently with the end of the calcarenitic deposition
and a subsequent transgressive phase in the mid-levisoni AZ (Fig. 16 F) (Duarte, 2007; Duarte
et al., 2004; Miguez-Salas et al., 2018).

This stands in stark contrast to the sequence stratigraphy reconstructed for the IB. Here, The
T-OAE was accompanied by a maximum flooding surface (phase between maximum rate of relative
sea level rise and maximum relative sea level fall) at the late tenuicostatum AZ (equals polymor-
phum AZ), which changes to a regressive phase at the transition of tenuicostatum/serpentinum AZ
(Gomez and Goy, 2005). The IB therefore did not experience an abrupt sea level fall as seen in
the LB basin during the T-OAE, showing important differences in the deposition environment in
both basins. The R/FC section deposits calcarenites that represent conditions above storm wave
base (SWB), while BAC probably stayed below the storm wave base (Gahr, 2005) (Fig. 16 F). As
already mentioned, storm derived deposits are found in several basins throughout the NW Tethys
realm during the T-OAE. Krencker et al., 2015 argued that these storm deposits are a result of
intensified storms, and hence the reason for the lowering of the SWB. As the overall trend during
the T-OAE was a rise in sea level, they generally excluded the possibility of a decreased sea level
stand as an argument for a lower SWB. However, the LB does in fact record a rapid tectonic driven
sea level fall during the T-OAE, which in turn can be accounted for the lowered SWB, although
this is just a regional circumstance.

A second argument for a LB restriction can be drawn with the occurrence of the crisis intervals
of the brachiopod species Soaresirhynchia bouchardi. This species appearance is typical during
the Toarcian OAE and is recorded in wide areas of the NW Tethys (e.g. Baeza-Carratala et al.,
2011; Danise et al., 2019; Gahr, 2005; Garcia Joral et al., 2011; Piazza et al., 2019, 2020; Ullmann
et al., 2020). The opportunistic brachiopod takes over the ecological niches that were previously
inhabited by brachiopods that got extinct at the crisis interval. It seems like for the LB the first
appearance of S. bouchardi, in comparison to other basins in the tethyan realm, has a somewhat
delayed first occurrence in the crisis interval, and only appears in the upper parts of the calcarenitic
facies (Comas-Rengifo et al., 2014; Comas-Rengifo et al., 2013; Gahr, 2002; Piazza et al., 2019;
Pittet et al., 2014), when the sea level was probably rising again (Fig. 16 F). This would imply that
a colonialization during the T-OAE with S. bourchardi was hindered in the LB owing to the basin
restriction. Nevertheless, we do not know how much time was required to deposit the calcarenites
and a relatively fast deposition could lead to a falsification of this observation. Thus, more research
on this matter is recommended.

A third point to draw is that basin restrictions during the T-OAE are not unlikely and happened
in several basins in the NE Tethys (McArthur et al., 2008). The basin restrictions in this part of the
Tethys (Paris, Cleveland and German basins) were accompanied with the typical anoxic or euxinic

conditions seen in the Early Toarcian and the deposits of organic-rich black shales (McArthur et al.,
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2008 and references therein). From this it follows that if the LB really was restricted, why does
it lack the development of anoxic conditions? The reason for this are the occurring strong storms
(Krencker et al., 2015) together with the relative low sea level that enabled the mixing of even deep
water masses and prevented their stratification (Fig. 16 E) (Suan et al., 2008). Similar conditions
have once been recorded during the early Pliensbachian in the LB (Plancq et al., 2016) (Fig. 15

C), making it also a possible scenario for the Early Toarcian.

The Pliensbachian—Toarcian Boundary Event

The P1-To boundary event experienced similar transgressive and regressive phases, with a low
sea level stand during the boundary event comparable to the records during the T-OAE. While the
late Pliensbachian margaritatus AZ experienced a transgressive phase with a maximum flooding
surface, the spinatum AZ was dominated by a regressive phase that led to the maximum lowstand
at the Pl-To boundary (Fig. 15 B), and a subsequent transgression during the polymorphum AZ
(Fig. 15 C, D). The latest Pliensbachian and Pl-To boundary event (before the eruption of the
Karoo-Ferrar LIP and the subsequent rise in temperatures) were accompanied by a severe drop
in seawater temperatures (Bailey et al., 2003; Dera et al., 2009; McArthur et al., 2000; Rosales
et al., 2004; Suan et al., 2008; van de Schootbrugge et al., 2005a) and probable icehouse conditions,
suggesting a glacio-eustatic control on the low sea level (Guex et al., 2001; McElwain et al., 2005;
Morard et al., 2003; Suan et al., 2008; van de Schootbrugge et al., 2005b).

Contrary to the T-OAE interval, the LB and IB seem to be similar in their depositional envi-
ronment during the P1-To boundary with similar sea level stands. Nevertheless, a PI-To boundary
lowstand could still have led to a short-term restriction of the LB similar to the T-OAE levisoni
A7 depositions, although no lithological evidence exists in the LB. Numerous siliciclastic turbidites
deposited in the Dades-Thodra valley in Morocco at the earliest polymorphum AZ indicate a storm
influence (Fig. 15 C) (Brazier et al., 2015; Krencker et al., 2015) and hence again a sea level that
was below the SWB in this part of the NW Tethys. Although such low levels were not reached

Figure 14 (following page). Compilation plot of published calcium, strontium and osmium isotopes
together with in this study generated lithium isotopes during Pliensbachian-Toarcian times. Ca isotopes
are from Brazier et al., 2015, representing the basin facies in the Lusitanian Basin (section: Peniche,
Portugal). Os isotopes are from Percival et al., 2016 from a section in the Cardigan Bay Basin (Wales),
covering the northern part of the NW Tethys region (white squares), and from Them et al., 2017b from
a section in western North America (Western Canada Sedimentary Basin, today in Alberta), covering
the Panthalassa Ocean (black squares) and thus a different realm as all other publications during the
studied time interval. Strontium isotopes are from McArthur et al., 2000, B isotopes from Klein et al.,
in preparation (see chapter 3) and Li isotopes generated on the same sample material for this study. The
red shaded interval marks the time span in which elevated CO2 concentrations prevailed (red line, from
Ullmann et al., 2020). The grey dashed line is a silicate weathering model from Ullmann et al., 2020.
[High-resolution image on attached CD]
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in the LB and IB, they still could have been generally low. Also, in contrast to the conditions in
the LB during the T-OAE, where a strong structural control is assumed (Pittet et al., 2014), for
the P1-To boundary no such control was noticed by lithofacies (Duarte et al., 2010). Pittet et al.,
2014 suggested that the tectonic structure of the LB during the earliest Toarcian was either formed
during this time interval or, if it already existed, simply enhanced, and was probably not present
during the Pl-To boundary. Nevertheless, a hint for a basin restriction of the LB is described
by a calcareous nannofossil evolution study from Reggiani et al., 2010, who suggested that the

connection of the LB basin could indeed have been restricted during the PI-To boundary.

4.5.5. Interpretation of the Li isotopic trends

In the light of a temporary basin restriction for the LB during the T-OAE, we are able to explain
our generated §7Li and other isotopic signals recorded for this interval, also further supporting the

idea of a basin restriction.

Pre-T-OAF interval (Fig. 15 D). The early Toarcian mid-polymorphum AZ was dominated by
low COs5 concentrations in the atmosphere with a tendency to a rise, low bottom water temperatures
(Suan et al., 2008), and a rise in the §*3C signature, recording conditions of enhanced carbon burial
(e.g. Hesselbo et al., 2007; Pittet et al., 2014; Ullmann et al., 2020)(Fig. 15 D). The LB and IB
were connected to the open ocean and the sea level was relatively low but continuously rising.
Unfortunately, our Li profile does not cover this pre-T-OAE interval, however, we assume that
probably the same level as during the very onset of the T-OAE prevailed (6"Li = ~14.4 %) or a

gradual declining trend from higher PI-To boundary conditions from about 16 % occurred.

T-OAE interval (Fig. 16 E, F). The onset of the T-OAE (levisoni AZ) marks abrupt envi-
ronmental changes. The again active Karoo-Ferrar LIP volcanism lead to high atmospheric CO4
concentrations and global warming, plus a CIE with a drop in the 6'3C signatures, which char-
acterises the commencement of the global oceanic anoxic event. The lithological log in the LB
indicates an abrupt sea level fall with the onset of the calcarenite horizons that record a storm
influence, and go along with a pulse to a higher §7Li signature, and hence incongruent weathering

conditions. Causes for a low sea level during the T-OAE in the LB are assumed by marked changes

Figure 15 (following page). Sketch displaying the paleoceanographic evolution of the Lusitanian (LB)
and Iberian Basins (IB) with respect to environmental conditions. (A) Schematic outline of LB and IB
with respective locations of studied sections (R/FC = Rabagal/Fonte Coberta, BAC = Barranco de la
Cafiada) on the carbonate platform. For the LB the Peniche section, which is not part of this study, is
additionally shown for reference. BF = Berlenga-Farilhoes horst, IM = Iberian Massif, SL = sea level,
MFS = maximum flooding surface, temp. = temperature. The sketches are modified after Suan et al.,
2008. For detailed explanation see discussion. [High-resolution image on attached CD]
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Figure 16. Continued from previous figure [High-resolution image on attached CD]

in the paleotopography and paleogeography, when new structural heights were formed that deeply
influenced and controlled the water mass exchange (Pittet et al., 2014) through a basin restriction
(see previous section). This led to changes in the equilibrium profile of rivers, which in turn drove
higher erosion rates of continental blocks, as well as more siliciclastic input as observed in Peniche
(Fig. 16 E) (Suan et al., 2008). This abrupt enhance in erosion rate, coupled with the sea level fall,
would have led to the development of floodplain areas that have the potential to fractionate the Li
isotopes through the formation of secondary clay minerals, and lead to an incongruent weathering
signal (R/FC, Fig. 12, 16 E) (Pogge von Strandmann and Henderson, 2014). This change occurred
concurrently with the onset of the calcarenite deposition. This pulse of incongruent weathering
(~150kyr) is subsequently replaced by a more efficient CO5 removal mechanism when weathering
became more congruent and Li values gradually decreased.

The IB, on the contrary, recorded a congruent weathering signal (thus a decreased §7Li signal)
with the onset of the T-OAE (Fig. 13). These contrary Li isotope signatures in both basins further
support the idea of a restriction of the LB basin, and hence a local signal that is recorded in R/FC.
The IB probably records open ocean conditions, whereas additional basins must be examined to
support this idea. The IB reaches §7Li values that fall into line with the values recorded in the
LB at the end of the COs sequestration and the end of the calcarenitic facies, indicating that

both basins now record open ocean conditions. This speaks for a now again once more open ocean
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connected LB, due to a rise in sea level and the overcoming of the structural barrieres (Fig. 16
F). This specifically limits the LB restriction only during the deposition of the calcarenitic facies,
when the sea level was especially low (Fig. 16 E).

Another interesting point, and further support of our ideas, comes from additional isotopic
systems of calcium (Ca) and boron (B) (Fig. 14). The study by Brazier et al., 2015 revealed
a negative peak in 0*4/4°Ca values (Peniche section, LB) derived from massive discharges from
continents. This mechanism delivered many ions to the oceans and hence raised alkalinity, and
in turn helped the seawater to recover from its acidic state through precipitation of carbonate
minerals. These massive continental discharges are also interpreted for our Li isotope signal, and
both isotopic excursions also occur simultaneously. Evidence for a drop in seawater pH during the
T-OAE are obtained by §''B isotopes (Klein et al., in preparation) that interestingly reveal the
same pattern as the Ca isotopes from Peniche. The increase in seawater pH (and likewise in §''B)
coincided with the increase in Ca isotopes, and decrease in Li isotopes, speaking for a connection
of all three isotopic systems and their reactions to same changes in environmental conditions. Yet,
the recovery from decreased pH conditions in the IB is somewhat delayed in comparison to the LB
(Fig. 14) and exceeds the interval of raised atmospheric CO4. This observation could be due to
limited supply of silicate material and thus globally more inefficient drawdown of CO» (Ullmann
et al., 2020). For the carbon system to restore its equilibrium it takes several 100,000 years (e.g.
Lenton and Britton, 2006; Uchikawa and Zeebe, 2008), and hence the faster recovery from the

decreased pH conditions seen in the LB is simply owing to its restriction.

Pliensbachian—Toarcian Boundary Event (Fig. 15 C). A likewise positive shift in §“Li is recorded
as a pulse of silicate weathering (~7kyrs) at the P1-To boundary (spinatum/tenuicosatum AZ)
(Fig. 12, 13), which is also triggered by a relative short volcanic activity of the Karoo-Ferrar
LIP. Unfortunately, we are not able to record this shift in the IB due to lack of sample material.
However, a similar basin configuration as during the T-OAE is assumed to explain the Li signature:
a short temporal basin restriction with a high continental runoff and the development of floodpain
areas to fractionate the Li isotopes. Also, a coincident drop in Ca isotopes (from the Peniche
area) with the rise in Li isotopes is recorded (Fig. 14, Brazier et al., 2015), again mirroring the
same conditions as during the T-OAE. Nonetheless, with our study we can also simply add to the
suggestions for a basin restriction of the LB at the PI-To boundary, because the abrupt shift in
silicate weathering could only be recorded for one basin, and also only relies on one data point.
To clarify this hypothesis more studies in different basins are advocated with a higher sampling

interval, as the P1-To boundary event was relatively short in comparison to the Toarcian event.
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4.5.6. Comparison to other OAE events

Oceanic anoxic events happened several times during the geological past and were always marked by
environmental perturbations, most probably triggered by introducing huge amounts of CO5 into
the ocean—atmosphere system from enormous volcanic eruptions (Jenkyns, 2003, 2010; Larson,
1991; Larson and Erba, 1999; Weissert and Erba, 2004; Weissert et al., 1998). Two studies already
reconstructed the weathering conditions and fluxes with Li isotopes during two OAE events in
the Cretaceous: OAE 2/ C-T OAE at the Cenomanian—-Turonian boundary ~93 Ma ago (Pogge
von Strandmann et al., 2013) and OAE 1la/ Selli event during the early Aptian ~120 Ma ago
(Lechler et al., 2015). Both found remarkably same trends in isotopic systems with a decrease in
18705 /188 0s and ®7Sr/¢Sr (becoming more radiogenic), and negative shifts in §*4/4°Ca and §7Li
(Lechler et al., 2015; Pogge von Strandmann et al., 2013 and respectively references therein). The
trends point in equal measure to higher silicate weathering of mafic minerals derived from LIP
basaltic eruptions, that simultaneously were deposited when the observed isotope shifts set in.

Interestingly, the isotope trends seen for the T-OAE are different for 1870s/!'#80s, where more
unradiogenic values were recorded with the eruption of Karoo—Ferrar and the subsequent T-OAE
and P1-To boundary events (Fig. 14). This is probably owing to the difference in location of the
LIP basalts during both epochs (Percival et al., 2016), since low-latitude submarine LIPs as the
Ontong-Java and Caribbean plateaus, which are both associated with the above mentioned OAEs,
are more prone to weathering and hence increase the radiogenic Os flux (Cohen and Coe, 2007). In
contrast, the Karoo—Ferrar LIP was located in the high latitudes and thus experienced less intense
weathering, resulting in the enhanced continental Os flux dominating the seawater Os signature
(Percival et al., 2016).

The likewise distinct different 87Sr/36Sr isotope trends between the T-OAE and the Cretaceous
OAEs have firstly been noticed by Jones and Jenkyns, 2001. They observed that the T-OAE oc-
curred at the end of the major decrease in 87Sr/8¢Sr, while the C-T OAE and Selli event OAE
record it more or less at the onset of each event. While enhanced hydrothermal activity was postu-
lated as a cause for all three negative 37Sr/8¢Sr signatures, the decoupled onset with the beginning
of the OAEs implies independent triggers for each anoxic event (Jones and Jenkyns, 2001). How-
ever, as the continental weathering Sr signature is expected to be more radiogenic (although this
is also strongly depends on the weathered silicate minerals, see Raymo and Ruddiman, 1992) and
this trend is not observed for the Cretaceous OAEs, it could also well be that the weathering pulse
was too short to be captured by the Sr isotopes, or the amount added by the continents was not
sufficient enough to overprint the seawater hydrothermal signature (Bralower et al., 1997; Jones
and Jenkyns, 2001; Lechler et al., 2015; Pogge von Strandmann et al., 2013). This could also be

the case for the T-OAE and P1-To events, since no abrupt shifts in the Sr isotopes is observed.
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4.6. Conclusions and outlook

Our study shows short-term pulses of silicate weathering for the Toarcian OAE and the P1-To
boundary event from the §”Li signature. The distinct differences in the Li isotope signature for the
Lusitanian (LB) and Iberian basin (IB) leads to the conclusion that the LB was probably restricted
temporarily during both events, due to a drastic drop in sea level, coupled with tectonic activity
and formation of effective water mass barriers. The exposure of more continental surface and the
development of floodplain areas would have led to higher physical weathering rates, and together
with the generally elevated temperatures and COy concentrations, also to higher runoff that led
to a faster recovery of an evident seawater pH drop in the LB than in the IB. However, to confirm
the nature of the open ocean seawater 67Li signature in the IB, more sections even in other realms
like the Panthalassa ocean should be analysed and compared. Also, silicate weathering rates could
be reconstructed, due to the unique incongruent weathering signal observed in the LB, to verify
the different weathering rates so far published from Os and Ca isotopes.

Another finding of this study is the rather low 6Li seawater for the signature prior and after
the T-OAE, which is recorded in the LB and IB when both were probably connected to the open
ocean. Here we record for the Early Jurassic values that are comparable to the minimum §7Li
values observed during the Paleogene (~20 %o ), which are distinctly different from the Cretaceous

(~26 %c ) and nowadays (~31 % ), implying major changes in the weathering realms over time.
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5. Conclusions and Outlook

The Early Jurassic T-OAE was a time of extreme environmental perturbations, with a massive
input of volcanogenic CO, that lead to a seawater pH drop, as evidenced with §''B isotopes on
marine inorganic carbonates for two basins in this study. The magnitude of the pH drop is a matter
of current models and will clarify if we can ultimately speak of an acidification event. First simple
approaches to reconstruct the seawater pH showed that firstly, the boron isotopic composition of
seawater (0''Bgy,) during the Early Jurassic could not exceed a value of 36 %o , because this would
cause several of our measured boron values to be not calculated for a pH value. Still, this leaves a
large range of possible pH drops from 0.9 units to 0.4 (with 6*'Bgy = 33 %o ).

Another finding is that the B isotope excursion preserved in the inorganic carbonates is not
recorded in brachiopod or bivalve shells, leaving the question of their liability as pH recorders.
However, if we assume that they record the pH value only of their internal fluid, we could recon-
struct the §''Bgy (~35 %o ) because pre- and post T-OAE inorganic carbonate §''B have the same
range as the brachiopod signature. This would lead to a pH drop of 0.6 units during the T-OAE.
Nevertheless, this is an assumption no studies support so far, only the suggestion of a mixed signal
of internal fluid and ambient seawater has been pronounced. This further stresses the point for

more research on brachiopods as possible pH recorders.

Our second study shows short-term pulses of silicate weathering for the Toarcian OAE and the
Pl-To boundary event from the §“Li signature. Nevertheless, as we record distinct differences
in the Li isotope signature for the Lusitanian (LB) and Iberian basin (IB), with only the LB
recording two incongruent weathering pulses (heavier 67Li) at the onset of each event. The IB, in
contrast, only recorded a congruent weathering signature (lighter 6”Li) during the T-OAE. This
led to the conclusion that the LB was probably temporarily restricted during both events, due to
a drastic drop in sea level, coupled with tectonic activity and the formation of effective water mass
barriers. The exposure of more continental surface would have led to higher physical weathering
rates (and thus incongruent weathering), and together with the generally elevated temperatures
and CO; concentrations, also to higher runoff that additionally led to a faster recovery of an evident
seawater pH drop in the LB. The IB is hence thought to record more open ocean conditions. But,
to support this theory more 6”Li sections in different basins should be analysed and compared.

Also, silicate weathering rates could possibly be reconstructed due to the unique incongruent
weathering signal observed in the LB to verify the different weathering rates so far published from
Os and Ca isotopes. However, this is beyond the scope of our study and should be conducted for
future studies.

Another finding of this study is the rather low 6Li seawater for the signature prior and after
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the T-OAE, which is recorded in the LB and IB when both were probably connected to the open
ocean. Here we record for the Early Jurassic values that are comparable to the minimum §7Li
values observed during the Paleogene (~20 %o ), which are distinctly different from the Cretaceous

(~26 %0 ) and nowadays (~31 %o ), implying major changes in the weathering realms over time.

Despite all this, following a few questions and suggestions that future studies can focus on to

clarify the points made in this thesis:

1. What does brachiopod shell §''B signature really record — Is it solely internal fluid or a mixture,

or even something wholly different?

2. Compilation of the environmental reconstructions of the T-OAE with paleontological findings

to find a link between the stressors (acidification, deoxygenation, warming) and the extinction

3. Conduct Li isotope analyses on brachiopods to see if they retrace the signature seen in BAC

inorganic carbonates

4. Investigate more sections and basins for their Li isotopic signature to clarify if the IB really

records open marine conditions

5. Conduct box modelling with the Li isotopes generated in this thesis to reconstruct silicate
weathering fluxes during T-OAE, and compare them with the different flux rates that already exist

and hopefully support one of those studies

6. Higher sampling intervals at P1-To boundary at different sections than in this study (because
the sample material here during this time interval was badly preserved) to unravel the weathering

history and support the ideas stated in this study
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ISOTOPE AND ELEMENT PLOTS

Appendices

A.

Figure 17. Compilation of published micritic carbonate §'3C and 6'¥0 data of the Lusitanian Basin
with the micrite data generated for this study for the Pliensbachian-Toarcian in Rabagal/Fonte Coberta.
Additionally the 6*C fpssi and 60 fos54 (brachiopods and bivalves) from Ullmann et al., 2020, from the
same section as our micrites are plotted. Polymor. = polymorphum. [High-resolution image on attached
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Figure 18. Compilation of published micrite and bulk carbonate §'3C and §'®O data of the Iberian Basin
with the micrite data generated for this study for the Pliensbachian-Toarcian in Barranco de la Cafada.
Also compiled are the bivalve and brachiopod 6'*C and §'®0 data from Ullmann et al., 2020 originating
from the same transect as the micrite data. Margari. = margaritatus. [High-resolution image on attached
CcD]
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Figure 19. Comparison of published seawater 3”Sr/%6Sr curve by McArthur et al., 2000 with micrite data
generated for both sections in this study, and fossil data analysed on brachiopods and bivalves published
by Ullmann et al., 2020 and originating from Barranco de la Cafiada. All values are normed to the value
NIST987 = 0.710248 given by McArthur et al., 2001 for correcting interlabotary bias and thus better
correlation. The light red box marks the sudden increase to more radiogenic Sr isotopic values in the
McArthur-curve. For discussion see text. [High-resolution image on attached CD]
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Figure 20. Example SEM images from micrites in this study. [High-resolution images of all samples on

attached CD]

141



A ISOTOPE AND ELEMENT PLOTS

P2 ( S2 (Pliensbachian/spinatum, BdC)

Pliensbachian/spinatum, R/FC)

P8 (Toarcian/polymorphum, R/FC) $10 (Toarcian/serpentinum, BdC)

P10 (Toarcian/levisoni, R/FC) S17 (Toarcian/serpentinum, BdC)

P20 (Toarcian/bifrons, R/FC) 524 (Toarcian/bifrons, BAC)

Figure 21. Example CL images from micrites in this study. [High-resolution images of all samples on
attached CD]
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B. Data tables

Listed in this printed section are only an extract of the totality of the generated data

for this thesis. The complete digital lists can be found on the attached CD.
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C. Isotope separation procedures

Sr-spec column separation procedure (modified after Pin and Bassin, 1992):

1. Add 500 pl - 1500 pl 2M HNO:; to the sample
2. Load the Sr-spec (~70 pl) in the PE column with Milli-Q_
3. Clean the resin:
i 4 xMilli-Q (full reservoir)
fil. 2x500pu2M HNO3
4. Add the sample in 100 pl steps
5. Remove the unwanted elements from the matrix:
i 12x100 pl 2M HNO,
6. Remove barium (only if Ba concentrations are several 100 ppm):
i. 2x500 pl 7M HNO,
ii. 3x100ul 2M HNO,
7. Dispose the eluate
8. Collect the Sr fraction:
i. 5x200 pl 0.05M HNO,
ii. Add 20 pl 0.1M H;PO; in the beaker
9. Dry the Sr fraction at 80— 100°C
10. Removal of resin (organic matter) from the sample:
i. 70 pl concentrated HNO; and dry at 80— 100°C
ii. Add 40 pl of H;O; into the warm beaker and dry at 100°C

11. Clean the columns and discard the resin

Figure 22. Sr-spec column separation procedure (modified after Pin and Bassin, 1992).
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Boron cation exchange using Biorad Resin AG 50WX8 200 — 400 mesh:

1. Add1 ml 0.02M HCI to the sample
2. Stir up the resin
3. Clean the resin:
i. 2x6.2M HCI (full reservoir)
4. Conditioning:
i. 4x1ml0.02M HCl
5. From here collect the main boron fraction in 15 ml Savillex beaker
6. Add the sample solution in 4 x 250 pl steps
7. Elution:
i. 2x250 pl 0.02M HCI (wash the sample beaker with the first 500 pl)
fi. 7x500pul0.02M HCl
iii. 4x1ml0.02M HCI
8. Collect the B tail fraction (in 7 ml Savillex beaker):
i. 2x1ml0.02M HCl
9. Purification of resin and columns:
i. 2x6.2M HCI (full reservoir)
10. Dry the B main and tail fraction at <67 °C

Figure 23. Boron cation exchange using Biorad Resin AG 50WX8 200 — 400 mesh
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First Lithium ion exchange chromatography using Biorad Resin AG 50WX8 200 — 400 mesh:

1. Add 2 ml 0.15M HCl to the sample
Stir up the resin

3. Clean the resin:

i. 2x6M HCI (full reservoir)

ii. 1xultrapure water (Milli-Q — full reservoir)
4. Conditioning:

i. 2x1ml0.15M HCI
5. From here collect the head Li fraction in 7 ml Savillex beaker
6. Add the sample solution in 8 x 250 pl steps
7. Head fraction (with 0.15M HCI):

i. 1x0.5 ml (wash the sample beaker)
ii. 1x0.5ml
iii. 1x1ml

8. Elution (collect Li main fraction in 30 ml Savillex beaker):

i. 4x5ml0.15M HCI

ii. 2x4ml0.15M HCI
9, Collect the Li tail fraction (in 7 ml Savillex beaker):

i. 1x2ml0.15M HCl
10. Purification of resin and columns:

i. 2x6M HCI (full reservoir)

ii. 2 xultrapure water (Milli-Q — full reservoir)
11. Dry the all Li fractions at 90 °C

Figure 24. First Lithium ion exchange chromatography using Biorad Resin AG 50WX8 200-400 mesh
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Second Lithium ion exchange chromatography using Biorad Resin AG 50WX8 200 — 400 mesh:

1. Add1 ml0.15M HClI to the sample
2. Stir up the resin
3. Clean the resin:
i. 6x6M HCI (full reservoir)
ii. 2 xultrapure water (Milli-Q — full reservoir)
4. Conditioning:
i. 1x1ml0.15M HCI
5. From here collect the head Li fraction in 7 ml Savillex beaker
6. Add the sample solution in 4 x 250 pl steps
7. Head fraction (with 0.5M HCI in 50% ethanol):
i. 1x0.5 ml (wash the sample beaker)
ii. 1x0.5ml
8. Elution (collect Li main fraction in 15 ml Savillex beaker):
i. 1x0.5 ml0.5M HCl in 50% ethanol
ii. 12x1 ml0.5M HCIin 50% ethanol
9. Collect the Li tail fraction (in 7 ml Savillex beaker):
i. 2x1ml0.5M HClin 50% ethanol
10. Purification of resin and columns:
i. 3 xultrapure water (Milli-Q — full reservoir)
ii. 6x6M HCI (full reservoir)
11. Dry the all Li fractions at 90 °C

Figure 25. Second Lithium ion exchange chromatography using Biorad Resin AG 50WX8 200—400 mesh
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Magnesium ion exchange chromatography using Biorad Resin AG 50WX8 200 — 400 mesh:

1. Add 0.5 ml 0.8M HCl to the sample
2. Stir up the resin
3. Clean the resin:
i. 6 x 6M HCI (full reservoir)
il. 3 x ultrapure water (Milli-Q — full reservoir)
4. Conditioning:
i. 1x1ml0.8M HCI
5. From here collect the head Mg fraction in 15 ml Savillex beaker
6. Add the sample solution in 1 x 500 pl steps
7. Head fraction (with 0.8V HCI):
i. 1x0.5 ml (wash the sample beaker)
ii. 8x1ml
8. Elution (collect Mg main fraction in 15 ml Savillex beaker):
i. 13x1ml0.8M HCI
9. Collect the Mg tail fraction (in 7 ml Savillex beaker):
i. 2x1ml0.8M HCI
10. Purification of resin and columns:
i. 6 x6M HCI (full reservoir)
ii. 3 xultrapure water (Milli-Q — full reservoir)
11. Dry the all Mg fractions at 90 °C
12. If there is no visible residue, add 15 pl H;O; in the hot beaker and dry at 90 °C

Figure 26. Magnesium ion exchange chromatography using Biorad Resin AG 50WX8 200-400 mesh
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D CONTENTS OF ATTACHED CD

D. Contents of attached CD
The attached CD contains the following data:

e All figures shown in this thesis in high-resolution
e Tables of all generated isotope and element data shown in this thesis
e Tables of all measured standard materials during the course of this project

e SEM and CL images produced for all samples
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