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CHAPTER 1

General Introduction

“Carbon dioxide, that is, the aerial form of carbon ...: this gas
which constitutes the raw material of life, the permanent store upon
which all that grows draws, and the ultimate destiny of all flesh, is
not one of the principal components of air but rather a ridiculous
remnant, an ‘impurity, thirty times less abundant than argon, which
nobody even notices. ... This, on the human scale, is ironic acrobatics,
a jugglers trick, an incomprehensible display of omnipotence-
arrogance, since from this ever renewed impurity of the air we come,
we animals and we plants, and we the human species, with ... our
millenniums of history, our wars and shames, nobility and pride.”

Fragment from: The Periodic Table by Primo Levi
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1.1 OcrAN ACIDIFICATION: “THE OTHER CO9 PROBLEM”

he ongoing emission of fossil fuels, in combination with deforestation, ce-

ment production and agricultural development, has led to an increase in the
atmospheric carbon dioxide pressure (pCOz) since the industrial revolution, which
encompasses the last ~250 years (IPCC 2007). From the background pre-industrial
level of about 280 ppmv, pCOz levels have increased rapidly and will most likely
reach 400 ppmv in 2015 and will increase even further to 500-1000 ppmv at the
end of this century (IPCC 2007). The main concern of this predicted rise in atmo-
spheric COz is a global warming of ca. 0.1 °C per decade (IPCC 2007). Other re-
lated climate responses likely to occur, are a reduction in Greenland and Antarctic
ice sheet volumes, a global sea level rise, melting of the upper Arctic permafrost
layer, high local variability in precipitation, enhanced strength of mid-latitude west-
erly winds, and an intensification of tropical cyclone activity (IPCC 2007).

Nevertheless, the actual CO2 concentration could have been much higher, was
it not that the world oceans act as a major sink of carbon dioxide. In fact, since the
industrial revolution, about half of the emitted anthropogenic CO2 has been taken
up by the oceans (Sabine et al., 2004), due to its high solubility in water. The addition
of CO: in water leads to an array of chemical reactions (Fig. 1.1), and a shift in
ocean chemistry. That is, the balance between the concentrations of carbon diox-
ide (CO»), bicarbonate (HCO3) and carbonate (CO5*), which are the major carbon
species that make up dissolved inorganic carbon (DIC). As illustrated in figure 1.1,
dissolved CO: dissociates in carbonic acid (H2COs). In turn, this weak acid dissoci-
ates almost immediately in HCOs5 and a hydrogen ion (H). Thus, it is this increase
in the concentration of hydrogen ions, initiated by the absorption of atmospheric
gaseous COz by surface ocean waters, that in the end results in a decrease of the
ocean water pH (Zeebe et al., 2008; Feely et al., 2004; Cao et al., 2007), a process termed
ocean acidification. Some of these excess H* react with COs* to form an additional
HCOs ion (Fig. 1.1). This natural buffering mechanism of the ocean waters keeps
the pH always slightly alkaline between 7.8 and 8.3. It also has moderated the actual
magnitude of anthropogenic-induced ocean acidification. The average change in
seawater pH in the world oceans for the period between 1900 to 1990 is approxi-
mately 0.1 unit (Raven et al., 2005). This seems low, but, keeping in mind that pH is
based on a log-scale, it still corresponds to a massive 30% increase in hydrogen ion
concentration. When CO:z emissions unabatedly continue, a further decrease of
~0.6 pH units is expected for the coming centuries (Caldeira & Wickett, 2003; Orr
et al., 2005; Zeebe et al., 2008).

Due to the reduction in the carbonate saturation state of the oceans, the addi-
tion of anthropogenic carbon will also promote the dissolution of calcium carbon-
ate (CaCOs) (Fig. 1.1), thereby enhancing the carbonate buffering capacity of the
ocean. It has been suggested from modelling and experimental studies that this will
negatively affect the calcification rate of certain calcifying marine microorganisms
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General Introduction

(Kleypas et al., 1999; Riebesell et al., 2000; Orr et al., 2005; Raven et al., 2005), and may
cause major changes in ecosystem dynamics and biodiversity. Corals are believed
to be especially vulnerable to changes in ocean chemistry, because of their arago-
nite skeletons. This in contrast to organisms which make their tests out of calcite
(e.g. foraminifera and coccolithophores), the more stable and therefore less soluble
form of calcium carbonate. However, the response of most marine microorgan-
isms on elevated aqueous CO, conditions may not be that straightforward and have
been shown to be highly dependent on morphological variations between species
and environmental factors (Langer et al., 200065 Fabry et al., 2008; lglesias-Rodriguez, et
al., 2008). A decrease in seawater pH level is also shown to effect non-calcifying
organisms, although the exact impact is less clear. For instance, Beman et al. (2010)
showed that ocean acidification may lead to a considerable decrease in nitrification
rates, and thus changes the availability of nitrogen in the ocean. Important groups
of photosynthetic phytoplankton, such as diatoms and dinoflagellates, but also
bacteria, archaea and viruses that stand at the basis of the marine food chain, are
key contributors to biogeochemical processes. A clear understanding of the impact
of ocean acidification on these organisms is, therefore, of paramount importance.

cOo,

Figure 1.1| Seawater carbonate reactions. The uptake of atmospheric CO2 leads to an
increase in hydrogen ion concentrations, and in turn, promotes the dissolution of calcium
carbonates.

11
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1.2 PAST CARBON CYLCE PERTURBATIONS

he current carbon cycle perturbation by human activity is not unique: the

geologic record documents several prolonged periods of elevated levels of
atmospheric carbon dioxide and concomitant global warming, and are in these
cases mainly induced by enhanced tectonic activity. However, the main difference
between present-day and past carbon cycle perturbations is the time scale at which
the forcing mechanisms operate (Zeebe et al., 2008; Zachos et al., 2010). Current rates
of atmospheric carbon release is on average 9 Pg per year (e Quéré et al., 2009),
which is most likely higher than for any greenhouse period in the geological past
(Hdnisch et al., 2012). Recently, Honisch et al. (2012) performed a thorough evalua-
tion of seven geological time intervals from the past ~300 million years which are
characterized by enhanced CO: release to the atmosphere, lowering of seawater
pH and/or a decrease in calcium carbonate saturation (Fig. 1.2). Palacoclimate
observations of these geologic intervals can therefore be put into perspective with
contemporary ocean acidification.

The most recent and best documented episodes of past ocean acidification
(Fig. 1.2), are several so-called hyperthermals that occurred superimposed on the
long-term warming trend during the Late-Palacocene and Early-Eocene (ca. 59-51
Ma; Zachos et al., 2008). These short-lived intervals (<200 kyrs) of climate change,
are recognized in various stable isotope records (e.g Kennett & Stott, 1991; Rih/
et al., 2007; Lourens et al., 2005). Although the temporal and spatial resolution of
most of these hyperthermals still have to be resolved, they are all characterized by
a global negative carbon isotope excursion and show signs of substantial ocean
chemistry changes (e.g. Zachos et al., 2005; Stap et al., 2009). These recurring cat-
bon isotope excursions can best be explained by a pulsed mode of carbon release
into the ocean-atmosphere system (Dickens, 2000, 2003). Several sources of carbon
have been proposed, such as a the release of thermogenic methane due to contact
metamorphism (Svensen et al., 2004), rapid burning of terrestrial organic matter
(Kurtz et al., 2003), the release of carbon stored in permafrost soils at high latitudes
triggered by orbital forcing (DeConto et al., 2012), and the dissociation of methane
hydrates from continental margins (Dickens, 1995).

In terms of magnitude and duration, the Palacocene-Eocene Thermal Maxi-
mum (PETM; ~56 Ma) is considered as the most severe hyperthermal and docu-
ments a global warming of 5-8 °C in many marine and terrestrial sections world-
wide (e.g. Stugjs et al., 2006, 2007b, 2011; Weijers et al., 2007a; Zachos et al., 2003,
2000; Tripati & Elderfield, 2005; Wing et al., 2005; Thomas et al., 2002; Kennett & Stott,
1991). The PETM is further characterized by a negative carbon isotope excursion
of 2-7 %o, depending on the carbon reservoir analyzed (S/uijs & Dickens, 2012),
which lasted ~220 kyr (Rdb/ et al., 2007; Abdul Aziz et al., 2008; Murphy et al., 2010).
Evidence for severe ocean acidification during the PETM comes from the South
Atlantic. Geochemical data from 5 deep sea sediment cores show severe carbonate
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General Introduction

dissolution indicating a 2 km shoaling of the carbon compensation depth (Zachos
et al., 2005). Within the same sections, similar observations, although smaller in
magnitude, have been made for the Eocene Thermal Maximum 2 (ETM2), that
occurred 2 myr after the PETM (e.g. S7ap et al., 2009).

1.3 RECONSTRUCTION OF PH LEVELS AND ATMOSPHERIC CARBON
DIOXIDE CONCENTRATIONS
An important requirement to use past geological records of ocean acidification
as analogues for future carbon cycle changes, are the availability of accurate
reconstructions of ocean carbonate chemistry. Direct measurements of the chang-
es in ocean carbonate chemistry are only available for the last 50 years or so (IPCC
2007), and pCO2 measurements from air bubbles in ice only go back ~650 ka (e.g
Barnola et al., 1983, 1987; Monnin et al., 2001; Petit et al., 1999; Siegenthaler et al., 2005).
To gain information of this kind from the more distant geological past, one has to
rely on the geochemical information that is locked within the sedimentary record.
These so-called proxies form the foundation of palacoclimate and -environmental
reconstructions.

Four terrestrial-based proxies have been developed to reconstruct atmosphet-
ic COz2 levels, i.e. leaf stomata density (van den Burgh et al., 1993; Retallack, 2001;
Royer et al., 2001a,b), the stable carbon isotopic composition of pedogenic carbon-
ates (Cerling, 1991; Mora et al., 1991; Ekart et al., 1999) and goethites (Yapp, 2004) in
palaeosoils, the stable carbon isotope composition of fossil bryophytes (Fletcher et
al., 2005), and the differential speciation of sodium carbonate precipitates in lakes
(Lowenstein & Demicco, 2006). They, however, do not provide any direct information
on the chemical state of the oceans.

To date, there are three proxies that can be used to directly assess changes in
ocean water carbonate chemistry. The use of boron isotopes and the B/Ca ratio
are based on the differential partitioning of the trace element boron into the calcite
tests of planktonic foraminifera, and have frequently been used to reconstruct past
seawater pH (Samyal ¢t al., 1995; Pearson & Palmer, 2000b, 2002; Palmer & Pearson,
2003; Yu et al., 2007). However, a reduced carbonate saturation state of the ocean
reduces the preservation potential of calcium carbonate, in the form of foraminif-
eral shells, complicating the use of these proxies. Furthermore, additional compli-
cations may arise when applying boron isotopes to periods older than ~20 Ma, due
to the relatively short residence time of boron in the ocean (Pagani et al., 2005a).
Finally, the stable carbon isotopic composition of phytoplankton (e.g Freeman &
Hayes, 1992; Jasper & Hayes, 1990; Jasper et al., 1994) offers a promising tool to re-
construct the CO2 concentration in seawater, and has particularly great potential
in environmental settings that are rich in organic matter and poor in carbonate. In
section 1.4.2 this proxy will be discussed in more detail.

13
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Figure 1.2| Overview of future and past ocean acidification events, modified after Honzsch
et al. (2012). Shown are the various different causes of carbon release and its impact on
PCO2, pH, carbonate saturation, and temperature. The size of the arrows correspond to
the relative magnitude of each change based on direct and indirect geological and geo-
chemical proxy data.

1.4 BIOMARKER LIPIDS AS TOOL FOR TRACING PH/[COq9(AQ)]

CHANGLES IN AQUATIC SYSTEMS

fter death, a small fraction (<1%) of the organic material escapes heterotro-

phic recycling and is transported and buried within the sediments (de Leeuw
et al., 1995). The molecular remains of organisms preserved in the sedimentary
record are called biomarkers. Of all organic molecules, lipids have the highest pres-
ervation potential. Even after long-term subjection to diagenetic and catagenetic
processes, these compounds still possess traits from their precursors. Information
on the environmental conditions of the original organism are locked within the
structure of the carbon skeleton and its isotopic composition. Studying the distri-
bution and stable carbon isotopic composition of microbial lipids may therefore
contain valuable information on changes in environmental pH and [CO2(aq)], as
many organisms are known to alter their cell membrane composition to changing
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environmental factors. They may therefore be a useful tool for studying the pro-
cess of contemporary and past ocean acidification. Below we discuss some of the
biomarker lipids which show some promise.

1.4.1 Branched glycerol dialkyl glycerol tetraethers

Branched glycerol dialkyl glycerol tetracthers (GDGTs; Fig. 1.3a) are bacterial
membrane lipids found mainly in terrestrial environments, such as soils and
lakes (Sinninghe Damsté et al., 2000; Weijers et al., 2006a, 2007; Schouten et al., 2000b;
Hopmans et al., 2004; Blaga et al., 2009; Yang et al., 2011) and, to a lesser extent, also
in continental margin sediments (Schouten et al., 2000b; Hopmeans et al., 2004). The
distribution of branched GDGTs in soils (Wezjers et al., 2007b) and lake sediments
(Tierney & Russell, 2009; Tierney et al., 2010, 2012; Sun et al., 2011) have shown to
relate strongly to pH. In soils this relationship was empirically established by Wejers
et al. (2007b), and is founded on the degree of cyclization within the branched
GDGT structure. That is, the relative abundance of branched GDGTs containing
cyclopentane moieties increased with an increase in hydrogen ion concentration in
soils (Fig. 1.3b). A linear negative relationship with pH was established with the
introduction of the CBT index (Fig. 1.3c). A relationship also exists between the
distribution of branched GDGTs and mean annual air temperatures (Wesers et al.,
2007b) and, as yet, most studies have focussed on the use of branched GDGTs as
continental temperature proxy (e.g. Peterse et al., 2009a, 2009b, 2009¢, 2011; Tierney
& Russel, 2009). Their potential to reconstruct pH has been less well constrained.

1.4.2 Stable carbon isotopic fractionation of marine algal lipids

Stable carbon isotopes of organic matter serve as a powerful tool to trace variations
in the sources and sinks of carbon and are therefore important in understanding
the biogeochemical processes within the carbon cycle. There is considerable varia-
tion in the carbon isotopic composition of biomass between organisms (Schidlowski
& Abaron, 1992), and this is mainly determined by four aspects (Hayes, 1993, 2001):
(1) the carbon isotopic composition of the source carbon, (2) the carbon-fixation
mechanism of the organism, (3) carbon isotopic offsets during metabolism pro-
cesses, and (4) the redistribution of carbon during each process. The difference
between the final stable carbon isotopic composition of the organic matter and the
initial carbon isotopic composition of the carbon source is referred to as carbon
isotopic fractionation.

Carbon uptake by most marine phytoplankton is through the Calvin-Benson
Cycle. In contrast to higher plants, the source carbon (aqueous COy) is mainly as-
similated passively through diffusion over the cell membrane. The dependence of
isotopic fractionation to the aqueous CO: concentration in marine phytoplankton
was first observed by Degens et al. in 1968. Since that time, this concept has been
used for the development of a method to reconstruct ancient pCOz levels (e.g. Free-
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man & Hayes, 1992; Jasper & Hayes, 1990, 1994). Soon it became clear, however, that
the relationship between the aqueous CO2 concentration and isotopic fractionation
was confounded by physiological and environmental factors, such as growth rates,
cell geometry, and nutrient availability (e.g. Laws et al., 1995; Bidigare et al., 1997; Rau
et al., 1997; Popp et al., 1998b). At present, these factors are only well-constrained
for alkenones, long-chain Cs7 di-unsaturated ketones derived from prymnesiophyte
algae (e.g Paganz, 2002). This has seriously limited the application of isotopic frac-
tionation for the reconstruction of past pCO- levels to these biomarkers. Alke-
nones are, however, not always present in sediments, and it would therefore be
valuable to expand the set of applicable biomarkers for pCOz reconstructions. For
instance, Bice et al. (2006) and Sinninghe Damsté et al. (2008) have used biomarkers
derived from other important phytoplankton groups, to reconstruct pCOz levels in
the Cretaceous atmosphere.

0.6
y = 0.002 e .
0.5 R'=0.70 . ® . e H
o 2.0
B
1.5
c
o E e
o QO 10
1 T
o
o 0.5 |
CBT = 3.33- 0.38 pH
0.0 R*=0.70 *
3 4 5 6 7 8 9 3 4 5 6 7 8 S
pH pH

Figure 1.3| (a) Molecular structures of branched glycerol dialkyl glycerol tetracthers; (b)
regression plot showing the correlation between soil pH and the degree of cyclization of
the branched GDGTs; (c) regression plot showing the correlation between soil pH and
the CBT index, which is defined as: CBT = -LOGuo [Ib+1Ib]/[Ia+Ib].

16



General Introduction

1.5 OBJECTIVES AND OUTLINE OF THIS THESIS

he main aim of this thesis, is to gain a better understanding of the impact

of ocean acidification, i.e. high atmospheric CO2 concentrations and low pH
conditions, on the distribution and stable carbon isotopic composition of (mem-
brane) lipids of microbial organisms in present day and past environments. Gen-
eral research questions, inherent to this objective, would be: How do extant species
of important phytoplankton groups that produce specific biomarkers respond to
clevated pCOz levels? What is the impact of pH on important biomarker lipid
groups, derived from algae, bacteria, and archaca? What are the changes in bio-
marker distribution and carbon isotopic composition during geological periods of
rapid ocean acidification? To address such questions, this thesis is divided in two
parts based on the approach of the different studies:

Part I Contemporary Systems

In chapter 2 the results of experimental studies involving two different algal spe-
cies (Phaceocysis antarctica and Proboscia alata) are discussed. These species are selected
for their cosmopolitan distribution and their importance in carbon cycle dynamics.
To understand their response in stable carbon isotopic fractionation to aqueous
CO:z concentrations, cultures were designed to mimic different environmental con-
ditions by combining three different concentrations in atmospheric COz with two
different light intensities. The carbon isotopic fractionation factors were calculated
from the stable carbon isotopic values of the cell material and [COz(aq)]. The re-
sults show that the observed variations in stable carbon isotopic fractionation for
both species can be mainly ascribed to the concentrations of dissolved inorganic
carbon and, thus, with pCOs. Light intensity and specific growth rates did not have
any effect. This increases the likelihood of finding algal biomarkers, such as long-
chain diols, produced by Proboscia diatoms, suitable for the reconstruction of
ancient atmospheric CO:2 concentrations.

Due to the strong buffering capacity of the ocean, processes that determine
the carbonate chemistry are difficult to separate, keeping seawater pH within a
strict range. In contrast, lakes exhibit a strong variability in pH, CO: content and
DIC, which are not necessarily connected. This makes them excellent environ-
ments to investigate the effect of pH on the distribution of membrane lipids in-
dependent of carbonate chemistry. To this end, the suspended particulate matter
sampled from 23 lakes in Minnesota and lowa, USA, were studied. Chapter 3
and 4 focuses on the distribution of branched GDGTs and IPLs, respectively. As
expected, a strong relationship between the distribution of branched GDGTs and
lake water pH was found, strengthening the hypothesis that branched GDGTs
are not only transported to lakes by soil erosion, but are 7 situ produced in the
lake water column, as well. Although not entirely understood, we further found a
strong relationship with lake water alkalinity. This is strong evidence that branched
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GDGTs record changes in water chemistry. The results presented in Chapter 4
provide one of the first characterizations of IPLs in lakes. A high diversity of
intact polar lipid classes was found in all of the USA lakes. Some significant dif-
ferences were observed between Iowa and Minnesota, which are mainly related to
differences in trophic level and could not be explained by the variation in lake pH.
Hence, IPLs appear not very well suited for environmental pH reconstructions.

Part Il Ancient high CO: and low pH worlds: Eocene Fyperthermals

Understanding the underlying mechanisms that drive PETM warming relies on a
good latitudinal coverage of the various climate records. In Chapter 5, the distri-
bution and stable carbon isotopic composition of specific marine and terrestrial
biomarker lipids were analyzed, from two PETM sites located in the eastern North
Sea Basin. Here, negative CIEs of ~7 %o in TOC and of ~5.5 %o in terrestrial
long-chain #-alkanes were recorded. The PETM was further characterized by se-
vere oxygen depletion and a warming of at least 8 °C of both continental and sea
surface waters. Indications were, however, found that these changes may have been
amplified by local influences in addition to the global climate changes that are in
general associated with the PETM. This reconstruction of the North Sea Basin
based on organic biomarker records, therefore, provide important insights into the
regional magnitude of the CIE, warming and environmental changes in Northern
Europe during the PETM.

Chapter 6 discusses the potential for the use of biphytanes derived from
Thaumarchaeotal glycerol dialkyl glycerol tetraethers, as a proxy for the stable
carbon isotopic composition of dissolved inorganic carbon. This was studied in
sediments derived from Danish PETM and Arctic ETM2 sections. Due to the
constant carbon isotopic fractionation of ~20 %o between dissolved inorganic car-
bon and the biphytanes, the variations in the stable carbon isotopic composition
of this biomarker should reflect that of the ocean-atmosphere carbon reservoir.
The reconstructed carbon isotope shifts recorded in crenarchaeol-derived biphy-
tanes was ~3.6 %o and ~2.5 %o for the PETM and ETM2, respectively. This led to
the conclusion, that the stable carbon isotopic composition of Thaumarchacotal
lipids is a promising tool to reconstruct stable carbon isotopic variations in ocean
water dissolved inorganic carbon and may, therefore, be valuable in constraining
the magnitude of the actual atmospheric carbon isotope excursions during Eocene
hyperthermals.

The study presented in Chapter 7, involves the first quantification of the
variations in atmospheric CO> concentration during Eocene Thermal Maximum 2.
To this end, the carbon isotopic fractionation patterns were constructed of three
independent organic biomarkers to obtain estimates of pCOa. The three proxies
yielded similar values and suggested an increase towards at least 4 times pre-in-
dustrial levels (~1100 ppmv) across Eocene Thermal Maximum 2. These results,
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clearly shows the potential of the use of algal biomarkers other than alkenones, as
palaco-pCO: proxy.

In summary, the impact of present-day ocean acidification on the develop-
ment of future climate change is still not entirely understood. Of key importance,
in this matter, is the role of primary producers within the global carbon cycle
and underlying feedback mechanisms. Studying past periods of ocean acidification
that are characterized by low pH and high atmospheric CO: levels, are important
in unravelling these issues. The results presented in this thesis demonstrates that
the distribution and stable carbon isotopic composition of certain biomarker lip-
ids have the potential to add considerable value in studying contemporary and
past ocean acidification. More research is needed to demonstrate the robustness
of these proxies and potential caveats in their applications. Once this has been
achieved, studies of past ocean acidification events can reveal the response of
primary producers to large shifts in ocean pH, and in turn, can be used to assess
changes in ocean carbonate chemistry and the global carbon cycle.
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CHAPTER 2

Stable carbon isotopic fractionation associated with
photosynthesis in Phaeocystis antarctica and Proboscia alata is
mainly controlled by variations in aqueous CO; concentrations

Petra L. Schoon, Astrid Hoogstraten, Jaap S. Sinninghe Damsté, and Stefan
Schouten
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ABSTRACT

he stable carbon isotopic fractionation in photosynthetic algae has been

the subject of many studies, but the controlling factors are still not
well understood. In this study we analysed the stable carbon isotopic (6"°C)
composition of the cell material of the marine diatom Proboscia alata and
the prymnesiophyte Phaeocystis antarctica cultured under varying pCO, con-
centrations, in order to study the effect of aqueous CO, concentrations
(ICO,(aq)]) on the carbon isotopic fractionation (g,) of these important
primary producers. In addition, the algae were subjected to low (40 pmol
photons m?s™) and high (240 umol photons m?s™) light intensities. Our
results clearly show that for both marine algal species, [CO,(aq)] is the main
controlling factor on e, while factors like growth rate, cell geometry and
light intensity, were of subordinate importance. The results raises the pos-
sibility that certain algal biomarkers may be suitable to reconstruct ancient
PCO, concentrations.
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Carbon isotopic fractionation in marine algae

2.1 INTRODUCTION

ver the last decades a large number of studies have investigated the stable car-

bon isotopic fractionation (g,), defined as the difference between the stable
carbon isotopic composition of the carbon substrate and the organic carbon, in
photosynthetic organisms (Popp et al., 1989, 1998b; Rau et al., 1992; Freeman &
Hayes, 1992; Laws et al., 1995, 2002; Bidigare et al., 1997; Benthien et al., 2007; Hen-
derifes & Pagani, 2007). In higher plants that utilize the Calvin-Benson Cycle, also
known as the C,-pathway, to take up CO, during photosynthesis, ¢, can be de-
scribed as follows (Farqubar et al., 1994):

& = (BPC,-8"Cpy) / (1 +85Cpy/1000) = g, + (e, —¢) * (C/C) (Eq. 2.1)

In this model, which operates on the assumption that CO, is transported over
the cell membrane by passive diffusion, 8" °C, is the stable carbon isotopic com-
position of inorganic carbon, 8"°C,, the stable carbon isotopic composition of
organic carbon, ¢, the fractionation associated with transport, g, the fractionation
due to carbon fixation of the RubisCO enzyme, and C_ and C, the concentrations
of external CO, and internal CO,, respectively. A similar model was initially also
applied for marine photoautotrophs using the 8C value of specific compounds
of marine algae and assuming a constant offset between the 8"°C of biomarker and
biomass (Freeman & Hayes, 1992; Jasper & Hayes, 1990, 1994). Using this method,
estimates of ancient atmospheric CO, levels can in principle be obtained, which is
one of the main parameters which needs to be constrained for past climates.

Subsequent empirical and theoretical studies have shown, however, that the
relationship between ¢ and the aqueous CO, concentration (|[CO,(aq)]) is not that
straightforward for marine photoautotrophs and depends on a number of envi-
ronmental and physiological parameters (e.g Laws et al., 1995; Bidigare et al., 1997,
Ran et al., 1997; Popp et al., 1998b). In general, the importance of C, on determining
the magnitude of ¢, as evident from equation 2.1, depends mainly on the carbon
demand of the cell (Rau et al., 1992; Francois et al., 1993), which is defined as the
CO, gradient over the cell (i.e. C, — C). When this CO, gradient is constant, then
[CO,(aq)] is the main controlling factor of e, However, there are several physi-
ological factors that influence the carbon demand of the cell, thereby changing the
size of C.. For example, several culture experiments and field studies showed that
variations in growth rate can be equally or even more important than variations in
[CO,(aq)| (Laws et al., 1995, 1997; Bidigare et al., 1997; Burkhardt et al., 1999). In turn,
growth rates are controlled by environmental factors, such as light intensity and
nutrient availability, while carbon demand is also impacted by cell geometry (Popp
et al., 1998b; Cassar et al., 2006; Laws et al., 1995, 2002; Rost et al., 2002). Popp et al.
(1998b) modelled the impact of growth rate and cell size as follows:

e, =&+ (g-¢)* (1-p/KC)), (Eq.2.2)
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in which u is the specific growth rate and K relates to the cell carbon-to-surface
area ratio of the algal cell. Thus, to reconstruct ancient atmospheric CO, levels
using preserved organic carbon of marine photoautotrophs, growth rate, as well
as cell dimensions, need to be constrained (Paganz, 2002). Growth rate constraints
can be in part achieved by assuming certain nutrient concentrations such as phos-
phate (Bidigare ¢t al., 1997; Pagani, 2002), or nitrogen isotopes (Andersen et al., 1999),
while constraints on cell size can be achieved by using specific biomarker lipids or
measuring cell remains, such as coccolithophorid shells (Henderiks & Pagani, 2007).
However, these assumptions lead to relatively great uncertainty in reconstructing
ancient pCO, levels (e.g. Schoon et al., 2011).

Another aspect that has to be addressed is the magnitude of ¢, the maximum
fractionation associated with RubisCO, the enzyme that facilitates the carboxylation
of CO, during photosynthesis. This is a biochemical reaction with a kinetic isotopic
fractionation and is associated with a relatively high carbon isotopic discrimination
against PC. Although &, is accepted to range between 25-27 %o for most marine
algae (cf. Goericke et al., 1994; Popp et al., 1998b), Boller et al. (2011) recently showed
that this strongly depends on the type of RubisCO used. For the coccolithophore
Emiliania huxleyi they found an isotope fractionation by the RubisCO enzyme of
only ~11 %o, much smaller than previously assumed. Furthermore, many marine
algae have various transport mechanisms to actively concentrate CO, to compen-
sate for the increase in carbon demand under CO,-limiting conditions, or even use
bicarbonate directly (e.g. Giordano et al., 2005). Finally, light intensity may also have
a direct effect on e, In culture studies, Ewiliania huxleyi was observed to increase
the carbon isotope fractionation with increasing light intensity, while [CO,(aq)] was
found to be of negligible influence on e, (Rost e al., 2002). This observation was
theoretically explained by increased activity of a carbonate concentration mecha-
nism (CCM) in the algal cell with increasing light intensity (Cassar et al., 2000).

Thus, the relationship between photoautotrophic organic carbon and external
CO, concentrations are complex and seemingly depend on many factors that may
implicate the use of 8"°C of phytoplankton as a pCO, proxy. However, the number
of algae investigated for their stable carbon isotopic fractionations under varying
CO, concentrations and light conditions is still limited.

In this study, we determined the stable carbon isotopic fractionation of two
marine algae, i.e. the diatom Proboscia alata and the prymnesiophyte Phacocystis ant-
arctica, which are important primary producers and contribute significantly to the
carbon cycle in present day oceans (Schoemann et al., 2005 and references therein;
Hasle & Syvertsen, 1996). The algae were cultured under different pCO, and light
intensities to investigate the combined effect of these parameters on the carbon
isotopic fractionation during photosynthesis. During our experiments we also
monitored other factors such as growth rates and nutrients. The results shed light
on the controlling factors of stable carbon isotopic fractionation in these two algal
species.
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2.2 MATERIALS & METHODS

he experimental setup for P. alata is described in detail by Hoogstraten et al.

(2012) and are identical for P. antarctica. In short, P. antarctica and P. alata were
cultured semi-continuously, i.e. 16:8 h light:dark cycle, and at constant tempera-
tures of 4 °C and 3 °C, respectively. The cultures were continuously acrated with
pCO, mixtures of 190, 380 and 750 ppmv, which resulted in differences in the
aqueous CO, concentrations. This was combined with two different light inten-
sities (high: 240 pmol photons m? s and low: 40 pmol photons m? s™), thus
for each algal species, 6 experiments were carried out. The cultures were diluted
regularly to maintain exponential cell growth (Hoogstraten et al., 2012). Before and
after each dilution during the experiment, water samples were taken to determine
dissolved inorganic carbon (DIC), total alkalinity and nutrient levels (nitrogen and
phosphate). Measurements and calculations of the nutrient levels and carbonate
system are described by Hoogstraten et al. (2012) (Table 2.1). Total alkalinity and
DIC were determined using a VINDTA 3C according to Dickson & Goyet (1994)
and Dickson et al. (2007), and subsequently [CO,(aq)] was determined using the
CO, system calculations of Lewis & Wallace (1998). Nutrient concentrations were
determined according to Grasshoff et al. (1983).

Sampling of biomass and for the stable carbon isotopic composition of DIC
(6"°Cpy;c) analysis was done at the end of the experiments in the late exponential
phase. To obtain cell material, the culture medium was filtered over pre-combusted
Whatman 0.7 um GF/F filters (@ 47 mm). Directly after filtration, the filters were
stored frozen at -20 °C until further analysis. In addition, samples for 8" °C,, were
taken in 100 mL glas bottles and sealed with air-tight caps. Subsequently, mercury
chloride was added for preservation. For the analyses of 8"°Cp, a helium head-
space was created and the samples were subsequently acidified with 100 % H;PO,,
which was added 1 h prior to analysis at room temperature to achieve complete
reaction. The headspace was then analyzed on a Thermofinnigan Gas Bench 11
coupled to a ThermoFisher Delta” mass spectrometet. Stable carbon isotope ra-
tios were calibrated against NBS-19 carbonate (IAEA). Standard deviations for
8PCpyc were on average 0.2 %o. Prior to the analysis of the stable carbon isotope
composition of the organic matter (8°C,),,), the filters were freeze-dried. With a
special punching device () 6 mm) about 6 circles were punched out of the filters
and folded into tin cups. Values of 8"C,, were determined on a Flash elemental
analyzer coupled to a ThermoFisher Delta? mass spectrometer (EA/irm-MS) and
blank corrected for the contribution of filter material. Stable carbon isotope ratios
were calibrated against the lab standard benzoic acid which was calibrated against
NBS-22. When sufficient material was available, 8"°C,, was analyzed in duplicate.
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carbon isotopic fractionation in marine algae

2.2.1 Branched glycerol dialkyl glycerol tetraethers

We calculated g, according to:
g, = 10° [(3"C,y + 1000) / (3"C.+ 1000) — 1] (Eq.2.3)

in which 8"C_ is the stable carbon isotopic composition of the external aqueous
CO, concentrations. The latter was estimated using the equation of Mook et al.,
1974:

§C, = 8Cpye — 1 + (24.12 — 9866/T) (Eq. 2.4)

with T representing the temperature of the water in degrees Kelvin. Values for
8"Cey» 87°C, and ¢, are given in Table 2.1.

2.2.2  Statistical analysis

All statistical analyses were performed using 12.0 SigmaPlot (Systat Software, Inc.).
Correlation coefficients between &, and important environmental parameters of P.

antarctica (n=0) and P. alata (n=5) were calculated using a Pearson Product Moment
Correlation (Table 2.2).

2.3 REsuLrs

he continuous aeration with air containing pCO, values of 190, 280 and 750
ppmv for the LL and HL cultures resulted in [CO,(aq)] values that varied
from 2.6 to 19.4 pmol kg' and from 7.1 to 29.8 pmol kg for P. antarctica and P.
alata , respectively (Table 2.1). We were not able to recover sufficient biomass
from the LL culture grown at the highest pCO, value of P. a/ata due to the very

Table 2.2| Pearson Product Moment Cortelation between e and
environmental and physiological variables. Correlations in #alic have
P-values <0.05

P, alata P, antarctica
¢, (%) e, (%)

DIC 0.843 0.830
C, 0.763 0.900
1/C, -0.853 -0.856
B 0.666 0.214
w/C. -0.568 0.740
V/A 0777

NO* -0.486 0.763
PO,” -0.738 0.671
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Figure 2.1| Correlations between e, and 1/[CO,(aq)] for (a) Phacocystis antarctica and (b),
Proboscia alata. High light cultures are indicated with open circles, and low light cultures are
indicated with filled circles.

low growth rates during this treatment (Hoogstraten et al., 2012). The growth rates
of P. alata at the time of harvesting show little variation between the cultures and
range between 0.2 d ' in the low C, HL culture and 0.5 d! in the high C, HL culture.
Growth rates of P. antarctica varied from 0.2 to 1.2 d! and was lowest in the high
C. HL culture and highest in the low C, HL. culture. For P. antarctica, nitrate and
phosphate concentrations varied considerably among the two light treatments (0-
49.3 pmol L' and 0.1-2.46 umol L, respectively), mainly due to the high nutrient
uptake in the HL cultures. In contrast, nutrient concentrations remained in a nar-
row range for P. alata (41.9-46.2 ymol L' and 1.9-2.4 umol L' for nitrate and phos-
phate, respectively). The 8"°Cy,. values ranged between -8.0 to 2.2 %o and -11.9 to
-0.4 %o for P. antarctica and P. alata, respectively. The range in 8C,,,; values for P.
antarctica is -44.5 to -36.6 %o and -47.1 to -32.5 %o for P. alata. Calculated values for
e, for P antarctica vatied widely from 4.3 to 19.7%o, while those for P. alata varied in
a relatively narrow range from 21.1 to 23.7 %o.

2.4 DISCUSSION

ollowing previous studies (Freeman & Hayes, 1992; Francois et al., 1993; Rau et al.,
1997) and equation 2.1, a linear relationship is predicted between ¢, and 1/C,,
and can be simplified (Jasper et al., 1994) into:

e, =& — b/ [CO,aq)] (Eq. 2.5)

in which 4 is a representation of physiological factors that may influence the e, —
1/[CO,(aq)] relationship. When plotting ¢ as a function of 1/[CO,(aq)], we find
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25 254
20 ® 24
] o]
] o}
—~ 154 ° — 23—_
g ® g ]
Y 10 ¥ 22 °
] °
] 10
5 - 211
0 — — ] v T T T
0.0 0.5 1.0 1.5 0.2 0.3 0.4 0.5 0.6
p(d?) p(d")

Figure 2.2| Correlations between ¢, and p for (a) Phacocystis antarctica and (b), Proboscia
alata. High light cultures are indicated with open circles, and low light cultures are indicated
with filled circles.

strong significant negative linear relationships for both cultured marine algal spe-
cies (Figs. 2.1a and b; Table 2.2). Interestingly, all data seem to plot around the
correlation line, i.e. there is no apparent difference in behaviour of the low and
high light intensity experiments. This suggests that light intensity does not appear
to exhibit a large effect on the e, — 1/[CO,(aq)] relationships. This is in contrast
with previous observations of, e.g. Rosz et al. (2002) who observed a major effect
of light intensity on ¢, whereas effects caused by variations in C, were only minor.
Cassar et al. (2002) attributed this to the operation of a CCM in E. huxleyi. Spe-
cies that belong to the genus Phaeocystis, as well as diatoms, also seem to possess a
CCM, and thus it would be expected that P. antarctica would also show a substantial
effect of light on the &y This is, however, not the case. It has been observed that
the CCM of Phaeocystis is more efficient than that of E. huxileyi (Reinfelder, 2011, and
references cited therein), but it is unclear why this would impact the effect of light
intensity on carbon isotopic fractionation.

One of the most important physiological factors that has been shown to im-
pact the stable carbon isotopic fractionation in marine algae is growth rate (Laws
et al., 1995; Bidjgare et al., 1997; Popp et al., 1998b). A direct correlation of p with ¢,
does not result in a significant relationship for both P. antarctica and P. alata (Figs.
2.2a and b; Table 2.2), which suggests that for these species, specific growth rate
does not exert a major influence on their carbon isotopic fractionation under the
given culture conditions. We examined whether a relationship exists between ,
[CO,(aq)] and e, When plotting e, against u/[CO,(aq)], we do not observe any
significant improvement in the correlations, but actually a decrease for both P,
antarctica (from R* = 0.73 to R* = 0.55) and P. alata, (from R? = 0.73 to R* = 0.32)
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Figure 2.3| Correlations between ¢, and p./[CO,(aq)] for (a) Phaeocystis antarctica and (b),
Proboscia alata. High light cultures are indicated with open circles, and low light cultures are
indicated with filled circles.

(Figs. 2.3a and b; Table 2.2). This cleatly implies that for these species specific
growth rate does not contribute to the observed variation in ¢ .

Interestingly, the two marine algae respond differently in isotopic fraction-
ations with respect to 1/[CO,(aq)], i.e. the slope is higher for P. antarctica compared
to P alata (-37.7 %o umol d kg versus -23.6 %o pmol d kg'), while the intercept
is higher for P. alata compared to P. antarctica (24.3 %o versus 19.7 %o; Figs. 2.1a
and b). In general, it has been shown that the slope and intercept of the relation-
ship described in equation 2.5 is highly species-specific (Bidigare et al., 1997; Laws et
al., 1995; Popp et al., 1998b). The intercept is expected to represent the maximum
isotope effect (g associated with the enzyme RubisCO (Eq. 2.5; Popp et al., 1998b).
The ¢; -value for P. alata lies close to the range found for marine algae (i.e. 25-27
%o, Goericke et al., 1994) and is also consistent with that of the marine diatom P.
tricornutum grown under chemostat conditions (Laws ef al., 1995; Popp et al., 1998b).
However, the e, -value of P. antarctica is lower than inferred for most marine algae.
This may be due to a different RubisCO type for this species as has been observed
for the prymnesiophyte algae E. huxcleyi (Boller et al., 2011). 1t is, therefore, possible
that, in general, prymnesiophyte algae contain Rubisco enzymes that fractionate
less compared to other algae. A low intercept (s, ~ 17 %o) was also observed for
the cyanobacterium Synochococcus sp. (Popp et al., 1998b), but for this bacterium no
relationship with 1/C, was found, in contrast to P. antarctica.

The differences in the slopes may be explained by variations in the species-
specific factor K (Eq. 2.2). Popp et al. (1998b) have shown that this factor K relates
to cell geometty, i.e. the ratio between cell volume and surface area (V/A), which
in turn directly relates to the carbon demand of the cell (Francois et al., 1993; Popp
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et al., 1998b). If so, then the higher K-value of P. antarctica compared to P. alata
would suggest a much higher V/A ratio. During the expetiment of P. alata, Hoog-
straten et al. (2012) determined the geometry of the cells, and observed a significant
decrease in cell volume with increasing [CO,(aq)]. Assuming a cylindrical form of
the cells of P. alata (Popp et al., 1998b), V/A ratios are estimated to range between
6.6 to 6.9 um and are not significantly correlated with e, values (R* = 0.6; P =
0.122; Table 2.2). Unfortunately, morphological parameters for P. antarctica were
not determined, and a direct comparison of V/A ratios is therefore not possible.
Mathot et al. (2000) found an average cell diameter of 3.1 * 0.6 pm for P. antarctica,
which, since it is a roughly spherical cell, translates into a V/A ratio of ca. 1.9 pm.
This value is considerably lower than the V/A ratios estimated for P. alata which is
inconsistent with the idea that K decreases with increasing V/A. The difference in
the slopes of the e, —1/[CO,(aq)] relationships between P. antarctica and P. alata can
therefore not be explained by a variation in cell geometry alone.

2.5 CONCLUSIONS

ur results suggests that the carbon isotopic fraction of the two common

marine algal species Phaeocyctis antarctica and Proboscia alata are mainly con-
trolled by aqueous CO, concentrations, and that light intensity, as well as specific
growth rates, did not exert considerable influence. The ¢, vs. 1/[CO,(aq)] rela-
tionships between the two species were significantly different, suggesting that the
mechanisms that underlie the variation in carbon isotopic fractionation are highly
species-dependent conforming previous studies. It is clear, that further studies are
required to resolve these underlying mechanisms. Nevertheless, the results from
our study raises perspective for the application of stable carbon isotopic composi-
tion of organic carbon of certain marine algae, and their specific biomarker lipids,
to estimate past atmospheric CO, concentrations.
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ABSTRACT

ranched glycerol dialkyl glycerol tetraethers (GDGTs) are bacterial

membrane lipids, ubiquitously present in soils and peat bogs, but also
in rivers, lakes, and lake sediments. The distribution of branched GDGTSs
in soils is mainly controlled by pH and mean annual air temperature, but the
controls on the distribution of branched GDGTs present in lake sediments
are less well understood. Several studies have found a relationship between
the distribution of branched GDGTs in lake sediments and average lake
water pH, suggesting an aquatic source of branched GDGTs besides that
of soils transported towards the lakes by means of erosion. In this study,
we sampled the surface water suspended particulate matter (SPM) from 23
lakes in Minnesota and Iowa, USA, that widely vary in pH, alkalinity and
trophic state. The SPM was analysed for concentrations and distributions
of core lipid (presumed of fossil origin) and intact polar lipid (IPL, pre-
sumed to derive from living cells) branched GDGTs. The presence of sub-
stantial amounts (18-48 %) of IPL-derived branched GDGTs suggests that
branched GDGTs are likely of autochthonous origin. Importantly, a strong
correlation between the distribution of branched GDGTs and lake water
pH was found, confirming a predominant in situ production. An even more
significant correlation was found with lake water alkalinity, although the un-
derlying mechanism that controls this relationship is not well understood.
Our results raise the potential to reconstruct pH/alkalinity of past lake en-
vironments, which would provide important knowledge on past develop-
ments of lake water chemistry.
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Influence of lake pH and alkalinity on branched GDGT distributions

3.1 INTRODUCTION
Lakes are relatively small aquatic systems that cover only 3% of the total Harth’s
continental surface (Downing et al., 20006). Despite this relative small fraction,
they play a major role as contributors to the total global carbon budget (Dean &
Gorbam, 1998; Cole et al., 2007; Battin et al., 2008) and are important regulators of
the carbon cycle due to the many feedbacks they provide, either as CO, emitters
or as carbon sinks (Downing et al., 2008; Tranvik et al., 2009). In addition, lakes
are sensitive to variations in chemical, physical and biological parameters, making
them susceptible to climate change and have high sediment accumulation rates
and great organic carbon preservation potential (Meyers et al., 1993, 1997). They are
thus excellent recorders of the continental response to climate change (e.g. Adrian
et al., 2009). Lake sediment records of specific aquatic organisms (e.g. diatoms,
chironomids, and chrysophyte cysts) can provide information on past variability
in a number of lake parameters, such as water level, topography, catchment, mean
annual air temperatures, and lake water chemistry (Lotzer et al., 1997; Castanieda &
Schouten, 2011 and references cited therein). Lakes are complex systems, however,
and nonlinear responses due to confounding factors make it difficult to separate
regional variability from global climate variability (Adrian et al., 2009; Wagner &
Aldrian, 20092). To improve continental climate reconstructions, it is therefore im-
portant to develop new lacustrine proxies, making independent comparisons pos-
sible.

Recently, branched glycerol dialkyl glycerol tetracthers (GDGTs; see Fig.
3.1 for structures), preserved in lake sediments, have gained attention as potential
proxies for continental climate reconstructions (Blaga et al., 2010; Dyler et al., 2010;
Tierney et al., 2010; Tierney & Russell, 2009; Zink et al., 2010). Branched GDGTs ate
membrane lipids containing branched alkanes ether-linked to a glycerol moiety and
occur ubiquitously in continental environmental settings (e.g. Schouten et al., 2000b).
Although first detected and identified in peats (Sinninghe Dansté et al., 2000), they
are found to be ubiquitously occurring in soils as well (Wezjers ¢t al., 2006b). They
are also detected in coastal sediments (Schouten et al., 2000b; Hopmans et al., 2004),
in stalagmites (Yang et al., 2011), and in lake sediments (e.g. Schouten et al., 2000b;
Hopmans et al., 2004; Blaga et al., 2009). Due to their non-isoprenoid carbon skeleton
structures and specific stereoisomer configuration, they were proposed to be pro-
duced by soil bactetia (Wegers et al., 2006a). This has recently been confirmed by the
identification of one branched GDGT in members of the phylum Acidobacteria
(Sinninghe Damsté et al., 2011).

At present, nine branched GDGT structures have been identified with vary-
ing amounts of methyl branches and cyclopentyl moieties (Fig. 3.1). Weijers et al.
(2007b) found that the branched GDGT distribution in soils is controlled by spe-
cific environmental parameters. Through an empirical study based on >100 glob-
ally distributed soils these authors found a significant positive correlation between
the number of cyclopentyl moieties, expressed as the cyclization index of branched
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Figure 3.1| Molecular structures of the brancehd GDGT membrane lipids analysed in
this study

tetracthers (CBT index), with soil pH. Likewise, they found a correlation between
the number of methyl branches, expressed as the methyl index of branched tetra-
ethers (MBT index), with mean annual air temperatures (MAAT) and with soil pH.
Several studies have confirmed these relationships between soil pH and tempera-
ture with the distribution of branched GDGTs in soils, providing support for the
use of the MBT and CBT proxies (e.g Peterse et al., 2009¢c, 2010).

Soil-derived branched GDGTs are transported to aquatic systems by means
of soil erosion through terrestrial runoff (e.g. Hopmans et al., 2004). As shown
from a sediment-trap record from the East-African Lake Challa, this influx is
mainly governed by variations in rainfall intensity (Verschuren et al., 2009). There is
increasing evidence that branched GDGTs are produced 7 sitn as well, either at the
sediment-water interface or within the water column of the lake itself (Sinninghe
Damsté et al., 2009; Tierney & Russell, 2009; Tierney et al., 2010, 2012; Tyler et al., 2010;
Zink et al., 2010; Bechtel et al., 20105 Sun et al., 2011), which hampers the application
of the MBT and CBT proxies using lake sediments. A partially aquatic origin of
branched GDGTs is supported by the difference in branched GDGT distribution
in lake sediments and the corresponding catchment soils (Szuninghe Damsté et al.,
2009; Tzerney & Russell, 2009; Loomis et al., 2011). Furthermore, a relationship was
found between the distribution of branched GDGTs present in lake surface sedi-
ments with water-column pH (Tierney & Russell, 2009; Tierney et al., 2010, 2012; Sun
et al., 2011). As yet, however, this relationship has not been tested for suspended
particulate matter (SPM) in lakes.

Here, we investigated the distribution and concentrations of branched
GDGTs in the surface water SPM of 23 lakes in Iowa and Minnesota, USA (Fig.
3.2). The lakes in lowa were (hyper)eutrophic and relatively high in pH (7.8 to 9.8)
and alkalinity (1950 to 4750 peq L"). In contrast, neatly all of the lakes in Min-
nesota were meso-oligotrophic and show a range in pH and alkalinity from 6.7
to 8.4 and 150 to 3686 peq L', respectively. The wide range in pH and alkalinity
values makes it possible to study the effect of lake chemistry parameters on the
distribution of the branched GDGTs. We analysed both core branched GDGTs,
representing dead, non-living (‘fossil’) matter, and intact polar lipid (IPL) -derived
branched GDGTs, representing living cells (e.g. White et al., 1979; Harvey et al.,
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1986) and compared the impact of lake pH and alkalinity on the distribution of the
branched GDGTs from these two pools (i.e. “fossil” vs. “living”). This allows us to
study the sources of branched GDGTs present in the water column of these lakes
and gives more insight on the factors controlling their distribution.

Missouri Illinois

Horsehead
@D° |
o o
Hatch  Brush Shanty  Sturgeon

O Sand

Figure 3.2| Map showing the locations of the lakes sampled in this study. IA = Iowa,
MN = Minnesota

3.2 LAkE LiMNOLOGY
he lakes investigated in this study were selected based on average pH and al-
kalinity values of previous sampling campaigns performed by the Iowa State
University annually in the summer months, which were part of an assessment of
the quality of lake water in lowa and Minnesota. Full lake reports can be found
at http://limnology.eeob.iastate.edu/lakereport and http://limnoweb.eeob.iastate.
edu/itascalakes.
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Most lakes in Iowa are manmade and are mainly for recreational purposes,
drinking water supplies, and flood control. On average, the studied lakes (Fig. 3.2;
Table 3.1) were relatively shallow (4.4-14.6 m) and small in terms of relative sur-
face area (0.09 to 3.60 km?). Exceptions are the lakes at Coralville and Saylorville
(21 and 24 km?), which are reservoirs with an emergency spillway to control floods
of the Iowa and Des Moines Rivers, respectively. Most of the lakes are longer
than they are wide and have a dendritic shape. This kind of bathymetry is typical
for manmade lakes as they are often located in drowned river valleys at the end of
a drainage basin (Ka/ff, 2003). Inflow and outflow of water occurs mainly at one
point and is manually controlled, resulting in a unidirectional through-flow of the
water (Ka/ff, 2003). The deepest point of the lakes is most often located near the
dam.

All studied lakes in Iowa are eutrophic and had total phosphorous (TP) val-
ues above 20 pg L' (Table 3.1; see also de Klujjver, 2012). Land use in Iowa State
is highly demanding in terms of nutrient cycling and belongs to one of the most
intensive agricultural areas in the world (Arbuckle & Downing, 2001). More than
90% of the land area of Iowa State is in use for the production of maize and soy
beans (row crops). This particular type of agriculture has a high influence on the
nutrient loads of the lake watershed (Arbuckle & Downing, 2001) and is reflected
in the overall high N:P stoichiometry of the lakes (19 to 290; Table 3.1) and leads
to very high biological productivity. In summer, many lakes develop a thermocline
and become thermally stratified. Due to the high oxygen demand, bottom waters
may become hypoxic (O, concentrations of < 2 mg L.

The lakes studied in the North of Minnesota are distributed across the south-
cast and central part of Itasca County (Fig. 3.2; Table 3.1). In Itasca County alone
there are over 1000 lakes, which all have a natural origin. The catchment areas of
these lakes developed since the last glaciation about 12,000 years ago and consist
of carbonate-poor glacial deposits (till). The area is highly forested and consists of
a mixture of evergreens, such as pine and spruce, and deciduous trees. The aver-
age surface area of the lakes is 1.7 km?” and ranges between 0.2 and 14 km? The
maximum lake depth ranges between 4.3 to 26.8 m with an average of 12.2 m. The
lakes have TP values ranging between 2-30 ug L' (Table 3.1) and the trophic states
are meso-oligotrophic, except for Little Splithand Lake which can be classified as
eutrophic (de Kluijver, 2012).

3.3 METHODOLOGY
3.3.1 Sampling

Suspended particulate matter (SPM) of 23 lakes (11 in Iowa and 12 in Minnesota)
was collected in the Summer (July-August) of 2009 (Fig. 3.2). Sampling of lake wa-
ter for SPM collection was performed at the deepest part of the lake, determined
by sonar and Geographical Positioning System (GPS), within the mixed-layer about
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2 meters below the lake surface (epilimnion) and transferred in pre-cleaned 1 L
bottles. SPM was obtained by filtering the lake water over a pre-combusted 0.7
wm GF/F filter (47 mm) using a multi-valve filtration device attached to a vacuum
pump. The SPM samples were transported on dry ice and then stored at -20 °C.
At the time of SPM sampling, water-column profile measurements, such as pH,
dissolved oxygen, temperature, and thermocline depth, were taken using a YSI
6600 multi-parameter probe. Nutrient levels were measured in discrete samples.
Measurement of TP was performed following the ascorbic acid method with per-
sulfate digestion (APH.A, 1998). Both TP and TN were analysed using a HP 8453
Spectrophotometer at the ISU Limnology Laboratory. Additional water samples
were taken for laboratory pH and alkalinity analyses, that were determined by ISU
using a potentiometric titration method (to a pH of 4.5). The alkalinity is given in
terms of the equivalent concentrations of titratable base (peq L") and is a measure
of the capacity of solutes to neutralize acid. Lake water characteristics important
for this study are listed in Table 3.1.

3.3.2 Extraction and separation of IPL- and CL-derived branched GDGTs

All filters containing SPM were freeze-dried and then cut in small piec-
es with scissors. The filters were extracted ultrasonically (3x) in a methanol
(MeOH):dichloromethane (DCM):phosphorous (P)-buffer in the ratio 2:1:0.8
(viviv) according to a modified Bligh and Dyer method (B/igh & Dyer, 1959; Riitters
et al., 2002). The sonicated samples were centrifuged to separate the supernatant
from the residue. To achieve complete separation of the different solvent layers,
DCM and P-buffer were added to the supernatant in a new volume ratio of 1:1:0.9
/ DCM:MeOH:P-buffer. The DCM layer containing the intact polar lipid frac-
tion was transferred to a round-bottom flask. The remaining layer was washed
twice with DCM. The combined DCM-layers were subsequently evaporated to
near-dryness using a rotary evaporator. The extract was then transferred to a pre-
weighed vial using a mixture of DCM:MeOH (v:v; 1:1) and dried under N,. An
aliquot of the Bligh and Dyer extracts were transferred over an activated silica gel
column to separate the CL-GDGTs from the IPL-GDGTs, modified from Oba et
al. (2006) and Pitcher et al. (2009), using hexane/ethyl acetate (1:1, v:v) and methanol
as cluents, respectively. The IPL fraction was then subjected to acid hydrolysis by
refluxing for 2 h in 2 ml of 1.5 N HCl/MeOH. During this chemical degradation
process, the polar head groups are cleaved thereby releasing the core lipids. After
cooling to room temperature, the pH of the mixture was than adjusted to a pH of
4-5 with a 2N KOH:MeOH (1:1, v:v) solution and then bi-distilled water and DCM
was added to obtain separation of the different layers. After retrieving the DCM
layer, the mixture was additionally washed three times with DCM. The combined
DCM layers were then dried over a column containing sodium sulfate.

The fractions containing the CL- and IPL-derived GDGTs were filtered
through a 0.45 pm PTFE filter and subsequently dissolved in a hexane:isopropanol
mixture (99:1, viv) at a concentration of 10 mg mL™".
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3.3.3 HPLC/MS analysis

The fractions containing the CL- and IPL-derived GDGTs were analysed accord-
ing to Schouten et al. (2007a), using high performance liquid chromatography/at-
mospheric pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) on
a Agilent 1100 series. Detection of the branched GDGTs was through single ion
monitoring (SIM) of the different M+H? ions. The IPL- and CL-derived branched
GDGTs were quantified by comparing the integrated areas of the [M+H]|" mo-
lecular ion peaks with a C,; GDGT internal standard (added prior to analysis) ac-
cording to Hugnet et al. (2000).

The CBT and MBT indices were calculated using the equations given by
Weijers et al. (2007b):

CBT = -LOG,, ([Ib + 1Ib] / [1a + IIa]) (Eq. 3.1)
MBT = [la+Ib+Ic] / [latIb+Ic+IIa+1Ib+1lc+ITa+1IIb+11Ic]  (Eq. 3.2)

Roman numerals refer to GDGT structures in Figure 3.1.

3.3.4 Statistical analysis

All statistical analyses were performed using 12.0 SigmaPlot (Systat Software, Inc.).
Correlation coefficients and the significance of the correlations (P <0.05) were
calculated using a Pearson Product Moment Correlation. We performed a student
t-test to assess the differences in branched GDGT distributions between the lowa
and Minnesota lakes.

3.4 ResuLts

3.4.1 Lake pH and alkalinity

Differences in pH and alkalinity among lakes are consistent with expectations for
cutrophic vs. oligotrophic systems. The Iowa lakes studied have overall high pH
values ranging between 7.8 and 9.8 (Fig. 3.3 and Table 3.1). These high pH values
are most likely a result of the high primary productivity in these lakes, mainly due
to the high nutrient inputs, causing a drawdown in aqueous CO, concentrations (de
Kiugjer, 2012). The lakes in Minnesota are generally lower in pH than the lakes in
Towa (6.7 to 8.4; Fig. 3.3 and Table 3.1). Differences in the range and magnitude
of alkalinity are also quite large between Iowa and Minnesota lakes, from 1950 to
4750 peq L' in Towa and 150 to 3700 peq L' in Minnesota (Table 3.1 and Fig.
3.3).

3.4.2 GDGT concentrations and distribution patterns
3.4.2.1  Concentrations of CL and IPL. derived branched GDGTs

The SPM of the sampled lakes all contained branched GDGTs, although absolute
concentrations varied substantially among the lakes (Figs. 3.4a and b; Table 3.2
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Figure 3.3| Box plots showing the range in (a) lake water pH and (b) lake water alkalinity
of the time of sampling,

and 3.3). Concentrations in Minnesota lakes range from 1.9 to 58 ng L' and in
Iowa lakes from1.6 to 23 ng L. In all lakes, the amount of CL-derived branched
GDGTs are higher than the IPL-derived branched GDGTs. In the Iowa lakes 40
1 4% of the total pool of branched GDGTs is IPL-derived, whereas in the Min-
nesota lakes this ranges between 18 and 45 % (Fig. 3.4c and d). Branched GDGTSs
ITa-c are most abundant (~55 % of the CL-derived and 18 % of the IPL-derived
total branched GDGTs) followed by GDGTs la-c (~22 % ClL-derived and ~15 %
of IPL derived total branched GDGTs).

There is a considerable variation in branched GDGT distribution between the
Towa and Minnesota lakes (Fig. 3.5). The most striking is the variation in the rela-
tive abundance of branched GDGTs with cyclopentane moieties, especially those
with one cyclopentane moiety (Ib, 1Ib, I111b) (Figs. 3.4a and b; Fig. 3.5), which
comprise 27 = 3 % and 12 * 6 % of total branched GDGTs in the lowa and Min-
nesota lakes, respectively.

3.4.2.2 Cl- and IPI ~derived CBT and MBT indices

The higher abundance of branched GDGTs with one cyclopentane moiety in Iowa
lakes is reflected in the lower CBT wvalues (0.38 £ 0.06) compared to the lakes in
Minnesota (0.86 = 0.26), both in the IPL-derived as well as CL fractions (Figs.
3.4e and f; Table 3.1). For both the CL and IPL fractions, there is a significant
difference between the CBT indices of the Iowa and Minnesota lakes (P <0.001).
In contrast, MBT values for both the CL.- and IPL.-derived branched GDGTs, are
not significantly different between the lowa and Minnesota lakes (P > 0.05). More-
ovet, the IPL-derived MBT values for the lowa lakes, are significantly (P <0.001)
higher, 0.43 = 0.04 than the CL-derived MBT values, 0.35 £ 0.03. The CL- and
IPL-derived MBT values (0.34 £ 0.07 and 0.39 % 0.07, respectively) for the Min-
nesota lakes do not show a significant difference (P = 0.1) compared to each other.
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Figure 3.4| Box plots showing the differences in (a and b) the concentrations of branched
GDGTs la-c, Ila-c, and I1la-c for both the CL- and the IPL-derived pools, (c and d) the
relative concentrations of the IPL-derived branched GDGTs la-c, Ila-c, and Illa-c, and
(e and f) the range of the CL- and IPL-derived CBT and MBT index values, between the
lowa (a, c and e) and Minnesota (b, d and f) lakes.
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Figure 3.5| Average relative distribution of the CL- (dark grey) and IPL-derived (light
grey) branched GDGTs of the lowa and Minnesota lakes

3.5 DIscussioN
3.5.1 Assessing in situ production

The fact that there is a substantial amount of IPL-derived branched GDGTs (18
to 45 % compared to core lipids) in the SPM, likely indicates substantial amount of
in situ production of branched GDGTs in both the Iowa and Minnesota lakes. This
is substantiated by the identical distributions between the CL- and IPL-derived
branched GDGTs as shown in figure 3.5. Furthermore, for both the MBT and
CBT indices, there is a strong correlation between the CL- and IPL-derived frac-
tions (Fig. 3.6). The relationship between CL- and IPL-derived CBT values is simi-
lar to the 1:1 line (Fig. 3.6b), which suggests that the majority of the CL-derived
branched GDGTs have a similar soutce as the IPL-derived branched GDGTs and
are thus most likely autochthonous.

Interestingly, the relationship between CL- and IPL-derived MBT values (Fig.
3.6a) deviates from the 1:1 line, i.e. IPL-derived MBT values are higher than the
CL-derived MBT values. Core lipid branched GDGTs likely represent an average
signal of several months to years, whereas the IPL-derived branched GDGTs are
likely representing a time period of days to months. The MBT index has been
found to be impacted by temperature, whereas the CBT index mainly relates to pH.
The geographical area of our lake dataset is characterized by a continental climate
with warm to hot summers and cold winters, and temperatures can fluctuate con-
siderably. Therefore, the IPL-derived MBT values likely reflect the warm summer
temperatures at time of sampling, while the CL-derived MBT values represent a
longer-term signal including colder months. In contrast, lake pH levels are likely
less variable over periods of weeks to months, and therefore the CL- and IPL-
derived CBT values are more similar.
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Figure 3.6| Scatter plot showing the relationships between (a) the CL- and IPL-derived
MBT indices and (b) the CL- and IPL-derived CBT indices.

3.5.2 Temperature

Mean annual and summer air temperatures (MAAT and MSAT, respectively) are
on average 5-6 °C higher in Iowa (~9 °C and 24 °C) than in Minnesota (~4 °C and
18 °C) (data from http://www.ncdc.noaa.gov). However, air temperatures during
July/August 2009, collected from nearby weather stations, were somewhat lower
than yearly averages, 22 + 2 °C and 17 £ 2 °C for lowa and Minnesota, respectively,
and are also a few degrees lower than lake surface temperatures measured at the
time of sampling, i.e. 24 * 2 °C (Jowa lakes) and 20 * 1 °C (Minnesota lakes). We
compared the MAAT/MSAT estimates with those detived from the MBT/CBT
temperature calibrations (Table 3.4). In previous studies, the MBT/CBT calibra-
tion for soils (Wejers et al., 2007b) did not hold when applied to lake sediments, and
reconstructed MAAT values underestimated by 5 to 10 °C. This effect has been
ascribed to an aquatic source of branched GDGTs preserved in the lake sediments,
in addition to the ones transported to the lake through soil erosion (Sznninghe Danm-
sté et al., 2009; Tierney & Russel, 2009). Since we find strong evidence for aquatic i
sitn production, a large underestimation of temperature using the soil calibration
would be expected. Indeed, the soil calibration of Wezers et al. (2007b) substantially
underestimates MSAT, and measured lake temperatures (Table 3.4) are in agree-
ment with previous studies (Sznninghe Damsté et al., 2009; Tierney & Russel, 2009; Tier-
ney et al., 2009, 2010; Tyler et al., 2010; Sun et al., 2011; Pearson et al., 2011; Bechtel et al.,
2010). In contrast, all calibrations based on lake sediments (Pearson et al., 2011; Sun
et al., 2011; Tierney et al., 2010) result in more or less the same temperature estimates
using IPL-derived CBT/MBT values, yielding temperatutes that closely resemble
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Table 3.4| Observed temperatures, including the lake water (in situ) tem-
perature, mean annual air temperature (MAAT) and mean summer air
temperature (MSAT), and estimated CL- and IPL-derived MAAT using
the soil calibration of Weijers ef al. (2007) and lake calibration of Tierney et
al. (2010), and estimated CL- and IPL-derived MSAT using the lake cali-
brations of Sun et al. (2011) and Pearson et al. (2011). Data for the observed
MAAT and MSAT are derived from www.noaa.gov.

Iowa Minnesota
Obsserved temperatures
MAAT: 9 ' 4
MSATt 24 ' 18
Air temperatures July/ August 2009 2242 ' 17+2
In sitw temperature 24+ 2 : 201
Estimated temperatures '
Global soil calibraton’ 8+1 12+2 . 32 512
Tropical lake sediment calibration’ 201 2+1 1 151 17%1
Asian lake sediment calibration’ 20+0 22+1 1 16%1 17%1
Global lake sediment calibration” 24+1 25%1 ' 182 19+1
Data from wwwnoawgov
MAAT = -6.1 + 50 * MBT - 9.35 * CBT (Wegiers ef al, 2010
"MAAT = 11.84 + 32.54 * MBT - 9.32 * CBT (Twerney ef al, 2010)
MSAT = 13,116 - 7.998 * CBT + 27,752 * MBT (Suw e al, 2010)
MSAT = 47.4 + (209 * 1a) — (37.1 * 1la) — (53.5 * L11a) (Pearson e al, 2010)

the MSAT of the two states (Table 3.4). Temperatures from CL-detived MBT/
CBT values are consistently a few degrees lower, which agrees with the “colder”
signal of core lipids (see previous section). They are, however, substantially higher
than MAAT, suggesting that the core lipids still predominantly contain a summer
temperature signal.

3.5.3 Lake water pH

Correlation of lake pH with MBT and CBT shows that there is no significant rela-
tion between MBT and lake pH, for both the CL- and IPL-derived fractions (R
= 0.06 and R? = 0, respectively). This is in agreement with observations for soils
where MBT is only weakly correlated with soil pH (Wezjers et al., 2007b). We do ob-
tain a significant negative correlation, when we plot CBT values against lake water
pH values (Fig. 3.7a and b):

CL-derived CBT = 2.97 — 029 * pH  (R? = 0.69) (Eq. 3.3)
IPL-detived CBT = 2.78 — 0.27 * pH (R? = 0.72) (Eq. 3.4)

The fact that we find a strong correlation between CBT and lake water pH,
as well as a good correlation between both pools of branched GDGTs, strongly
suggests an 2 situ production of the branched GDGTs within the lake water col-
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umn. The correlation between ClL-derived CBT and pH closely resembles those
based on tropical lake sediments from Africa (Tzerney et al., 2010), but differs from
the soil calibration of Wejers et al. (2007b) and, surprisingly, also from the lake
sediment calibration of Sun et al. (2011) (Fig. 3.7a). At pH values above or near
8.5, CBT values are not increasing with pH and are rather constant at ~0.4. Sun et
al. (2011) observed a similar pattern for high pH lakes (pH > 8.5) in their Chinese
lake sediment dataset and suggested that a certain threshold is reached at pH > 8.5,
i.e. the bacteria reach their limit in making adaptations to their membrane lipids at
these high pH levels. At pH levels of <7.5, bacteria regulate their intracellular pH
(which is higher than that of their surroundings) by creating a proton gradient to
drive energy reactions over the cell membrane (e.g. Boozh, 1985). To accommodate
growth at higher pH levels it is important for the organism to maintain the internal
pH within the cell constant. To optimize the proton gradient and maintain pH ho-
meostasis at increasing external pH levels, the permeability of the cell membrane
is regulated by making the membrane lipids more rigid (Haines, 2001; Konings et al.,
2002, 2006). In bacteria that produce branched GDGTs, this is most likely done
by adjusting the amount of cyclopentyl moieties in their cell membrane (Wejers
et al., 2007b). Under more alkaline conditions, however, microorganisms have a
reversed pH gradient over their cell membrane, i.e., their internal pH is lower than
that of their surroundings (e.g. Boozh, 1985). Most neutrophiles and alkaliphiles are
able to perform energy transduction by establishing a sodium-gradient in combi-
nation with an H*-gradient, and are able to switch between H* and Na* as cou-
pling ions (Speelmans et al., 1995). The advantage of Na* as coupling ion is that the
permeability of the cell membrane for Na ions is much lower compared with H*
(Mulkidjanian et al., 2008 and references therein). In theory, this would imply that
further adaptation of the cell membrane is not needed to overcome H" leakage.
Thus, if the bacteria that produce branched GDGTs indeed use sodium for energy
transduction at alkaline pH, this could possibly explain the apparent constant CBT
values of ~0.4 at pH values >8.5 (Figs. 3.7a and b).

3.5.4 Lake water alkalinity

Aside from a large gradient in pH, our lake dataset also exhibits a large gradient in
alkalinity (Fig. 3.3). The alkalinity in lakes is mainly determined by the interplay of
climatic and geologic factors (Gorham et al., 1983), controlling the type and amount
of ions that are transported from the drainage basin. The relatively low alkalinity
of the lakes in Minnesota is mainly due to the carbonate-poor glacial till in the
watershed, whereas the high alkalinity in the manmade lakes of Iowa, results most
likely from anthropogenic influences (Jones & Bachmann, 1978). To moderate field
pH levels, farmers tend to add substantial amounts of lime. Furthermore, the in-
flow of agricultural derived base ions, mainly in the form of hydrogen phosphates
and sodium nitrates enhances biologically mediated processes such as nitrate as-
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Figure 3.7| Scatter plots showing the relationship between lake water pH and (a) the
CL-derived CBT index values and (b) the IPL-derived CBT index values and, scatter plots
showing the relationships between lake water alkalinity and (c) the CL-derived CBT index
values and (d) the IPL-derived CBT index values. The thick solid lines are the correlations
obtained for the SPM lake dataset in this study. Shown in plot a are the soil calibration of
Weijers et al. (2007) and the lake sediment calibrations of Sun et al. (2011) and Tieney et al.
(2010).
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similation and denitrification, which can substantially increase the alkalinity of the
lake water (Schindler, 1985).

Strikingly, a stronger correlation is obtained when plotting the CL- and IPL-
derived CBT values against the common logarithm of lake water alkalinity (Figs.
3.7c and d) than with pH:

CBT = 2.43 — 0.57 * LOG,, (alkalinity) (R? = 0.86) (Eq. 3.5)
CBT = 223 - 0.52 * LOG,, (alkalinity) (R? = 0.83) (Eq. 3.6)

Thus, higher alkalinity corresponds to an increase in the relative abundance of
branched GDGTS that possess one or more cyclopentyl moieties. In Iowa lakes,
the pH is decoupled from alkalinity for lakes with pH values above 8.5, which have
morte of less similar alkalinity values (~2500 peq L'; Fig. 3.8). Since CL- and IPL-
derived CBT values in these lakes are more or less constant and do not seem to vary
with pH (Figs. 3.7a and b), it may explain the stronger correlations with alkalinity.
Possibly, this may be related to the use of different ion transfer mechanisms (H*
vs. Na*) within the branched GDGT-producing lake bacteria as discussed above.
Although sodium is an important contributor to alkalinity in natural waters, the
underlying mechanism remains unclear because attribution is complicated due to
the covariance between alkalinity, total nitrogen and other variables.

10000 7
R* ~ 0.80; P <0.001
~ 1 4 &
s 1 T /o= m 8
7 2 e it
=
Z 1000 -
£
©
=
©
B lowa
© Minnesota
22 pH>85
100 T T T T T T T T T
6 7 8 9 10

nH

Figure 3.8| Relationship between pH and alkalinity for the lakes that have pH values below 8.5.
Lakes with pH values above 8.5 are within the dotted circle.
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3.6 CONCLUSIONS

he strong correlations of the core lipid and intact polar lipid branched GDGT

distributions in lake water SPM indicates that the majority of the branched
GDGTs are produced 2 sitn. Furthermore, temperature estimates based on IPL-
derived MBT/CBT correspond well with in situ lake and summer air temperatures
while those of core lipids yield colder temperature estimates as the latter represent
a longer time interval (months to years) compared to the intact polar lipids (weeks
or months). The good correlation we find between CL- and IPL-derived CBT val-
ues and pH shows that the distribution of branched GDGTs present in Iowa and
Minnesota lakes is largely controlled by the buffering capacity of the lake water.
This substantiates the evidence that the branched GDGT are autochthonous and
that core lipids and intact polar lipids derive from the same source. Furthermore,
the CBT-pH correlation compares well with that found in a tropical lake sediment
study. This suggests that the CBT index inferred from the distribution in lake sedi-
ments can be used for the reconstruction of lake water pH as an alternative for
or in addition to pH reconstructions using diatom transfer functions. Caution is
needed with lakes that have alkaline pH levels (> 8.5), e.g. lakes that are located
in dense populated and agricultural areas. Our study further shows an excellent
relationship between the CBT values and the logarithm of alkalinity. The exact
mechanism behind the alkalinity-CBT relationship remains as yet unclear, but may
be related to the difference in ionic composition, besides H*, among the lakes.
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ABSTRACT
‘ X Je characterized the intact polar lipid (IPL) composition of suspended

particulate matter in the surface waters of 23 oligotrophic lakes and
eutrophic lakes in Minnesota and Iowa (USA). A high diversity of IPL class-
es was detected and comprised amongst others the glycerophospholipids
phosphatidylcholine, phosphatidylglycerol, phosphatidylethanolamine, the
sulfur-containing glycerolipid sulfoquinovosyldiacylglycerol, and the beta-
ine lipids diacylglyceryl-trimethylhomoserine, diacylglyceryl-hydroxymeth-
yltrimethylalanine, and diacylglyceryl-carboxyhydroxymethylcholine. Most
IPL classes were detected in all lakes, but eutrophic Iowa lakes contained a
relatively high abundance of lyso-IPLs, which were generally not detected
in oligotrophic Minnesota lakes, possibly as a consequence of the high ion
content in Towa lakes. Using selected reaction monitoring we detected a
variety of glycolipids derived from N,-fixing heterocystous cyanobacteria in
all lakes, suggesting their presence in both oligotrophic as well as eutrophic
lakes. Correlation of glycolipid abundance with environmental parameters
showed that high productivity lakes have high glycolipid abundances, sug-
gesting that an increased activity of heterocystous cyanobacteria is needed
to supply bioavailable nitrogen for sustaining primary productivity. We also
observed distributional differences in glycolipids likely due to differences
in cyanobacterial species. Finally, we detected only low amounts of IPLs
with a crenarchaecol moiety, the characteristic lipid for ammonia-oxidizing
Thaumarchaeota, primarily with a monohexose headgroup and only in some
eutrophic Iowa lakes. Indirect analysis of IPL crenarchaeol showed that its
abundance was generally low in oligotrophic Minnesota lakes and higher in
the eutrophic Iowa lakes. Possibly they were inhibited by the high dissolved
organic carbon concentrations in Minnesota lakes as suggested previously
for other lakes.
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4.1 INTRODUCTION

Intact polar lipids (IPLs) occur ubiquitously in the natural environment as they
are the main building blocks of membranes of cellular microorganisms. They
are generally composed of a glycerol backbone with ester-linked fatty acids at-
tached to the s#-1 and s#-2 positions and a polar head group at the s#-3 position
(e.g. Fahy et al. 2005; e.g. Fig. 4.1). Some IPL classes, or fatty acids derived thereof,
are synthesized predominately by specific microbial groups and can thus potentially
be used as chemotaxonomic markers (e.g. Shaw, 1974; Lechevalier & Lechevalier, 1989;
Sturt et al., 2004). Furthermore, IPL molecules are thought to degrade rapidly upon
cell death and therefore predominately derive from living (microbial) cells (White et
al., 1979; Harvey et al., 1986). Thus, IPL analysis has the potential to provide valu-
able information on living microbes complementary to that obtained by micro-
biological and molecular techniques. Furthermore, IPL. compositions are known
to be sensitive to environmental conditions such as nutrient limitation (e.g. Benning
et al., 1995), thus potentially yielding information on the physiology of microbes.
For example, marine cyanobacteria have been shown to replace phospholipids with
sulfur-containing IPLs under P-limiting conditions (vanz Mooy et al., 2009).

Up to now, most environmental IPL analysis has been indirect in the form of
fatty acids derived from phospholipids (‘PLFA’). The development of methods for
the direct analysis of IPLs (e.g. Fang &> Barcelona, 1998; Riitters et al., 2002a; Sturt et
al., 2004) now allows the rapid assessment of the full structural diversity of IPLs,
including headgroup composition. This analytical advancement has increased our
knowledge on the sources and diversity of IPLs in natural environments, in pat-
ticular in sediments (e.g. Zink et al., 2003; Biddle et al., 2006; Lipp &> Hinrichs, 2009),
in suspended particulate matter from marine waters (e.g. van Mooy et al., 2006, 2009;
Schubotz et al., 2009, Popendorf et al., 2011; Brandsma et al., 2012a) and sediments and
microbial mats from extreme environments (e.g. Bradley et al., 2009; Borin et al.,
2010; Biibring et al., 2011). Studies of the IPL composition of suspended particulate
matter in lakes have been relatively limited, however. Erzefai et al. (2008) examined
a polluted meromictic lake and found a range of phospholipids and some glyco-
lipids with a predominance of betaine lipids in the epilimnion and dialkylglycerol-
phosphatidylethanolamine lipids in the hypolimnion. Bibring et al. (2009) analysed a
microbial mat from a hypersaline lake and found a predominance of ornithine and
betaine lipids. Wormer et al. (2012) analysed glycolipids specific for heterocystous
cyanobacteria in a number of Spanish lakes and found their distribution to relate
to different taxonomic groups within the heterocystous cyanobacteria.

Here we analysed the IPL composition of particulate matter in surface wa-
ters from two contrasting sets of lakes: Twelve highly eutrophic lakes in Iowa and
Minnesota and eleven meso-oligotrophic lakes in Minnesota (Fig. 4.2; see also de
Klugjver, 2012). We determined the general structural diversity of IPLs and com-
pared this with the trophic nature of the lakes. In addition, we performed targeted
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analysis of IPLs derived from N,-fixing heterocystous Cyanobacteria (glycolipids;
Banersachs et al., 20092) and ammonia-oxidizing Thaumarchaeota (crenarchaeol;
Pitcher et al., 2011a, and references cited therein), both crucial microbes involved in
nitrogen cycling. The results shed light on the potential of IPLs to track specific
microbes in contrasting lake environments.

4.2 MATERIALS AND METHODS
4.2.1 Sampling

All samples for this study were taken during Summer 2009 (see de Kiuzjver, 2012).
Water samples were collected from the deepest part of the lake within the mixed-
zone layer (~2 m below surface) and transferred in pre-cleaned 1 L bottles and
subsequently transported on ice to the Limnology Laboratory of Iowa State Uni-
versity. Here, the lake water was filtered through 0.7 um GF/F filters (47 mm
diameter, precombusted at 450 °C for 12 h; Whatman) using a multi-valve vacuum
filtration unit to obtain particulate matter for IPL analysis. All filters were stored
frozen at -20 °C for the duration of the sampling and until extraction in the lab.

4.2.2 Environmental parameters

Background data are available as part of a long-term lake monitoring program
and can be found at http://limnology.eeob.iastate.edu/lakereport and http://lim-
noweb.eeob.iastate.edu/itascalakes as well as in de Kluzjver (2012). Briefly, total phos-
phorus (TP) was analyzed with an HP 8453 Spectrophotometer using the ascorbic
acid method in Standard Methods (American Public Health Association, 1998). Total
nitrogen (TN) was analyzed as described by Crumpton et al. (1992) using the method
of persulfate digestion and second derivative ultraviolet spectroscopy. Dissolved
organic carbon was determined with a Shimadzu TOC-V Analyzer using the high-
temperature combustion method in Standard Methods (Awserican Public Health As-
sociation, 1998). POC were analyzed for carbon content on a Thermo Electron
Flash EA 1112 analyzer (EA) coupled to a Delta V isotope ratio mass spectrometer
(IRMS). For chlorophyll @, water was filtered through a 0.45 um filter that was
subsequently extracted in 100% acetone using a probe sonicator (Jeffrey et al., 1997).
Chlorophyll 2 was measured with a TD-700 Fluorometer using the non-acidified
fluorometry EPA method 445.0 (Arar & Collins, 1997). Total alkalinity and pH
were analyzed at 25 °C through a probe measurement and titration to a pH of 4.5
(American Public Health Association, 1998). The alkalinity is given in terms of the
equivalent concentrations of titratable base (peq L") and is a measure of the acid
neutralizing capacity (ANC).

4.2.3 Extraction

The GF/F filters were freeze-dried before the IPLs were extracted using a modi-
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Figure 4.1| Structures of IPLs investigated in this study. PC = phosphatidylcholine, PG =
phosphatidylglycerol, PE = phosphatidylethanolamine, SQDG = sulfoquinovosyldiacylglycerol,
DGTS = diacylglyceryltrimethylhomoserine, DGTA = diacylglycerylhydroxylmethyltrimethyla-
lanine, DGCC = diacylglycerylcarboxyhydroxymethylcholine, MGDG = monogalactosyldiacylg-
Iycerol, DGDG = digalactosyldiacylglycerol. R1 and R2 = fatty acid tails.
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Figure 4.2| Area map with lakes examined in this study

fied Bligh-Dyer procedure (Bligh & Dyer, 1959). Briefly, the filters were extracted
ultrasonically three times for 10 min in a solvent mixture of methanol, dichloro-
methane and phosphate buffer (2:1:0.8, v:v). After sonication, the combined su-
pernatants were phase-separated by adding additional dichloromethane and buffer
to a final solvent ratio of 1:1:0.9 (v:v). The organic phase containing the IPLs was
collected and the aqueous phase re-extracted three times with dichloromethane. Fi-
nally, the combined extract was dried under a stream of nitrogen gas. Before analy-
sis, the extract was redissolved in a mixture of hexane:2-propanol:water (72:27:1,
viv) at a concentration of 10 mg mL"!, and aliquots were filtered through 0.45 um
regenerated cellulose syringe filters (4 mm diameter; Grace Alltech, Deerfield, IL).

4.2.4 General IPL analysis

For general IPL screening, the Bligh Dyer extracts were analyzed according to Sturt
et al. (2004) with some modifications. High performance liquid chromatography/
mass spectrometry (HPLC/MS) was performed on an Agilent 1200 seties LC (Agi-
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lent, San Jose, CA), equipped with thermostatted auto-injector and column oven,
coupled to a LTQ XL linear ion trap with Ion Max source with electrospray ion-
ization (ESI) probe (Thermo Scientific, Waltham, MA). Separation was achieved
on an Lichrosphere diol column (250 x 2.1 pm, 5 pm particles; Grace Alltech,
Deetfield, IL) maintained at 30 °C. The following elution program was used with
a flow rate of 0.2 mL min™: 100% A for 1 min, followed by a linear gradient to
66% A: 34% B in 17 min, maintained for 12 min, followed by a linear gradient to
35% A: 65% B in 15 min, where A = hexane/2-propanol/formic acid/14.8 M
NH,,, (79:20:0.12:0.04 [volume in volume in volume in volume, v/v/v/v]) and B
= 2-propanol/water/formic acid/ 14.8 M NH,,, (88:10:0.12:0.04 [v/v/v/v]). Total
run time was 60 min with a re-equilibration period of 20 min between runs. ESI
settings were as follows: capillary temperature 275 °C, sheath gas (N,) pressure
25 (arbitrary units), auxiliary gas (N,) pressure 15 (arbitrary units), sweep gas (IN,)
pressure 20 (arbitrary units), spray voltage 4.5 kV (positive ion ESI). The lipid ex-
tract was analyzed by an MS routine where a positive ion scan (2/z 400-2000) was
followed by a data dependent MS? experiment where the base peak of the mass
spectrum was fragmented (normalized collision energy (NCE) 25, isolation width
5.0, activation Q 0.175). This was followed by a data-dependent MS’ experiment
where the base peak of the MS? spectrum was fragmented under identical fragmen-
tation conditions. This process was repeated on the 2™ to 4* most abundant ions
of the initial mass spectrum.

4.2.5 Glycolipid analysis

Glycolipids were analysed using HPLC/ESI-MS? as previously reported by Baser-
sachs et al. (2009a). HPLC analysis of total lipid extracts was performed using an
Agilent 1100 series LC (Agilent, San Jose, CA) coupled to a Thermo TSQ Quan-
tum ultra EM triple quadruple mass spectrometer with an Ion Max Source with
ESI probe (Thermo Electron Corporation, Waltham, MA) operated in positive ion
mode. Separation was achieved on a LiChrosphere DIOL column (250 mm X 2.1
mm i.d., 5 um: Alltech, Deerfield, IL) maintained at 30 °C. HPLC/MS? analysis was
performed in selective reaction monitoring (SRM) mode using transitions specific
for glycolipids I-VI (Fig. 4.1) following Basuersachs et al. (2010). Since we do not have
any glycolipid standard available, we report the abundances as peak area L or in %
abundance of total glycolipids.

4.2.6 Crenarchaeol IPL analysis

In order to detect the specific crenarchaeol IPLs with high sensitivity we used the
SRM method of Pitcher et al. (2011b) using HPLC-ESI-triple quadrupole MS? This
method allows the detection of IPLs with crenarchaeol as a core lipid and five dif-
ferent head groups, i.e., a monohexose, a dihexose, a hexose and phosphohexose
head groups (Fig. 4.1). Separation was achieved on a LiChrospher diol column
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(250 X 2.1 mm, 5 um particles, Alltech) maintained at 30°C. The following linear
gradient was used with a flow rate of 0.2 mL min™: 100% A:0% B to 35% A: 65%
B over 45 min, maintained for 20 min, then back to 100% A for 20 min to re-
equilibrate the column. Detection of crenarchaeol-based IPLs was achieved by us-
ing conditions, and monitoring the transitions as desctibed by Pitcher et al. (2011b).

To quantify IPL-derived crenarchaeol, one aliquot of the Bligh-Dyer extract
was separated into a IPL and core lipid fraction according to Oba et al. (2006) and
Pitcher et al. (2009), except that a hexane:ethyl acetate (EtOAc) (1:1, v/v) mixture
was used to obtain the core lipid fractions, and that IPL fractions were retrieved
by flushing the silica column with MeOH. A C,; GDGT internal standard was
added to both CL and IPL fractions according to Huguet et al. (2006). The IPL frac-
tions were subjected to acid hydrolysis (3 h reflux with 1N HCl/MeOH solution)
to cleave off the head groups, thereby releasing the GDGTs as core lipids (IPL-
derived GDGTs). The IPL-derived fraction was dissolved in hexane:isopropanol
(99:1, v/v), filtered over a 0.45 um PTFE filter, and concentrated to about 3 mg/ml
prior to analysis using HPLC/ atmospheric pressure chemical ionization (APCI)—
MS on an Agilent 1100 series LC/MSD SL according to Schouten et al. (2007a).

4.3 REesuLTs
4.3.1 Environmental context of the studied lakes

The environmental conditions of the Minnesota and Iowa lakes, respectively, are
distinctly different (Table 4.1). The lowa lakes are all eutrophic to hypereutrophic
due to high nutrient loads from agricultural run-off (Arbuckle & Downing, 2001),
while those in Minnesota are all, but one, meso- to oligotrophic and relatively pris-
tine in nature. This results in relative high total P and N concentrations, low DOC,
and high pH for the Iowa lakes and low P and N concentrations, low pH and high
DOC for the Minnesota lakes (Table 4.1). Total P concentrations ranged from 21
to 209 pug L' for Towa lakes and 2 to 30 pg L' for Minnesota lakes, while total N
concentrations ranged from 1.0 to 9.3 mg L for Iowa lakes and 0.2 to 0.8 mg L
for Minnesota lakes. Due to the high nutrient concentrations, POC and chlorophyll
a concentrations were high in Iowa lakes, ranging from 0.7 to 9.9 mg L'' and 5.9
to 63.6 pg L', respectively, and substantially lower at Minnesota lakes, ranging from
0.3 to 3.0 mg L' and 0.9 to 18.7 pg L', respectively (Table 4.1). Thus, primary
productivity was generally high in Iowa lakes and lower in Minnesota lakes during
the sampling period.

4.3.2 General IPL screening

The IPLs detected in the SPM of surface waters of the Minnesota and Iowa lakes
contain a large variety of head groups. This included, amongst others, the glycero-
phospholipids phosphatidylcholine (PC), phosphatidylglycerol (PG), and phospha-
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tidylethanolamine (PE), the sulfur-containing glycerolipid sulfoquinovosyldiacyl-
glycerol (SQDG), the betaine lipids diacylglyceryl-trimethylhomoserine (DGTS),
diacylglyceryl-hydroxymethyltrimethylalanine (DGTA), and diacylglyceryl-car-
boxyhydroxymethylcholine (DGCC), and the glycerolipids mono- and digalacto-
syldiacylglycerol (MGDG and DGDG) (e.g. Fig. 4.3). In addition, we detected
sometimes high abundances of ethoxylated surfactants (identification based on MS
fragmentation (cf. Fromel & Knepper, 2008), likely of anthropogenic origin, which
were present in the SPM of the lake water itself as these compounds were absent
in some lakes and did not show up in lab blanks. Ether lipids could not be detected
using this general screening method. Fach of the main IPL classes contained a
large variety of IPL species with different fatty acid compositions. The main fatty
acid constituents were C14:0, C16:0, C16:1, C18:1, C18:2 and C18:3 with more
minor amounts of C16:2, C20:5 and C22:6. No particular trends could be detected
with the different lakes. The fatty acid composition inferred from the IPLs com-
pares well with the polar lipid fatty acid (PLFA) composition determined separately
for the same lake SPM samples (de Kiuzjver, 2012). The PLFA showed a dominance
of C16:0 (~30% on average of total PLFA), C16:1w7c (14%), C18:3w3 (11%),
C18:1w9¢ (9%), C20:5w3 (8%), C18:2w6 (6%), and C22:6w4 (5%) (de Kiuijver,
2012). Due to the high IPL diversity, lack of suitable standards, and large differ-
ences in ionization efficiency between IPLs, it was not possible to quantify the
IPLs and perform a quantitative comparison of the IPL distribution. Nearly all IPL
classes were detected in the SPM of both Minnesota as well as Iowa lakes, however.
The main difference observed was an unusual high abundance of lyso-IPLs, i.c.,
IPLs in which one of the fatty acid chains is not present, in the Iowa lakes, while
SPM of Minnesota lakes generally lacked lyso-IPLs (e.g. Fig. 4.3). Furthermore, in
Minnesota lakes, DGTA/DGTS was generally the most abundant IPL class in the
HPLC base peak chromatogram while DGCC was more common in the SPM of
lowa lakes (e.g. Fig. 4.3).

4.3.3 Heterocyst glycolipids

To assess the structural diversity in heterocyst glycolipids we performed a targeted
essay using HPLC/MS? following Bauersachs et al. (2009a). We found all targeted
glycolipids in all lakes (e.g. Fig. 4.4) though with varying abundance and distribu-
tion (Table 4.2). In general, 1-(O-hexose)-3,25-hexacosanediol (glycolipid II; Fig.
4.1) dominated and comprised between 48 to 96% of the targeted glycolipids. The
other glycolipids varied in abundance between 1 and 29 % with 1-(O-hexose)-3-
keto-27-octacosanol (glycolipid III) generally always in lowest abundance, never
reaching more than 7% of total targeted glycolipids (Table 4.2).

4.3.4 Thaumarchaeotal lipids

General IPL screening, as discussed above, did not reveal the presence of ether
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Figure 4.3| Partial base peak chromatogram (Gaussian smoothed) of the HPLC/ESI-MS analy-
sis of IPLs in the particulate matter sampled at (a) Lake MacBride, Iowa and (b) Lake Thirty, Min-
nesota. For structures and acronyms of IPLs see Fig. 4.1. ES = ethoxylated surfactants.
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IPLs. To assess the presence of archaeal IPLs we, therefore, performed a more
sensitive essay using HPLC/MS? following Pitcher et al. (2011b), where IPLs with
a crenarchaeol core lipid (Fig. 4.1) are targeted. In most lakes we could not detect
crenarchaeol IPLs, i.e., those analyzed by our SRM method. Only in a few lakes
from Iowa weak signals of the hexose, dihexose, and hexose, phosphohexose cre-
narchaeol (Fig. 4.1) could be detected. We, therefore, used an alternative method,
ie., isolation of an IPL fraction using column chromatography and subsequent
hydrolysis yielding the core GDGT lipids (Pitcher et al., 2009). The IPL-derived cre-
narchaeol concentrations were higher in Iowa lakes, where concentrations ranged
from 0.12 to 1.2 ng L', than in Minnesota lakes where they ranged from 16 to 180
pg L' (Table 4.2).

Table 4.2 | Abundance and distribution of heterocyst glcyolipids and IPL-derived crenarchacol in
Iowa and Minnesota lakes.

Lake name Glycolipids I' T HI IV V VI <Calothrix® Hg, LLr-derived
@eal’) (&) O () B ) %) (@) WE:: fs)m
Iowa Lakes
Hickory Grove 4,7E+09 1.1 68 86 43 60 19 26 0.02 1220
Coralville Reservoir 24E+08 17 5 78 14 17 63 8.0 0.24 1060
Lake MacBride LOE+09 38 60 88 18 16 12 14 0.06 220
Meyers Lake 21E+11 70 49 98 32 293 11 M 0.12 200
Rodgers Park Lake 4,7E+08 57 52 B84 27 281 11 39 0.10 160
Lower Pine Lake 2.6E+09 1.3 9% 86 13 01 0.8 0.9 0.01 1120
Beeds Lake 11E+08 23 50 85 67 65 107 17 0.31 120
Beaver Lake 51E+10 46 48 95 27 22 107 13 0.09 300
Three Mile Lake 3.6E+09 50 74 91 50 21 128 15 0.06 320
Big Creck Lake 3.0E+08 48 73 85 50 23 146 17 0.06 180
Saylorville Reservoir ~ 9.1E+07 36 68 85 18 07 67 7.4 0.05 120
Minnesota Lakes
Leighton 4.1E+08 14 77 84 51 00 19 1.9 0.15 18
Little Splithand 1.3E+10 12 61 82 35 62 16 22 0.17 21
Sand 2.2E+09 10 62 77 43 51 17 22 0.14 21
Beaver Lake 4.2E+08 10 70 69 41 40 11 15 0.12 48
South Sturgeon 3.0E+07 57 65 61 51 47 19 23 0.08 16
O’Leary 8.8E+07 95 72 67 51 35 80 11 0.12 95
Kelly 1.3E+09 17 60 69 22 71 13 20 022 39
Horschead 1.9E+08 85 77 67 21 17 10 12 0.10 82
Brush Shanty 4.5E+08 80 67 74 62 50 11 16 0.11 26
Little Sand 1.8E+09 10 o4 8.2 3.9 6.3 14 20 0.14 45
Hatch 43E+08 94 61 84 27 64 20 26 0.13 37
Thirty 1.4E+09 95 58 71 39 73 20 27 0.14 180

* Percentage of glycolipid as part of total glycolipids. For structure number see Fig, 4.1,
" Percentage of glycolipids V+V1, potentially derived from Calothrix species.
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4.4 DISCUSSION
4.4.1 Influence of trophic state on general IPL distributions

Our lake data set comprises eleven lakes from Minnesota which can be character-
ized as meso- to oligotrophic, based on the relatively low concentrations in TP
and chlorophyll 4, while the eleven lakes from Iowa and one from Minnesota can
be characterized as eutrophic to hyper-eutrophic (Table 4.1). This difference in
trophic state has not led to large differences in IPL head group diversity, i.e., most
IPL head groups are found in SPM of both the lowa as well as Minnesota lakes. A
somewhat similar phenomenon has been observed in marine environments; both
in coastal seas as well as open ocean sites, or oligotrophic as well as eutrophic oce-
anic provinces, similar types of IPLs are found (e.g. Schubotz et al., 2009; van Mooy
et al., 2000, 2010; Brandsma et al., 2012a). Indeed, the IPL classes found in our lake
data set are also found in SPM of marine waters, suggesting there is no particular
striking difference in IPL head group diversity between lakes and marine waters,
as perhaps could be expected because of the often distinct genetic differences
between marine and freshwater phytoplankton. Interestingly, a large part of IPLs
detected is dominated by non-phospholipids, i.e., the N-containing betaine lipids
(DGTS/DGTA, DGCC), the sulfut-containing SQDGs and MGDG and DGDG.
A similar phenomenon has been observed in matine environments (e.g. Schubotz
et al., 2009; van Mooy et al., 2006; van Mooy & Fredericks, 2010; Popendorf et al., 2011;
Brandsma et al., 2012a). Culture studies have suggested that some phospholipids are
replaced by non-P containing lipids under P-limiting conditions (e.g. Minnikin et
al., 1974; Benning et al., 1995). Phospholipids were generally not dominating, how-
ever, irrespective of the P-concentrations or TN:TP ratio, suggesting that nutrients
were not substantially affecting the IPL composition. Indeed, van Mooy & Fredricks
(2010) suggested that this process only occurs at P concentrations below 30 nmol
L' and concentrations in the here studied lakes are higher (Table 4.1).

One pronounced difference between the IPL composition in Iowa lakes ver-
sus Minnesota lakes is the relatively higher abundance of lyso-IPLs, in particular
lyso-PC and lyso-DGCC (Fig. 4.1), in lowa lakes (Fig. 4.1). This does not seem an
artifact of our sample work-up or storage conditions as SPM from both lowa and
Minnesota lakes were treated identically. Lyso-lipids are intermediates in the me-
tabolism and turnover of intact polar lipids, but lyso-(phospho)lipids also function
as secondary messenger and appear to influence lipid-protein interactions in the
lipid membrane (Mezjer & Munnik, 2003 and references therein; Ishii et al., 2004 and
references therein; Fuller & Rand, 2001). Recently, lyso-lipids were shown to stimu-
late channels that protect bacterial cells from osmotic pressure (Nowzura et al., 2012).
A relatively higher abundance of lyso-lipids might therefore be an environmental
adaptation to pH or ionic strength of the lake waters. Although the lyso-lipids
were mostly observed in lowa lakes and the pH of these lakes is generally higher
than the pH of the Minnesota lakes, a clear relation was not observed within the
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Figure 4.4 | Partial base peak chromatogram (Gaussian smoothed) of the HPLC/ESI-MS? analy-
sis of heterocyst glycolipids in the particulate matter sampled at Hickory Grove Lake, Iowa. Ro-
man numerals refer to structures in Fig. 4.1.

set of lowa lakes. However, ion concentrations are generally higher in Iowa lakes
than in Minnesota lakes, due to a combination of geological and anthropogenic
tactors (Jones & Bachman, 1978; Gorham et al., 1983). Therefore, the reason for the
high relative abundance of lyso-lipids in the Iowa lake IPLs may be the high ion
concentrations.

There are a large variety of sources for each of the different IPL classes. For
example, SQDGs are found in thylakoid membranes of phototrophic organisms
(e.g. Frentzen, 2004). PEs are generally found in bacteria, while PCs are mostly
found in eukaryotes (e.g Soblenkanmp et al., 2003 and references cited therein). Beta-
ine lipids such as DGTA/DGTS and DGCC are found in a vatiety of eukaryotes
and bacteria (e.g. Dembitsky, 1996). No specific IPL class could be detected which
could be unambiguously related to specific groups of microbes, however, i.c., at the
genera/family level. Thus, it seems, as with marine environments (Brandsma et al.,
2012a, 2012b), that general IPL screening does not reveal substantial details on the
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Table 4.3 | Pearson Product Moment correlations between environmental parameters and IPL abun-
dances. Correlations in 7falic have P-values <0.05, those in bold have P-values <0.01.

Parameter Glycolipid Calothix IPL-derived Hg,,
abundance (") crenarchaeol
Temperature 0488 0.186 0.404 -0.113
pH 0.498 0.113 0.281 -0.190
Alkalinity -0.013 -0.089 0.399 0.091
DOC -0.081 0.247 0476 0.031
DIC -0.063 -0.147 0.370 0.109
POC 0.888 0.248 0.288 -0.190
Clorophyll 0.882 0.247 0.245 -0.155
Total N -0.033 0.012 0.459 0.154
Total P 0.598 -0.034 0.547 -0.058
N:P -0.176 0.152 -0.049 0.175

microbial composition of lake environments. Therefore, it is recommended to pet-
form more targeted screening of IPLs known to be derived from specific microbes
as done here for glycolipids from heterocystous cyanobacterial and crenarchaeol
IPLs derived from Thaumarchaeota.

4.4.2 Influence of N and P on heterocyst glycolipid distribution and abun-
dance

Heterocyst glycolipids are unique tracers for heterocystous cyanobacteria and are
only found when these cyanobacteria form heterocyst cells and perform N, fixa-
tion (Walsby, 1985; Murry & Wolk, 1989; Bauersachs et al., 2009b). Thus, the presence
of glycolipids unambiguously indicate the presence of N,-fixing heterocystous cy-
anobacteria. Many studies have been performed examining the controlling factors
on the distribution of cyanobacteria in lakes and a frequently cited hypothesis is
that they particularly dominate at low N:P ratio’s due to their ability of N, fixation
(Schindler, 1977; Smith, 1983). Other studies have shown, however, that this hypoth-
esis cannot fully explain their occurrence and that this is correlated to other factors
such as total nutrient concentrations, CO, concentrations, light, temperature, and
stratification conditions (Downing et al., 2001; Wagner & Adrian, 2009). Furthermore,
these studies rarely considered whether the cyanobacteria were actually performing
N,-fixation or were mainly using available nutrients (Ferber et al., 2004).

The fact that we find heterocyst glycolipids in all lakes strongly suggests that
cyanobacterial N,-fixation is ongoing in both oligotrophic as well as eutrophic
lakes. To investigate the factors controlling their abundance, we compared the
abundance of total glycolipids with environmental parameters, in particular TN,
TP and N:P as they are thought to substantially affect the abundance of cyano-
bacteria (Table 4.3; Fig. 4.4). We did not find a correlation with N:P (Fig. 4.4a;
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Table 4.3). A significant relation is found with total P, and especially chlorophyll &
concentrations and POC (Table 4.3) where higher abundance of glycolipids is cor-
related with higher POC and chlorophyll @ concentrations (Fig 4.4b). Ferber et al.
(2004) also noted a correlation of heterocyst cell concentrations with chlorophyll
a concentrations for a hypertrophic lake. Possibly, an increased activity of hetero-
cystous cyanobacteria is needed to supply bioavailable nitrogen for sustaining the
higher primary productivity in, e.g. the Iowa lakes. We should, however, note that
most environmental parameters in our lake data set are also significantly correlated
which each other (data not shown) making it difficult to constrain the relation of
individual environmental parameters with glycolipid abundance.

There are also some strong differences in the distribution of glycolipids. One
likely cause is that different glycolipids occur in different genera, i.e., glycolipids
I-IV occur in genera of the family Nostocaceae, while glycolipids V-VI occur in
Calothrix species of the family Rivulariaceae (Bawersachs et al., 2009b). Surveys of
Iowa lakes using microscopy have shown that the major species of cyanobacteria
in Towa lakes are composed of Microcystis and Oscillatoria (http:/ /limnology.eeob.
iastate.edu), both non-heterocystous cyanobacteria. The most frequently encoun-
tered heterocystous cyanobacteria are Anabaena and Aphanizonenon, both belonging
to the family Nostocaceae and known producers of glycolipids I-1V (Bawersachs et
al., 2009b). However, Calothrix species have rarely been reported in Iowa lakes,
although we did not analyse the cyanobacterial species composition of the lake at
the time of sampling. Thus, it might be possible that heterocystous cyanobacterial
species other than Calothrix were the source for glycolipids V-VI. Nevertheless, if
we assume that glycolipids V-VI are derived from species other than those belong-
ing to the family Nostocaceae, then their relative abundance among N,-fixing het-
erocystous cyanobacteria varies between 1 and 40%, assuming that the glycolipid
abundance reflects the abundance of heterocystous cyanobacterial biomass (Table
4.2). The varying contributions of these glycolipids did not correlate with any of
the measured environmental parameters (Table 4.3). Bauersachs et al. (2009b) found
a correlation between incubation temperature and the distribution of glycolipids 1
and II in cultivated heterocystous cyanobacteria and quantified this in the so-called
HG,, index:

HG, = (glycolipid I) / (glycolipid I + glycolipid II) (Eq. 4.1)

Indeed, Wormer et al. (2012) found a strong sigmoidal relation of the HG,,
with lake water temperature in their Spanish lakes. However, no significant cor-
relation of the HG,, with temperature, as well as other parameters, was observed
in our data set (Table 4.3). Thus it is uncertain what the mechanism is behind the
diversity changes in the glycolipid distributions of the heterocystous cyanobacteria.
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4.4.3 Influence of trophic state on Thaumarchaeota abundance

Thaumarchaeota have been relatively well studied in the marine environment but
to a lesser extent in freshwater environments, with most studies focused on one or
a few lakes (e.g. Augnet et al., 2008, 2011; Woltering et al., 2012). These studies gener-
ally found that the abundance of Thaumarchaeota, or the amoA functional gene
involved in ammonia oxidation, correlated with ammonia or nitrite concentration,
suggesting an important role for these microbes in the nitrogen cycling in lakes.
Only a few studies have focused on the impact of other environmental parameters
on the abundance of Thaumarchaeota in oligotrophic versus eutrophic lakes. W et
al. (2010) examined ammonia-oxidizing Thaumarchaeota in sediments from the eu-
trophic lake Taihu (China) and found a negative relation between Thaumarchaeota
abundance and TOC, TN, and chlorophyll @ concentration which was explained by
a physiological inhibition by organic compounds and high ammonia levels (Kdnneke
et al., 2005). Hermann et al. (2009) examined ammonia-oxidizing Thaumarchaeota
in sediments of oligotrophic to mesotrophic lakes and found that their abundance
was negatively correlated with ammonia levels but also with pH. They explained
this by the higher affinity of Thaumarchacota for low levels of ammonia compared
to ammonia-oxidizing bacteria (Martens-Habbena et al., 2009) and the observation
that ammonia-oxidizing Thaumarchaeota are more abundant and active at lower
pH in soils (Nico/ ¢t al., 2008).

Before discussing our results, an important methodological issue with the cre-
narchaeol IPL results has to be considered, i.e., filtration efficiency. Thaumarchaeo-
ta generally have small cell sizes (<1 pum; Konneke et al., 2005) and it has been re-
ported that a large part of the active cells pass through 0.7 pm filters as used here
(Pitcher et al., 2011a; Ingalls et al., 2012). Thus, we may have missed a large portion
of the Thaumarchaeotal population. Herfort et al. (2000) recovered 95% of GDGT
concentrations in the North Sea with filters of 0.7 um pore size, however, likely
due to the higher turbidity in this coastal sea, where particulate matter can rapidly
clog filters, effectively reducing the nominal pore size. Furthermore, Ingalls et al.
(2012) still recovered 20-70% of intact polar GDGTs from Puget Sound on 0.7
um pore size filters. The lakes investigated are likely more comparable to these
coastal systems than to the deep water column of the Arabian Sea and thus the ef-
fective filtration efficiency, and thus recovery of the Thaumarchaeotal population,
may be still have been relatively high. However, there is a weak correlation (r=0.50,
p=0.016) between the concentration of IPL-derived crenarchaeol and the amount
of SPM collected with each filter, suggesting that filtration efficiency might be of
importance.

We examined the potential controlling factors on Thaumarchaeotal abun-
dance suggested previously for lakes, in particular nitrogen levels and pH, by cor-
relating them with the abundance of IPL-derived crenarchaeol (Fig. 4.6; Table
4.3). Remarkably, we find significant positive relations between IPL-derived cre-
narchacol and total N and total P, and a negative relation with DOC (Table 4.3;
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Figure 4.5| Correlation of heterocyst glycolipid abundance with (a) N:P ratio and (b) particulate
organic carbon (POC) concentrations. Note the log-scale for the glycolipid abundance.
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e.g. Fig. 4.5a). This contrasts the idea that Thaumarchaeota are more competitive
at low levels of ammonia (Martins Habbena et al., 2009) but supports the idea that
they can be inhibited by high organic compound concentrations as suggested for
other lakes (Herrmann et al., 2009; Wu et al., 2010). Interestingly, there is no sig-
nificant correlation with pH (Table 4.3), but plotting IPL-derived crenarchaeol
against pH shows that it is generally more abundant at pH >8.5 (Fig. 4.6b), which
disagrees with the observation that ammonia-oxidizing Thaumarchacota are de-
creasing in abundance and activity with increasing pH in soil (INico/ 7 al., 2008) and
in lakes (Herrmann et al., 2009). It is in agreement with the observation of Wi et al.
(2010) for the eutrophic lake Taihu, however, who found a positive correlation of
Thaumarchaeota abundance with pH. Furthermore, Bewan et al. (2010) found that
marine nitrification rates substantially decrease when pH is lower while Rudd et al.
(1988) observed substantially lower nitrification rates in acidified lakes. Bewan et al.
(2010) attributed this to the shifting equilibrium from NH,, the substrate for nitri-
fiers, to NH,". Possibly, this could partly explain the lower abundance of ammonia-
oxidizing Thaumarchacota in lakes with pH <8.5, i.c. the lower availability of NH.,.
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ABSTRACT

he profound warming and associated environmental changes during the

Palacocene-Eocene Thermal Maximum (PETM; ~56 Ma) have been
documented at several sites from different latitudes around the world. How-
ever, climate records from Northern Europe are still lacking. In this study
we analyzed the distribution patterns and stable carbon isotopes of marine
and terrestrial biomarker lipids in two PETM sections in Denmark situated
within the epicontinental North Sea Basin. The negative carbon isotope ex-
cursion (CIE) of 4-7 %o recorded in land plant-derived #-alkanes is similar
to what has been observed at other locations, although variations between
these two proximal sites suggests that local factors, such as regional veg-
etation patterns and sources of 7-alkanes, also influenced the CIE. Sulfur-
bound isorenieratane, a biomarker for green sulfur bacteria indicating pho-
tic zone euxinia, was only detected in sediments from the PETM interval
with an elevated organic carbon content. This reflects a distinct shift in
depositional environment at the onset of the PETM from well-oxygenated
to anoxic and sulfidic. These euxinic conditions are comparable with those
during the PETM in the Arctic Ocean, which suggests that restricted water
column ventilation and enhanced carbon burial occurs on a wide scale. Sea
sutface and continental air temperatures, based on the TEX,, and CBT/
MBT proxies, rise simultaneously towards peak temperatures of 31 °C and
29 °C, respectively. Although TEX;, temperatures are potentially biased
by soil organic matter input, the similarity between these two independent
proxy records, suggests a warming of 8-10 °C, much larger than recorded
elsewhere. This may be due to regional conditions amplifying the warming
at this mid-latitude site.
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5.1 INTRODUCTION

he Palacocene-Eocene Thermal Maximum (PETM, ~56 Ma) has been docu-

mented in sediments all over the world, recording extreme warming and envi-
ronmental changes, and is associated with a massive release of "C-depleted carbon
to the oceans and atmosphere as reflected by a negative carbon isotope excursion
(CIE) of >2.5 %o (Kennett & Stott, 1991; Schouten et al., 2007b; Siuijs et al., 2007a).
Deep sea sediments have recorded a surface ocean warming of 4 to 8 °C (Fig.
5.1), based on the Mg/Ca ratio and 8"O composition of planktonic foraminifera
(Kennett and Stott, 1991; Schouten et al., 2007b; Thomas et al., 2002; Tripati & Elderfield,
2005; Zachos et al., 2003). Unfortunately, these records are often affected by redepo-
sition of secondary calcite during early diagenesis (Pearson et al., 2001b; Schrag, 1999)
and carbonate dissolution due to the vertical progradation of the lysocline ($7ap et
al., 2009; Zachos et al., 2005; Zeebe & Zachos, 2007). Furthermore, the decrease in
seawater pH may have increased 'O values causing a potential underestimation
of PETM warming (Uchikawa & Zeebe, 2010).

The distribution of archaeal and bacterial glycerol dialkyl glycerol tetraethers
(GDGTs) can also be used to infer sea surface temperature (SST), using the TEX
proxy (Schouten et al., 2002), and mean annual air temperature (MAT), using the
MBT/CBT proxy (Weijers et al., 2007b). So far, TEX, palacothermometry has been
applied to four PETM sections (Stuis et al., 2006, 2007, 2011; Zachos et al., 20006),
whereas a PETM MAT record based on the MBT/CBT proxy is only available for
the Arctic region (Wegers et al., 2007a). The temperature records based on TEX
show similar warming as those recorded by Mg/Ca and 8O of foraminifera, i.c.
5-8 °C (Fig. 5.1). Arctic continental air temperatures inferred from MBT/CBT
values increased by about 8 °C (Wejjers et al., 2007a), which is somewhat larger than
recorded for high latitude sea surface waters but similar to mid-latitude sites (Fig.
5.1). The temperature records generated up to now thus show that the warming
during the PETM is fairly uniform (i.e. 4-6 °C), but that the warming of the New
Jersey continental margin, as well as of southern high latitudes, is slightly larger
(Fig. 5.1). However, global coverage of the existing PETM temperature records
is still relatively poor, limiting the understanding of the underlying mechanisms
of heat transport that drive greenhouse climates, such as during the PETM (cf.
Huber and Caballero, 2011). Also, most records are based on a single location which
prohibits an assessment of local variability compared to imposed global changes.

Previously, the PETM has been identified in two sections in Denmark, situat-
ed in the eastern part of the North Sea Basin (Fig. 5.1), and is based on dinoflagel-
late stratigraphy and a 6-8 %o CIE in organic carbon (Hezmann-Clausen & Schmitz,
2000; Schmitz et al., 2004). Due to the close proximity to coastal areas it is likely
that the sedimentary organic carbon contains large amounts of terrestrial organic
matter, which may have a different stable carbon isotopic composition than marine
organic matter (Bowen et al., 2004; Schouten et al., 2007b; Smith et al., 2007). The rela-
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tively large CIE in organic carbon may therefore be attributed to variations in the
ratio of terrestrial to marine organic carbon. On the other hand, such a large CIE
is also observed in land plant-derived #-alkanes at different PETM sites around the
world (e.g. Handley et al., 2008; Pagani et al., 2006b; Schouten et al., 2007b), and has led
to the suggestion that the atmospheric CIE may have been larger than the gener-
ally accepted 2-3 %o recorded by marine calcite (Handley et al., 2008, 2011; Pagani
et al., 2006b). To gain insight in the regional response of marine and terrestrial
carbon reservoirs to the carbon cycle perturbations during the PETM in Northern
Europe, we analyzed the distribution and stable carbon isotopic composition of
specific marine and terrestrial biomarker lipids from two PETM sites in Denmark.
In addition, we analyzed the distribution of GDGTs to determine TEX-derived
sea water and MBT/CBT-derived continental air temperatures. Our results pro-
vide insights into the regional magnitude of the CIE, warming and environmental
changes in Northern Europe during the PETM.

5.2 S1TE DESCRIPTION AND DEPOSITIONAL SETTING

n this study, we used sediments from two sections in Denmark covering the

Palacocene-Eocene transition (Fig. 5.1). The study area is situated in the Not-
wegian-Danish Basin, a sub-basin of the larger, almost land-locked, epicontinental
North Sea Basin. Water depths at the study sites during the late Palacocene-early
Eocene probably varied between upper bathyal and outer neritic (Hezmann-Clan-
sen, 20005 Knox et al., 2010). Nearest coastlines were situated in southern Norway,
northern Germany and in Sweden (Knox et al., 2010). Sea level changes in the basin
were probably caused mainly by phases of thermal subsidence and uplift due to
varying activity of the Iceland mantle plume, and the onset of sea-floor spreading
between Greenland and the British Isles-Norway (Knox, 1996a; Knox et al., 2010).
The sedimentary succession of the late Palacocene-early Eocene in Denmark con-
sists of mainly hemipelagic mudstones and a local diatomite. A lithostratigraphic
subdivision and mapping is given by Heilmann-Clausen et al. (1985). A prominent
series of volcanic ash layers is present in the earliest Eocene sediments. The ashes
are subdivided into a lower series given negative numbers, and an upper positive
series (Boggild, 1918).

One of the sampled Palacocene-Eocene sections was recovered in a core ob-
tained from a borehole (D.G.I. 83101) drilled in 1983 in Store Bzlt, the strait be-
tween the Danish islands Sjalland and Fyn. The position of the borehole is 55°N
21’N - 11° 05’E (Fig. 5.2). The section is one of the most continuous Palacocene-
Eocene records in Denmark (Nielsen et al., 19806). In this study, we analysed sedi-
ments of this core from 142.57 to 123.60 mbsf (meters below sea floor) covering
5 different lithological units. The late Palacocene succession includes, in ascending
order, the Holmehus Formation, the informal Osterrende Clay and the informal
Glauconitic Silt unit (Nielsen et al., 1986). Above the latter unit follows the Qlst
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Figure 5.1| Plate tectonic reconstruction of 55 Ma (www.odsn.de/odsn) and reconstructed
warming during the PETM. The dots show locations where PETM SST and MAT warming have
been reconstructed: *Sluijs ez al,, 2011 (TEXy), *S/uijs et al., 2007 (TEX,), “Weijers et al., 2007 (CBT/
MBT), 4Stugjs et al., 2006 (TEXy), “Zachos et al., 2006 (TEXy), ‘Tripati & Elderfield, 2005 (Mg/Ca
and 8"O of planktonic foraminifera), W ing et al., 2005 (leaf margin analysis), "Zachos et al., 2003
(Mg/Ca and 80 of planktonic foraminifera), ‘Thomas et al., 2002 ('O of planktonic foraminif-
era), Kennett & Stott, 1991 (8O of planktonic foraminifera). The star indicates the location of
this study.

Formation, which belongs to the eatly Eocene (Heilmann-Clansen & Schmitz, 2000),
and of which we only studied the lower part, i.e. the Haslund Member which coz-
responds to the negative numbered ash series of Boggild (1918). The basal part of
this member is referred to the informal Stolleklint Clay (Hezmann-Clausen, 1995).
Our uppermost sample is from a level above the Stolleklint Clay (Fig. 5.3a). The
Holmehus Formation consists of hemipelagic non-calcareous mudstones, with
an overall high degree of bioturbation (Nielsen et al., 1996). The common Zoophy-
¢os burrows suggest an upper bathyal depositional environment (Bozgjer & Droser,
1992). The Holmehus Formation is gradually overlain by the informal OUsterrende
Clay, which was deposited in a more proximal setting, probably in somewhat shal-
lower waters (Hezlmann-Clausen, 1995, 2006). The Osterrende Clay is sharply over-
lain by the Glauconitic Silt of latest Palacocene age. This unit is characterized as a
clayey, sandy silt; the silt and sand mainly consist of biogenic and authigenic grains
(Nielsen et al., 1986). The Glauconitic Silt includes a fauna with primitive forms of
agglutinated foraminifers (Laursen & King, 1999) and is most likely deposited under
low sedimentation rates in an upper bathyal or outer neritic environment. There
is a distinct transition between the Glauconitic Silt and the lowermost Eocene
Stolleklint Clay which consists of finely laminated, non-calcareous clay. The lower
boundary of the Stolleklint Clay is marked by a sharp negative isotope shift in total
organic carbon (TOC) of ~6 %o at the base of the Stolleklint Clay between 133.24
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Figure 5.2| Map of Denmark showing the location of the two study sites at Fur Island and Store
Belt.

and 132.53 mbsft (Hezlpmann-Clansen & Schmitz, 20005 Schmitz et al., 2004), concomi-
tant with a sudden dominance of the dinocyst genus Apectodininm (Nielsen et al.,
1986) marking the onset PETM.

The other studied section is a beach and cliff section at Stolleklint on the is-
land Fur located in western Limfjorden, NW Denmark (Fig. 5.2; 56° 50’ 28”N — 8°
59’ 29”E). The lower part of this PETM section became exposed after a storm in
2005 and gave an opportunity for sampling across the Palacocene/Eocene transi-
tion, which is placed at the base of the Stolleklint Clay. The Stolleklint Clay over-
lies a succession which can be correlated with the Osterrende Clay-Glauconitic
Silt found in Store Balt (Fig. 5.3b). Like in Store Balt, a sudden dominance of
the dinocyst Apectodininm begins at the base of the Stolleklint Clay. Unfortunately,
from ~2.5 m above the base of the Stolleklint Clay an interval with an estimated
thickness of 10-20 meters is partly unexposed and has been disturbed by the last
glaciation. Above this interval follow undisturbed sediments representing the top-
most ~3 m of the Stolleklint Clay, which are again overlain by the Fur Formation
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(Fig. 5.3b). The latter is a clayey diatomite intercalated with volcanic ash layers
(Pedersen, 1981; Pedersen & Surlyk, 1983; Pedersen et al., 2004). The boundary between
the Stolleklint Clay and the Fur Formation is placed at the thick white ash layer
-33 (Heilmann-Claunsen et al., 1985). The dominance of Apectodinium spp. continues
a short distance above ash -33, i.e., into the basal few meters of the Fur Forma-
tion (Heilmann-Clansen, 1994). Previous results from two other sections in Denmark
(Heilmann-Clansen & Schmitz, 2000; Schmitz et al., 2004) show that the dominance of
Abpectodinium closely corresponds to the CIE. The maximum of the CIE is there-
fore expected to be present in the glacially-disturbed interval. The top of the sec-
tion here studied is at ash layer -17 in the lower part of the Fur Formation. Ash
-17 is well above the zone with abundant Apectodinium (Heilmann-Clausen, 1994).
Ash layer -17 is radiometrically dated at 55.12 £ 0.12 Ma (Szorey ¢t al., 2007). Dating
the onset of the PETM is based on the extrapolation of the absolute age of this
particular ash layer (Hilgen et al., 2010; Westerhold et al., 2009).

5.3 METHODS
5.3.1 Bulk preparation

Prior to analysis, sediment samples from Store Balt and Fur were freeze-dried and
grounded to a fine powder, partially using pestle and mortar and partially by means
of a bowl mill. For the analyses of the TOC content and stable carbon isotopes
of TOC (8"C,(), powdered sediment samples were acidified with 1M HCI for
the removal of all carbonates from the sediment matrix. Ca. 1.0 mg of decalci-
fied sediment was weighed into a tinfoil cup and subsequently analyzed on a Flash
elemental analyzer coupled to a ThermoFisher Delta? mass spectrometer. The
instruments were calibrated against in-house standards and are the means of dupli-
cate runs with a reproducibility of 0.1 % for TOC content and 0.1 %o for 8"°C .

5.3.2 Extraction and fractionation

Total lipid extracts were obtained by extracting each sample with a Dionex Ac-
celerated Solvent Extractor (ASE) using a 9:1 (v:v) mixture of dichloromethane
(DCM) and methanol (MeOH), at high temperature (100 °C) and pressure (7.6 x
10° Pa). The extracts were then separated into an apolar and a polar fraction by
means of column chromatography using an ALLO, column and solvent mixtures of
9:1 (viv) hexane:DCM, and 1:1 (v:v) DCM:MeOH, respectively. The apolar frac-
tions were analyzed for the distribution and stable carbon isotopic composition of
land plant-derived 7-alkanes. Prior to compound specific isotope analysis of the
n-alkanes, the unsaturated hydrocarbons were removed from the apolar fraction
using a small column filled with Ag*-impregnated silica and hexane as eluent. The
polar fractions were analyzed for GDGTs. Finally, sulfur-bound isorenieratane was
analyzed by desulfurization of an aliquot of the total extract using Raney Nickel
as described previously by Schoon et al. (2011). The desulfurized extract was sepa-
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rated into an apolar and polar fraction as described above. The apolar fraction was
analyzed for the concentration and stable carbon isotopic composition of S-bound
isorenieratane.

5.3.3 GC, GC-MS and GC-irmMS analysis

Apolar fractions were analyzed on a HP 6890 gas chromatograph (GC) and on
a Thermofinnigan TRACE GC coupled to a Thermofinnigan DSQ quadropole
mass spectrometetr (GC/MS) for biomarker lipid identification. Compound spe-
cific carbon isotope analysis was done on a Finnigan Delta V isotope ratio mass
spectrometer (IRMS) coupled to an Agilent 6890 GC. All GC, GC-MS, and GC-
IRMS conditions ate the same as described in Schoon et al. (2011). All stable carbon
isotope values are reported in the 8"°C notation relative to the VPDB "“C standard.

5.3.4 GDGT analysis

Polar fractions were dissolved in a hexane:propanol (99:1, v:v) solution and filtered
over a 0.45 um PTFE filter prior to analysis. Samples were analyzed using high per-
formance liquid chromatography/atmospheric pressure chemical ionization- mass
spectrometry (HPLC/APCI-MS) according to Schouten et al. (2007a). To assess SST
and MAT, we calculated the TEX, (Schouten et al., 2002) and the MBT/CBT indices
(Weigers et al., 2007b), respectively. To convert TEX, values into SSTs we used the
recently redefined calibration of Kim et al. (2010) (TEX";), which is recommended
for palacothermometry of greenhouse worlds with SST >15 °C. The MBT/CBT
index is based on the relative distribution of soil-derived branched GDGTs (Wezjers
et al., 2007b). MAT estimates were calculated using the global soil calibration of
Weijers et al. (2007b), based on a dataset of 134 soils. Additionally, we calculated the
BIT index (Hopmans et al., 2004), which is the ratio between soil derived branched
GDGTs and aquatic crenarchaeol, and is a measure for the relative input of soil
organic matter.

5.4 REesuLTs AND DIScUSSION
5.4.1 Magnitude of CIE during the PETM

At the Store Balt borehole we recorded a prominent decrease of ~6 %o in 8"°C. ¢
between 132.53 and 133.24 mbsf (Fig. 5.3a), whereas the §"°C . record at Fur
Island shows an abrupt decrease of ~5 %o (Fig. 5.3b). The 8"°C profile of TOC
at Store Bzlt clearly mimics the general shape that is often found in many marine
and continental PETM sections (S/uijs et al., 2007a and references cited therein), i.e.
a rapid onset followed by a plateau and a gradual decrease, although the glacially
disturbed interval in the PETM section at Fur (Fig. 5.3b) probably masks the
maximum of the CIE.

The distribution and stable carbon isotope values of long chain #-alkanes
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Figure 5.3 | Profiles of the PETM section at (a) Store Belt and (b) Fur Island, showing the TOC
content and the stable carbon isotopic composition of TOC, the stable carbon isotopic composi-
tions of the C,, (light grey), C,, (middle grey), Cs, (dark grey) #-alkanes, the Carbon Preference
Index (CPI) and Average Chain Length (ACL) index of the odd-carbon-number C,; ;5 #-alkanes,
and the abundance of S-bound isorenieratane. The dotted line indicates the onset of the CIE of
the PETM and the grey area indicates the entire PETM interval. Note the different depth scale
below and above the glacially-disturbed interval described in the text. The ash layers -33 and -17
of Boggild (1918) are shown. Abbreviations: LP= Late Palacocene, GS = Glauconitic Silt unit, &C

= Osterrende Clay, SC = Stolleklint Clay.
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were also studied. Odd carbon numbered 7-alkanes, generally in the range of 25 to
35 carbon atoms, are typically derived from epicuticular leaf waxes of higher land
plants (Eglinton & Hamilton, 1967). The carbon preference index (CPI) is a mea-
surement to express the relative predominance of these odd-numbered 7-alkanes
(Bray & Evans, 1961; Marzi et al., 1993). The CPI values for both Danish sections
are mostly well above 1 (up to 3.5; Figs. 5.3a and b), suggesting a substantial con-
tribution of terrestrial-derived 7-alkanes to the sediments, though marine-derived
n-alkanes likely contribute as well. Of the odd-carbon numbered 7-alkanes the C,
n-alkane is the most dominant in all sediments, followed by either the C,, or the
C,, n-alkane. This is reflected in the Average Chain Length (ACL,; ;;) of odd-num-
bered long-chain 7-alkanes in the range of 25 to 35 carbon atoms, which at both
sites varies around 29 (Figs. 5.3a and b). The 8"C values fluctuate around -29.5
%o for the #-C,; and #-C,, alkanes and around -30.5 %o for the #-C,; alkane during
the latest Palacocene for both sites (Figs. 5.3a and b). At Store Balt, the 8"°C val-
ues of the #-C,,, #-C,,, and #-C,; alkanes decrease coincident with the CIE in TOC,
with ~5.7 %o, 4.6 %o, and 3.8 %o, respectively (Fig. 5.3a). At Fur, the magnitude
of the CIE in the #-alkanes is higher, ranging from 6.2 %o for the #-C,, and #-C;,
alkanes to 6.7 %o for the #-C,, alkane (Fig. 5.3b). In this section, the decrease in
8PC appears to slightly precede the CIE in TOC, but this pattern is only recorded
in one data point and is not apparent at Store Belt.

Most PETM sites record terrestrial CIE’s in the range of 4-6 %o (e.g. Handley
et al., 2008, 2011; Pagani et al., 2000b; Swith et al., 2007), similar to that recorded for
TOC and n-alkanes at Store Belt. The #7-alkane isotopic shifts at Fur are 1-2 %o
larger and correspond to those reported for a PETM section in Tanzania where
terrestrial #-alkanes record a CIE of 6-7 %o (Handley et al., 2008). The most im-
portant amplification mechanisms that have been postulated to explain the larger
terrestrial CIE in comparison to the marine CIE, include an increase in humidity
(Bowen et al., 2004; Pagani et al., 2006b), or a change in vegetational patterns (Schouten
et al., 2007b; Smith et al., 2007). Alternatively, the actual amplitude of the atmo-
spheric CIE is much larger than the ~3-3.5 %o inferred from marine calcite (cf.
Diefendorf et al., 2011; Handley et al., 2008; Pagani et al., 2006b).

For both the Danish sites we only observe minor fluctuations in ACL during
the PETM, suggesting no clear evidence for large changes in vegetational pat-
terns. However, the CPI values around the CIE at Fur (2-3) are substantial higher
compared to those at Store Balt (~1.8). The more reduced CIE in the #-alkanes
observed at Store Balt may thus be due to a larger imprint of marine-derived #-
alkanes which have a smaller CIE compared to terrestrial #-alkanes.

5.4.2 Stratification and photic zone anoxia

At the onset of the PETM substantial changes in TOC levels are recorded. The
sediments of the late Palacocene at Store Bzlt are overall low in TOC (<1 %) but
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at the onset of the CIE the TOC levels abruptly increases, towards peak values of
5 % at 130.89 m depth (Fig. 5.3a). A similar pattern is visible in the TOC record
at Fur with values increasing from <1 to up to 3.5 %. (Fig. 5.3b). The low organic
carbon content, the ample evidence of bioturbation in the sediments and the high
glauconitic content in the clayey and sandy silt deposits just before the onset of
the PETM are all indicative for a well-oxygenated water column. Both Danish sec-
tions show an abrupt lithological transition at the Palacocene/Eocene boundary.
The relative amount of organic carbon increases rapidly in concert with the CIE
and remains high throughout the PETM interval (Figs. 5.3a and b). This implies,
together with the fine-laminated clays devoid of benthos and high sulfur (pyrite)
content, the development of anoxic and sulfidic bottom waters (Nielsen et al., 1986;
Pedersen, 1981).

That intense euxinic conditions existed during the PETM is further evident
by the presence of sulfur-bound isorenieratane at both Danish locations. S-bound
isorenieratane is a diagenetic product of isorenieratene, a characteristic pigment
that is used by green sulfur bacteria during photosynthesis. Besides light (Over-
mann et al., 1992), these phototrophic bacteria further need free sulfide (H,S) and
anoxic conditions to thrive (Sinninghe Damsté et al., 1993; Summons & Powell, 1980).
The presence of these lipids in the Danish PETM sediments, therefore, indicate a
specific palacoenvironment, i.e. photic zone euxinia (PZE). At Fur, S-bound isore-
nieratane is detected in the entire PETM interval with the highest abundance (~17
ug ¢! TOC) occurring 2.51 m after the onset of the CIE (Fig. 5.3b). Outside the
PETM interval this biomarker is below detection limit. The isorenieratane distri-
bution profile at Store Balt shows a slightly different pattern. At this site, isore-
nieratane is not always present throughout the PETM interval and the first detec-
tion, which corresponds to the highest abundance (~6 pg ¢! TOC), occurs after
the onset of the PETM (Fig. 5.3a). Nevertheless, evidence for PZE at these two
locations suggests that a large part of the eastern North Sea basin became stratified
and had euxinic waters reaching into the photic zone. The development of photic
zone euxinia in the North Sea basin could have been triggered by multiple causes,
such as substantial increases in primary productivity, possibly due to higher nutri-
ent loads by adjacent rivers (Knox, 1996b). In addition, due to the increased warm-
ing during the PETM, intermediate waters became depleted in oxygen, resulting
from enhanced microbial recycling and lower solubility of oxygen in warmer wa-
ters (Chun et al., 2010; Nicolo et al., 2010). According to modelling studies (e.g. Bzce &
Marotzke, 2002; Zeebe & Zachos, 2007) and reconstructions of deep sea circulation
patterns (Tripati &> Elderfield, 2005), deep water formation was distorted during the
PETM causing a worldwide reorganization of the ocean currents. This may explain
the stratification of the water column in the eastern part of the North Sea Basin,
which suggests a limited exchange with adjacent water masses, potentially linked
with regional tectonic uplift (Bice & Marotzke, 20025 Knox, 1998; Tripati &> Elderfield,
2005).
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Episodes of photic zone euxinia, coincident with bottom water anoxia, and
increased sedimentary organic matter contents have also been reported for the
Lomonosov Ridge in the Arctic Ocean during the PETM (SZuzjs et al., 2006). The
increase in fresh water input due to an enhanced hydrological cycle (Pagani et al.,
20006b), in combination with an increase in primary productivity, has been invoked
to explain the stagnant water masses in this enclosed high latitude basin. The fact
that two basins at different latitudes became anoxic suggests that restricted water
column ventilation was a common feature during the PETM. Such a widespread
anoxia in shelf seas is reminiscent of the black shale deposits of the early Toar-
cian. During this period biomarkers of green sulfur bacteria have also been found
(Schouten et al., 2000c; Sinninghe Damsté & Schouten, 2006; van Breugel et al., 2000),
suggesting the development of photic zone euxinia over large areas in the Eu-
ropean epicontinental seas and Tethys continental margin. This suggests that the
stratification of epicontinental seas may have been a common phenomenon in a
greenhouse climate mode (cf. Jenkyns, 2010). Furthermore, a prominent negative
carbon isotope excursion is also measured in both inorganic and organic carbon
during the early Toarcian (Jenkyns & Clayton, 1997; Jiménez et al., 1996; Kemp et al.,
2005; Schouten et al., 2000c). The parallels between the early Toarcian black shales
and several PETM sites therefore suggest that the underlying mechanisms may be
the same. The potentially globally enhanced stratification during the PETM, pos-
sibly in combination with elevated productivity, could thus have led to enhanced
carbon burial providing a negative feedback to the release of carbon during the
PETM (Bowen & Zachos, 2010).

5.4.3 Sea surface and air temperature records

The TEXj, reconstructed SST records at both studied Danish locations show a
marked increase parallel to the negative excursion in 8"Cy., although the record
at Store Belt exhibits more scatter than the record at Fur (Fig. 5.4a). For the lat-
est Palacocene, the TEX,, shows a cooling trend from 24 to 17 °C, followed by a
sharp increase at the onset of the PETM. Estimated peak SSTs for the sections at
Store Bxlt and Fur are 29.5 °C and 31 °C, respectively. These peak SST values agree
well with other temperature records from mid-latitude sites (Fig. 5.1), and may
represent summer temperatures (cf. Sk et al., 2006, 2011). The total magnitude
of the temperature anomaly would then be 12-14 °C, much larger than observed
elsewhere (Fig. 5.1). However, when the unusually large cooling phase prior to the
PETM is not considered than the change in temperature is ca. 8-10 °C, only slightly
higher than that observed at other mid-latitude sites. The strong cooling of ca. 7 °C
before the onset of the PETM observed in the Danish records has not been ob-
served elsewhere. On the contrary, most PETM sites show either relatively stable
background SST values (S/uis et al., 2011; Zachos et al., 2003), or even a warming that
preceded the negative CIE (Stuijs et al., 2007; Tripati & Elderfield, 2004).
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Figure 5.4| Profiles of the PETM section at (a) Store Bzlt and (b) Fur Island showing the sea
surface temperatures derived from TEX; and mean annual air temperatures derived from the
CBT/MBT proxy, the BIT index, and absolute concentrations of crenarchaeol and branched
GDGTs in pg g sediment. Note the difference in scale for both, which differs by a factor of ten.
The dotted line indicates the onset of the CIE of the PETM and the grey area indicates the entire
PETM interval. Note the different depth scale below and above the glacially-disturbed interval
described in the text. The ash layers -33 and -17 of Boggi/d (1918) are shown. Abbreviations: LP =
Late Palacocene, GS = Glauconitic Silt unit, @C = Osterrende Clay, SC = Stolleklint Clay.
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It is possible that the TEX, records at our sites are biased. For instance, the
TEXj, values can be affected by the input of soil-derived isoprenoid GDGTs (IWe:-
Jers et al., 2000b). The BIT index is a proxy for the relative input of soil organic mat-
ter (Hopmans et al., 2004). Betore the PETM, BIT values are generally high between
0.3 to 0.7 at both sites, indicative for a substantial input of soil-derived OM (Figs.
5.4a and b). These high values suggest that the TEX;, values are likely affected
by soil organic matter input and thus the SST estimates for the latest Palacocene
can be biased. Before the onset of the CIE, BIT values gradually decrease to <0.1
and remain low during the PETM (Figs. 5.4a and b). Thus, these TEX values
are unlikely to be substantially affected by terrestrial input at that time, suggesting
that the magnitude of warming may indeed be 8-10 °C. Another possibility is that
the TEX values in the late Palacocene are affected by oxic degradation. The TOC
values for late Palacocene sediments at both sites are low (<1 %) and the deposi-
tional environment was oxic prior to the PETM and thus organic matter, includ-
ing GDGTs, will have been exposed substantially to oxygen and likely be severely
degraded. This is supported by palynological observations of organic particles in
the Holmehus Formation, which are generally degraded and corroded (Hezlmann-
Clansen et al., 1985). Huguet et al. (2009) have shown in turbidites that upon prolong
exposure to oxic conditions, crenarchaeol is more prone to oxic degradation dur-
ing early diagenesis than branched GDGTs, leading to higher BIT values. Indeed,
before the PETM, concentrations of the branched GDGTs and crenarchaeol are
low (Fig. 5.4a) and concomitant with the onset of the CIE and the development
of photic zone euxinia, there is a substantial increase in the concentration of cre-
narchaeol towards peak values of ~0.6 pg g sediment (Fig. 5.4a). In contrast,
the branched GDGT concentration during that same interval increases consider-
ably less (Fig. 5.4a). Thus, the high BIT values prior to the PETM may have been
caused by severe oxic degradation. By association, this selective degradation of the
marine signal may then have also biased TEX, temperature estimates, although it
is still uncertain to what degree it affects the temperature estimates (Huguet et al.,
2009).

Interestingly, reconstructed MATs based on the MBT/CBT proxy from Fur
Island shows a similar pattern as the TEX, record: a cooling from 22 to 17 °C for
the latest Palacocene followed by an increase of 12 °C across the P/E boundary
(Fig. 5.4b). These almost identical patterns between two independently calibrated
temperature proxies suggest that potential biases on the TEX temperature re-
cords prior to the PETM, as discussed above, may have not been severe. Like
with the TEX, record, the CBT/MBT record of Store Balt exhibits considerably
more scatter and warming trends are less evident. Despite this, the continental
temperatures still show roughly the same pattern compared to the TEX,, tem-
perature record of this site, with background values of ca. 22 °C and a cooling
trend to low values (~17 °C) just before the onset of the PETM. Peak MAT values
occur later than for TEXy, but are of similar magnitude (~24.5 °C) at this depth

94



PETM warming and environmental change in the North Sea Basin

(129.75-129.27 mcd). The only other MBT/CBT record of the PETM shows a
~8 °C warming of the continents around the Arctic region (Wegjers et al., 2007a)
(Fig. 5.1). In contrast, the continental temperature increase in the Bighorn Basin
(Fig. 5.1), based on leaf margin analysis, is substantially lower (5 °C), although this
increase is possibly underestimated (Wing et al., 2005). Except for the 8 °C tem-
perature increase recorded in 8O of planktonic foraminifera and TEXj, at the
mid-latitude sites from the New Jersey shelf (Fig. 5.1), the 8-10 °C warming of the
surface waters is the largest temperature anomaly so far recorded for the PETM.
As suggested by Zachos et al. (2000), it is possible that shallow marine sites are af-
fected by variations in regional and seasonal parameters, causing a larger warming
at continental margins in comparison with open marine records.

5.5 CONCLUSIONS

e studied two PETM sections from the eastern part of the North Sea Basin,
which both are marked by a negative CIE in TOC of 5-6 %o. Analyses of the
stable carbon isotopes of higher plant-derived long-chain #-alkanes reveal a terres-
trial CIE of 4-6 %o at Store Bzlt, but at Fur the terrestrial CIE magnitude is 1-2 %o
higher and seems to precede the CIE in TOC. These vatiations in the 8"°C profiles
between the two sites likely reflect regional rather than global changes. The large
differences in CPI values between the two sites suggest different sources of the
n-alkanes (marine- vs. terrestrial-derived). This complicates the interpretation of
the onset and magnitude of the CIE recorded in the #-alkanes in sediment records.
The onset of the CIE is accompanied by a marked change in lithology, in-
creasing organic matter content and the presence of sulfur-bound isorenieratane,
indicating a substantial change in depositional environment from well-oxygenated
to anoxic and sulfidic, likely due to a combination of diminished oxygen supply
by intermediate waters and increased primary productivity. These euxinic condi-
tions are similar to those previously reported for the Lomonosov Ridge in the
Arctic Ocean, suggesting that restricted water column ventilation was common in
semi-enclosed basins during the PETM. This is reminiscent of the early Toarcian
where a negative CIE is also accompanied by photic zone euxinia in shelf seas and
organic matter deposition.

TEX SST records show a warming of 8-10 °C towards peak temperatures
of 31 °C. This warming is, however, preceded by a remarkable cooling of several
degrees. Potentially, the reconstructed TEXg, values are biased by oxic degrada-
tion and selective preservation of soil organic matter during the latest Palacocene.
However, continental air temperatutes reconstructed using the MBT/CBT index
show a similar warming, and also include a cooling prior to the PETM. It is pos-
sible that these temperature records reflect additional local conditions besides the
global changes associated with the PETM. This may also explain the extraordinary
warming of at least 8 °C recorded by the two independent temperature proxies.
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Our study thus suggests that it is important to study climate records from multiple
locations within a region to separate the regional from the global climate variability.
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ABSTRACT

he Palacocene-Focene Thermal Maximum (PETM; ~56 Ma) and

Eocene Thermal Maximum 2 (ETM2; ~53 Ma) are geological short
episodes of extreme global warming and environmental change. Both the
PETM and ETM2 are associated with the injection of C-depleted carbon
into the ocean-atmosphere system as revealed through a globally recognized
carbon isotope excursion (CIE) and massive dissolution of deep sea car-
bonate. However, the magnitude of these CIEs vary with the type of fossil
mattet, i.e. carbonates, bulk organic matter, and terrestrial and marine bio-
marker lipids, making it difficult to constrain the actual CIE in atmospheric
and oceanic carbon pools. Here we analyzed the stable carbon isotopic com-
position (8"°C) of glycerol dibiphytanyl glycerol tetracther lipids (GDGT)
derived from marine Thaumarchaeota in sediments deposited during the
PETM in the North Sea Basin and ETM2 in the Arctic Ocean. The §"°C
values of these lipids are potentially directly recording variations in 8"°C
dissolved inorganic carbon (DIC) and can thus provide a record of marine
d"C DIC across both these Eocene hyperthermals. Reconstructed pre-CIE
OPCpyc values are slightly lower (0.5-1 %o) than modern day values and de-
crease with ~3.6 %o and ~2.5 %o for the PETM and ETM2, respectively.
The CIE in crenarchaeol for ETM2 is higher than that in marine calcite
from other locations, possibly because of the admixture of deep water *C-
depleted CO, generated by the euxinic conditions that developed occasion-
ally during ETM2. However, the reconstructed PETM CIE lies close to the
CIE inferred from marine calcite, suggesting that the 8"°C record of crenat-
chaeol may document the actual magnitude of the CIE in marine DIC dut-
ing the PETM in the North Sea Basin. The 8"°C of thaumarchacotal lipids
is thus a promising novel tool to reconstruct the §"°C of DIC in sediments
that are devoid of carbonates, but relatively rich in organic matter, such as
shallow marine coastal settings.
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6.1 INTRODUCTION

ate Palaecocene to Early Eocene climate conditions were the warmest of the

Cenozoic Era as evidenced by deep sea temperature records (e.g. Zachos et al.,
2001, 2008). During this interval, temperatures increased gradually, especially at
mid and high latitudes, resulting in a reduced latitudinal temperature gradient (e.g
Bijl et al., 2009; Huber &> Caballero, 2011 and references cited therein). The cause
of this warming remains unclear, but is most likely the result of a combination
of enhanced tectonism leading to elevated atmospheric CO, levels (Hancock et al.,
2007; Leon-Rodrignez & Dickens, 2010) and reorganization of ocean circulation pat-
terns (Dickens et al., 1997; Thomas & Shackleton, 1996). A superimposed warming
peak marks the Palacocene-Eocene boundary at ~56 Ma, and is known as the
Palacocene-Eocene Thermal Maximum (PETM) (e.g. Zachos et al., 2001). Proxy
temperature records using Mg/Ca ratios and oxygen isotopes of planktonic fora-
minifera (Kennett & Stott, 1991; Pearson et al., 2001b; Tripati & Elderfield, 2005; Zachos
et al., 2003), or TEX, palacothermometry (e.g. Stuijs et al., 2006, 2011; Zachos et al.,
20006) show a 5-8 °C global warming of deep and surface ocean waters. Addition-
ally, a rapid large decrease in stable carbon isotope ratios (8°C) in marine and tet-
restrial carbonates and organic matter and massive dissolution of seafloor carbon-
ates provide evidence for the massive and rapid injection of “C-depleted carbon
in the oceans and atmosphere (Dickens et al., 1997; Zachos et al., 2005; Mclnerney &
Wing, 2011).

Several mechanisms have been proposed to explain this global negative car-
bon isotope excursion (CIE), amongst others the release of thermogenic methane
due to contact metamorphism (Svensen et al., 2004), rapid burning of terrestrial
organic matter (Kursz et al., 2003), the release of carbon stored in permafrost soils
at high latitudes triggered by orbital forcing (DeConto et al., 2012), and the dissocia-
tion of methane hydrates (Dickens, 1995). These hypotheses provide mechanisms
that not only explain the CIE of the PETM, but also offers an explanation for the
several smaller CIEs that have occurred after the PETM, such as the Eocene Thet-
mal Maximum 2 (ETM2) and H2 event (Lourens et al., 2005; Nicolo et al., 2007; S/uijs
et al., 2009; Stap et al., 2010; Westerhold et al., 2009). However, the methane hydrate
hypothesis is especially appealing since the carbon stored in this reservoir has rela-
tively low 8"°C values (<60 %o; Kvenvolden, 1993) and thus relatively low amounts of
carbon are needed to explain the large (~3 %o) CIE in the global exogenic carbon
pool. However, authentication of the sources of the PC-depleted carbon strongly
depends on the magnitude of the actual CIE recorded in the PETM sediments
(e.g. Pagani et al., 2006a). Unfortunately, the reported magnitude of the CIEs vary
widely between different marine and terrestrial carbon records, such as carbon-
ate shells, bulk organic matter and specific terrestrial and marine biomarkers (see
Table 1 in Melnerney & Wing, 2011). These variations in shape and magnitude of
individual carbon isotope records are often caused through changes in: (1) the rela-
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tive abundance of mixed components with different 8"°C values within a measured
substrate, (2) change in isotope fractionation through physiological change, (3) the
isotope composition of the carbon source (S/uzjs & Dickens, 2012). Although the
magnitude of the biases generated by these factors is relatively well known, assess-
ing the magnitude of these biases for any individual 8"°C record is difficult (S/xis
& Dickens, 2012).

In this study, we investigate the potential use of the stable carbon isotopic
composition (8"°C) of the biomatker lipid crenarchaeol, which exclusively occurs
in ammonia-oxidizing Thaumarchaeota (Pitcher et al., 2011a and references cited
therein), to reconstruct the variations in 8"°C of matrine dissolved inorganic carbon
(DIC) during the Eocene hyperthermals. Several studies using C-labeling expeti-
ments and cultivation studies showed that Thaumarchaeota have a chemoautotro-
phic lifestyle (Jung et al., 2011; Park et al., 2010; Wuchter et al., 2003), using ammo-
nium as electron donot, which is oxidized to nitrite (Hallan et al., 2006; Konneke et
al., 2005; Wuchter et al., 2006). Based on the relatively °C enriched isotopic composi-
tion of crenarchaeol, and the isoprenoidal ether-bound lipids (biphytanes) derived
thereof, compared to algal biomarkers, it was suggested that Thaumarchaeota take
up bicarbonate as a carbon source (Hoefs et al., 1997; Pearson et al., 2001a; Kuypers et
al., 2001). Furthermore, Kuypers et al. (2001) found that the C of the crenarchaeol
was enriched by 3 %o compared to modern values during the mid-Cretaceous oce-
anic anoxic event 1b and attributed this to the 2-3 %o 8"C offset between modern
and mid-Cretaceous DIC. Confirmation came from Berg ¢t al. (2007), showing that
Thaumatchaeota assimilate carbon through the 3-hydroxypropionate/4-hydroxy-
butyrate biochemical pathway, which involves the direct utilization of bicarbonate.

The active uptake of HCO; by Thaumarchaeota suggests that the 8"°C com-
position of Thaumarchaeal lipids may be independent to variations in CO, concen-
trations, unlike phytoplankton (e.g. Laws et al., 1995), and predominantly depend on
the 8"°C of HCOy. This is supported by labelling studies with enrichment cultures
of marine Thaumarchaeota, which showed no limitation on growth rates of the
Thaumarchacota in response to increased aqueous HCOj -levels (Park ef al., 2010).
Importantly, Kinneke et al. (2012) found that the 8°C compositions of both bio-
mass as well as crenarchaeol of the Thaumarchaeote Nitrosopumilus maritimus was
indeed independent of DIC concentrations, and the carbon isotopic fractionation
between crenarchaeol and DIC was a consistent -19.7 £ 0.5 %o. Interestingly, re-
ported 8"C values of crenarchacol in modern marine sediments range from -18
to -23 %o, averaging around -21 £ 1 %o (Schouten et al., 2013). Assuming that DIC
of marine surface waters at these sites is roughly between -1 to 1.5 %o (Kroopnick,
1985), the 8"°C values of crenarchaeol are thus faitly consistent with a fractionation
of ~20 %o as observed in N. maritimus. Thus, the 8" °C composition of biphytanes
derived from GDGTs produced by Thaumarchaeota may thus be a new tool to
reconstruct past 6"°C values of marine DIC. This is a major advantage compared
to other biomarker proxies reconstructing the CIE because bicarbonate comprises
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the largest carbon reservoir in the global exogenic carbon cycle. Furthermore, since
crenarchaeol is a unique biomarker lipid for marine Thaumarchaeota, the CIE in
crenarchaeol should not be affected by mixing of different components with dif-
ferent 8"°C values as with e.g. TOC.

To test this hypothesis, we analyzed the 8°C compositions of the biphytane
moieties derived of archaeal GDGTs, obtained after ether-bond cleavage with HI/
LiAlH,, from sediment records spanning the PETM and ETM2 in the North Sea
Basin and Arctic Ocean, respectively. We compate the §"°C values of the biphy-
tanes with each other, in order to constrain sources of GDGTs and utilize the
dPC value of the biphytane specifically derived from crenatrchaeol to reconstruct
dPCp e across the Eocene hyperthermals.

6.2 MATERIALS AND METHODS
6.2.1 Samples and sampling sites

In this study, we used sediment samples that were previously used for other paly-
nological and (organic) geochemical studies of the North Sea Basin PETM (Nie/sen
et al., 1986; Schmitz et al., 2004; Schoon et al., 2013) and Arctic Ocean ETM2 (Schoon
et al., 20115 Stuijs et al., 2009) (Table 6.1). Sediments that cover the Palacocene —
Eocene transition are derived from three sites located in Denmark (Fig. 6.1). At
time of deposition, Denmark was situated in the eastern part of the semi-enclosed,
epicontinental, North Sea Basin. Two of the study sites are outcrops of which one
is located in the western Limfjorden area on the island Fur and the other is the
Olst-Hinge clay pit located in central Jutland. The third study site is an offshore
section located in the sea strait Store Balt cored in 1983 (borehole no. 83101 car-
ried out by the Danish Geotechnical Institute) in between the Danish islands Sjel-
land and Fyn (Nielsen et al., 1986). The PETM has been recognized at these sites on
the basis of a 6-8 %o CIE in total organic carbon (TOC) and on the concomitant
abundance peaks of dinocysts that belong to the organic-walled dinoflagellate cyst
genus Apectodininm, including the species Apectodininm angustum, which is diagnostic
of the PETM (Hezlmann-Clausen & Schmitz, 20005 Schmitz et al., 2004). The continu-
ous section at Store Bzlt records the entire CIE of the PETM. The Fur section,
however, is interrupted by a glacially-disturbed interval of 10-20 m and possibly
the maximum of the CIE of the PETM is missing (Schoon et al., 2013). The part of
the Olst-Hinge section studied here, is a record of the earliest Eocene and includes
the recovery phase of the CIE of the PETM.

Samples from ETM2 are derived from the Integrated Ocean Drilling Project
(IODP) Hole 302-4A, which was retrieved in 2004 (Backman et al., 2006). The site
is located on the Lomonosov Ridge at ~85 °N palacolatitude in the Central Arctic
Ocean (O 'Regan et al., 2008) (Fig. 6.1). This marine sedimentary sequence contains
the ETM2 interval between 368.9 and 368.2 meters composite depth (mcd) based
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Figure 6.1| Palacogeographical map of the Late Palacocene and Early Eocene showing
the study locations of the PETM (Denmark) and ETM2 (Lomonosov Ridge). Adapted
trom Siuijs et al. (2009)

on the 3.5 %o CIE in TOC and the presence of the dinocyst species Cerodinium
wardenese and Hystrichosphaeridinm tubiferum (Sluijs et al., 2009). During the early Eo-
cene this location was warm and strongly influenced by freshwater input and high
nutrient concentrations (S/uzs et al., 2009).

6.2.2 6"C analyses of GDGT-detived biphytanes

All sediment samples were extracted by means of a Dionex Accelerated Solvent
Extractor (ASE) using a 9:1 (v:v) mixture of dichloromethane (DCM) and metha-
nol (MeOH), at high pressure (7.6 x 10° Pa) and temperature (100 °C). An ali-
quot of the total extract was separated into an apolar and a polar fraction using a
small column with activated alumina (ALO,) using #-hexane/DCM (9:1, v:v) and
MeOH/DCM (1:1, vv) as eluents, respectively. The GDGTs, present in the polar
fraction, were analyzed by high pressure liquid chromatography-mass spectrometry
(HPLC-MS) as previously described by S/ujs et al. (2009) for Arctic Ocean ETM2,
and Schoon et al. (2013) for the North Sea Basin PETM, to determine their relative
abundances.
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To be able to analyze the stable carbon isotopic composition of these lipids,
the polar fractions were refluxed with 56 wt% HI (in H,O) for 1 h, which cleaves
the ether bonds of GDGTs and releases their isoprenoid carbon skeletons (Schosuten
et al., 1998b). Subsequently, the alkyliodides formed were isolated by column chro-
matography over a ALLO; column and reduced to hydrocarbons by refluxing with
LiAlH, for 1 h in 1,4-dioxane. Prior to analysis by gas chromatography (GC), gas
chromatography/mass spectrometry (GC/MS) and isotope ratio monitoting-GC/
MS, a cleaning step was performed using Ag*-impregnated silica to isolate the re-
leased saturated hydrocarbons. GC analyses were performed on a Hewlett-Packard
instrument 6890 equipped with an on-column injector and a flame ionization de-
tector (FID). A fused silica capillary column (25 m x 0.32 mm) coated with CP-Sil 5
(film thickness 0.12 um) was used with He as carrier gas. Samples were dissolved in
n-hexane and injected at 70 "C and subsequently the temperature increased to 130
‘C ata rate of 20 'C/min and then at a rate of 4 'C/min the temperature was raised
to 320 "C for 20 min. GC/MS analyses were performed on a Thermofinnigan
TRACE GC. The chromatographic conditions were similar as described above.
The GC was coupled with a Thermofinnigan DSQ quadrupole mass spectrometer
with ionization energy of 70 eV. The hydrocarbon fractions were analyzed in full
scan mode with a mass range of m/z 50-800 at 3 scans s'. Identification of the
acyclic and cyclic biphytanes was based on comparison with previously reported
retention times and mass spectra (Schouten et al., 1998b).

The stable carbon isotopic composition of the biphytanes was analyzed using
a Finnigan DELTA-V irm-GC/MS coupled to an Agilent 6890 GC. The GC con-
ditions are similar to those described above. The 8"°C were calculated by integrat-
ing the 44, 45 and 46 mass ion currents of the individual peaks and that of the CO,
reference peaks. The performance of the irm-GC/MS was monitored by regular
injection of two predeuterated standards with known isotopic compositions. All
carbon isotopic values were determined at least in duplicate and are averaged to
obtain a mean and a standard deviation (o), which are reported in the 8"°C notation
relative to the VPDB standard.

0.3 RESULTS
6.3.1 Variation in GDGT distribution

HPLC-MS analysis of the North Sea Basin PETM sediments showed that crenar-
chaeol is the most dominant GDGT throughout the entire Fur section (Figs. 6.2a
and 6.3). Before and after the CIE, crenarchaeol is only slightly higher in relative
abundance than GDGT-0, but during the entire PETM interval the abundance of
crenarchaeol increases up to 75 % of total GDGTs (Fig. 6.3). The relative abun-
dance of GDGTs in sediments deposited in the Arctic Basin do not show substan-

tial variations across ETM2 with crenarchacol being generally more abundant than
GDGT-0 (Fig. 6.4). In both the PETM and ETM2 sediments, GDGT-1, -2, and

106



Constraints on the Early Eocene CIEs using Thaumarchaeotal lipids
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BP-2
GDGT-3 BP-1 BP-2
GDGT-4*  BP2  BP-2

BP-3
Crenarchaeol BP-2 BP-3

*not analysed in this study

Figure 6.2| (a) HPLC-MS base peak chromatogram and (b) partial GC-MS chromato-
gram of hydrocarbons released from HI/LiAlH4 treatment of a sediment extract from
the CIE of the PETM (130.89 m at Store Balt; Table 6.1), (c) Structutes of the GDGTs
and associated biphytanes.

-3 are only minor components (combined ranging from 0 to 20 % of all GDGTs)
(Figs. 6.3 and 6.4).

Upon chemical degradation of the GDGTs with HI/LiAlH,, four biphytanes,
ie., an acyclic (BP-0), a monocyclic (BP-1), a bicyclic (BP-2) and a tricyclic (BP-
3) biphytane (e.g. Fig. 6.2a and b), were generated. The latter structure contains,
besides two cyclopentane moieties, also a cyclohexane moiety and has been shown
to exclusively derive from crenarchaeol (Schouten et al., 2000b; Sinninghe Damsté et al.,
2002). Theoretically, the abundance of the released biphytanes depends on the rel-
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Figure 6.3| Fractional abundance of GDGTs (percentage of total isoprenoid GDGTs)
and 8"C records of the TOC, and the acyclic (BP-0), monocyclic (BP-1), bicyclic (BP-2)
and tricyclic (BP-3) biphytanes of the section at Fur, Denmark across the PETM. The
dashed line indicates the onset of the CIE, whereas the grey area indicates the entire
PETM interval. Abbreviations: LP = Late Palacocene, GS =Glauconitic Silt, SC = Stolle-
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Figure 6.4| Fractional abundance of GDGTs (percentage of total isoprenoid GDGTs)
and 8"C records of the TOC, and the acyclic (BP-0), monocyclic (BP-1), bicyclic (BP-
2) and tricyclic (BP-3) biphytanes from sediments deposited during ETM2 in the Arctic
Basin. The dashed line indicates the onset of the CIE, whereas the grey area indicates the
entire ETM2 interval.

108



Constraints on the Early Eocene CIEs using Thaumarchaeotal lipids

ative concentration of the GDGTs and on the type of GDGT. For instance, both
GDGT-0 and GDGT-1 contribute to the total pool of BP-0. However, GDGT-1
is only a minor contributor to the total pool of GDGTs and contains only one
BP-0 moiety. This is in contrast to GDGT-0, which is a dominant GDGT in all
samples and contains two BP-0 moieties (Fig. 6.2c). Therefore, GDGT-0 contrib-
utes substantially more to the total BP-0 pool than GDGT-1. Thus, if we assume
that GDGT-4 does not contribute to the total pool of GDGTs in the PETM and
ETM2 sediments and that GDGT-2 consists of two BP-1 moieties, it is possible
to predict the distribution of the biphytanes from the distribution of the GDGTs.
The relative amount of the biphytanes can then be calculated using the following
formulas:

fsp.0 = foparo + V2 * fopor (eq. 6.1)
fypr = V2 * fopera + fopora+ V2 * fopors (eq. 6.2)
fops = Vo ¥ £ + V2 * fopors (eq. 6.3)
fops = Vo * £, (eq. 6.4)

in which f stands for the fraction of the component. This calculated distribution
fits well with the actual biphytane distribution observed after HI-LiAIH, degrada-
tion (Figs. 6.2a and b and Fig. 6.5), although, in general, the measured abun-
dance of BP-0 and BP-1 is slightly higher than the expected fractional abundance
calculated from the GDGT distribution, whereas the abundance of both BP-2
and -3 are slightly lower than the expected fractional abundance. At the onset of
the CIE of the PETM, the ratio of BP-2 and BP-3 with respect to BP-0 increased
substantially, in agreement with the dominance of crenarchaeol in these sediments
(Fig. 6.5). After the PETM, the biphytane abundance equals those from prior to
the PETM (Fig. 6.5). We further observe no substantial variation in biphytane
distribution in the sediments from the Arctic Basin from before, during or after
ETM2 (Fig. 6.5). That is, BP-0 is the most abundant, followed by BP-2 and BP-3.
In all samples BP-1 is lowest in abundance (Fig. 6.5).

6.3.2 Stable carbon isotopic compositions of acyclic and cyclic biphytanes

Despite that GDGTs were detected in all sediments by HPLC-MS, it was not al-
ways possible to obtain 8"°C values of the biphytanes. For example, in most Late
Palacocene sediments, with TOC contents <1 %, biphytanes were below detection
limit or only present in trace amounts. This corresponds well with the fact that ab-
solute GDGT concentrations in these sediments are low (<0.1 ug g'; Schoon et al.,
2013). Therefore, we could only obtain relatively complete (i.e. covering the CIE)
biphytane 8"°C records for the PETM of the Fur section and ETM2 of the Arctic
Basin, whereas for the other two Danish PETM sections we only obtained CIE and
post CIE 8"C values.
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Figure 6.5| Predicted (from measured GDGT distributions) and measured average frac-
tional abundances of the four biphytanes released from the GDGTSs present in the sedi-
ments representing intervals of the pre-CIE, CIE, post-CIE PETM and in the interval
representing the entire ETM2.

6.3.2.1 PETM — North Sea

In general, BP-3 is most enriched in "C, with 8"C values varying from -20 %o
to -25 %o, whereas BP-0 is generally the most “C-depleted from -22 %o down to
values of -31 %o (Table 6.1). Intermediate 8"°C values atre recorded for the other
biphytanes. At the Fur section, BP-2 and BP-3 have "°C values of around -22 %o
and -21 %o, respectively, prior to the CIE of the PETM (Fig. 6.3). Both biphytanes
show an initial shift of 1.5-2.0 %o coincident with the onset of the CIE in TOC
(Fig. 6.3) and peak 8"C values ate reached just before the glacially-disturbed intet-
val with a maximum negative shift of 3.2 %o in BP-2 and 3.6 %o in BP-3, respec-
tively. Subsequently, the 8"°C values of these biphytanes increase, towards values
slightly more negative than pre-excursion values. We observe a different 6"°C pat-
tern for BP-0 and BP-1. Prior to the CIE in TOC both biphytanes show a distinct
negative shift to depleted values of ~ -31 %o after which they return to initial §"°C
values of around -25 %o at and just after the onset of the CIE. Subsequently, both
BP-0 and BP-1 6"°C values show a gradual negative shift towards peak values of
around -28 %o and -26 %o, respectively. The 8"C biphytane values of the CIE and
post-CIE sections at Store Balt and Olst-Hinge, compare well with those in the
equivalent sections at Fur (Table 6.1).

6.3.2.2 ETM2 — Arctic Ocean

Biphytane values range from -19 to -28 %o for the Arctic Basin sediments (Table
6.1). As for the PETM in the North Sea, BP-3 is the most entiched in PC, whereas
BP-0 is in general the most PC-depleted. Prior to the CIE of ETM2, BP-2 and
BP-3 have similar "°C values of around -21 %o and -20 %o, respectively. All biphy-
tanes shifts towards more negative §"°C values during the CIE, though these shifts
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occur slightly after the CIE in TOC, i.e. at 368.79 mcd versus 368.72 mcd, respec-
tively (Fig. 6.4). The negative shift recorded in BP-3 is ~2.5 %o (Fig. 6.4), whereas
the negative shift in BP-2 is larger, ~4.2 %o.

6.4 DISCUSSION
6.4.1 Sources of the ether-bound biphytanes

The tricyclic biphytane (BP-3), which consists of two cyclopentyl moieties and
one cyclohexyl moiety (Fig. 6.2c), derives exclusively from crenarchaeol, a spe-
cific membrane lipid of Thaumarchaeota (Pitcher et al., 2011a and references cited
therein). The bicyclic biphytane (BP-2) is also part of the carbon skeleton within
crenarchaeol but can also be sourced from other GDGTs, such as GDGT-3 or
GDGT-4 (Fig. 6.2¢). This latter GDGT was not analysed in this study. It is likely
that BP-0 predominantly derives from GDGT-0, while BP-1 is mainly sourced
from GDGTs-1 and -2, which only have minor contributions to the GDGT-pool
in the PETM and ETM2 sediments (Figs. 6.3 and 6.4).

Kinneke et al. (2012) showed in their culture study of IN. maritinus that all biphy-
tanes detived of its GDGT membrane lipids have identical 8"°C values. Therefore,
to examine whether the individual biphytanes are all derived from Thaumarchaeo-
ta, we compared the 8"C compositions of BP-0, predominantly derived from
GDGT-0, BP-1 and BP-2, which can originate from multiple GDGTSs, with that of
BP-3, which derives solely from thaumarchaeotal-derived crenarchaeol (Fig. 6.6a).
The most significant relationship observed is that between BP-3 and BP-2, which
generally have similar 8"°C values and lie close to the 1:1 line. This strongly sug-
gests that BP-2 is also predominantly derived from crenarchaeol (cf. Schouten et al.,
1998b). The correlation between the 6"°C values of BP-3 and the other two biphy-
tanes (BP-0 and BP-1) is considerably less and frequently they have substantially
different 8°C values. The 8"°C values of both BP-0 and BP-1 are nearly always de-
pleted in "C compared to the 8"°C values of BP-3, i.e. on average by 3 %o for BP-0
and 1.5 %o for BP-1 (Fig. 6.6a). These PC-depleted values relative to those of BP-2
and BP-3, suggests they may have additional sources other than Thaumarchaeota,
such as methanotrophs and methanogens, which are known to synthesize lipids
with more depleted 8"°C values (e.g. Summons et al., 1998). Schouten et al. (1998b)
showed that in marine sediments the isotopic difference between BP-3 and BP-0
is larger with higher concentrations of BP-0 (i.e. GDGT-0) compared to that of
BP-3 (i.e., crenarchaeol). They attributed this trend to an additional “C-depleted
source of GDGT-0, likely through a contribution of methanogens. However, we
do not observe such a trend in our data (Fig. 6.6b). Instead, we find a consistent
isotopic offset of ~3.5 %o between BP-0 and BP-3 for the CIE of the PETM and
ETM2, independent of the relative amount of crenarchaeol. This is, however, not
the case for the post-PETM samples from the North Sea, which exhibit no signifi-
cant isotopic difference.

111



-16 s 1 4 1 s 1 4
d
A e
-20 5_,.—“'. L
s .,.-—:' 0‘ A
] ‘,.-"'.0.
& .5 MW o
° PR "o "
-24 - . L 2 g
é 24 ’___-" :“" 2 o
> e oA &0
g s x A Y s E E O 5
L s BB A
%, 28 o A i
. . e |
- .
=32 A - ¢ BP-2 B
----- 1:1 line
r T T T T T T
-26 -24 -22 -20 -18

5"°C BP-3 (%o)

10 1 L L 1
b © pre-PETM, Denmark
o @ CIE PETM, Denmark
&1 ® post-PETM, Denmark |
© ETM2, Artic Ocean
6 - -
5 [e]
g
O o (o]
g 4- &
o) L] ®
o
O o @ ™ @ °®
— ® ® -
s %o
o 2 o o 1l
] 5]
G o
0 L) . L] L] I Ll Ll
0 1 2 3 4 5 6 7

crenarchaeol/GDGT-0

Figure 6.6| (a) Cross-correlations of the stable carbon isotope composition of BP-3 with
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An input of GDGTs from sources other than Thaumarchaeota could poten-
tially bias TEX, records as this index includes GDGTs-1 and -2 and assumes they
are solely derived from Thaumarchaeota. Indeed, the relatively negative 8"°C values
of BP-0 and BP-1 before the onset of the PETM in sediments from the Danish
section at Store Bzlt coincide with relatively cool temperatures (Schoon et al., 2013).
A higher input of non-Thaumarchaeotal sourced GDGT-1 could indeed bias the
GDGT distribution and lead to lower TEX, values. However, reconstructed con-
tinental air temperatures using the distribution of branched GDGTs, derived from
soil bacteria, showed similar low temperatures in the same interval, suggesting that
this bias in the TEX record is relatively minor (Schoon et al., 2013).

In any case, the similar isotopic composition and behaviour between BP-3
and BP-2 (Fig. 6.6b) confirms that both biphytanes derive from crenarchaeol and
therefore their 8"°C values reflect that of crenarchaeol.

6.4.2 Magnitude and timing of the CIE in Thaumarchaeota

The magnitude of the carbon isotope excursion for BP-2 and BP-3 at the Danish
PETM section at Fur, where we have a complete isotope record, is 3.6 = 0.3 %o
(Fig. 6.3). This is considerably less than measured in TOC (5-6 %o) and #-alkanes
(6-7 %o) at this location (Schoon et al., 2013), but is similar to the ~3 %o CIE mea-
sured in marine calcite elsewhere (Melnerney & Wing, 2011 and references cited
therein; Dickens, 2011 and references cited therein; S/uzjs & Dickens, 2013). Possibly,
peak values are masked by the glacially-disturbed interval at Fur (Schoon et al., 2013)
and, therefore, the CIE in crenarchacol may be underestimated. However, the §"°C
values of BP-3 at the CIE sections of Store Bzxlt and Olst-Hinge are nearly iden-
tical to that of Fur (Table 6.1), suggesting that the maximum “C-depletion of
crenarchaeol is reached at Fur, and thus the CIE in crenarchaeol is unlikely to be
higher than 3.6 %o.

The magnitude of the CIE recorded in BP-3 at ETM2 is ~2.5 %o. This is
slightly lower than that measured for TOC (3.1 %o; Table 6.1), but similar when
corrected for terrestrial organic matter contributions (2.5 %o; Sluzjs & Dickens,
2013). It is smaller than excursions found for marine biomarkers, which ranged
from 3.2 to 4.5 %o (Schoon et al., 2011), but larger than the 1.4 %o excursion of
deep marine calcite measured at Walvis Ridge (87ap ez al., 2010). These differences
between CIEs in marine OM and crenarchaceol versus marine calcite potentially
reflect local variations in the magnitude of the different CIEs in the DIC of the
semi-restricted Arctic Basin and South Atlantic Ocean, respectively.

Intriguingly, the timing of the CIE of crenarchaeol apparently differs to that
of TOC and marine biomarkers for ETM2. Where the marine biomarker CIEs
all track the negative shift in 8"C, at 368.90 mcd marking the onset of ETM2
(Stuijs et al., 2009; Schoon et al., 2011), the 8"°C negative shift in BP-3 occurs later, i.c.
between 368.79 and 368.72 mcd (Fig. 6.4). It is unclear why the sediment at 368.79
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mcd does not show a more negative 6"°C compared to pre-CIE values. Although
it is a single point in the record (attempts to obtain isotope data for other depth
intervals were not successful), the other marine biomarkers in the same sediment
interval already show a negative shift of ~1-2 %o (Schoon et al., 2013). One possibil-
ity to explain the apparent delayed onset of the CIE of crenarchaeol, as well as
the relatively large CIE compared to deep marine calcite, is that euxinic conditions
developed in the deeper part of the photic zone during ETM?2, as evidenced by the
presence of derivatives of the biomarker isorenieratene derived from anoxygenic
phototrophic green sulphur bacteria (SZuzjs et al., 2009). In the contemporary eux-
inic Black Sea, Thaumarchaeota reside at the deeper and colder chemocline (Coolen
et al., 2007), whetre 8"°Cp - values are always substantially more negative than at the
surface (e.g. ~ -4.5 %o for the Black Sea chemocline; Freeman & Wakehanm, 1991)
due to the production of depleted CO, by mineralization of descending particles
rich in "C-depleted organic matter (Fry e al., 1991; Freeman & Wakeham, 1991). 1t
is therefore possible that the 8"°C of crenarchaeol may be more negative due to
the migration of the Thaumatchaeota to deeper waters. Indeed, the 8°C negative
shift of the biphytanes at ETM2 coincides with peak concentrations of derivatives
of the specific biomarker isorenieratene and with a sharp cooling of temperatures
inferred from TEX y ($/uijs et al., 2009). This may imply that the Thaumarchaeota
responded to the arising euxinic conditions at this location by migrating down to-
wards the chemocline, thereby yielding lower TEX, temperatures (cf. Menzgel et al.,
2006) and depleted “C-values. At 368.79 med, where a CIE of crenarchaeol is not
yet exhibited, no isorenieratane was detected (Schoon et al., 2013) and thus euxinic
conditions, which likely already developed in the bottom waters, did not reach the
photic zone at this depth interval. Possibly, the Thaumarchacota migrated initially
upwards during the first stages of the CIE such that the CIE was partly offset by
the more enriched 6"°Cp, in the surface waters compared to deeper waters.

The observations at ETM2 do not seem to apply for the eastern North Sea
Basin during the PETM. Schoon et al. (2013) also found isorenieratene derivatives
in the sediments at the Fur section, suggesting that photic zone euxinia existed
throughout the CIE. However, the TEX temperature records from all three Dan-
ish sites do not show any cooling events during the CIE of the PETM but rather
a warming trend, as observed globally in PETM sections (Schoon et al., 2013). This
suggests that the niche of the Thaumarchaeota remained relatively constant there
and possibly at shallower depths than in the Arctic Basin, with no apparent migra-
tion to deeper waters.

Thus, the 8"°C values of BP-3 suggest that the CIE recorded by Thaumarchaeo-
ta for ETM2 is possibly less than 2.5 %o and perhaps similar to the 1.4 %o recorded
in marine calcite. Similar to the PETM, the CIE of crenarchaeol at ETM2 in the
Arctic Basin is smaller than that recorded in other biomarkers such as sulfur-bound
phytane and C,; HBI, which showed CIEs of 3.2 %o and 4.5 %o, respectively (Schoon
et al., 2011). Schoon et al. (2011) attributed the large magnitude of the CIE in these
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algal biomarkers to enhanced CO, concentrations. In contrast, the 8"°C composi-
tions of Thaumarchaeal lipids are independent to variations in DIC concentration,
at least in culture experiments, and may predominantly depend on 8"C of DIC
only (Kinneke et al., 2012).

The 8"C values of BP-3 not only allow to reconstruct variations in 8" Cpy,.
but possibly also absolute 8"°Cy,,. values, assuming the constant fractionation be-
tween biphytanes and DIC of ca. 20 %o observed in cultures (Kdnneke et al., 2012)
and modern sediments (Schouten et al., 2013). Pre-PETM 8"Cp,. estimates range
between -1 to -2 %o, more negative than contemporary 8"°Cp,. sutface sea water
values observed in the North Sea (~1 %o; Mook & Tan, 1991). Pre-ETM2 §"Cpy,¢
estimates are ~0 %o, also lower than those observed in present-day Greenland Sea
(~1.5 %o; Kroopnick et al., 1985) and the estimated surface water 8°Cpy,. value of ~1
%o in the Nansen Basin in the Arctic Ocean inferred from planktonic foraminifera
(Bauch et al., 2000). This is in contrast with planktonic and benthic foraminifera
records, which suggests that late Palacocene 8°Cyc is likely to have been slightly
more enriched in "C compared to present day (Hayes, 1999; Zachos et al., 2001). One
explanation could be that at present both the North Sea and the Arctic Ocean are
relatively open systems with inflow of well oxygenated waters, whereas in the Early
Palacogene they were likely semi-enclosed basins with restricted inflow from the
Atlantic or Tethys Ocean (Moran et al., 2006; Brinkhuis et al., 2006 Stein et al., 2000;
Kender et al., 2012). This is comparable to estuarine circulation conditions of the
Black Sea, where, due to intense recycling of CO,, surface water 8"°Cp. values in
the Black Sea are in general lower than those of open waters (e.g. Fry et al, 1991).
Thus, local 8" °Cp,,. values in the North Sea and Arctic Basins may have been more
negative, due to restricted circulation, compared to the open ocean.

All together, our results suggest that the 6"°C values of Thaumarchacotal
biphytanes have the potential to record vatiations in 8°Cp,. and can give insight
in the magnitude of the carbon isotope excursions of the exogenic carbon pool
during hyperthermals. The similar CIE of crenarchacol compared to that of ma-
rine calcite during the PETM suggests that the marine DIC pool shifted with a
maximum of 3.6 %o, which is consistent with that found by S/uzjs & Dickens (2012)
in marine organic matter from the Lomonosov Ridge after correcting the TOC
record for terrestrial contributions. However, to precisely constrain the CIE in
marine DIC, 8PCy. records, reconstructed by using the 8°C values of crenar-
chacol, from other PETM sites should be compared, as CIEs in 8"°Cy,. may have
not been uniform across semi-enclosed basins, coastal seas and open oceans. Fur-
thermore, potential factors influencing the magnitude of isotopic fractionation by
Thaumarchaeota, such as temperature, growth rate and mixotrophy, should also
be tested using culture experiments, although the relative consistent 8"°C values of
crenarchaeol in modern sediments (Hoefs ez al., 1997; Schouten et al., 2013) suggest
these factors may be of relative minor importance.
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6.5 CONCLUSIONS

e examined the potential use of stable carbon isotopes of Thaumarchaeotal

GDGTs as a proxy for 8°Cpy in order to reconstruct the CIE of marine dis-
solved inorganic carbon during Eocene hyperthermals. The similar 8"°C composi-
tion of the tricyclic and bicyclic biphytanes in PETM and ETM2 sediments suggest
they are both derived from the Thaumarchaeotal biomarker crenarchaeol, while
other GDGTs have a more “C-depleted signature suggesting additional soutces.
The constant carbon isotopic fractionation (~20 %o) between the biphytanes and
DIC, allowed us to reconstruct 8"Cyy,. records across two Eocene hyperthermals.
We record 8"Cpy. shifts of ~3.6 %o (from 0.5-1 %o to ~4.6 %) and ~2.5 %o (from
~0.5 to ~3 %o) in the 8"C of crenarchaeol for PETM and ETM2, respectively,
which are similar and slightly higher than that of marine calcite. This suggests that
the negative carbon isotope shifts recorded in crenarchaeol may represent the ac-
tual CIE of marine DIC at these sites during these Eocene hyperthermals.
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ABSTRACT

he middle Palacocene through early Eocene long-term gradual warm-

ing was superimposed by several transient warming events, such as the
Paleocene-Eocene Thermal Maximum (PETM) and Eocene Thermal Maxi-
mum 2 (ETM2). Both events show evidence for extreme global warming
associated with a major injection of carbon into the ocean-atmosphere sys-
tem, but the mechanisms of carbon injection and many aspects of the en-
vironmental response are still poorly understood. In this study, we analyzed
the concentration and stable carbon isotopic (8"°C) composition of several
sulfur-bound biomarkers derived from marine photoautotrophs, deposit-
ed in the Arctic Ocean at ~85 °N, during ETM2. The presence of sulfur-
bound biomarkers across this event points toward high primary productivity
and anoxic bottom water conditions. The previously reported presence of
isorenieratene derivatives indicates euxinic conditions in the photic zone,
likely caused by a combination of enhanced primary productivity and salin-
ity stratification. The negative carbon isotope excursion measured at the
onset of ETM2 for several biomarkers, ranges between 3-4.5 %o, much larg-
er than the ~1.4 %o recorded in marine carbonates elsewhere, suggesting
substantial enhanced isotopic fractionation by the primary producers likely
due to a significant rise in pCO.,. In the absence of biogenic carbonates in
the ETM2 section of our core we use coeval planktonic 8°C from else-
where to estimate sutface water 8°C in the Arctic Ocean and then apply the
relation between isotopic fractionation and pCO,, originally calibrated for
haptophyte alkenones, to three selected organic biomarkers (i.e., S-bound
phytane, Cy; hopane and a C,; highly branched isoprenoid). This yields pCO,
values potentially in the range of 4 times preindustrial levels. However, these
estimates are uncertain due to a lack of knowledge on the importance of
pCO, on photosynthetic isotopic fractionation.
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7.1 INTRODUCTION

One of the most prominent features of Cenozoic climate is a global warming
trend that started in the mid-Palacocene (~59 Ma) and culminated during
the Early Eocene Climatic Optimum (EECO; 52-50 Ma). During this time, several
transient and geologically rapid episodes of extreme warming, or ‘hyperthermals’,
occurred (e.g. Zachos et al., 2008; Lourens et al., 2005). These hyperthermals are char-
acterized by a pronounced negative carbon isotope excursion (CIE) recorded in
both organic and inorganic carbon reservoirs, and widespread, though variable,
dissolution of deep sea carbonates (Lowurens et al., 2005; Siuijs et al., 2007a; Stap et al.,
2010; Leon-Rodrignez & Dickens, 2010). These negative CIEs are generally thought
to reflect the release of large amounts of C-depleted catbon into the exogenic
carbon pool (Dickens et al., 2003). The extensively studied Paleocene-Eocene Ther-
mal Maximum (PETM, ~56 Ma), was further characterized by ~4-9 °C warming
of the continents and deep and surface ocean waters (e.g. Kennett & Stort, 1991,
Tripati & Elderfield, 2005; Wing et al., 2005; Siuzjs et al., 2006; Weijers et al., 2007). Ap-
proximately two million years later, the PETM was followed by Eocene Thermal
Maximum 2 (ETM2) and the H2 hyperthermal events, charactetized by similar
climatic and geochemical changes as the PETM but of smaller magnitude (Lourens
et al., 2005; Nicolo et al., 2007; Stuijs et al., 2009; Stap et al., 2009, 2010).

Critically, the magnitude of the CIE of the global exogenic carbon pool
across the PETM remains contentious (Dickens et al., 2011). Generally, calcium car-
bonate precipitated by benthic foraminifera in the deep ocean or outer shelf are
considered to reliably reflect the global average magnitude of the CIE. However,
the magnitude of the CIE may differ by up to 2 %o between such records (e.g
John et al., 2008; McCarren et al., 2008). In part, this likely reflects regional or local
climate-driven deviations in the stable carbon isotopic composition (8°C) of dis-
solved inorganic carbon from mean ocean values, which may regionally increase
or decrease the magnitude of the CIE. In addition, part of the marine CIE signal
may regionally be truncated in the deep sea due to severe dissolution and temporal
absence of the critical foraminifera species during the early stages of the event
(e.g. Thomas et al., 2002; McCarren et al., 2008). Finally, the magnitude of the CIE as
recorded in foraminifera may have been dampened due to a decrease in seawater
pH (Uchikawa & Zeebe, 2010). The terrestrial CIE signal as recorded in paleosol
carbonates is on average ~1-2 %o larger than the marine signal (Bowen et al., 2001).
Although, in theory, the terrestrial carbonates should record the atmospheric CIE
more directly, they may have been affected by diagenesis, and increased relative
humidity and soil moisture (e.g. Bowen ¢t al., 2004). A large (4.5 %o) CIE was also
recorded in organic dinoflagellate cysts in two marginal marine sections (S/ujs et al.,
2007a), but, as yet, it remains uncertain if local factors other than the stable car-
bon isotopic composition (8"°C) of dissolved inorganic carbon influenced these re-
cords. Recent studies based on higher plant leaf wax #-alkanes (Handley et al., 2008;
Pagani et al., 2000b; Smith et al., 2007) suggest a large magnitude of the PETM-CIE.
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However, biomarker analysis showed that angiosperms and gymnosperms have a
different response to the environmental changes that took place during the PETM,
resulting in different isotopic fractionation, causing an overestimation of the CIE
(Schouten et al., 2007a). The large CIE signal of ~6 %o generally recorded in ter-
restrial #-alkanes can therefore be explained by a shift in vegetation patterns from
gymnosperm dominated to angiosperm dominated (Schouten et al., 2007a; Swith et
al., 2007). Indeed, a recent tropical #-alkane record that should not be affected by
such biases suggests a magnitude closer to 3 %o (Jaramillo et al., 2010).

Molecular isotopic investigations on aquatic biomarkers have been limited to
the 8"°C record of the C,, #-alkanes, possibly detived from algae and photosynthet-
ic bacteria, which showed a lower CIE (~3.5 %0) compared to that of the terrestrial
n-alkanes (5-6 %o) (Pagani et al., 2006b). However, it was suggested that the CIE
recorded in the #-C,; alkanes was affected by increased paleoproductivity (Pagani et
al., 2006b). The isotopic response of matine primary producers during the PETM
remains, therefore, pootly constrained.

In contrast to the PETM, 8"C records of the CIE across ETM2 are relatively
sparse (Lourens et al., 2005; Nicolo et al., 2007; Slugjs et al., 2009; Stap et al., 2010; Leon-
Rodriguez & Dickens, 2010). At Walvis Ridge, the magnitudes of warming (~3 °C),
carbonate dissolution and the CIE in benthic foraminifera (~1.4 %o) are smaller
than those at the PETM (Lowrens et al., 2005; Stap et al., 2009, 2010). ETM2 has
recently been recognized in sediments deposited in the Central Arctic Ocean (S/uzjs
et al., 2009; Stein et al., 2006). In a recent study, Stujs et al. (2009) found cysts of
freshwater tolerant dinoflagellate species to dominate assemblages during ETM2,
suggesting a freshening, stratification, and eutrophication of the Arctic Ocean sur-
face waters. Bottom water anoxia was inferred from the presence of laminated
sediments and the absence of organic linings of benthic foraminifera (S/uis et al.,
2009). Furthermore, at some occasions anoxic conditions even reached into the
photic zone, based on the presence of isorenieratene derivatives. The sea surface
temperature proxy TEX, (S/uis et al., 20006) indicated that Arctic Ocean surface
waters warmed by ~4 °C during ETM2 (S/uijs et al., 2009) though these estimates
have some uncertainties (see detailed discussion in the Supplementary of S/uis et
al., 2009). In addition, the presence of palm pollen in the interval of peak warmth
implies that the mean temperature of the coldest month was above 8 °C, constrain-
ing the lower temperature limit of the Arctic region during this Eocene hyper-
thermal event. This minimum temperature estimate is inferred from the habitats
of modern biota. Paleobotanical inspection suggests that the stem structures of
Paleogene palms is very similar to modern relatives which renders it highly unlikely
that the palms were more resilient than at present (e.g. Royer e al., 2002; Greenwood
& Wing, 1995). The CIE in total organic carbon (TOC) is ~3.5 %o, (Siuijs et al.,
2009), much larger than recorded in carbonates deposited elsewhere (Cramer et al.,
2003; Lourens et al., 2005; Nicolo et al., 2007; Stap et al., 2009). However, this bulk
organic carbon isotope record may have been biased due to changes in the source
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(i.e. terrestrial vs. marine) of the bulk organic carbon.

To investigate the response of marine organisms across ETM2, we analyzed
the concentrations and carbon isotopic composition of sulfur-bound biomarkers
derived from marine phytoplankton in the Arctic Ocean record. Furthermore, we
made a first attempt to roughly estimate changes in pCO, across ETM2, using re-
constructed carbon isotope fractionations of three independent groups of marine
microorganisms. Such pCO, estimates would considerably improve the insight in
feedback mechanisms and climate sensitivity during past episodes of abrupt warm-
ing.

7.2  METHODS AND MATERIALS
7.2.1 Sample and site description

In 2004, Integrated Ocean Drilling Program (IODP) Expedition 302, also known
as the Arctic Coring Expedition (ACEX), recovered lengthy portions of a 428 m
marginal marine sedimentary sequence, at the crest of the Lomonosov Ridge in
the Central Arctic Ocean (~85 °N paleolatitude) (Fig. 7.1; O'Regan et al., 2008).
Uppermost Paleocene and lower Eocene sediments deposited betwee n 56 and 50
Ma consist of siliciclastic mudstones, barren of siliceous and calcium carbonate
microfossils, but containing ample immature organic matter with a TOC content
of up to 8 % (Stein et al., 2006; O’Regan et al., 2008). As suggested by the regular
occurrence of dark laminated silty clays (O’Regan ef al., 2008), the high content of
total sulfur (Ogawa et al., 2009), the general absence of remains of benthic organ-
isms (O’Regan et al., 2008; Sluis et al., 2006, 2008), and trace metal information
(Slugjs et al., 2008), Arctic bottom waters were low in oxygen content throughout
the studied interval covering ETM2 (S/ujjs et al., 2009), creating optimal conditions
for biomarker preservation.

We studied the sediments from before to after the carbon isotope excut-
sion (CIE) associated with ETM2, which are located ~20 m above the PETM.
We used the same samples of S/uijs et al. (2009). The identification of the ETM2
interval is based on the presence of the dinoflagellates Cerodininm wardenese and Hys-
trichosphaeridinm tubifernm (Siugjs et al., 2008). The onset of ETM2 is placed at ~368.9
m composite depth below sea floor (med) according to the 8°C composition of

TOC (Slugs et al., 2009).

7.2.2 Biomarker analysis

Powdered and freeze-dried sediments (~5 g dry mass) were extracted with a Di-
onex Accelerated Solvent Extractor using a 9:1 (v:v) mixture of dichloromethane
(DCM) and methanol (MeOH). An aliquot of the total extract was desulfurized to
release sulfur-bound hydrocarbons using Raney Nickel, as previously described by
Sinninghe Damsté et al. (1988). Prior to desulfurization an internal standard [2,3-di-
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Figure 7.1| Paleogeographical map of the Late Palacocene - Early Eocene Central Arctic
Basin, showing the position of IODP Hole 302-4A (modified from S/uis et al. (2009)

methyl-5-(1,1-d,-hexadecyl)thiophene| was added to the total extract aliquots for
quantitative analyses. Subsequently, the desulfurized total extracts were separated
into polar and apolar fractions using a small column with activated alumina using
hexane/DCM (9:1 v/v) and MeOH/DCM (1:1 v/v) as eluents, respectively. The
apolar desulfurized fractions containing the released hydrocarbons, were hydro-
genated using PtO,/H, and analyzed by gas chromatography (GC) and GC/mass
spectrometry (MS). GC analyses were performed using a Hewlett-Packard 6890
instrument equipped with a flame ionization detector (FID), a Flame Photometric
Detector (FPD), and an on-column injector. A fused silica capillary column (25 m
x 0.32 mm) coated with CP-Sil 5 (film thickness 0.12 pm) was used with helium as
carrier gas. The oven was programmed at a starting (injection) temperature of 70
°C, which rose to 130 °C at 20 °C/min and then to 320 °C at 4 °C/min, at which
it was maintained for 20 min. GC/MS analysis was done using a Thermofinnigan
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TRACE gas chromatograph using similar GC conditions as described above. The
gas chromatograph was coupled with a Thermofinnigan DSQ quadrupole mass
spectrometer with ionization energy of 70 eV and fractions were analyzed in full
scan mode with a mass range of m/z 50-800 at three scans per second.

To prevent co-elution, #-alkanes were removed from the apolar fraction using
a small column containing silicalite and cyclohexane as eluent (West e al., 1990),
before biomarker 8°C analyses. The samples were analyzed on a Finnigan Delta
V isotope ratio monitoring mass spectrometer coupled to an Agilent 6890 GC.
Samples, dissolved in #-hexane, were analyzed using GC under conditions as de-
scribed above. All carbon isotope compositions for the individual components are
reported relative to the Vienna Pee Dee Belemnite (VDPB) standard and are aver-
age values of at least two runs.

7.3  ResuLTs
7.3.1 Biomarker composition

Analysis of selected apolar fractions of sediments in the studied ETM2 interval
showed a relatively high abundance of organic sulfur compounds (OSCs), such
as Cy; HBI thiolanes (Kohnen et al., 1990) and a Ci; hopanoid thiophene (I/a/iso-
lalao et al., 1984). The presence of these low molecular weight organic sulfur com-
pounds suggests that sulfur has reacted with functionalized labile lipids and likely
indicates the presence of more complex, higher molecular weight, organic sul-
tur compounds (Szninghe Damsté & de Leemw, 1990), which can potentially bias
the distribution of biomarkers in apolar fractions (Kobnen et al., 1991). Therefore,
to release all S-bound carbon skeletons we desulfurized the total extracts using
Raney Nickel (Szuninghe Damsté et al., 1988). Apolar fractions of the desulfurized
extracts contain mostly S-bound hydrocarbons, including 5a-C,,-C,, steranes, Cy-
C,; hopanes, a C,; HBI and isorenieratane, predominantly with the 173,213(H)
configuration, and some free hydrocarbons, i.e. #-alkanes with a slight odd-over-
even carbon number predominance (see figure 7.2 for a typical gas chromatogram
of one of the samples). We focused on five biomarkers for quantification and
isotopic study (Figs. 7.2 and 7.3). S-bound phytane is an early diagenetic product
of S-bound phytol (Brassell et al., 1986). Whereas phytol is part of the chlorophyll
a molecule, and consequently characteristic for all primary producers using pho-
tosynthesis, including cyanobacteria. It is unlikely that this sulfur-bound phytane
derives from terrestrial chlorophyll as sulfur-incorporation occurs during early dia-
genesis, i.e. almost immediately after burial (e.g. Sinninghe Damsté & de Leenw, 1990).
Furthermore, S-bound phytane has a different isotopic composition than that of
‘free’ phytane showing its different origin (Kohnen et al., 1992; Koopmans et al., 1999).
S-bound C,; HBI is derived from unsaturated C,; HBIs, which are synthesized by
diatoms (VVolksman et al., 1994) and serves as a biomarker for four specific diatom
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Figure 7.2| Gaschromatogram of the desulfurized apolar fraction of sample 302-4A-
27X-1, 118-120. Indicated are the n-alkanes (circles), C,,-C,, steranes (triangles) and C;-
C,; hopanes (diamonds). Indicated at the corresponsidng peaks are the chemical structures
of the S-bound of which the concentrations and §'°C values are analysed.

genera (Rhizosolenia, Haslea, Navicula, and Plenrosigma) (Sinninghe Damsté et al., 2004a
and references therein). S-bound C;; 178,213(H)-homohopane and S-bound C;;
178,218(H)-pentakishomohopane derive from derivatives of the membrane lipid
bacteriohopanepolyol. These compounds are produced by a large number of aero-
bic bacteria, including cyanobacteria (Robmer et al., 1992; Talbot et al., 2008 and refer-
ences therein), but have also been found in some strictly anaerobic bacterial groups
(Fischer et al., 2005; Sinninghe Damsté et al., 2004b). The source of these compounds
is therefore uncertain. We did not detect any 2-methyl hopanoids, which are con-
sidered to be specific for most, although not all, cyanobacteria (Summons et al., 1999)
and therefore a cyanobacterial origin for S-bound C;; hopane cannot be confirmed.
However, it is often presumed, based on isotopic studies, that C,; hopane in marine
sediments is mainly derived from cyanobacteria (Schoell et al., 1994; Sinninghe Damsté
et al., 2008). Previously, we reported the presence of low amounts of S-bound
isorenieratane in sediments between 368.9 and 367.9 mcd (S/ujjs et al., 2009). The
precursor of S-bound isorenieratane is the diaromatic carotenoid isorenieratene.
This pigment is produced by the brown strain of green sulfur bacteria, which are
anaerobic photoautotrophs that thrive under euxinic (high free sulfide and low
oxygen) conditions within the photic zone (Sinninghe Damsté et al., 1993). In sum-
mary, it is likely that the selected biomarkers, except for S-bound isorenieratane, are
all derived from marine primary producers, particularly as they are sulfur-bound
and thus derived from labile precursors. Hence, they can provide insight into the
response of these groups of organisms during ETM2 in the Arctic Ocean.
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Figure 7.3| Concentration profiles (a) and stable carbon isotope profiles (b) of TOC
(Stuijs et al., 2009) and the specific S-bound biomatkers phytane, C,; HBI, C;, hopane, Cs;
hopane and isorenieratane. The concentrations are given in pg/g C and 87°C values are in
%o VPDB.
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Table 7.1

Relative abundances of TOC (in %) and S-bound biomarkers (in pg/g C).

— Depth TOC Phytane C,HBI  C, hopane  C, hop isoreni e
(m) (%) ne/eC
302-4-27X1-30-31 367.70 25 293 244 702 1128 nd,
302-4-27X1-40-41 367.80 28 213 142 552 93.2 n.d.
302-4-27X1-50-51 367.90 28 8.6 128 589 104.2 n.d,
302-4-27X1-55-57 36795 5.6 23 225 74 41.8 18
302-4-27X1-39-61 367.99 42 122 1429 7.1 181.2 6.0
302-4-27X1-64-66 368.04 1.4 52 113 345 40.8 nd,
302-4-27X1-68-70 36848 1.3 2.0 138 3.6 488 n.d,
302-4-27X1-72-74 36812 7.8 0.7 47 118 129 14
302-4-27X1-80-82 368.20 33 30 9.8 326 3T .
302-4-27X1-88-90 368.28 33 8.7 193 370 448 nd.
302-4-27X1-94-96 368.34 4.2 26.4 59.1 67.1 7.2 nd.
302-4-27X1-100-102 368.40 19 0.3 43 132 10.6 n.d.
302-4-27X1-104-106 368.44 24 17.0 120 393 383 el
302-4-27X1-108-110 36848 36 51.9 88.4 80.8 1244 .
302-4-27X1-114-116 368.54 4.0 242 703 51.0 75.4 7.6
302-4-27X1-118-120 368.58 43 17.2 68.7 378 871 1.7
302-4-27X1-122-124 368.62 29 226 76.5 321 102.8 14.9
302-4-27X1-132-134 368.72 21 527 104.9 342 84.5 32
302-4-27X1-134-136 368.74 1.8 37.8 338 358 56,0 n.d,
302-4-27X1-139-141 368.79 21 16.0 59 16,0 399 nd.
302-4-2TX1-144-146 368.84 53 4.2 55 291 477 n.d.
302-4-2TX1-148-150 368,88 42 14.3 6.6 167.0 429 4.0
302-4-27X2-0-2 368,90 1.3 201 18.4 40.7 253 e
302-4-27X24-6 368.94 0.7 12.2 162 9.5 58.0 nd.
302-4-27X2-12-14 369.00 22 11.1 14.1 GB.G 635 n.d.
0 369.04 43 1.7 9.5 235 313 nd.
369.09 1.6 6.0 9.4 25.6 30.7 n.d.
302-4-27X2-23-25 369,13 0.8 184 121 59.5 38.9 nd.
302-4-27X2-28-30 369.18 28 b2 120 380 46.7 nd.
302-4-27X2-31-33 369.21 24 10,0 13.6 62.3 296 nd.
369.34 1.5 18.1 544 65.6 90.3 nd
! 369.40 34 10.8 13.3 352 42,0 nd.
302-4-27X2-60-61 369.50 28 10.6 64 45.1 478 n.d.
302-4-27X2-70-72 369.60 32 19.1 155 92.6 76.7 nd.
302-4-27TX2-80-81 369.70 0.7 2.7 75 303 330 nd.
“previously published in S of al, (2009)

In the interval just below the CIE, concentrations of phytane and C,; HBI, both
indicators for marine phytoplankton, are low (<15 pg/g TOC; Table 7.1 and Fig.
7.3a). In contrast, both bacterial biomarkers, the C,; and C,; hopane, are relatively
abundant (>45 pg/g TOC), while isorenieratane is below detection limit. Across
the onset of the CIE, all biomarker concentrations remain relatively low, except
for a short-lived increase in C;; hopane concentrations (up to ~170 pg/g TOC)
at ~368.88 mcd. This coincides with the first detection of isorenieratane (~4
ng/g TOC). Immediately after the peak of the CIE, at ~368.72 mcd, phytane,
C,; hopane and the C,; HBI concentrations sharply increase, with peak values of
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0%C patterns of biomarker lipids during ETM2

Table 7.2 | Stable carbon isotopic composition (in %0 VPDB) of TOC and S-bound biomarkers.

s Depth TOC Phytane C.,HBI  C, hopane C,hopane isorenieratane
ample .
(m) (%) 8"C (%o)

302-4-27X1-30-31 367.70 -219 -34.2 -34.5 -33.5 -324
302-4-27X1-40-41 367.80 -28.1 -333 0.1 -349 £ 0.0 -344 102 SB31L704
302-4-27X1-30-51 367.90 -28.0 -329 -34.9 -342%05 316102
302-4-27X1-55-57 367.95 -29.6 -326£01 -349102 -341£03 0 320106
302-4-27X1-59-61 367.99 -29.1 -33510.1 =335 000 -338 £ 04 324103
302-4-27X1-64-66 368.04 272 338101 =337 201 340103 326102
302-4-27X1-68-70 368.48 217 338 0.0 -359 335+08 32005
302-4-27X1-72-74 36812 217 -33.3 -343103 -348%05 2324200
302-4-27X1-80-82 368.20 278 334105 2363103 47201 -329+03
302-4-27X1-88-90 368.28 =279 -M7+03 2357202 352102 -331201
302-4-27X1-94-96 368.34 -28.6 -35810.1 <3606 £ 0.0 -349100 328101
302-4-27X1-100-102 368.40 289 357101 37.0£ 04 351202 327203
302-4-27X1-104-106 368,44 -288 2356 -358 200 -35.2 -333 %04
302-4-27X1-108-110 368.48 294 355201 -366 2 0.1 3511203 334102
302-4-27X1-114-116 368.54 -29.1 342403 -MTE04 -5+ 0.1 328102
302-4-27X1-118-120 368.58 -29.3 -339+01 -34.6E 0.1 -344£02 -321£03 221205
302-4-27X1-122-124 368.62 293 2346+ 0.1 233912 346103 2326103 214112
302-4-27X1-132-134 368.72 =298 =349 £ 0.0 -359 %00 2355101 =322+ 0.0 21.6+03
302-4-27X1-134-136 368.74 -30.8 -372+01 -37.7 00 2367 %03 =350 £ 0.1 -26.3
302-4-27X1-139-141 368.79 -30.8 370101 37704 370+ 03 -355+02
302-4-27X1-144-146 368.84 -31.2 3711203 363+ 041 48101 350200
302-4-27X1-148-150 368,88 -29.6 =357 1.0 350106 2337203 348103
302-4-27X2-0-2 368,90 -285 -35.7204 347103 355101 338102 214101
302-4-27X2-4-6 368.94 274 -M7 200 -6t 04 323101 =316+ 0.1
302-4-27X2-12-14 369,00 -26.7 -33.0£07 -342 -324 -323£041

369.04 2275 326+ 0.5 -338 1 0.4 2325102 -31.2% 0.
302- 369.09 279 M46E02 =337+ 041 -325+ 0.1 313201
30242 369.13 =270 -34.5 -325 -326+ 04 317206
302-4-27X2-28.- 369.18 -26.4 -M4t02 -33.7 -338%02 319402
302-4-27X2-31-33 369.21 =278 -M45208 336105 <335+ 03 318101
302-4-27X2-44-45 369.34 -275 327403 =333 0.1 328401 3184041
302-4-2 £ 36940 -273 -33.6 32002 -323209 318t 02
302-4-27X2-60-61 369.50 217 -344101 -3281 04 333103 -313£03
302-4-27X2-70-72 369.60 276 -M5106 -339103 -33.6£00 312101
302-4-27XK2-80-81 369,70 =275 2332403 328404 -305+03

~50, ~100, and ~120 pg/g TOC, respectively. Isorenieratane is detected between
368.74 and 368.48 mcd, with peak concentrations of ~15 pg/g C at 368.62 mcd
(Sluiss et al., 2009).

Concentrations of phytane, the C,; HBI and Ci; hopane are relatively high
during this interval, but are relatively low at ~368.62 mcd where the isorenieratane
concentration reaches its maximum. The C;; hopane abundance remains relatively
constant across the interval of detectable isorenieratane. Above 368.48 mcd, all
biomarker concentrations return towards the “background” pre-ETM2 values.
However, elevated isorenieratane, C,; HBI and Cy; hopane concentrations reoccur
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between 367.99 and 367.90 mcd. This interval also exhibits a negative excursion in
8PCroc (Fig. 7.3b) and was therefore suggested by S/uis et al. (2009) as a potential
candidate for the H2 event (Cramer et al., 2003), which has recently been shown to

also reflect a hyperthermal (S7ap et al., 2010).

7.3.3 Compound-specific stable carbon isotope analysis

Stable carbon isotope analyses were performed, where possible, on phytane and
C,; HBI as biomarkers for marine photosynthetic algae, and on C,; hopane and
C,; hopane as biomarkers for (cyano)bacteria (Fig. 7.3b and Table 7.2). We were
able to determine the 8"°C composition of isorenieratane for the sediments at
368.88 and 368.72-368.54 mcd (Table 7.2). Isorenieratane 8"°C values are 11-14
%o enriched relative to phytane in the same samples. Green sulfur bacteria use
the reversed tricarboxylic acid cycle that discriminates much less against PC than
the Calvin cycle, which is used by most photoautotrophic organisms (Quandt et
al., 1977). An enrichment of this magnitude for isorenieratane can therefore be
expected and is consistent with previous observations (Kogpmzans et al., 1996; van der
Meer et al., 1998).

Prior to the CIE of ETM2, the carbon isotope values are relatively stable, i.e.
-27.3 £ 0.6 %0 for TOC, -33.9 £ 0.8 %o for phytane, -33.2 £ 0.7 %o for C,; HBI,
-32.9 £ 0.5 %o for C;; hopane and -31.5 £ 0.5 %o for C,; hopane. The drop in §"°C
of the analyzed specific biomarkers is essentially synchronous with the onset of
the CIE in TOC (S/uis et al., 2009), confirming the initiation of the CIE at ~368.9
mcd. This drop is ~3.2 and ~4.5 %o for the algal biomarkers phytane and C,; HBI
respectively, and ~4.1 %o for both the C;; and C,; hopane. Except for phytane, the
magnitudes of the shifts are slightly higher than the ~3.5 %o shift in TOC.

Between 368.72 and 368.23 mcd, the 8°C . record shows a gradual recovery
towatds ‘background’ pre-ETM2 values. Interestingly, the biomarker 8" °C records
show a more complex pattern (Fig. 7.3b). An initial increase in 8"°C values at
~3068.7 mcd, is followed by a second drop in 8"°C between 368.48 and 368.23 mcd
for phytane and C,; HBI. At 368.2 mcd all biomarkers have returned to their ‘back-
ground’, i.e. pre-ETM2 values. The potential presence of H2, based on the "°C. ¢
record, is not apparent in the 8"°C records of any of the analyzed biomatkers.

7.4 DISCUSSION

7.4.1 Climatic and environmental changes across ETM2 in the Arctic Ocean
Prior to the onset of ETM2, both the biomarker concentrations and 8"C val-
ues show only minor variations, suggesting that environmental conditions were
relatively stable (Figs. 7.3a and b). Furthermore, no isorenieratane is detected in
these sediments implying that the water column was not euxinic within the photic
zone. This is also supported by relatively stable assemblages of typical open marine
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dinoflagellate cysts in this interval (SZuzs et al., 2009). Relatively high TOC concen-
trations and the presence of “sulfur-bound” organic molecules in these sediments
points towards a relatively productive palacoenvironment and low bottom water
oxygen concentrations, which is in agreement with previous observations (/s et
al., 2008; Stein et al., 20006).

The synchronous drop in 8"°C at ~368.9 mcd of both the specific biomarkers
and TOC confirms that the CIE in TOC is not caused by changes in the com-
position of the bulk organic matter, but is linked to the injection of C-depleted
carbon into the global exogenic carbon pool. During the recovery of ETM2, the
8PC of the biomarkers no longer track the 8”C, . profile. The 6"°C, . record
shows a smooth return to background 8"C values from 368.8 mcd, while the §"°C
profiles of the biomarkers abruptly move towards more positive values at 368.6
mcd (Fig. 7.3b). Additionally, directly after the CIE, at ~368.7 mcd, there is a sharp
increase in concentrations of phytane, C,; HBI and C,; hopane, which is followed
by the development of photic zone euxinia (PZE) as indicated by the presence of
isorenieratene derivatives. Possibly, enhanced productivity contributed to the de-
velopment of PZE conditions in this interval, as was suggested for ETM2 and the
PETM in the Arctic Ocean (S/uzjs et al., 2006, 2009; Stein et al., 2006). The increase
in biomarker concentrations may also be explained by an increase in export pro-
duction. However, Knies et al. (2008) investigated the response of marine produc-
tivity to variations in nutrient supply to the Cenozoic Arctic Ocean using nitrogen
isotopes. For ETM2 they found evidence for an increase in primary production
rates even after correcting for the higher burial efficiency caused by the euxinic
conditions. Furthermore, abundances of the freshwater tolerant dinoflagellate spe-
cies that peak synchronously with isorenieratane concentrations are also regarded
as indicators for nutrient-rich conditions (S/us et al., 2005, 2009). Although the
timing with these dinoflagellate peaks is not perfectly synchronous, an increase in
primary productivity could explain the increase in biomarker concentrations and
the positive isotope shift in the specific biomarkers at 368.6 mcd, as an increase
in primary productivity can lead to increased growth rates and decreased isotopic
fractionation (Jasper & Hayes, 1990; Laws et al., 1995; Bidigare et al., 1997; Popp et al.,
1998b). Therefore, although the lipids obviously had to be exported from the sur-
face ocean to settle on the seafloor, the increase in concentrations in our view was
at least partially related to increased productivity. This would imply that during this
interval regional effects control the biomarker records, whereas TOC in this case
more accurately tracks the 8"°C evolution of the exogenic carbon pool.

At ~368.48 mcd, biomarker concentrations decrease and isorenieratane is be-
low detection limit (Fig. 7.3a), suggesting that the PZE conditions ended. Subse-
quently, all biomarker isotope values return to ‘background’ pre-ETM2 values and

continue to track the 8" °C,. signal (Fig. 7.3b).
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7.4.2 H2-event

At ~368.0 mcd the TOC record exhibits a second negative CIE of ~2 %o (Fig.
7.3b). This interval was previously interpreted to possibly reflect the H2 event,
although a potential hiatus and the absence of a biostratigraphic framework with
sufficient detail complicates exact identification (S/ujs et al., 2009). Indeed, the
presence of isorenieratane coincident with the dominance of low-salinity-tolerant
dinoflagellate species (S/uzjs et al., 2009), points to similar conditions as for ETM2.
Remarkably, however, there is no negative carbon isotope shift in the biomarker
8C records. Thete are two possible explanations for this apparent discrepancy:
(1) The negative 8"°C shift in TOC records an isotope excursion of the global exo-
genic carbon pool, but is obscured in the 8"°C records of the biomarkers because
of an increase in productivity, although this likely should have affected 8C, . as
well. (2) The shift in the 8C, record is not recording a CIE but is caused by
a change in source material transported towards the Arctic Basin. None of these
explanations can be completely excluded and, thus, the nature of this interval can-

not be further elucidated based on the 8"°C profiles of these marine biomarkers.

7.4.3 Estimating isotopic fractionation across ETM2

Based on the measured stable isotopic composition of S-bound phytane, C,; HBI
and Cy; hopane, we estimated the average carbon isotopic fractionation of pho-
toautotrophs, and changes therein. Averaged 8"C values were calculated for three
time intervals: the pre-ETM2 interval (369.60-368.94 mcd), the CIE of ETM2
(368.84-368.72 mcd), and the post-ETM2 interval (368.20-368.04 mcd). Average
biomarker 6"°C values for these three petiods were used to estimate the isotopic
fractionation (e ):

e, = 10°[(3, + 1000)/ (3, + 1000) — 1] (eq. 7.1)

where 3 is the 3"°C value of the total organic carbon of the organism and 8, is the
81C value of the carbon substrate. To obtain 8,, a correction must be made for the
isotopic offset between the biomarker lipid and cell biomass. Schouten et al. (1998a)
and Oakes et al. (2005) reported, based on culture experiments and literature study
of a range of different algae, that phytol is ~6 %o depleted relative to the total algal
biomass. For C,; HBIs a depletion of 6.6 %o relative to biomass was reported by
Schouten et al. (1998a) for the diatom Rhizosolenia setigera, whereas Massé et al. (2004)
found similar carbon isotopic compositions of the C,; HBIs and phytol in Has/ea
ostrearia. This suggests an isotopic offset of ca. 6 %o for both phytane and C,; HBI.
Results from culture experiments of the cyanobacterium species Synechocystis re-
vealed an isotopic offset of 8.4 %o for bishomohopanol (Sakata et al., 1997).

Values for 8, can be obtained from the carbonate shells of planktonic fora-
minifera using the following equation:
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8, % 81C — 1 + (24.12—9866/T) (eq.7.2)

The 8VC of planktonic foraminifera (8"°C ) represents the 8"°C composition of
the primary carbon in CaCO;. The term between brackets describes the isotopic
effect associated with the equilibrium exchange reaction between CO,,, and HCO;
as reported by Mook ¢t al. (1974), which only depends on temperature (T in degrees
Kelvin).

Unfortunately, foraminiferal carbonate is absent in ACEX sediments ($/xss
et al., 2008, 2009). Instead, we used the 8"°C values of the surface-dwelling genus
Acarinina reported for ETM2 at Walvis Ridge (Lourens et al., 2005; Stap et al., 2010).
Although this induces one factor of uncertainty, the 8°C; of ~2 %o for the pe-
riod prior to ETM2 compares quite well with those of stacked carbonate isotope
records, as well as with modeling studies for the Early Eocene (Hayes et al., 1999;
Berner, 2001, 2006), suggesting that this assumption is reasonable. We do not be-
lieve that in the semi-enclosed Arctic Basin additional effects, such as the input of
recycled CO, from anoxic deep waters play a large role. Van Breugel et al. (2006)
demonstrated that in an anoxic marine system the effect of recycling of respired
CO, on the 8"C of phytoplankton lipids is negligible. Sea surface temperatures
(SSTs) used in Eq. 2 were obtained from the oxygen isotopes of the same forami-
niferal records from Walvis Ridge and a TEXy, measurement during ETM2 (57ap
et al., 2010).

The calculated ¢, values for the pre-excursion interval show remarkably high
carbon isotope fractionation factors of ca. 21-22 %o and ca. 14.5 %o for marine
algae and (cyano)bacteria, respectively (Table 7.3). The lower value determined for
(cyano)bacteria is consistent with the smaller carbon isotopic fractionation by cya-
nobacteria in comparison to algae (Hayes, 2001; Popp et al., 1998b). During ETM2,
ep values increase even further by 1-2 %o. For all three biomarkers this results in ep
values that lie close to the maximum fractionation of photoautotrophic organisms,
i.e. 25-28 %o for the Rubisco enzyme of autotrophic eukaryotes (Bidigare et al., 1997,
Goericke et al., 1994; Popp et al., 1998b) and 16-22 %o for autotrophic cyanobacteria
(Sakata et al., 1997 and references cited therein).

The magnitude of ¢, is mainly determined by the carbon fixation enzyme and
carbonate concentration mechanism, which in turn can be affected by factors such
as the amount of available CO, in the water column (JCO,(aq)]), growth rate, light
intensity, and species-specific factors such as cell-geometry (e.g. Jasper & Hayes,
1990; Laws et al., 1995; Popp et al., 1998b; Cassar et al., 2006). Thus, in principle,
the observed increase in biomarker ep values during ETM2 can be caused by in-
creased levels of [CO,(aq)], but there are several additional factors which may be
potentially responsible for this. The most important ones are a decrease in specific
growth rates, a change in cell geometry, a change in light intensity, and the carbon
uptake mechanism (Bidigare et al., 1997; Laws et al., 1995; Popp et al., 1998b; Rau et
al., 1997; Burkhardt et al., 1999). It is unlikely that cell geometry has changed on this
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relative short time interval of the ETM2 for both the marine algae and (cyano)
bacteria. Moreover, we also use S-bound phytane which is a biomarker not specific
for only one group of organisms, but is contributed by many different species of
marine algae and cyanobacteria. Furthermore, all available information indicates
that productivity increased rather than decreased during ETM2 (see above), which
theoretically should lead to a decrease of ¢ values. To avoid the imprint of growth
rate changes on fractionation, we only used 8"°C values before, and directly after
the interval where several lines of evidence, including elevated biomarker concen-
trations, indicated elevated productivity (see section 4.1).

Another important aspect to consider is the carbon uptake mechanism
used by autotrophs during photosynthesis. Many photosynthetic organisms have
evolved mechanisms to actively take up CO, or HCOy (a so-called carbon concen-
trating mechanism or CCM) in order to overcome the deficiency of the enzyme
Rubisco in low-CO,/high-alkaline environments and this mechanism will impact
a reduced isotopic fractionation (Giordano et al., 2005). In our case, however, the
time of ETM2 most likely belonged to a high-CO,/low pH wortld, considering
the large input of “C-depleted carbon, making it unlikely that they need a CCM.
Furthermore, isotopic modeling which incorporates active transport show that e  is
still a function of growth rate and CO, under nutrient limitation (though this func-
tion is different under light limitation (Cassar et al., 20006). Finally, the very negative
biomarker 8"°C values suggest that the organisms that made the lipids likely did not
use a CCM, which has also been previously suggested for diatoms that biosynthe-
size HBI isomers (Schouten et al., 2000a).

Growth experiments of aquatic algae indicate that light-limitation may also
have a potential effect on isotopic fractionation (Burkbardt et al., 1999; Cassar et al.,
2000). However, at this latitude it is likely that phytoplankton thrived only during
summer in full light conditions, particularly with the absence of ice at this time.
The only change in light conditions could appear when the water column is more
stratified and fresher during ETM2, resulting in increasing light intensity and an
increase in the magnitude of isotopic fractionation. However, the time of highest
stratification, i.e. when isorenieratene derivatives are present, is some time after
the CIE. In contrast, this interval is marked by slightly enriched C values for the
different biomarkers. This suggests that light limitation cannot explain the isotopic
fractionation patterns we observe. We, therefore, mostly attribute the increase in e,
to a substantial increase in [CO,(aq)], in turn caused by elevated atmospheric pCO,

levels during ETM2.

7.4.4 A first attempt to estimate pCO, for ETM2 using carbon isotopic
fractionation factors

For alkenone-producing haptophytes the relationship between [CO,(aq)] and ¢, is
relatively well constrained (Pagani et al., 2002a and references cited therein). There-
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fore, stable carbon isotopic fractionation records using long-chain alkenones are
frequently used for pCO, reconstructions (e.g. Andersen et al., 1999; Benthien et al.,
1999; Pagani et al., 1999, 2002a,b, 2005; Bijl/ et al., 2010; Palmer et al., 2010). How-
evet, Popp et al. (1998b) also reported a relation between [CO,(aq)], growth rate
and cell dimension for certain diatoms and cyanobacteria, although again other
factors such as light intensity may play a role as well (Burkbardt et al., 1999; Cassar
et al., 2000). This would imply that the carbon isotope composition of specific
marine algal biomarkers, other than alkenones, may also be applicable for pCO,
reconstructions. Indeed, ancient pCO, levels were determined by Freesman &> Hayes
(1992) using the carbon isotopic fractionations of sedimentary porphyrins (Popp
et al., 1989). Furthermore, variations in the offset between carbonate and organic
matter isotopic composition have been applied as paleo-pCO, proxy to reconstruct
the expected drawdown in atmospheric CO, during the late Cenomanian oceanic
anoxic event (Jarvis et al., 2011). Their trend in isotopic fractionation is remarkably
consistent with previously estimated Cretaceous pCO, values using the 8"°C values
of the specific marine biomarkers (S-bound) phytane and C,; hopane (Bice et al.,
20006; Sinninghe Dansté et al., 2008).

Here we follow the approach of Freeman & Hayes (1992), Bice et al. (2006) and
Sinninghe Damsté et al. (2008) to provide estimates of pCO, during the early Eocene
ETM2 interval. Large uncertainties and assumptions which are associated with this
approach will be discussed below. Our goal here is merely to present estimates of
the atmospheric CO, concentrations and changes therein, which potentially can
give insight in the changes of pCO, levels across an Eocene hyperthermal, and
provide a method which can be used at other environmental settings where similar

isotopic biomarker records can be obtained.

74.4.1 Calenlation of pCO, estimates

In order to reconstruct the atmospheric CO, concentrations across ETM2
from carbon isotopic fractionation factors, we assume that the relationship be-
tween ¢, and [CO,(aq)], based on the calibration of 3"°C composition of alkenones,
is also applicable for 8"°C values of other biomatkers produced by photoautotro-
phic organisms, in this case S-bound phytane, C,; HBI and C,; hopane. If so, then
the degree of isotopic fractionation (¢) in a cell can in theory be related to CO,
concentrations using the following equation (Bidigare ¢t al., 1997):

e, =& —b/ [CO,aq)] (eq. 7.3)

For haptophyte algae it has been shown that 4 displays a strong positive cor-
relation with phosphate concentrations (Andersen et al., 1999; Benthien et al., 2002; Bi-
digare et al., 1997; Pagani, 2002), and thus, if phosphate concentrations were known
then 4, and thereby [CO,(aq)], could be estimated. A similar relation, with different
b-values, is observed for other algae (Popp et al., 1998b) and we assume here that
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Figure 7.4| Estimations of the atmospheric CO, concentrations for the pre-ETM2 interval
(green symbols), CIE of ETM2 (red symbols) and the post-ETM2 interval (blue symbols) us-
ing: () the average 8"°C values of C;; hopane (diamonds) using a maximum fractionation level
(ef) of 20 %o; (b) the average 8"°C values of phytane (circles) and C,; HBI (triangles) with an
ef of 25 %o. (c) the average 8"°C values of phytane (circles) and C,; HBI (triangles) using an ef
value of 27 %o. Error bars include variations in SST and 8"C,; of 1 °C and 0.5 %o, respectively,
in addition to analytical errors. The grey shaded areas give the range of & (160-240) with 4=200
as intermediate value. Note that the uncertainty of the pCO, estimates increases with higher ep
values. Minimum pCO, values using this approach are 590, 860 and 520 ppmv for the pre-ETM
interval, the CIE of ETM2 and the post-ETM2 interval, respectively. This is at least 2 to 3 times
pre-industrial pCO, levels (blue dotted line).

b-values of these algae also depend on nutrients such as phosphate. However, it is
difficult to predict the PO, concentrations of Arctic surface waters, especially con-
sidering the stratified conditions during ETM2. Andersen et al. (1999) reported an
inverse relationship between the bulk nitrogen isotopes and phosphate concentra-
tions in equatorial and south Atlantic core-top sediments. They used this relation-
ship to reconstruct 4 and in turn the pCO, levels using their calibration of sedimen-
tary 8°C alkenones. As an approach to constrain the 4-value for Eq. 7.3, we applied
this relationship to the Early Eocene Arctic Ocean by using the nitrogen isotope
values measured by Kuies et al. (2008), leading to average phosphate concentra-
tions of 1.25 umol L' prior to ETM2 to 1.5 pmol L just at the onset of ETM2.
Depending on the calibration, this leads to a 4-value ranging between 160 to 240.
The pCO, estimates obtained using the approach outlined above are illustrated in
figure 7.4. Here we plotted the ¢, — CO, relationship of the algal biomarkers for
the three time intervals at an intermediate b-value of 200. The error-bars include

137



N~
—
(]
o
o
©
e
@)

uncertainties in SST (£ 1°C) and 87C,; (+ 0.5%), in addition to the analytical er-
rors. To illustrate the importance of 4, we varied this parameter over a range of
160-240 (Table 7.3 and Fig. 7.4). One has to bear in mind, though, that our pCO,
estimates are based on the ¢, — [CO,(aq)] relationship originally calibrated for 8"°C
alkenones (Pagani et al., 2002a and references cited therein). In addition, we assume
that the 8"°C; from Walvis Ridge is a representative of that in the Arctic Ocean
during the ETM2. The propagated uncertainty stemming from these assumptions
is difficult to quantify and is further discussed below.

For all three periods, the estimated pCO, values are practically similar using
three independent biomarkers and all suggest that pCO, values were at least 2x pre-
industrial values, i.e. the minimum pCO, estimates (considering all the uncertain-
ties). Furthermore, when using the intermediate 4-value, the estimated pCO, values
are 800 to 1100 ppmv (3 to 4 x pre-industrial values) for the pre-excursion interval
and 1100 to 2000 ppmv (4 to 7 x pre-industrial values) for the CIE of ETM2 (see
Table 7.3). Thus, pCO, during ETM2 may have been 300 to 800 ppmv higher than

prior to the ETM2.

7.4.4.2 Uncertainties, caveats and future outlook

Cleatly, our estimated pCO, values are all associated with large uncertainties as
indicated by the large error bars in Fig. 7.4, and we caution that they should not
be taken at face value. As mentioned before these pCO, estimates are relying on a
number of assumptions: (1) The 8°C composition of the DIC (8"°C,; in Eq. 7.2)
of the Arctic Ocean sutrface waters equals the surface water 8"°C of DIC of the
subtropic SE Atlantic Ocean at Walvis Ridge during the Early Eocene; (2) The
relationship between ep and [CO,(aq)], based on the calibration of §"°C composi-
tion of alkenones, is also applicable for 8°C values of other biomarkers produced
by photoautotrophic organisms, in this case S-bound phytane, C,; HBI and C;;
hopane; (3) The 4 value of photoautotrophs other than haptophyte algae are also
related to nitrogen isotopic compositions. Since these assumptions have not yet
been tested, it is not possible to estimate potential errors they introduce in the
PpCO, estimates, but clearly they will have a large impact. Furthermore, there are a
number of uncertainties associated with estimations of the isotopic fractionation
factors as discussed in section 4.3. For example, an uncertainty in 3"°C ; may arise
due to diagenesis and vital effects, and may be in the order of 0.5 %o. An uncertain-
ty of that magnitude will result in an equal uncertainty of 0.5 %o in ¢ . In turn, this
will result in a significant error of the pCO, estimations, which will be higher with
higher ep values. The error caused by uncertainties in SST estimates is twofold. An
increase of 1 °C causes ep to increase with ~0.12 %o. The second uncertainty is
in the sensitivity of the Arctic SST on the pCO, estimates as the solubility of CO,
is higher under lower sea water temperatures. In comparison with uncertainties in
8"C,p, an uncertainty in SST does not result in a large error in the pCO, estimates
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Figure 7.4| pCO, estimates inferred from diatom biomarkers from Holocene Arabian Sea
sediments (Netherlands Indian Ocean Program) sampled at different sites (Schouten et al., 2000).

- SST 8'C, &, e — 8"C g, b . [Col(aqn pCoO,
C) (%) (%) (%) (%) (kgpmol'L)  (umolkg’)  (ppmv)
451 25 2 8 C. HBI 233 95 140 9.0 310
453 25 2 8 CuwHBL 217 78 140 8.1 280
921 25 2 -8 C. HBI  .199 60 140 7.3 250
921 25 2 8 C..HBI  -194 55 140 12 250
921 25 2 8 C.,HBl 217 78 140 8.1 280

(10-100 ppmv per 1°C) and depends on the amount of [CO,(aq)]. Thus, uncertain-
ties in SST cause a relatively minor effect on our pCO, estimates. Nevertheless, our
‘background-ETM2 pCO, estimates are in agreement with other estimates using
proxy data (Dewzicco et al., 2003; Lowenstein & Denzicco, 20006) and modeling (Berner &
Kothavala, 2001; Pagani et al., 2006a; Zeebe et al., 2009) for the eatly/middle Eocene.
Clearly, further research constraining the viability of this approach is needed.
Especially, a good calibration between biomarker 3"C, ¢, and pCO, based on mod-
ern microorganisms other than haptophytes, is essential to gain better insight in
the factors that influence isotopic fractionation as discussed in the previous sec-
tion. These calibrations are needed to test the assumptions that ate at the base of
our pCO, reconstructions. Another way to test the reliability of our fractionation
model is to compare estimated pCO, using existing 8"°C records of organic bio-
markers with better-constrained pCO, conditions during past intervals, such as the
last glacial cycles. As a first step, we used the 8"°C of biomatkers of C,; HBIs in
Holocene sediments of the Arabian Sea (Schouten et al., 2000a) to estimate pre-
industrial pCO, levels using our method. We arrive at values between 250 to 300
ppmv, which compares favourably well with pre-industrial pCO, values (Table 7.4).

7.5 CONCLUSION

e measured concentrations and the 8C composition of sulfur-bound bio-

markers of marine algal and bacterial origin in sediments deposited in the
Arctic Ocean during ETM2, which record environmental change and primary
producer responses. Prior to ETM2, the depositional environment was eutrophic
with anoxic bottom water conditions, evident from the high TOC content and the
presence of sulfur-bound chemical fossils. The various biomarkers show a nega-
tive CIE of 3-4.5 %o, synchronously with a CIE of 3.5 %o in 8"°C, confirming a
decrease in the 8"C of the global exogenic catbon pool. Biomarker concentrations
and carbon isotope records indicate that primary productivity increased during
ETM2. This led to higher oxygen consumption and contributed to the develop-
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ment of photic zone euxinia. The CIE of the biomarkers is larger than that record-
ed in marine carbonates, suggesting an increase in the isotopic fractionation of the
marine primary producers, likely due to elevated pCO, levels. Using the carbon iso-
topic fractionation factors, we made a first attempt to reconstruct atmospheric CO,
concentrations and yield a potential range in pCO, values of 800 to 1100 ppmv (3
to 4 x pre-industrial values) and 1100 to > 2000 ppmv (4 to >7 x pre-industrial
values) for the pre-excursion and ETM2, respectively. However, these estimations
are subjected to large limiting factors and uncertainties. Critically, to estimate car-
bon isotopic fractionation factors we adopted the surface water 8"°Cpy, values of
Walvis Ridge as a representative of the Arctic Ocean surface waters during ETM2.
In addition, our pCO, estimates are based on the assumption that the e, — [CO,(aq)]
relationship, otiginally calibrated for the 8" °C composition of alkenones, is also
applicable for other biomarkers. Therefore, our estimated pCO, values should be
considered with care. Rather, they are meant to give an idea on what scale pCO,
levels may have changed during an Eocene hyperthermal. A more thorough testing
of the use of 8"C composition of biomarkers detived from marine microorgan-
isms for pCO, reconstructions is needed, before this method can be used as a tool
for reconstructing pCO, conditions of past climate.
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SUMMARY

In addition to the more acknowledged consequences of climate change, such as
global warming, the current human-induced increase of CO, into the atmo-
sphere is also responsible for a change in the chemical composition of seawater.
Since 1750, the initiation of the industrial revolution, approximately 50% of the
emitted anthropogenic CO, is taken up by the oceans. These enhanced concentra-
tions of aquatic CO, is responsible for an increase of the seawater acidity and thus
a decrease in pH, leading to ocean acidification, also known as “the other CO,-
problem”. Research on the response of marine organisms to ocean acidification
showed that especially calcifying organisms that build their skeletons from calcium
carbonate, such as corals, can experience negative consequences. This is mainly due
to the decrease in carbonate saturation state of the oceans. The consequences for
non-calcifying organisms are less clear, and depend on physiological and environ-
mental factors. Many micro-organisms (algae, bacteria and archaea) are important
players within the marine food web and the global carbon cycle, and it is therefore
crucial to understand their role in the future acidification process. One way to as-
sess this issue is to look at past time periods of geologically rapid increases in atmo-
spheric CO, and decreases in ocean pH and reconstruct the changes in microbial
community dynamics.

In this thesis the response of micro-organisms to high CO, and low pH levels
has been investigated by studying the distribution patterns and the stable carbon
isotopic composition of specific biomarkers or “chemical fossils” in present day
(part 1) and past (part II) environments.

Part I: Contemporary Systems

he degree of carbon isotopic fractionation has been shown to depend on vari-

ous factors, such as the stable carbon isotope (8"°C) value of the carbon as
well as amount of available carbon. This last aspect has been used to develop a
method to reconstruct atmospheric CO, concentrations using specific biomarkers
of marine microorganisms. Other environmental and physiological factors, such
as growth rate, light intensity, and cell morphology, are found to play a role as well
in determining the magnitude of carbon isotopic fractionation. Through cultiva-
tion experiments with the marine algae Phacocystis antarctica and Proboscia alata, both
important primary producers, the combined effect of these factors were studied
on the carbon isotopic fractionation of the organic matter of these two species.
Although significant species-dependent variations in carbon isotopic fractionation
were observed between the two culture studies, the results clearly suggest that the
aquatic CO, concentration is the main factor controlling the magnitude of frac-
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tionation for both P. antarctica and P. alata. This suggests that certain algal biomark-
ers are suitable for past pCO, reconstructions.

To assess the direct control of pH on certain membrane lipids, the distri-
butional patterns of branched glycerol dialkyl glycerol tetracthers (GDGTs) and
that of intact polar lipids (IPLs) were analysed in 23 lakes in Iowa and Minnesota,
USA. These lakes exhibit a large variation in lake water pH, alkalinity and trophic
state. Branched GDGTs are membrane lipids composed of branched alkyl chains,
which may contain one or two cyclopentane moieties. The control of pH on the
distribution of branched GDGTs, expressed by the Cyclisation of Branched Tet-
raether (CBT) index in soils has been well established, but in lakes this is less well
understood. The strong negative relationships between the CBT index and lake
water pH found in the USA lake dataset showed that the majority of these mem-
brane lipids are produced within the water column, in accordance with previous
studies. This implies that lake sediments can be used for lake-pH reconstructions,
although caution is recommended for lakes with pH levels that exceed 8.5. Prob-
ably the bacteria that produce the branched GDGTs reached their limit in making
adaptations to their cell membranes above this pH level. This may be related to the
variation in ion composition of the lakes and this can perhaps also explain the even
stronger correlation with lake water alkalinity than with the pH of the lake water.
However, the exact underlying mechanisms that explain this relationship remains
to be elucidated.

The lowa and Minnesota lake surface water suspended particulate matter also
contained a wide variety of IPLs. These are complex molecules that form the main
building blocks of the membranes of cellular organisms and are ubiquitously pres-
ent in all natural environments. Although most IPL classes were found in all of
the lakes, some significant differences could be observed. These could mainly be
explained on the basis of trophic level variability, rather than a direct effect of lake
water pH on the IPL distribution and abundances. For instance, the eutrophic lowa
lakes all contained a high abundance of lyso-IPLs (IPLs that contain only one fatty
acid chain), which were generally not detected in the oligotrophic Minnesota lakes
and is most likely due to the high ion content in the Iowa lakes. Furthermore, the
higher abundance of glycolipids in eutrophic compared to oligotrophic lakes could
be related to an increased N,-fixation by heterocystous cyanobacteria to sustain
primary productivity.

Part II: Past Systems
he Palacocene-Eocene Thermal Maximum (PETM; ~56 Ma) and Eocene
Thermal Maximum 2 (ETM2; ~54 Ma) are climate events, also known as hy-
perthermals, characterized by warming of the deep and surface oceans. They are
associated with large perturbations of the global carbon cycle, which is expressed
as negative carbon isotope excursions (CIEs) suggesting a massive injection of C-
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depleted carbon into the ocean-atmosphere system, most likely due to the release
of methane hydrates. This led further to large decreases in ocean pH evidenced by
severe carbonate dissolution. To gain more insights into the regional magnitude
of the CIE, warming and environmental changes in Northern Europe during the
PETM, the distribution and stable carbon isotopic composition of specific marine
and terrestrial biomarker lipids from two sites from the North Sea Basin were
analysed. Although similar as recorded at other sites, the CIE found in leaf-wax #-
alkanes derived from higher plants is possibly affected by regional variability, such
as a change in source area, vegetation and/ ot precipitation patterns. Palacoenviron-
mental reconstructions showed a strong shift in the depositional palacoenviron-
ment of the North Sea Basin from well-oxygenated to euxinic (anoxic and sulfidic)
at the onset of the PETM. This was evident by the presence of sulfur-bound
isorenieratane, a diagenetic product of the specific biomarker isorenieratene and
derived from anoxygenic photosynthetic green sulfur bacteria. Reconstructed sea
surface water and continental air temperatures using the TEX"; and MBT’/CBT
proxies indicate a warming of 8-10 °C and 5-8 °C, respectively. The magnitude of
the SST warming is higher than recorded at most other locations and may be due
to regional variability, amplifying the warming in the North Sea Basin.

The magnitude of the CIEs of the PETM and ETM2 vary widely per site and
carbon reservoir studied. This greatly complicates the constraining of the actual
CIE and thereby the amount of carbon that was involved during these hyperther-
mals. In order to constrain the CIEs a new approach was tested that potentially
enables the reconstruction of 8"°C of dissolved inorganic carbon by analysing the
stable carbon isotopes of biphytanes derived from Thaumarchaeotal GDGTs in
sediments deposited during the PETM in the North Sea Basin and ETM2 in the
Arctic Ocean. These biphytanes record a ~3.6%o for the PETM and ~2.5%o for
ETM2. This is respectively similar and slightly higher than the CIE reconstructed
from marine calcite, suggesting that the CIE recorded in Thaumarchaeotal GDGTs
may represent the actual CIE of marine DIC during these Eocene hyperthermals.

To investigate the response of marine microorganisms to the climatic and
environmental changes across ETM2 in the Arctic Ocean, the concentration and
stable carbon isotope profiles of several sulfur-bound biomarkers, derived from
marine photoautotrophs, were studied. The results show that the palacoenviron-
ment of the Arctic Ocean was highly productive with sub-oxic to anoxic bottom
water conditions during the entire studied interval. Sometimes sulfur-bound iso-
renieratane was detected, suggesting that at some occasions anoxia even reached
into the photic zone. Furthermore, the higher CIE recorded in the sulfur-bound
biomarkers in compatison to that recorded in marine calcite at the Walvis Ridge in
the Atlantic Ocean, suggests that the biomarkers were subjected to increased stab-
le carbon isotopic fractionation due to elevated pCO, levels during ETM2. Using
the 8°C composition of three selected sulfur-bound biomarkers (i.e. phytane, Cs,
hopane and a Cy; highly branched isopenoid) derived from different kinds of or-
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ganisms, we reconstructed atmospheric CO, concentrations for intervals before,
during and after ETM2. Although these reconstructions are subjected to some
uncertainties, the three independent biomarkers did yield similar pCO, values, sug-
gesting an increase towards at least 4 times pre-industrial levels.

he studies presented in this thesis give insight into the role of primary produc-

ers within the global carbon cycle and underlying feedback mechanisms during
periods of enhanced atmospheric CO, concentrations and decreased ocean pH
values and led to the development of a number of new and potentially promis-
ing proxies. The CBT index is now shown to record lake water pH and alkalinity
and may therefore be suitable for reconstructing lake water chemistry. The strong
dependence of stable carbon isotopic fractionation on aquatic CO, concentrations
in several algal species as well as the application of algal biomarkers in reconstruc-
tions of past pCO, levels during the ETM2 suggests that specific biomarkers from
various groups of important phytoplankton groups can be used for the recon-
struction of past pCO, levels. Finally, the stable carbon isotopic composition of
isoprenoid GDGTs derived from Thaumarchaeota show great potential as proxy
for the reconstruction of stable carbon isotope values of dissolved inorganic car-
bon and may be used as a new approach to constrain the negative carbon isotope
excursions during Eocene hyperthermals.

In all, the results in this thesis show that the distribution and stable carbon
isotopic values of lipid biomarkers add great value in studying past and contempo-
rary ocean acidification and to assess the consequences for future climate change.
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Naast de meer bekende gevolgen van klimaatverandering, zoals de opwarm-
ing van de aarde, zorgt de huidige toename van CO, in de atmosfeer door
menselijk activiteiten ook voor een chemische verandering in de samenstelling van
het zeewater. Sinds 1750, het begin van de industri€le revolutie, is ongeveer 50%
van het antropogeen geproduceerde CO, opgenomen door de oceanen. Deze ver-
hoogde CO,-concentratie heeft geleid tot een toename van de zuurtegraad van het
zeewater en dus een daling in de pH. Dit leidt uiteindelijk tot oceaanverzuring, ook
wel ‘het andere CO,-probleem’ genoemd. Onderzoek naar de reactie van mariene
organismen op oceaanverzuring heeft aangetoond dat vooral calcificerende (zoals
bijvoorbeeld koralen) hiervan negatieve gevolgen zullen ondervinden doordat de
kalkskeletjes makkelijker oplossen. De gevolgen voor organismen die geen kalk-
skeletten maken zijn minder bekend, en zijn athankelijk van hun fysiologie en van
tal van omgevingsfactoren. Veel micro-organismen (algen, bacterién en archaea)
vervullen een sleutelrol in het mariene voedselweb en de koolstofcyclus en een
beter begrip van hun rol binnen de huidige en tockomstige oceaanverzuring is
daarom van cruciaal belang, Door het bestuderen en reconstrueren van de veran-
deringen veroorzaakt door oceaanverzuring op micro-organismen in het geolo-
gische verleden, waarin een snelle stijging in atmosferische CO, concentraties en
daarmee extreme vormen van oceaanverzuring optraden, kan een beter begrip met
betrekking tot deze problematiek verkregen worden.

In dit proefschrift is gekeken naar de respons van micro-organismen op een
verhoogde CO,-concentratie dan wel verlaagde pH door het bestuderen van de dis-
tributiepatronen en de stabiele koolstofisotoopsamenstelling (8"°C) van specificke
biomarkers, ook wel “chemische fossielen” genoemd, in het heden (Deel I) en het
geologisch verleden (Deel 1I).

Deel I: Moderne Systemen

De mate van koolstofisotoopfractionatie (KIF) hangt af van verscheidene fac-
toren, zoals de 8"’ C-waarde van de koolstof die door het organisme wordt
opgenomen en de hoeveelheid koolstof die beschikbaar is. Deze laatste factor
heeft geleid tot een methode om atmosterische CO, concentraties te reconstru-
eren. Hierbij wordt gebruik gemaakt van de KIF van specifieke biomarkers atkom-
stig van mariene micro-organismen. Andere omgevings- en fysiologische factoren,
zoals groeisnelheid, lichtintensiteit en celmorfologie hebben echter ook een grote
rol in het bepalen van de mate van KIE In cultuurstudies met de mariene algen
Phacocystis antarctica en Proboscia alata, beide belangrijke primaire producenten, werd
op experimentele basis het gecombineerde effect getest van bovengenoemde fac-
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toren op de KIF van het organische materiaal van deze twee algensoorten. Al-
hoewel significante, soortathankelijke verschillen in KIF zijn waargenomen met
beide algen, laten de resultaten duidelijk zien dat de aquatische CO,-concentratie
de belangrijkste factor is voor het bepalen van de mate van KIF tijdens koolstofop-
name tijdens de fotosynthese voor zowel P. antarctica en P. alata. Hieruit blijkt dat
bepaalde biomarkers afkomstig van algen een hoog potentieel hebben als toepass-
ing voor pCO, reconstructies.

Voor het aantonen van de directe invloed van pH op bepaalde membraanlip-
iden, zijn de distributiepatronen van vertakte glycerol dialkyl glycerol tetraethers
(GDGTs) en die van intacte polaire lipiden (IPLs) geanalyseerd in het oppervlakte-
water van 23 meren in de Verenigde Staten (lowa en Minnesota). Deze meren zijn
geselecteerd op basis van hun grote variatie in pH, alkaliniteit en trofische staat.
Vertakte GDGTs zijn membraanlipiden die opgebouwd zijn uit alkylketens met
methylvertakkingen en kunnen ook één of twee cyclopentaanringen bevatten. Tus-
sen de pH en de distributie van vertakte GDGTs in bodems is een goed verband
gevonden en dit wordt uitgedrukt met behulp van de ‘Cyclisation of Branched
Tetraether’(CBT)-index. Dit verband wordt echter in meren minder goed begre-
pen. In deze studie werd een sterk negatieve correlatie gevonden tussen de CBT-
index en de pH van de Amerikaanse meren. Dit laat zien dat deze membraan-
lipiden voornamelijk in het meer zelf worden geproduceerd en niet aangevoerd
door bodemerosie, wat al was gesuggereerd in eerdere studies. Dit betekent dat
meersedimenten mogelijk gebruikt kunnen worden voor reconstructie van de pH
van het meer in het verleden. Er wordt echter aanbevolen om voorzichtig te zijn
met meren die een pH hebben hoger dan 8.5. Waarschijnlijk bereiken de bacterién
die de vertakte GDGTs produceren op dat moment een limiet voor het maken
van adaptaties aan hun celmembraan boven deze pH-waarden. Dit kan te maken
hebben met de hoge ionenconcentraties in deze meren en kan wellicht ook het
sterkere verband verklaren tussen de distributie van vertakte GDGTs en alkaliniteit
in vergelijking met die met pH. Het onderliggende mechanisme moet echter nog
worden opgehelderd.

Het gesuspendeerd particulair materiaal in de Amerikaanse meren bevat ook
cen gevarieerd spectrum aan IPLs. Deze complexe moleculen vormen de belan-
grijkste bouwstenen van de membranen in organismen en zijn wijdverspreid aan-
wezig in alle natuurlijke milieus. Alhoewel de belangrijkste IPL-structuren in alle
meren zijn aangetroffen, zijn er toch significante verschillen gedetecteerd. Dit kan
hootdzakelijk worden verklaard op basis van de trofische variabiliteit, in plaats van
een direct effect van pH op de IPL-distributie en -concentraties. Bijvoorbeeld, de
eutrofe meren in Iowa bevatten allen een zeer hoge concentratie aan lyso-1PLs
(IPLs die maar één vetzuurketen bevatten). Deze werden niet aangetroffen in de
oligotrofe meren in Minnesota. Dit kan waarschijnlijk verklaard worden door ho-
gere ionenconcentraties in de Iowa meren in vergelijking met de meren in Min-
nesota. Verder zijn ook hogere concentraties van glycolipiden aangetroffen in de
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eutrofe meren ten opzichte van de oligotrofe meren. Dit wordt waarschijnlijk vero-
orzaakt door specificke cyanobacterién die stikstof (N,) fixeren en zo de hoge
primaire productie in de eutrofe meren in stand kunnen houden.

Deel II: Periodes uit het Geologisch Verleden

Het Paleoceen-Eoceen Thermaal Maximum (PETM; ~56 miljoen jaar geleden)
en Boceen Thermaal Maximum 2 (ETM2; ~53 miljoen jaar geleden) zijn
episodes van snelle klimaatveranderingen, ook wel hyperthermalen genoemd. Zij
worden gekenmerkt door opwarming van de diepzee en oppervlaktewateren. Ze
worden verder geassocieerd met grote verstoringen van de mondiale koolstofcy-
clus, die zich uiten als negatieve koolstofisotoopexcursies (KIEs). Deze zijn vero-
orzaakt door massieve injecties van *C-arm koolstof in de atmosfeer en oceaan,
waarschijnlijk in de vorm van methaan afkomstig van “smeltende” methaanhy-
draten. Dit heeft verder geleid tot grote daling van de pH van de oceaan met als
gevolg oplossing van calciumcarbonaten. Om een beter inzicht te verkrijgen in
de regionale omvang van de KIE, de opwarming en de milieuveranderingen ge-
durende de PETM, zijn de distributiepatronen en 8"”C waarden van specifieke
mariene en terrestrische biomarker-lipiden in sedimenten van twee PETM secties
in Denemarken bestudeerd. De KIE gevonden in de #-alkanen atkomstig van ho-
gere plantenwassen komt overeen met KIEs gevonden op andere locaties, maar
is waarschijnlijk beinvloed door regionale variabiliteit, zoals een verandering van
het gebied vanwaar de #-alkanen werden getransporteerd, en een verandering in
vegetatie en/of precipitatiepatronen. Paleomilieureconstructies laten verder een
sterke verschuiving zien in het paleomilieu van het Noordzeebekken van goed
geventileerde naar euxinische (zuurstofloze en zwavelrijke) omstandigheden aan
het begin van de PETM. Dit kan worden geconcludeerd aan de hand van de aan-
wezigheid van zwavelgebonden isorenierataan, een diagenetisch product van het
specifieke pigment isorenierateen afkomstig van anoxygene fotosynthetiserende
groene zwavelbacterién. Reconstructies van de oppervlaktezeewatertemperatuur
en de jaargemiddelde luchttemperatuur boven nabijgelegen landmassa’s, gebruik-
makende van de TEX", en MBT’/CBT temperatuurproxies, laten een opwarming
zien van respectievelijk 8-10°C en 5-8°C. De oppetvlaktezeewatertemperatuur is
hoger dan geregistreerd op de meeste andere PETM-locaties en is mogelijk vero-
orzaakt door regionale verschillen die de opwarming van het oppervlaktewater in
de Noordzee vergrootten.

De grootte van de negatieve KIEs die optraden tijdens de PETM en ETM2
verschilt aanzienlijk per locatie en is tevens afhankelijk van welke vorm van kool-
stof gebruikt wordt voor de reconstructie. Dit compliceert de bepaling van de
ware grootte van de atmosferische KIEs en daardoor de schatting van de hoeveel-
heid koolstof die tijdens deze hyperthermalen is vrijgekomen. In sedimenten af-
gezet in het Noordzeebekken tijdens de PETM en in de Arctische Oceaan tijdens
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ETM2 is de stabiele koolstofisotoopsamenstelling van zogenaamde bifytanen, de
ether-gebonden lipiden van Archaea, geanalyseerd. Er is specifiek gekeken naar
bifytanen afkomstig van het GDGT crenarchaeol dat specifiek is voor (mariene)
Thaumarchaeota. De analyse van de stabiele 8"°C-waarde van crenarchaeol is een
potentieel nieuwe manier om de variaties in de stabiele 8"°C-waarde van opgelost
anorganisch koolstof te kunnen bepalen. De resultaten laten een negatieve KIE in
crenarchaeol zien van 3.6 %o voor de PETM en 2.5 %o voor ETM2, respectievelijk
gelijk aan en hoger dan de KIE gereconstrueerd met behulp van calciumcarbonaat
uit andere locaties. Het is dus zeer waarschijnlijk dat de gereconstrueerde KIE uit
de GDGTs atkomstig van Thaumarcaheota de werkelijke KIE van opgelost anoz-
ganisch koolstof weergeeft.

In sedimenten atkomstig uit de Arctische Oceaan afgezet tijdens ETM2 is
de reactie van mariene micro-organismen op klimaat- en milieuveranderingen
bestudeerd. Dit is gedaan aan de hand van de distributiepatronen en 8°C-waarden
van zwavelgebonden biomarkers, aftkomstig van mariene fotoautotrofen. Hiermee
werd aangetoond dat het paleomilieu van de Arctische Oceaan gekenmerkt werd
door een hoge productiviteit met bodemwatercondities variérend van zuursto-
farm tot geheel zuurstofloos. In enkele intervallen werd de specificke biomarker
zwavelgebonden-isorenierataan gedetecteerd. Dit toont aan dat in sommige geval-
len de zuurstofloze condities tot in de fotische zone reikten. Verder is een hogere
negatieve KIE gevonden in de zwavelgebonden-biomarkers in vergelijking met de
KIE in calciumcarbonaat in sedimenten afgezet op de Walvisrug in de Atlantische
Oceaan. Dit impliceert dat een toegenomen KIF veroorzaakt door een verhoogde
atmosferische en oceanische CO,-concentratie gedurende ETM2. Door gebruik
te maken van de 8"”C-waardes van drie zwavelgebonden-biomarkers (fytaan, Cs,
hopaan en een C,; hoogvertakte isoprenoid), atkomstig van verschillende groepen
organismen, zijn de atmosferische CO,-concentraties gereconstruecerd van voor,
tijdens en na ETM2. Alhoewel deze reconstructies onderhevig zijn aan onzeker-
heden, kon wel worden vastgesteld dat de 8?C-waarden van deze drie onafhankeli-
jke biomarkers, atmosferische CO,-concentraties voorspellen tijdens de KIE van
ETM2, van op z’n minst vier keer pre-industriéle pCO,-waarden.

De studies gebundeld in dit proefschrift geven inzicht in de rol van primaire
producenten binnen de koolstofcyclus en de onderliggende ‘feedback’-
mechanismen tijdens perioden van verhoogde CO,-concentraties en verlaagde
pH-waarden van de oceanen en hebben geleid tot het ontwikkelen van nieuwe,
veelbelovende proxies. Het is nu aangetoond dat de CBT-index als indicator voor
de pH en alkaliniteit in het water van meren gebruikt kan worden en daardoor
potentieel geschikt is voor de reconstructiec van de waterchemie in meren. De
sterke afhankelijkheid van de stabiele KIF van de aquatische CO,-concentratie in
verscheidene mariene algensoorten, in combinatie met het succesvol toepassen
van 8"C-waarden van biomatkers voor de reconstructie van atmosferische CO,
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concentratie gedurende ETM2, rechtvaardigt het gebruik van 8"°C-waarden van
specifieke biomarkers van verschillende belangrijke groepen fytoplankton voor het
reconstrueren van atmosferische CO,-concentraties in het geologische verleden.
Tot slot, het gebruik van de stabiele koolstofisotopensamenstelling van bifytanen
afkomstig van de GDGTs van Thaumarchaeota laat een hoge potentie zien als
nieuwe methode voor de reconstructie van de 8"”C waarde van opgelost anot-
ganisch koolstof en kan dus mogelijk als nieuwe methode worden gebruikt om de
ware negatieve KIEs van Eocene hyperthermalen, te kunnen bepalen.

Samenvattend tonen de resultaten in dit proefschrift aan dat de distribu-
tiepatronen en stabiele koolstofisotoopsamenstelling van specifieke biomarkerlip-
iden een sterke bijdrage kunnen leveren aan het beoordelen van de gevolgen van
oceaanverzuring in het verleden, heden en de toekomst.
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Then there are also the other NIOZ-people I would like to thank, who contrib-
uted to the fun time I had during my PhD: Craig & Julie and of course little Lau-
ren, John, Thalia, Anna, Astrid, Marcel Bakker, Jan-Berend, Karel Bakker, Libby,
Jenny, Leslie, Juliane, Viola, Sharyn, Pedro, Catarina, Sofia, Amanda, Paul, Santi,
Claire, Cees, Lukas, Yvo, Richard, Lennart Groot, Jordi, Hélene, Valeska, Andjin,
Merel, Maarten, and all the other people I forget to mention.....

Astrid en Anna, als projectpartners, dank jullie wel voor de samenwerking. Anna,
we hebben een hele leuke tijd gehad in Iowa en Minnesota, ik vond het heel fijn
om met je samen te werken en met goede resultaten tot gevolg. We hebben veel
lol gehad aan het Wabana Lake, ondanks het vroege opstaan, en natuurlijk tijdens
onze tocht naar Chicago. Wat een fantastische stad!

John, you are an interesting person and your sadistic thoughts made lunch times
much more interesting! ;-) Thank you very much for the fun time in Almere and
for creating THE picture. It’s beautiful!ll
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Thalia, thank you too for your musical contribution. I wished we could have
played more together!

Ik wil ook hier graag plaats vrij maken om de niet-academische staf te bedanken
van de ICT-, financi€le en technische afdelingen, voor al hun hulp en ondersteun-
ing. Vooral bedankt: Bert Aggenbach, Joke Mulder, Hilde Kooijman en Siem
Groot.

Vrienden en familie, ook jullie heel erg bedankt voor alle steun.

Marcel, Jolanda, Joeri en Vivian ik vond het erg leuk dat jullie me hebben opge-

zocht op Texel. Ik heb een super leuke dag gehad. Edwin, Iris, Max en Nina, dat
geldt natuurlijk ook voor jullie. Jammer dat ik net op het punt stond om te gaan
verhuizen, waardoor het wat chaotisch was.

Dikke knuffel voor Babet. We blijven elkaar trouw, zelfs als we elkaar heel lang
niet zien of spreken. We kunnen alles tegen elkaar zeggen en dat waardeer ik
enorm. Bedankt dat je mijn beste vriendin wilt zijn en blijven!

Frans, jou wil ik speciaal bedanken voor je hulp tijdens mijn zoektocht naar een
promotieplaats. Jij hebt me in contact gebracht met de juiste mensen van het
NWO. Dit heeft ervoor gezorgd dat ik de stoute schoenen aantrok en uiteindelijk
op het NIOZ terechtkwam. En ook Petra natuutrlijk hartelijk bedankt!

Als laatste wil ik mijn ouders bedanken. Zelfs als ik in het meest vervallen huis
van Texel wil gaan wonen of met de gekste beesten aan kom zetten, jullie zijn er
altijd voor mij en blijven mij steunen, waar ik ook ben, wat ik ook doe. Ik ben jul-
lie heel erg dankbaar voor al de support, aandacht, liefde en geborgenheid die ik
in al die jaren heb mogen ontvangen!
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In 1998 she received her HAVO diploma at the Alberdingck Thym College in
Hilversum. After being rejected to join the Koninklijke Marechaussee, she started
with Office Management at Hoogeschool Schoevers in Utrecht. Though soon it
became clear this was not the correct career choice and always fascinated by rocks
she decided that she wanted to study geology. To be accepted at university, this
however implied, that she needed an additional degree in physics and mathematics,
which she received in the following two years. Meanwhile, she worked as a
compounder at International Flavors and Fragrances (IFF) in Hilversum. In 2001
she finally could start studying Earth Sciences at Utrecht University and in June
2007 Petra received her Master’s degree with a specialization in Biogeology. In
March that following year she started her PhD in Organic Biogeochemistry at
the Royal Netherlands Institute for Sea Research (NIOZ) on Texel, under the
supervision of prof.dr.ir. Stefan Schouten and prof.dr.ir. Jaap Sinninghe Damsté,
which resulted in this thesis. Since February 2013 Petra started as a postdoctoral
researcher at the University of California in Riverside (UCR), to study ancient
membrane lipids from Archaean rocks.
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