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The paleoclimate record shouts to us that, far from being self-stabilizing, the
Earth’s climate system is an ornery beast which overreacts even to small nudges.
Wallace S. Broecker




Introduction




Chapter 1

1. MARINE CYCLES OF CARBON, OXYGEN AND PHOSPHORUS

The oceans cover more than 70% of our planet and play an important role in the
biogeochemical cycles of numerous major and minor elements. Three of these elements,
carbon (C), oxygen (O) and phosphorus (P), are key building blocks for life on Earth. Oxygen,
in the form of O,, is also vital for the survival of most multicellular marine organisms.

Carbon, in the form of CO,, and O, is exchanged between the surface ocean and the
atmosphere, while rivers also supply C, mostly as bicarbonate (HCO,) (Figure 1). In the
photic zone, the layer of the surface ocean that light penetrates, dissolved C is used for the
production of organic matter through photosynthesis, and for the synthesis of calcium
carbonate (CaCO,) by calcifying organisms. The former process consumes CO,, while the
latter produces CO,. Photosynthesis is controlled by the availability of P, which is mainly
supplied as phosphate (PO,*) by rivers, and other limiting nutrients such as nitrogen and
iron, and produces O,. Oxygen is subsequently consumed by the oxidation (degradation)
of organic matter in the water column and in sediments. On geological time scales, marine
sediments constitute the main sink for organic C (C) and CaCO,, and P, which is buried as
organic P (P,;) and in association with iron oxides, authigenic apatite or other minerals (e.g.
Ruttenberg, 2003).

The cycles of these three major elements are partially co-dependent, as evidenced
by the impact of dissolved C and P on the production of O, through photosynthesis,
and are also greatly affected by climate change. An increase in atmospheric CO,
will eventually translate into an increase in uptake by the surface ocean, leading to
ocean acidification as ocean pH decreases (e.g. Broecker and Clark, 2001; Caldeira
and Wickett, 2003; Doney et al., 2009; Bates et al., 2014). The uptake of CO, can also
result in decreased carbonate (CO,”) concentrations which, in combination with lowered pH,
will reduce the production and preservation of CaCO, (e.g. Orr et al., 2005).

Rising temperatures reduce the solubility of O, (Weiss, 1970) and affect dissolved O,
concentrations in surface waters (Fig. 1.2). Warming also enhanced density stratification
of the ocean, which can be locally intensified by freshening of surface waters due to an
increase in precipitation or glacial melt (e.g. Manabe and Stouffer, 1995; Jacobs et al., 2002).
Stratification impedes oxygenation of sub-surface and deep waters by reducing the mixing
with surface waters and deep water formation (e.g. Wilkin et al., 1997; Sarmiento et al.,
1998; Matear et al., 2000; Keeling and Garcia, 2002), whereas the consumption of O, through
organic matter degradation may be favored in a warmer climate (e.g. Marsay et al., 2015;
Lenborg et al., 2018). A reduction in O, availability favors the preservation and burial of C,
while it also enhances the regeneration of P from organic matter and the recycling of P from
sediments back to the water column.

The impact of human-induced climate change on ocean biogeochemistry is already becoming
apparent. Since the start of the Industrial Revolution approximately 30% of human CO,
emissions have been taken up by the surface ocean (Sabine et al., 2004; Sabine and Feely,
2007; Khatiwala et al., 2013; De Vries, 2014). The projected decrease in pH for the 21* century
is about 0.3 - 0.4 units and marine CO,> concentrations are expected to drop by 50%, within
the same timeframe (Orr et al., 2005). There is increasing evidence that biological calcification
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will be inhibited, potentially affecting several marine organisms including marine primary
producers (Doney et al., 2009; Hendriks et al., 2010; Harvey et al., 2013).

A. CARBON AND OXYGEN CYCLES
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Figure 1.1| Major processes in the biogeochemical cycles of carbon (C) and oxygen (O,) (A),
and phosphorus (P) (B) in the ocean - atmosphere system. Arrows indicate the direction
of fluxes. For details see Sarmiento and Gruber (2006) and Ruttenberg (2003). Symbols are
explained in the text.
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Figure 1.2| Schematic illustration of processes affecting, directly and indirectly, the O,
inventory of the continental shelf and open ocean (modified from Stramma et al., 2010).
OMZ: Oxygen Minimum Zone.

The open ocean has lost ~2% of its O, inventory over the last 50 years (Schmidtko et al.,
2017) and naturally occurring Oxygen Minimum Zones (OMZs) are expanding (Stramma et
al., 2012). This follows from the increased outgassing of O, from the surface ocean (Bopp et
al., 2002), increased stratification (Li et al., 2020) and a slow-down in Atlantic Meridional
Overturning Circulation (e.g. Caesar et al., 2021). Coastal hypoxia ([O,] <63 umol liter")
has spread exponentially since the 1960s as sewage and fertilizer fluxes into the ocean favor
eutrophication (Diaz and Rosenberg, 2008), which causes increased production of organic
matter, followed by increased O, consumption as the organic matter is remineralized (e.g.
Rosenberg et al., 1990). The current trends in ocean deoxygenation are projected to continue
unless significant reductions to greenhouse gas emissions and nutrient discharges are made
(e.g. Breitburg et al., 2018), and the combined effects of deoxygenation and acidification will
impose limits to the distribution and diversity of marine biota (Steckbauer et al., 2020).

2. FEEDBACKS WITHIN THE CLIMATE SYSTEM

The lifetime of CO, in the atmosphere, the magnitude of the resulting climate system
perturbation and the subsequent response in marine biogeochemistry, all rely heavily on
the influence of feedbacks (IPCC, 2013). Feedback loops constitute processes wherein the
consequence of an initial system change reduces the strength of (negative feedback; Fig. 3a)
or amplifies (positive feedback; Fig. 3b) that initial perturbation. The large range of climate
model projections for the future is caused largely by the presence of these climate feedbacks
and the uncertainty surrounding them (Cubasch and Cess, 1990). Three key feedbacks are
discussed in the context of this thesis: the terrestrial weathering feedback, the drawdown of
CO, through C burial and the effect of redox-driven P recycling on deoxygenation.

The weathering of terrestrial calcium and magnesium silicate rocks is one of the most
important feedbacks with the Earth system (Fig. 3¢c) (Ebelmen, 1845; Urey, 1952; Berner and
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A. NEGATIVE FEEDBACK C. EXAMPLE 1: WEATHERING
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Figure 1.3| Schematic representation for the functioning of negative (A; blue) and positive (B;
red) feedbacks in the climate system (left), and examples (right). Progressively lighter colors
represent reduction in intensity, while progressively darker colors indicate amplification. The
first negative feedback (C) is based on work by Ebelmen (1845) and Urey (1952), the second
negative feedback (D) on Slomp and Van Cappellen (2007) and Komar and Zeebe (2017), and
the positive feedback (E) on Van Cappellen and Ingall (1994).

Berner, 1997). High CO, concentrations and a warmer, wetter climate promote weathering,
which in turn draws down CO,. Due to the dependence of this process on a number of
parameters such as temperature and soil pH, its exact response under greenhouse conditions
is a subject of ongoing research (e.g. Winnick and Maher, 2018). The timescale of the
weathering feedback is very long, making it a relatively slow climate feedback. An initial
estimate of the timescale was on the order of 300 - 400 x10’ years (kyr) (Sundquist, 1991), but
currently it is thought to be 170 - 380 kyr (Zachos et al., 2005; Colbourn et al., 2015).
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The production of C.;, constitutes a second negative feedback on atmospheric
CO, concentrations (Fig. 3d). Elevated atmospheric CO, concentrations favor the
weathering of apatite rocks (Guidry and Mackenzie, 2000), stimulating the input of P to
the ocean, the production of C,. and deoxygenation. As reducing conditions favor the
preservation of C,. in marine sediments (Ingall et al., 1993; Hartnett et al., 1998), this can
lead to a significant accumulation of C, in sediments, leading to a net loss of atmospheric
CO, (Walsh et al., 1981; Ingall and Jahnke, 1997). The burial of C, is a more rapid feedback
on the C cycle than weathering, in the range of tens of thousands of kyr (e.g. Komar and
Zeebe, 2017).

The redox-driven recycling of P from marine sediments functions as a positive feedback
on dissolved O, concentrations (Fig. 3e). Under anoxic conditions ([O,] = 0) the retention
of P in sediments, as P, or iron-bound P, is generally reduced and recycling to the water
column increases (e.g. Gachter and Meyer, 1993; Ingall et al., 1993; Ingall and Jahnke, 1997;
Slomp et al., 2002). Subsequently, the increased availability of P will promote surface water
eutrophication and enhance the production of organic matter. Degradation of the additional
organic matter will consume O,, enhancing bottom water deoxygenation and intensifying
the release of P from sediments. The response time of ocean biogeochemistry depends on the
residence time of P in the ocean, which is estimated between ~9 and 100 kyr (Froelich et al.,
1982; Broecker, 1982; Ruttenberg, 1993; Wallmann, 2003; Ruttenberg, 2003).

3. PAST PERTURBATIONS OF OCEAN BIOGEOCHEMISTRY

Current emissions of greenhouse gasses are without precedent in the last 66 million years
(Myr), pushing the climate system into a state to which our species is unaccustomed (e.g.
IPCC, 2013; Zeebe et al., 2016). Yet, while the cause (i.e. human activity) is novel, Earth’s
climate and oceans have experienced many upheavals during the past 4.5 billion years. The
study of the Earth’s past, and specifically intervals experiencing similar changes to those
projected for the future, allows us to assess the impact of global feedbacks on the onset and
recovery of changes in the C cycle, climate and marine biogeochemistry (e.g. Burke et al.,
2018).

Past triggers of changes in the global C cycle and climate include the emplacement of Large
Igneous Provinces (LIPs) (e.g. Turgeon and Creaser, 2008), seafloor spreading (e.g. Kasting
and Richardson, 1985), methane hydrate destabilization (e.g. Dickens et al., 1997) and
variations in the Earth’s orbital cycles (e.g. Ganopolski and Calov, 2011), as well as modes
of internal climate variability, such as the Pacific El Nifo (e.g. Larkin and Harrison, 2005)
and the North Atlantic Oscillation (e.g. Hurrel and Deser, 2010). As a result, CO, levels have
been as low as 100 ppm and as high as 2000 - 5000 ppm in the last 450 Myr (Foster et al.,
2017) and fluctuated between ~170 - 300 ppm over the last 800 kyr (Liithi et al., 2008). Mean
ocean pH has not been constant in the past, falling well below the pre-industrial value of
~8.15 (Honisch et al., 2012) and several C cycle and climate perturbation events have resulted
in instances of ocean acifidication (e.g. Zachos et al., 2005; Trecalli et al., 2012; Bauer et
al., 2017), with a potentially devastating impact on marine fauna such as deep-sea benthic
foraminifera (e.g. Thomas and Schakleton, 1996).
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Multiple intervals of widespread deoxygenation have been identified throughout Earth’s
history (e.g. Schlanger and Jenkyns, 1976; Berry and Wilde, 1978; Condie et al., 2001;
Jenkyns, 2010; Sluijs et al., 2014; Cheng et al., 2020), often coincident with the deposition
of Cppg-rich sediments (e.g. Arthur et al., 1990; Jenkyns, 2010; Cartapanis et al., 2016).
Increased temperatures (e.g. McInerney and Wing, 2011; Ullmann et al., 2020) and increased
precipitation and runoff (e.g. van Helmond et al., 2014; Carmichael et al., 2017) promoted
stratification and limited O, supply to surface and deep water masses (e.g. Sluijs et al., 2008).

In addition to such global events, instances of basinal deoxygenation can also leave traces
in the geological record. The Eastern Mediterranean sapropels are examples of organic-rich
deposits that are the result of such basin-scale anoxia (e.g. Rohling, 1994). The rhythmical
reoccurrence of these organic-rich sedimentary layers alludes to their main cause: the
intensification of the North African monsoon as a result of changes in Earth’s orbital
cyclicity (e.g Rossignol-Strick et al., 1985; Hilgen, 1991; Gasse, 2000). The strengthened
monsoon enhanced riverine discharge from the Nile, promoting stratification and circulation
slowdown, while also supplying nutrients for primary productivity (e.g. Rohling and Hilgen,
1991; Rohling, 1994; Calvert and Pedersen, 1992). Bottom water conditions during sapropel
deposition resulted in an increased efflux of P from sediments (e.g. Slomp et al., 2004; Reed et
al., 2011).

4. CASES OF PAST DEOXYGENATION IN THIS THESIS

It is vital to understand the aforementioned climate feedbacks and their impact on ocean
biogeochemistry over a range of temporal and spatial scales. This thesis focuses on three key
systems and time intervals, in particular: the Holocene Baltic Sea and the ocean during the
Paleocene - Eocene Thermal Maximum and Cretaceous Oceanic Anoxic Event 2. With this
selection I cover different geological time intervals — from thousands (Holocene) to millions
(Paleogene and Cretaceous) of years ago — and event durations — from hundred to hundreds
of thousands of years. Additionally, the Holocene Baltic Sea is an example of deoxygenation
in a single basin (e.g. Zillén et al., 2008), whereas the PETM and OAE2 were intervals of
widespread deoxygenation (e.g. Dickson, 2017).

4.1 Holocene: The Baltic Sea

Located in Northern Europe, the Baltic Sea is a landlocked, brackish-marine basin with
a permanently stratified water column and restricted exchange with the open ocean (Fig.
1.4) (Stigebrandt and Gustafsson, 2003; D66s et al., 2004). As a result, the deeper areas in
particular are preconditioned to bottom-water deoxygenation. Saline inflows from the
North Sea periodically oxygenate bottom waters (Matthatis and Franck, 1992), but also
strengthen stratification (Gerlach, 1994; Conley et al., 2002). Furthermore, the oxygenation
state of Baltic Sea is negatively affected by the warming and eutrophication caused by human
activities, making it the world’s largest human-induced ‘dead zone’ (Diaz and Rosenberg,
2008; Gustafsson et al., 2012; Carstensen et al., 2014). Despite reductions in terrestrial
nutrient inputs since the 1980s (HELCOM, 2007), P concentrations in the Baltic Sea have not
decreased due to recycling of P in the system (Conley et al., 2002). As a result of the abundant
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A. Holocene Baltic Sea B. Late Paleocene - Early Eocene
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Figure 1.4| Maps of the central Baltic Sea during the Holocene (A) and the global continental
configuration for the Late Paleocene and Early Eocene (B; modified from Marwick, 2007), and
the Late Cretaceous (C; map created using GPlates and 94 Ma settings; with the continental
polygons and rotation frame of Matthews et al., 2016).

presence of P in surface waters, cyanobacterial blooms persist and contribute to the rain of
Cope to sediments (Eilola et al., 2009; Funkey et al., 2014).

The modern, brackish-marine Baltic Sea was established in the last 10,000 years, following
sea level rise at the end of the Last Glacial Maximum and intrusion of marine waters
from the North Sea into the freshwater Ancylus Lake (Andrén et al., 2011 and references
therein). Laminated, C,y.-rich sediments deposited within this interval indicate that the
Baltic Sea has experienced two pre-modern stages of widespread hypoxia (e.g. Andrén et
al., 2000). These stages occurred between 8 - 4 kyr ago (ka) and 1.2 - 0.75 ka, coinciding
with two separated intervals of warming that affected mainly the mid- and high latitudes
pf the Northern Hemisphere termed the Holocene Thermal Maximum (HTM) and the
Medieval Climate Anomaly (MCA) (e.g. Wanner et al., 2008; Zillén et al., 2008; Mann et al.,
2009). The occurrence of hypoxia during the HTM is mainly attributed to the establishment
of a halocline as saline North Sea waters entered the freshwater basin and high primary
productivity (Emeis et al., 2003; Funkey et al., 2014). The younger hypoxic period of the MCA
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has been linked to higher temperatures (Kabel et al., 2012) as well as the growing human
population which led to intensified agriculture and P input from land, and eutrophication
(Zillén et al., 2008; Funkey et al., 2014).

4.2 Paleogene: The Paleocene-Eocene Thermal Maximum

The Paleocene-Eocene Thermal Maximum (PETM; 56 Ma) (Fig. 4) was a geologically short
(=200 kyr; e.g. Rohl et al., 2007; Zeebe and Lourens, 2019) C cycle perturbation (McInerney
and Wing, 2011 and references therein) with increased temperatures (e.g. Fricke et al., 1998;
Wing et al., 2005; Frieling et al., 2017) and ocean acidification (e.g. Zachos et al., 2005; Gibbs
et al., 2010). In addition to these changes in the climate system, the PETM is also associated
with faunal turnover, such as the large scale extinction of deep sea benthic foraminifera (e.g.
Thomas, 1989; 2007). Sediments deposited during the PETM record a large negative 8§“C
excursion, associated with the addition of a significant mass of >C-depleted C to the ocean-
atmosphere system (Dickens et al., 1995; McInerney and Wing, 2011 and references therein).
Potential source reservoirs for this C are methane hydrates (e.g. Dickens et al., 1995; 1997),
possibly destabilized by orbitally controlled warming (Sluijs et al., 2007; Lunt et al., 2011;
Zeebe and Lourens, 2019), thermogenic methane (Svensen et al., 2004) and volcanism (e.g.
Bralower et al., 1997).

Several lines of evidence indicate that ocean deoxygenation spread during the PETM,
especially in restricted basins such as the Arctic Ocean and peri-Tethys (Sluijs et al., 2014; Yao
et al., 2018). Causes for this include warming and salinity stratification (Sluijs et al., 2008),
and increased primary and export production of organic matter (e.g. Bains et al., 2000; Gibbs
et al., 2006; Ma et al., 2014). These processes, in combination with higher sedimentation
rates, led to substantial accumulation of C,. in marine sediments, in particular in marginal
settings (e.g. Sluijs et al., 2008; John et al., 2008; Dickson et al., 2014; Dunkley Jones et al.,
2017). This burial of *C-depleted marine C is hypothesized to have contributed to the
rapid recovery of §"°C and the C cycle to their background state at the end of the PETM
(Bowen and Zachos, 2010; Gutjahr et al., 2017; Komar and Zeebe, 2017).

4.3 Cretaceous: Oceanic Anoxic Event 2

The Cenomanian-Turonian Oceanic Anoxic Event 2 (OAE2; ~94 Ma) was among the largest
C cycle perturbations of the Mesozoic and is the most extensively studied OAE (Schlanger
and Jenkyns, 1976; Arthur et al., 1990; Jenkyns, 2010). The outgassing of CO, during the
emplacement of Large Igneous Provinces (LIPs) and from mid-ocean spreading centers
(e.g. Ingram et al., 1994; Sinton and Duncan, 1997; Jones and Jenkyns, 2001; Turgeon and
Creaser, 2008), led to a rise in atmospheric CO, (Barclay et al., 2010) and global temperatures
(e.g. Voigt et al., 2004; Forster et al., 2007; van Helmond et al., 2014a). The consequent
intensification of weathering (von Strandmann et al., 2013; Jenkyns et al., 2017) provided
nutrients that supported increased primary productivity (e.g. Sepulveda et al.,2009; Trabucho-
Alexandre et al., 2010; Monteiro et al., 2012; Ruvalcaba-Baroni et al., 2014), while warming
and an intensified hydrological cycle (e.g. van Helmond et al., 2014a; 2015) strengthened
stratification. As a consequence, anoxic and euxinic conditions spread (Owens et al., 2013;
Dickson et al., 2016; Clarkson et al., 2018), especially in the restricted proto-North Atlantic
and continental seas such as the Western Interior Seaway (e.g. van Helmond et al., 2014a; b;
2015).
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The reducing conditions and increased primary productivity during OAE2 supported the
deposition of sediments with high *C-depleted C content (e.g. Takashima et al., 2006). The
widespread increase in C burial led to an exogenic C pool depleted in *C and (strongly)
enriched in "“C, and a positive excursion in sedimentary §"C records globally (Jenkyns,
2010). The increased recycling of P from reducing sediments sustained anoxia and Cgg
burial, extending the duration of OAE2 (Mort et al., 2007; Tsandev and Slomp, 2009; Kraal
et al., 2010). The deposition of large amounts of Cg,, in marine systems is also proposed
to have caused a decrease in atmospheric CO, (Sinninghe Damsté et al., 2008; 2010; Jarvis
et al., 2011). This drawdown of CO, and/or changes in circulation (Zheng et al., 2013;
2016; O’Connor et al., 2020) were associated with one or more pulses of cooling, including
the Plenus Cold Event (Gale and Christensen, 1996; O’Connor et al., 2020 and references
therein), and likely re-oxygenation of bottom waters (Friedrich et al., 2006; Van Helmond et
al., 2014b; Clarkson et al., 2018; Sweere et al., 2020).
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Figure 1.5| Schematic representation of the processes, feedbacks and C cycle components
studied in this thesis. Solid arrows represent process intensification and dashed arrows
represent reduction. Boxes indicate the chapters in which these processes are discussed in
detail.

5. SCOPE AND OUTLINE OF THESIS

Within the content of this thesis, I aim to qualitatively and quantitatively assess the
driving mechanisms and consequences of marine deoxygenation and C,,, burial in a
greenhouse world (Fig. 1.5). The focus lies on instances of locally and globally enhanced
deoxygenation (Fig. 1.6): the Holocene Baltic Sea (Chapter 2), three sapropels deposited
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Figure 1.6| The geological time scale (Gradstein et al., 2012) spanning the Cenozoic and
Mesozoic, the two Eras that encompass the events studied in this thesis. Arrows indicate the
position of the studied intervals and the corresponding thesis chapters. The oldest intervals
are on the right and the youngest on the left. PLSTCN: Pleistocene.

in the Pliocene and Quaternary Mediterranean Sea (Chapter 3), the PETM (Chapters 3 and
4), OAE2 (Chapters 3 and 5) and Toarcian Oceanic Anoxic Event (Chapter 3). Key questions
I aim to answer are the causes of deoxygenation on a local (Chapter 2) and global (Chapter
4) scale, the controls of P mineral formation on P recycling under anoxia (Chapter 3) and the
global impact of enhanced redox-driven P recycling (Chapters 3 — 5), and the effect of redox-
driven C . burial on the global carbon cycle (Chapters 4 and 5).

In order to unravel the causes of extensive deoxygenation and its impact on C,. burial, I
paired new geochemical and palynological sediment analyses, with the analysis of existing
data sets and biogeochemical box modelling. Samples from international cruises (DSDP, ODP
and IODP) and outcrops, for the PETM and Holocene Baltic Sea, were analyzed for their C
content and total elemental composition. Specifically, the content of trace metals was used to
reconstruct changes in redox conditions for these sediments (Brumsack, 2006; Tribovillard
et al., 2006). For the Holocene Baltic Sea, the temperature evolution was assessed using
TEX,, and the abundance and diversity of cysts produced by dinoflagellates, single-celled
eukaryotic organisms, were primarily quantified to reconstruct variations in surface salinity
(e.g. Zonneveld et al., 2013). The recycling of P relative to C,, was assessed for OAE2, the
PETM, sapropels, as well as the modern deep, euxinic Black Sea and the Arabian Sea Oxygen
Minimum Zone, based on a data compilation of the C, /Py proxy (Ingall et al., 1993;
Algeo and Ingall, 2007).

Changes in marine biogeochemical cycles during the PETM and OAE2 were investigated
using two separate box-models. I built a new biogeochemical model, with an ocean-box
configuration specific for the PETM, which covers the cycles of C,., O, and P in the deep
ocean and along continental margins. This model was used specifically to investigate the
mechanisms causing widespread deoxygenation and C, burial during the PETM. A second
model, the long-term ocean-atmosphere sediment C cycle reservoir model (LOSCAR-P;
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Zeebe et al., 2009; 2012; Komar and Zeebe, 2017), was used to test the response of bulk
marine C isotope ratios to enhanced light C input and burial.

6. THESIS SYNOPSIS

The two pre-modern hypoxic intervals in the Baltic Sea are well described and documented
(Zillén et al., 2008), but their cause(s), particularly potential climatic forcing, remains heavily
debated. Chapter 2 investigates the role and relative timing of salinity stratification, increased
temperature and nutrient loading as causes for the anoxic conditions in the deepest basin
of the Baltic Sea (Landsort Deep) during the Holocene Thermal Maximum (HTM) and
Medieval Climate Anomaly (MCA). At the start of the HTM, melting ice sheets and rising sea
levels caused the intrusion of saline marine waters from the North Sea into the still freshwater
Baltic Sea. Dinoflagellate cyst abundance and morphology reconstruct a major increase
in salinity during peak anoxia in the Landsort Deep. A coeval increase in temperature
underlines the importance of reduced O, solubility and temperature stratification, together
with salinity stratification, in reducing the O, supply to the deep basin. The anoxia resulted in
the accumulation of dark, C-rich sediments during the HTM. The bottom waters became
oxygenated again when salinity stratification weakened and the climate cooled again. In
contrast to the HTM, the occurrence of anoxia during the MCA appears to have been mainly
linked to warm temperatures. This study highlights the fact that climate change will intensify
deoxygenation in the Baltic Sea, and coastal seas in general, likely counteracting the impact of
reduced nutrient input.

The Baltic Sea is a modern basin where deoxygenation has greatly enhanced P recycling
(e.g. Mort et al., 2010). Yet proxy studies have shown that P recycling was also increased
during certain hypoxic intervals in the geological past (Algeo and Ingall, 2007). Chapter 3
explores why P recycling during key greenhouse and deoxygenation intervals exceeded the
modern process in magnitude. Traditionally, enhanced recycling of P is only linked to low
O, concentrations, which are known to drive the preferential regeneration relative to Cy,
and the dissolution of iron oxides. Such changes in P recycling can be traced back through
sediment ratios of C /P,y (for the last few millions of years) and Cgpg/Propr While high
values of Cg,./Pro; are observed in sediments of the modern Black Sea and Arabian Sea
OMZ, those in ancient sediments exceed the modern range, as observed, for example, for the
T-OAE, OAE2 and two sapropels (i-282¢ and S5). Geochemical calculations for the saturation
state of past porewaters, show that high temperatures and lower pH, which were typical
for the studied organic-rich sediments of the past, combined with low O, concentrations
negatively impact the formation of carbonate fluorapatite, the main long-term sink for P. This
presents a warning in view of the continuing expansion of low-O, areas in the modern ocean,
coupled with ongoing acidification and warming as a consequence of human-induced climate
change.

Deoxygenation during the PETM was less intense and extensive in comparison to OAE2
(Owens et al., 2013; Dickson, 2017; Clarkson et al., 2018; Yao et al., 2018; Clarkson et al.,
2021), but deoxygenation was likely widespread, on continental shelves in particular (Sluijs et
al., 2014). Most C; burial takes place along continental margins (e.g. Hedges and Keil, 1995;
Burdige, 2005) and low O, conditions promote this process (e.g. Ingall et al., 1993; Hartnett et
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al., 1998). Thus the rapid initial recovery of "°C at the end of the event (Bowen and Zachos,
2010) may have been aided by C;, accumulation in marine sediments. Chapter 4 studies
the spatial and temporal extent of increased primary productivity and deoxygenation, and
their combined effect on C, burial, during the PETM. The work in this chapter shows
that productive, low-O, environments occurred mostly on the continental margins and in
restricted basins, and persisted into the recovery phase. The resulting increase in C, burial
was also focused in these marginal environments and of a magnitude sufficient to affect
the bulk 8"°C signal of the ocean. The large amount of C, buried during the PETM also
indicates that a large amount of light carbon must have been emitted to produce the plateau
in 8"C records.

Carbon-isotope records are used to reconstruct changes in the exogenic carbon cycle.
Transient negative excursions may provide quantitative assessments of the mass of
“C-depleted carbon injected into the global exogenic carbon pool (e.g., Dickens ef al., 1997;
Dickens, 2001), while positive excursions can be used to constrain the mass of *C-depleted
Cope burial (e.g. Nederbragt et al., 2004; Owens et al., 2018). In either case, it is important to
consider the effect of both CO, emissions and removal on §"C. In Chapter 5, we explore the
links between Large Igneous Province volcanism, C. burial and the carbon isotopic record
for OAE2. The temporal proximity of the emplacement of one or more LIPs and the evidence
for increased mantle input of elements such as osmium is the basis for the hypothesis that
increased volcanism triggered the spread of anoxia and the geochemical cascade of OAE2.
In this study, we develop a volcanic CO, emission and C. burial scenario for OAE2 using
the model LOSCAR-P that optimally reproduces the key features of the OAE2 §"°C and CO,
record. Our best-fit scenario implies a two-pulse volcanism scenario and redox-sensitive
Cope and P burial. The combination of high C. burial and an intermittent decrease in LIP
activity results in the documented drop in atmospheric CO,, followed by the characteristic
negative Plenus isotopic excursion. These features provide the first combined constraints on
the magnitude, rate and duration of volcanism and C,, burial, consistent with §"°C and CO,
records for OAE2.

7. CONCLUDING REMARKS

In summary, this thesis provides a framework for the causes and consequences of marine
deoxygenation and C burial. Warming, both regional (Chapter 2) and global (Chapters 3
and 4), promotes the loss of dissolved O, from ocean waters and the accumulation of C,, in
marine sediments. Deoxygenation enhances P recycling relative to C.. This recycling was
more pronounced during greenhouse periods than at present (Chapters 2 - 4). During the
PETM (Chapter 4) and OAE2 (Chapter 5), the geochemical cascade leading to the buildup
of Cype in marine sediments was caused by increased CO, emissions. The burial of C, had
a profound effect on the exogenic carbon cycle, resulting in the drawdown of CO, from the
atmosphere.

The findings presented in this thesis provide indications for the possible future evolution
of marine biogeochemical cycles. The projected increase in temperature (IPCC, 2013) will
lead to loss of O, from open ocean waters, while it may also hinder the recovery of coastal
areas (e.g. the Baltic Sea) from deoxygenation, upon nutrient input reductions (Chapter
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2). Acidification will not only affect calcifying organisms and marine alkalinity, but may
enhance P recycling and, hence, eutrophication (Chapter 3). As the oceans warm and CaCO,
dissolution spreads into more areas of the deep ocean (e.g. Sulpis et al., 2018), P recycling
from deep marine sediments may increase. The impact of C,. burial on atmospheric CO,
(Chapters 4 and 5), even during a mild deoxygenation event such as the PETM (Chapter 4),
underlines the importance of including this process and its causes in global biogeochemical
and climate models when assessing the lifetime of our emissions in the atmosphere.
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To aim for the highest point is not the only way to climb a mountain.
Nan Shepherd — The Living Mountain
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The Baltic Sea is currently the largest marine hypoxic (O, < 2 mg L™') ‘dead zone’
following excessive nutrient input from anthropogenic activities over the past
century. Widespread hypoxia has previously developed in the Baltic Sea during the
Holocene Thermal Maximum (HTM; 8 — 4 ka before present; BP) and the Medieval
Climate Anomaly (MCA; 1.4 — 0.7 ka BP). Here we study the mechanisms that
contributed to the onset and termination of this past hypoxia using geochemical
and marine palynological data from a sediment record retrieved from the Landsort
Deep during IODP Expedition 347 (Site M0063). Dinoflagellate cyst records and
TEX,,-based sea surface temperature reconstructions indicate a major increase
in salinity and temperature prior to and across the onset of the HTM hypoxic
interval, underlining the importance of both temperature and salinity stratification
in providing conditions conducive to the onset of hypoxia. Both salinity and
temperature decline during the termination of the HTM hypoxic interval. In
contrast, we find no evidence for significant changes in surface salinity during the
MCA hypoxic interval and both the onset and termination of hypoxia appear to
have been primarily driven by changes in temperature. Our results indicate that
temperature and salinity changes were key drivers of past hypoxia in the Baltic
Sea and imply that ongoing climate change will delay recovery from the modern,
nutrient-driven hypoxic event in the Baltic Sea.
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1. INTRODUCTION

Hypoxia, i.e. dissolved oxygen concentrations in seawater <2 mg L™ ' (e.g. Rabalais et al.,
2010), has been a recurring natural phenomenon in marine environments throughout Earth’s
history (e.g. Jenkyns, 2010). In the past decades, anthropogenic activities and global climate
change have led to widespread hypoxia in coastal waters with harmful consequences for
marine life (Diaz and Rosenberg, 2008).

The modern Baltic Sea is a key example of such a human-induced dead-zone (e.g. Conley et
al., 2009; Carstensen et al., 2014a). Current efforts to mitigate the effects of hypoxia focus on
reducing nutrient inputs from agriculture and sewage (Andersen et al., 2017). In addition,
elevated temperatures contribute to the spread of hypoxia in multiple ways, e.g. by reducing
the solubility of oxygen and stimulating marine productivity. Seawater temperatures are
expected to increase further in the Baltic Sea region over the coming decades (BACC II
Author Team, 2015), and may partly counteract the positive impact of nutrient reduction.
As a consequence, the timeline of recovery from hypoxia in the Baltic Sea remains uncertain
(Meier et al., 2012).

Past intervals of hypoxia, recorded in marine sedimentary archives, provide the opportunity
to study the various factors that control the development of hypoxia. In the Baltic Sea, two
distinct intervals of widespread hypoxia are recognized prior to the modern hypoxic period
(Zillén et al., 2008). Both intervals occurred in the ca. 8 ka following the transition from
the freshwater Ancylus lake phase to the brackish-marine Littorina phase (A/L transition,
e.g. Bjorck, 1995). The first hypoxic interval was dated at 8 — 4 ka before present (BP)
and coincided with the warm, dry period of the Holocene Thermal Maximum (HTM; e.g.
Anderson et al., 1988; Zillén et al., 2008; Jilbert and Slomp, 2013). Diatom assemblages and
the isotopic composition of organic matter from laminated sediments in the Gotland Basin
record maxima in salinity, suggesting that the influx of saline North Sea waters after the
A/L transition caused the expansion of hypoxia through water-column stratification (Emeis
et al., 2003; Zillén et al., 2008). Hypoxia resulted in enhanced recycling of sedimentary
phosphorus (P) and increased marine productivity, thereby acting as a positive feedback on
de-oxygenation (Sohlenius et al., 2001; Jilbert and Slomp, 2013). The termination of the HTM
hypoxic interval (HTM,;;) has been attributed to reduced salinity and weakened stratification
(Zillén et al., 2008; Carstensen et al., 2014a), and to the shoaling of the northern Aland Sea
sill (Jilbert et al., 2015). This shoaling is thought to have led to reoxygenation of the Bothnian
Sea and, consequently, to an increase in the burial of P imported from the Baltic Proper. The
associated decline in P availability in the Baltic Proper may have contributed to a decline in
marine productivity and subsequent oxygen demand in deeper waters (Jilbert et al., 2015).

A large fraction of the Baltic Proper became hypoxic again between 1.4 and 0.7 ka BP,
during the Medieval Climate Anomaly (MCA), when mean air temperatures were 0.9 —
1.4°C higher than temperatures recorded in the period 1961-1990 (e.g. Mann et al., 2009;
Jilbert and Slomp, 2013). Population estimates indicate that around the onset of the MCA
hypoxic interval (MCA) the human population in the Baltic Sea watershed expanded
significantly and the associated release of nutrients from agriculture may have enhanced
marine productivity (Zillén et al., 2008; Zillén and Conley, 2010). Kabel et al. (2012) proposed
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that a decrease in sea surface temperature (SST) at the end of the MCA,;; reduced marine
productivity in the Baltic Sea and resulted in the termination of the hypoxic interval. A
decrease in external nutrient loading due to a large population decline following the outbreak
of the Black Death may have contributed to the termination as well (Zillén et al., 2008).

Various studies have focused on understanding environmental changes in the Baltic Sea
region and their impact on the development of hypoxia during the HTM,;, and the MCA
using sediment records (e.g. Sohlenius et al., 2001; Zillén et al., 2008; Zillén and Conley, 2010)
or climate modeling (Schimanke et al., 2012). However, major uncertainties remain regarding
temporal changes in surface and bottom water salinity (Gustafsson and Westman, 2002;
Emeis et al., 2003) and marine productivity (e.g. Brenner, 2005). Furthermore, currently only
three SST records exist for the Baltic Sea. Two of these records are from the Baltic Proper,
covering the past 1000 yr, excluding the HTM,;, and the early MCA,;; (Kabel et al., 2012),
while the third is a low resolution record from an estuary in the Bothnian Sea (Warnock et
al., 2017). Differences in sampling resolution and dating uncertainties further complicate
comparison of the available records.

During Integrated Ocean Drilling Program (IODP) Expedition 347 a suite of long sediment
cores was recovered from the Baltic Sea (Andrén et al., 2015a). Here, we present a high-
resolution, multi-proxy study of sediments from the Landsort Deep (Site M0063, Fig. 1),
capturing profiles of the onset and termination of the HTM,;; and MCA,. The combination
of geochemical, lipid and palynological data allows the simultaneous reconstruction of
variations in salinity and SST. We find that hypoxia during the HTM shows a strong link with
changes in both salinity and temperature, while MCA hypoxia appears to have responded
mainly to temperature changes.

2. MATERIALS AND METHODS

2.1. Study site and sample selection

For the past ~ 8 ka the Baltic Sea has been a restricted marginal sea that is strongly influenced
by river runoftf and saline inflows from the North Sea (Bergstrom and Carlsson, 1994;
Gustafsson and Westman, 2002; Zillén et al., 2008). The deepest basin of the Baltic Sea is the
Landsort Deep (459 m), which currently has a density stratified water column and bottom
waters that are permanently euxinic (no oxygen and presence of free sulfide) (e.g. Zillén et al.,
2008). The studied sediment record was retrieved from the central part of the Landsort Deep
at Site M0063 (58°37.34'N, 18°15.25E; 437 m water depth; Fig. 2.1) during IODP Expedition
347 in October 2013 (Andrén et al., 2015a).

The HTM,, and MCA,; were previously identified at this site based on sedimentary
enrichments in organic carbon (Cggs), sulfur (S) and molybdenum (Mo) contents in
~ 9 m and ~ 4 m laminated intervals respectively (Dijkstra et al., 2016). Here, we focus on
a selection of samples around the onset and termination of the HTM,;, and MCA,;,. These
include 12 subsamples (~20 cm resolution; Hole C) previously studied by Dijkstra et al.
(2016) and additional subsamples taken at 5 cm depth resolution from the sediments from
Hole C at the IODP Core Repository in Bremen. While Andrén et al. (2015b) and Dijkstra
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Figure 2.1| Bathymetric map of the Baltic Proper. Site M0063 (red star) of IODP Expedition
347 is located in the Landsort Deep at a water depth of 437 m. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

et al. (2016) provided meters below seafloor (mbsf) depths, we use the new adjusted meters
below seafloor (ambsf) depth scale. The difference in the two depth scales is caused by gas
expansion of sediments during their recovery, which resulted in apparent depth overlap
between consecutive sections (Obrochta et al., 2017). The ambsf depth scale eliminates this
overlap. The chosen intervals cover the changes in C; and Mo at the onset and termination
of the HTM,,, and MCA,,; (Dijkstra et al., 2016): 27 — 24 ambsf, 21 — 17 ambsf, 7.2 — 6.3
ambsf and 3.9 — 3.3 ambsf. We also present geochemical data for 58 subsamples published
by Dijkstra et al. (2016): 27 — 24 ambsf, 21 — 17 ambsf, 7.2 — 6.3 ambsf and 3.9 — 3.3 ambsf.
TEX,"~based SSTs were determined for a total of 54 subsamples.

2.2. Sediment geochemistry

Sediment samples were freeze-dried and powdered with an agate mortar and pestle. Between
100 and 125 mg of sample was weighed in Teflon destruction vessels, after which 2.5 ml
concentrated mixed acid (HCIO,:HNO,; 3:2) and 2.5 ml 40% HF were added. The mixture
was then heated to 90°C and left overnight. Subsequently, the acids were evaporated at a
temperature of 140°C, after which the residue was dissolved in 25 ml 4.5% HNO,. Finally,
the concentrations of iron (Fe), molybdenum (Mo) and aluminum (Al) were measured using
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using a Perkin Elmer
9224 Optima 3000. Sedimentary Mo and Fe contents were normalized over Al. The relative
standard deviation for the elements presented in this study was <5% based on duplicate
analysis.
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Approximately 300 mg of powdered freeze-dried sediment was weighed in centrifuge tubes
for decalcification prior to organic carbon analysis. The samples were mixed twice with 7.5 ml
of 1 M HC], shaken overnight and subsequently washed twice with 10 ml demineralized water
(Van Santvoort et al., 2002). Afterwards, the samples were dried in an oven at 50 °C. Between
5 and 10 mg of decalcified sediment was weighed in tinfoil cups and analyzed using a Fisons
Instruments CNS NA 1500 analyzer. Sedimentary C,,, content was calculated after correcting
the sediment weight for carbonate loss. Duplicate analyses indicated that the relative standard
deviation for C,,, was <5%.

A total of 54 sediment samples were freeze-dried, homogenized and extracted using
a modified Bligh and Dyer technique (Ritters et al., 2002) at the Christian-Albrechts
University. Up to 10 g of sediment was extracted ultrasonically for 10 min with a solvent
mixture of methanol (MeOH): dichloromethane (DCM): phosphate buffer (2:1:0.8, v/v/v).
The extract and residue were separated by centrifuging at 1500 rpm for 5 min, after which
the supernatant was decanted into a new vial. This procedure was repeated until the extract
was colorless. Subsequently, DCM and phosphate buffer were added to the combined extract
to a volume ratio of 1:1:0.9 (v/v/v), which resulted in a phase separation. After centrifugation
(2500 rpm, 5 min), the lipid-containing bottom layer was collected and the aqueous phase
was washed twice with DCM. Subsequently, the combined DCM phases were reduced under
rotary vacuum and transferred to glass vials, in which elemental sulfur was removed for 24 h
by the addition of activated copper turnings. The obtained Bligh and Dyer extracts (BDEs)
were then evaporated to dryness under a stream of nitrogen and stored at —20°C until further
processing.

All BDEs were separated into apolar and polar lipid fractions using activated AlL,O, as
stationary phase and hexane:DCM (9:1, v/v) and DCM:MeOH (1:1, v/v) as respective eluents.
The polar fractions, containing glycerol dialkyl glycerol tetraethers (GDGTs), were dried
under N, re-dissolved in a mixture of hexane:propan-2-ol (99:1, v/v) to a concentration of
2 mg ml™' and filtered through a 0.45 um PTEE filter prior to analysis.

GDGTs were separated using a Waters Alliance 2695 high performance liquid
chromatography (HPLC) system equipped with a Prevail Cyano column (150 mm x 2.1 mm
i.d., 3 pm; Grace, Deerfeld, Il, USA) and following the analytical protocol described by
Hopmans et al. (2000) and the gradient profile of Liu et al. (2012). Detection of isoprenoid
and branched GDGTs was achieved using a Micromass ZQ single quadrupole mass
spectrometer (MS) equipped with an APCI source operated in positive ion mode. MS
conditions were as detailed in Heyng et al. (2015). All GDGTs were detected via single ion
recording (SIR) of their protonated molecules (dwell time 234 ms) as described by Schouten
et al. (2007).

TEX,," values were calculated following the formula of Kim ef al. (2010) and transferred to
SSTs using the Baltic Sea calibration of Kabel et al. (2012).

To determine the robustness of the TEX,,", we calculated the Branched and Isoprenoid
Tetraether (BIT) index according to Hopmans et al. (2004). Empirical studies indicate that
in settings where the BIT index exceeds the threshold of 0.3 (Weijers et al., 2006) or shows
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a correlation with TEX," or its derivatives (Schouten ef al., 2013) the reconstruction of SSTs
using the distribution of isoprenoid GDGTs may be inaccurate.

2.3. Palynology

An aliquot of the freeze-dried sediment sample was gently crushed using an agate pestle
and mortar. Subsequently, between 0.2 and 6.5 g of sediment was spiked with Lycopodium
clavatum spores for quantification of palynomorph abundance (Wood et al., 1996). Samples
were treated with HCI (10%) and HF (38%) to dissolve carbonates and silicates, respectively.
The samples were centrifuged for 5 min at 2200 rpm and decanted to remove the acids. The
samples were subsequently sieved over a 10-um sieve and placed in an ultrasonic bath for
5 min to aid disaggregation of organic matter and remove minerals (e.g. pyrite). The retrieved
residues were mounted on slides with glycerin gel and analyzed under a light microscope
at a 400 x magnification. Identification was performed to genus and species level following
Rochon et al. (1999), Fensome and Williams (2004) and Marret et al. (2004). Averages of 189
(Maximum: 352; Minimum: 45, pre-A/L transition) and 118 (Maximum: 199; Minimum:
75) dinoflagellate cysts (dinocysts) were counted for the HTM and MCA, respectively. These
averages are lower than the value of 300 counts usually considered sufficient to generate
reliable diversities (e.g. Mertens et al., 2009). However, due to the low dinocyst diversity of
Baltic Sea samples (Willumsen et al., 2013; Ning et al., 2015; Sildever et al., 2015), we are
confident that these counts are representative of the sample content.

2.4. Proxy interpretation

2.4.1. Geochemical proxies

Changes in the sedimentary Fe and Mo contents can provide insight into past bottom water
redox conditions (e.g. Helz et al., 1996; Lyons and Severmann, 2006; Scott and Lyons, 2012).
In surface sediments on oxic shelves, Fe is generally present in the form of Fe-oxides. When
oxygen concentrations decrease, Fe may be mobilized and transported to adjacent deep basins
as nanoparticle Fe-oxides or complexed Fe(III) (Raiswell and Canfield, 2012). Increased Fe
contents relative to a detrital background in deep basin sediments can therefore be used as
an indicator of hypoxic conditions on the surrounding shelf (Lyons and Severmann, 2006;
Raiswell and Canfield, 2012). The fraction of reactive Fe that is present as pyrite (FeS,) (degree
of pyritization; Raiswell et al., 1988) can be used to distinguish between sediments deposited
under anoxic (>0.38) and euxinic (0.7) bottom waters (Poulton and Canfield, 2011). Sediment
Mo content can also be used to track past bottom water redox conditions (Scott and Lyons,
2012).

2.4.2. Palynological proxies

About 15 to 20% of extant dinoflagellates produce a fossilizable organic-walled dinocyst (e.g.
Head, 1996). The distribution of dinoflagellates and their dinocysts is sensitive to a variety of
environmental parameters, such as SST, salinity and marine productivity (Zonneveld et al.,
2013), so that the presence and abundance of dinocyst species in down-core sediments can
be employed to reconstruct paleoenvironmental conditions (e.g. de Vernal and Marret, 2007).

The process length of Operculodinium centrocarpum cysts in the Baltic Sea has been related
to surface water salinity and is therefore applied as a (paleo-)salinity proxy (e.g. Mertens et
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al., 2011; Willumsen et al., 2013; Jansson et al., 2014; Ning et al., 2015). Here, we define an O.
centrocarpum index, which we use as a qualitative indicator of salinity changes. The index is
based on the relative abundance of morphotypes with processes over cysts without processes
and is calculated as:(1)

We also used the cysts of Gonyaulax apiculata as an indicator for freshwater conditions. This
species is a freshwater dinoflagellate (Evitt et al., 1985) and its cyst has been found in lake
sediments (e.g. Kouli et al., 2001).

2.5. Age model

For Site M0063, an age model was created for Hole D using the bulk '“C method (Obrochta
et al., 2017). We could not transfer this model to Hole C (this study), because of the large
and variable depth offset between holes. Furthermore, an offset of on average 0.9 £ 0.75 ka is
observed for the onset and termination of the HTM,;, and MCA;; when compared to earlier
work (Jilbert and Slomp, 2013; Funkey et al., 2014; Lenz et al., 2015). These studies used an
age model for Gotland Basin sediments developed using three different geochronological
methods (Lougheed et al., 2012). Given the relative proximity of the Gotland Basin to the
Landsort Deep, we expect the timing of the onset and termination of the hypoxic intervals to
have been similar and we therefore use the ages of Lougheed et al. (2012).

3. RESULTS

3.1. Ancylus/Littorina transition and the Holocene Thermal Maximum

The sediments deposited in the lower part of the A/L transition (27-26.6 ambsf) are low in
Fe/Al (~0.6 wt%/wt%) and C. (<1 wt%), and depleted in Mo (2.2A-C). In the upper part
(26.6-26.2 ambsf), Fe/Al increases (0.7 wt%/wt%) and the C,,, content doubles (2 wt%), while
Mo remains absent. Reconstructed SST increases from 15.4°C to ~17°C (Fig. 2.2D). Cysts of
G. apiculata initially dominate the dinocyst assemblage (>80%; Fig. 2.2E) but then decrease
strongly (<5%; above 26.4 ambsf).

At the onset of the HTMy,;, (~26.2 ambsf), a distinct maximum in Fe/Al (>0.9 wt%/wt%),
Mo/Al and C; (>6 wt%) is observed. Sea surface temperatures are generally above 16 °C
but decrease intermittently to 14.3°C. A second maximum in Fe/Al, Mo/Al and C,,, occurs
between 25 and 24.7 ambsf. The O. centrocarpum index displays marked minima (<0.1)
during peak values of Fe/Al and Mo/Al (Fig. 2.2F).

The termination of the HTM,; (~19.5-17.2 ambsf) is reflected in a decline to relatively
low values of Fe/Al, Mo/Al and C,; (~0.7 wt%/wt%, <0.0003 wt%/wt% and ~2 wt%,
respectively). Prior to the termination, SST is 17.6°C and during the termination a decline in
SST to <14°C is observed. G. apiculata is mostly absent and there is no clear trend in the O.
centrocarpum index.

3.2. The Medieval Climate Anomaly
Sediments deposited between 7.2 and 6.5 ambsf are relatively poor in Fe/Al (0.7 wt%/wt%),
Mo/Al and C (1.5 wt%), and record SSTs around 14.7°C (Fig. 2.3A-D). A few cysts of G.
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apiculata are infrequently present (Fig. 2.3E; H). The O. centrocarpum index (Fig. 2.3F) varies
between 0.3 and 0.4.
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Figure 2.2| Overview of geochemical and palynological data from Hole C, Site M0063 of
the Landsort Deep for the depth intervals 27-24 ambsf and 21-17 ambsf. The onset (~26.2
ambsf) and termination (~17.2 ambsf) of the Holocene Thermal Maximum hypoxic interval
(HTM,;,) are dated at approximately 8 ka and 4 ka BP, respectively. A. Iron over aluminum
ratio (Fe/Al) B. Molybdenum over aluminum ratio (Mo/Al) C. Total organic carbon content
(Cora) D TEX,," sea surface temperatures E. Relative abundance of freshwater Gonyaulax
apiculata cysts E Operculodinium centrocarpum surface water salinity index. The dotted
interval indicates barren samples that were devoid of palynomorphs. Red symbols in panels
A-C represent data from Dijkstra et al. (2016) Units (Ic-IIa) represent the core lithology
(Andrén et al., 2015b). A/L: Ancylus/Littorina transition (Dijkstra et al., 2016).
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Figure 2.3| Overview of geochemical and palynological data from Hole C, Site M0063 of the
Landsort Deep for the intervals of 7.2-6.3 ambsf and 3.9-3.3 ambsf. The onset (~6.5 ambsf)
and termination (~3.5 ambsf) of the Medieval Climate Anomaly hypoxic interval (MCA,)
are dated at approximately 1.4 ka and 0.7 ka BP, respectively. A. Iron over aluminum ratio
(Fe/Al) B. Molybdenum over aluminum ratio (Mo/Al) C. Total organic carbon content (Cyp.)
D. TEX,," sea surface temperatures E. Relative abundance of freshwater Gonyaulax apiculata
cysts E Operculodinium centrocarpum surface water salinity index Red symbols in panels A-C
indicate data from Dijkstra et al. (2016). Units (Ia-Ic) represent the core lithology (Andrén
et al., 2015b). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Across the onset of the MCA;; (6.5-6.3 ambsf), increases in Fe/Al (>1 wt%/wt%), Mo/Al
and C,; (>2 wt%) are observed. Sea surface temperatures rise from ~14.6°C to 16.5°C. G.
apiculata cysts disappear from the record. The C,; maximum (~5 wt%) is preceded by two
maxima in the O. centrocarpum index (~0.7).
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The termination of the MCA;, (3.9-3.5 ambsf) is characterized by a general decrease in Fe/
Al and Mo/Al. Values of C,, are relatively constant at ~ 2.9 wt%. Following the termination,
values for Fe/Al and C, are on average 0.7 wt%/wt% and 2 wt%, respectively. Mo is only
intermittently present. TEX,'-reconstructed SSTs between 14 °C and 15 °C precede the

termination. There is no clear trend in the O. centrocarpum index.

4. DISCUSSION

4.1. Environmental conditions during the transition to the brackish-marine Littorina Sea

The onset of the brackish-marine Littorina Sea is recorded in Landsort Deep sediments by
the gradual appearance of benthic foraminifera and brackish-marine diatoms in Unit IIb
(Andrén et al., 2015b) and by a strong decline in the abundance of freshwater G. apiculata
cysts (26.4-26.2 ambsf, Fig. 2.2E). This disappearance of G. apiculata was previously observed
in the Gotland Basin, where it is dated at ca. 7.6-7.4 ka BP (Brenner, 2005). This date matches
the timing of the rise in bottom water salinity at our site (ca. 7.5 ka BP; Egger et al., 2017).

The increase in Fe/Al during the A/L transition (Fig. 2.2A) likely reflects a decrease in oxygen
concentrations on the shelf surrounding the Landsort Deep and an associated increase in the
lateral transfer of Fe from the shelf and subsequent burial in the deep basin (“Fe shuttling”;
Raiswell and Canfield, 2012; Lenz et al., 2015). The decrease in shelf bottom water oxygen
was likely the result of decreased oxygen solubility and increased stratification due to the
incursion of saline North Sea waters, in combination with increasing SSTs (Fig. 2.2D; Renssen
et al., 2012; Kotthoff et al., 2017). The reconstruction of SSTs from TEX,," is validated by the
BIT index (Supplements, Supp. Table 2.3) which is generally below 0.16 (Supplementary Fig.
2.1, Supplementary Fig. 2.2), with the exception of the sample at 26.89 ambsf which had a BIT
value of 0.32. As SSTs increased they crossed the temperature threshold for cyanobacterial
bloom formation of 16 °C (Fig. 2.2D; Wasmund, 1997). This, together with increased
P availability (e.g. Bianchi et al., 2000; Sohlenius et al., 2001) likely stimulated an increase
in cyanobacterial productivity, which contributed to bottom water deoxygenation upon
degradation (Funkey et al., 2014).

4.2. Onset and termination of hypoxia during the Holocene Thermal Maximum

4.2.1. Onset of the HTM,,

The onset of the HTM,;; (ca. 8 ka BP; Zillén et al., 2008; Jilbert and Slomp, 2013) is reflected
in a continued increase in Fe/Al in the Landsort Deep, indicating an intensification of the Fe
shuttle in response to widespread hypoxia in the Baltic Proper. In addition, elevated Mo/Al
values (Fig. 2.2B) throughout the onset, combined with the high degree of pyritization (> 0.7,
Dijkstra et al., 2016) indicates that bottom waters in the Landsort Deep were euxinic during
the HTM,;; (Poulton and Canfield, 2011; Scott and Lyons, 2012).

The onset of the HTM,;; occurred after the establishment of brackish-marine conditions in the
Baltic Proper and Landsort Deep, within an extended period characterized by high SSTs that
started during the A/L transition. We therefore infer that the emplacement of a permanent
halocline was the main cause for the development of widespread hypoxia, while temperature-
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driven stratification provided conditions conducive to hypoxia. In addition, maxima in C_,
Fe/Al and Mo/Al (26.2 ambsf; 25-24.7 ambsf) coincide with low O. centrocarpum index
values, suggesting relatively low sea surface salinity (Fig. 2.2F). This trend would be opposite
to the increasing trend in bottom water salinity (Gustafsson and Westman, 2002; Egger
et al., 2017), leading to a larger density difference between surface and bottom waters, thus
stimulating water-column stratification. Possible causes for lower surface water salinity are a
high North Atlantic Oscillation (NAO) index and the retraction of Norwegian glaciers due to
HTM warming (e.g. Hédnninen et al., 2000; Nesje, 2009), which would both lead to enhanced
freshwater input.

4.2.2. Termination of the HTM,,,

The termination of the HTM,; in the Landsort Deep and the surrounding shelf area is
reflected in a phased decrease in Fe/Al and Mo/Al (Fig. 2.2A,B). This suggests a muted Fe
shuttle, due to retreating shelf hypoxia, and less reducing conditions in the bottom waters of
the Landsort Deep, respectively, in agreement with previous studies (Funkey et al., 2014; Lenz
et al., 2015; Dijkstra et al., 2016).

The absence of a correlation between the geochemical parameters and the O. centrocarpum
index, and the lack of a clear trend in the O. centrocarpum index itself, suggest that sea
surface salinity neither changed considerably nor contributed to the termination of the
HTM,,, therefore surface water salinity. However, decreasing bottom water salinity during the
termination, due to a weakened connection between the Baltic Sea and North Sea from ca.
5.5 ka BP onwards (Gustafsson and Westman, 2002; Egger et al., 2017), would have weakened
stratification. The steady decline in SSTs further reduced stratification, increased oxygen
solubility and likely caused a decrease in cyanobacterial productivity as SSTs dropped below
16 °C (Westman et al., 2003; Funkey et al., 2014).

4.3. Onset and termination of hypoxia during the Medieval Climate Anomaly

4.3.1. Onset of the MCA

The onset of the MCA; in the Landsort Deep is characterized by an increase in Mo/Al, S
and Cg at 6.45 ambsf (Dijkstra et al., 2016). The high values of Fe/Al and the intermittent
presence of Mo (Fig. 2.3A-B) below this depth indicates that this site and its surrounding
area were already experiencing low oxygen conditions prior to the MCAy,,. The increase in
Mo/Al across the onset and the average degree of pyritization of 0.64 throughout the MCA;,
(Dijkstra et al., 2016) imply that bottom waters in the Landsort Deep were anoxic and
possibly euxinic.

Model simulations indicate that the onset of the MCA;; occurred within a long-term period
of decreasing bottom water salinity (Gustafsson and Westman, 2002; Egger et al., 2017). The
absence of a correlation between Fe/Al, Mo/Al and the O. centrocarpum index suggests that
stratification resulting from salinity differences was not important for the development of
the MCA,;;. We infer that climatic warming, leading to lower gas solubility and promoting
water column stratification, was the primary cause of the MCA ;. The prevailing high SSTs
(>16°C) coupled with the terrestrial input of P as a result of an expanding human population
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and associated marine productivity may have contributed to the development of hypoxia (e.g.
Zillén et al., 2008; Zillén and Conley, 2010; Funkey et al., 2014).

4.3.2. Termination of the MCA

A coeval decrease in Fe/Al and Mo/Al marks the retreat of shelf hypoxia in the Landsort Deep
as well as the onset of less reducing conditions in the deep basin itself. Similar changes in both
ratios were recorded in sediments from other sites in the Baltic Proper (Jilbert and Slomp,
2013; Funkey et al., 2014; Lenz et al., 2015) at the end of the MCA ;.

Due to the continued decrease in bottom water salinity (Gustafsson and Westman, 2002;
Egger et al., 2017) and the lack of a signal in the O. centrocarpum index we conclude that
salinity changes did not contribute to the termination of the MCA,;;. Sea surface temperatures
during the termination are significantly lower than during the onset (Fig. 2.3D), in line
with lower air temperatures (e.g. Seppé et al., 2009), suggesting that the actual drop in SST
preceded the termination of the MCA,;,. A large SST decrease, similar in shape to the decline
we observe in our Fe/Al and Mo/Al records, was reported previously for the nearby Gotland
Basin (Kabel et al., 2012), supporting the conclusion that a decline of SST at or near the
end of the MCA,;; would have resulted in weakened water column stratification, facilitating
bottom water ventilation. The SST decrease (<16°C) would also have reduced cyanobacterial
productivity (Funkey et al., 2014).

4.4. Causes of hypoxia and consequences for the future Baltic Sea

In the modern Baltic Sea, widespread hypoxia is primarily linked to the high loading of
nutrients through river discharge and the resulting enhanced marine productivity, with global
warming playing a secondary role (Carstensen et al., 2014b). During the HTM,;; and MCA
we find that changes in salinity and SST were key causes of hypoxia, underscoring their
possible importance in facilitating the spread of oxygen-depleted bottom waters in the future
Baltic Sea. Model simulations indicate that the average salinity in the Baltic Sea will probably
decrease over the coming century, presumably weakening stratification (Meier, 2006; Meier
et al., 2011; BACC II Author Team, 2015). Yet, future changes in global and local sea level,
as well as a different NAO mode, may result in opposite trends in surface and bottom water
salinity. This could potentially lead to enhanced water column stratification and facilitate a
further expansion of hypoxia in the Baltic Sea (Meier et al., 2016), as observed during the
HTM,,.

Our results highlight that changes in SST contributed to the onset and termination of
both the HTM,;; and MCA,,,. Warming surface waters already contribute to bottom water
deoxygenation today (Conley et al., 2002) and the projected temperature rise for the Baltic
Sea in the coming century (Meier et al., 2012; BACC II Author Team, 2015) is within or above
the range of SST change for the HTM and MCA (~2°C; this study; Kabel et al., 2012). Warmer
future SSTs may therefore cause a further decline in oxygen concentrations through decreased
oxygen solubility, enhanced stratification and by supporting cyanobacterial blooms.

Despite a reduction in external nutrient loads, the ecological status for large parts of the Baltic
Sea is showing only gradual improvement (Andersen et al., 2017). This is mostly attributed
to internal storage and recycling of P under hypoxic conditions (Andersen et al., 2017). Our
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findings are in agreement with previous studies (e.g. Andersson et al., 2015 and references
therein), and indicate that mitigation schemes must also account for changes in salinity and
temperature and their possible effect on Baltic Sea oxygen concentrations.

5. CONCLUSIONS

Our study highlights that changes in salinity and sea surface temperature (SST) were
key drivers of past intervals of widespread hypoxia in the Baltic Sea. During the Holocene
Thermal Maximum (HTM), the hypoxic interval followed the transition to a warmer and
more saline Baltic Sea. The onset of HTM hypoxia coincided with a period of relatively fresh
surface waters, suggesting that enhanced stratification due to the larger salinity difference
between surface and bottom water played a key role. During the Medieval Climate Anomaly
the onset of widespread hypoxia correlated with changes in SST. Both onsets likely coincided
with enhanced marine productivity, because the critical SST (>16°C) for the development of
cyanobacterial blooms was reached. We infer that both terminations were mainly caused by
decreased stratification due to lower SSTs and, at the end of the HTM,,;;,, a weaker salinity
gradient. Our findings underline the potential impact of ongoing global climate change on
bottom water oxygen concentrations in the Baltic Sea. Importantly, they indicate that current
efforts to address hypoxia by curbing nutrient input from land may be countered by rising
temperatures and an increased gradient between surface and bottom water salinity, linked to
sea level change. These results underscore the importance of understanding future climate
dynamics when designing mitigation schemes for eutrophic systems.
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Supplementary Figure 2.1| Crossplot of TEX,," versus BIT index values for the Holocene
Thermal Maximum (15.2 — 21 ambsf and 20.8 — 27 ambsf).
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Climate Anomaly (3.3 - 4.2 ambsf and 6.1 - 7.4 ambsf).
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Supplementary Table 2.1| Palynological data for Site M00063 (Landsort Deep), IODP
Expedition 347. ambsf = adjusted meters below surface, MCA,;;= Medieval Climate Anomaly
hypoxic interval, HTM,;;= Holocene Thermal Maximum hypoxic interval.

O. centrocarpum centrocarpum  O. centrocarpum

(?l;gt:fl) G. ajzg;tlata index processes no processes
(%) (cysts per gram)  (cysts per gram)
MCA,; Termination
3.30 0 0.37 7404 12555
3.34 0 0.52 18094 16998
3.38 2.36 0.45 11350 14074
3.41 1.77 0.34 9541 18581
3.45 0 0.24 10180 31814
3.49 0 0.31 29537 64445
3.49 0 0.13 7161 46544
3.53 0 0.22 8801 30803
3.57 0 0.26 11310 32044
3.61 0 0.48 8988 9805
3.65 0 0.29 4584 11002
3.69 0 0.76 43834 13947
3.73 0 0.25 664 1992
3.78 0 0.59 6522 4566
3.82 0 0.23 3760 12783
3.86 0 0.29 2010 5025
MCA,; Onset

6.27 0 0.62 11029 6740
6.30 0 0.70 1439 617

6.34 0 0.83 6329 1266
6.37 5.71 0.25 487 1462
6.41 2.40 0.90 7696 880

6.52 0 0.50 3165 3165
6.56 1.68 0.50 3004 3004
6.60 1.85 0.56 6057 4711
6.65 0 0.75 9779 3260
6.70 0.77 0.48 11176 11921
6.75 1.58 0.65 9814 5196
6.84 0 0.70 11078 4847
6.94 1.31 0.62 5704 3565
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6.99 1.37 0.71 11115 4577

7.04 6.11 0.65 18562 9827

7.09 0 0.33 6347 12694
7.14 2.90 0.80 11400 2850

7.19 1.15 0.44 18169 23513
7.24 3.84 0.22 1178 4122

HTM,, Termination

17.01 0.48 0.42 80144 110865
17.19 0.33 0.57 93248 71584
17.23 0 0.54 58344 48934
17.28 0.71 0.61 54021 33896
17.32 0.48 0.69 122576 56119
17.37 0 0.75 66387 22524
17.42 1.94 0.59 52034 35846
17.51 0.66 0.92 97080 8726

17.56 0.59 0.84 94672 18250
17.66 1.26 0.71 31237 12830
17.75 0 0.83 69065 13813
17.80 0 0.67 36273 18137
18.19 1.40 0.52 80042 74706
18.22 0.63 0.51 60439 58115
18.28 0.74 0.45 55854 68267
18.35 0.53 0.35 49383 92744
18.41 1.20 0.29 70189 170208
18.49 0 0.48 39686 43406
18.52 0 0.50 65696 65696
18.56 0 0.56 48608 37898
18.72 0.40 0.63 119721 69581
18.89 0.57 0.17 63000 306782
18.96 0 0.50 72181 72181
19.05 0 0.25 61253 185871
19.10 0 0.64 91548 51322
19.14 0 0.47 24387 27436
19.18 0 0.30 83101 197365
19.28 0 0.38 45689 75133
19.42 0 0.78 282547 79591
19.46 0 0.61 107406 68932
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19.51 0 0.51 34733 33079
19.56 0 0.51 148860 143814
19.61 0 0.49 44902 46629
19.65 0 0.42 94001 132049
19.70 0 0.38 74444 119111
19.75 0 0.52 27509 25216
19.81 0 0.24 197334 617464
19.86 0 0.31 99678 224914
20.24 0 0.00 0 0
20.37 0 0.00 0 0
20.51 0 0.00 0 0
20.67 27.14 0.03 193 7516
HTM,, Onset
24.52 0 0.74 93540 33407
24.68 0 0.62 28319 17109
24.80 1.36 0.33 16447 33809
24.95 0 0.12 40790 292950
25.22 5.27 0.79 41265 11218
25.50 14.37 0.22 1715 6175
26.00 1.21 0.27 2227 6013
26.01 0 0.32 2201 4586
26.03 0.41 0.65 13180 7189
26.04 2.05 0.67 48645 23744
26.06 0 0.59 11930 8123
26.08 0 0.37 72348 123691
26.10 0.74 0.11 45534 355162
26.13 2.43 0.18 67252 308237
26.15 0.54 0.50 55721 55721
26.18 0 0.76 56257 17388
26.21 7.89 0.73 45991 23762
26.23 12.57 0.67 1197 599
26.26 32.66 0.27 978 2690
26.29 46.27 0.22 209 732
26.32 55.72 0.25 629 1887
26.36 85.19 0 0
26.65 84.62 0 0
26.72 92.31 0 0
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Supplementary Table 2.2| Geochemical data for Site M00063 (Landsort Deep), IODP
Expedition 347. ambsf = adjusted meters below surface, MCA,;;= Medieval Climate Anomaly
hypoxic interval, HTM,;;= Holocene Thermal Maximum hypoxic interval.

Depth Fe Fe/Al Mo Mo/Al Al
(mbsf) (umol/g)  (Wt%/wt%) (umol/g) (Wt%/wt%) (umol/g)

MCA,;, Termination

3.26 1052 0.78 0.40 0.0005 2790
3.30 952 0.69 0.15 0.0002 2843
3.34 994 0.70 0.05 0.0001 2944
3.38 940 0.65 0 0 2981
3.41 996 0.72 0.15 0.0002 2875
3.45 860 0.65 0 0 2738
3.49 870 0.61 0.16 0.0002 2940
3.53 986 0.72 0.21 0.0003 2818
3.57 902 0.69 0.38 0.0005 2713
3.61 992 0.70 0.18 0.0002 2917
3.65 892 0.69 0.44 0.0006 2687
3.69 916 0.71 0.88 0.0012 2677
3.73 642 0.80 0.79 0.0017 1658
3.78 826 1.26 0.99 0.0026 1361
3.82 864 0.69 0.51 0.0007 2598
3.86 1184 1.21 1.90 0.0033 2029
MCA,; Onset
6.27 993 0.97 0.66 0.0011 2118
6.30 793 1.17 0.43 0.0011 1402
6.34 915 0.89 0.53 0.0009 2129
6.37 955 0.97 0.29 0.0005 2040
6.41 982 1.18 0.54 0.0011 1728
6.52 978 0.68 0.15 0.0002 2993
6.56 1020 0.72 0.14 0.0002 2927
6.60 1002 0.73 0.34 0.0004 2848
6.65 931 0.71 0.16 0.0002 2720
6.70 1080 0.68 0.09 0.0001 3285
6.75 1053 0.68 0 0 3211
6.79 1034 0.69 0 0 3098
6.84 1002 0.67 0.07 0.0001 3116
6.89 938 0.72 0.08 0.0001 2714
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6.94 1153 0.73 0.12 0.0001 3247
6.99 1088 0.71 0.19 0.0002 3193
7.04 893 0.67 0.16 0.0002 2743
7.09 1043 0.76 0.10 0.0001 2827
7.14 932 0.72 0.08 0.0001 2691
7.19 955 0.68 0 0 2911
7.24 1008 0.70 0.06 0.0001 2994
7.30 1002 0.68 0 0 3047
7.35 1008 0.67 0.05 0.0001 3104
7.40 1044 0.67 0.06 0.0001 3231
7.46 984 0.67 0 0 3059
7.51 1001 0.67 0 0 3101
7.57 994 0.69 0 0 2997
7.61 998 0.67 0 0 3092
7.66 963 0.68 0.08 0.0001 2924
7.72 961 0.66 0 0 2995
HTM,, Termination
17.01 954 0.65 0 0 3038
17.05 955 0.69 0.12 0.0002 2846
17.10 1033 0.68 0.06 0.0001 3145
17.14 1213 0.81 0.22 0.0003 3081
17.19 1067 0.70 0.06 0.0001 3153
17.23 1072 0.70 0.08 0.0001 3181
17.28 1024 0.67 0.04 0 3178
17.32 1097 0.69 0.14 0.0002 3298
17.37 1097 0.75 0.35 0.0004 3038
17.42 966 0.70 0.24 0.0003 2840
17.46 965 1.01 1.26 0.0023 1974
17.51 819 0.81 0.67 0.0011 2095
17.56 810 0.81 0.70 0.0012 2082
17.61 1046 0.72 0.29 0.0003 3011
17.65 1054 0.84 0.68 0.0009 2584
17.70 1050 0.82 0.46 0.0006 2656
17.75 1074 0.88 0.98 0.0014 2519
17.80 910 1.00 0.78 0.0015 1886
18.19 1071 0.70 0.06 0.0001 3175
18.22 1029 0.74 0.10 0.0001 2870
18.25 1064 0.71 0.15 0.0002 3114
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18.28
18.31
18.34
18.38
18.41
18.45
18.49
18.52
18.56
18.60
18.64
18.68
18.72
18.76
18.80
18.84
18.89
18.93
18.96
19.01
19.05
19.09
19.14
19.18
19.23
19.28
19.32
19.37
19.41
19.46
19.51
19.56
19.61
19.65
19.70
19.75
19.81
19.86

1003
1053
1077
1105
1008
1074
965
911
1018
925
860
1000
1083
999
1075
1067
1028
1005
1247
1065
1112
726
651
1115
983
1010
1080
906
1003
899
1101
714
681
630
767
833
830
1079

0.71
0.71
0.68
0.72
0.81
0.70
0.72
0.83
0.76
0.85
0.79
0.77
0.83
0.73
0.70
0.68
0.66
0.73
0.94
0.74
0.76
0.80
0.86
0.97
0.95
0.81
1.02
0.79
1.06
0.93
1.27
0.85
0.82
0.85
0.89
1.00
0.80
0.95

0.13
0.18

0.05
0.60
0.29
0.45
0.48
0.44
0.50
0.42
0.42
0.27
0.27

0.06
0.12
0.36
0.60
0.45
0.42
0.50
2.47
1.15
1.10
0.58
0.88
0.80
1.24
0.66
1.13
1.03
0.52
0.56
0.61
0.90
0.78
1.14

0.0002
0.0002

0.0001
0.0008
0.0003
0.0006
0.0007
0.0006
0.0008
0.0007
0.0006
0.0004
0.0003

0.0001
0.0001
0.0004
0.0008
0.0005
0.0005
0.0009
0.0056
0.0017
0.0018
0.0008
0.0014
0.0012
0.0022
0.0012
0.0022
0.0021
0.0011
0.0013
0.0012
0.0019
0.0013
0.0017

2926
3088
3262
3162
2575
3182
2764
2275
2763
2249
2247
2670
2687
2838
3179
3249
3221
2862
2756
2964
3040
1884
1559
2385
2136
2568
2187
2366
1965
2000
1801
1740
1719
1542
1778
1726
2159
2345
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HTM,; Onset
26.00 1044 0.71 0.21 0.0002 3035
26.01 1019 0.68 0.13 0.0001 3095
26.03 987 0.68 0.24 0.0003 3003
26.04 903 0.73 0.28 0.0004 2560
26.06 1007 0.75 0.25 0.0003 2787
26.08 771 0.77 0.67 0.0012 2063
26.10 741 0.83 1.50 0.0029 1855
26.13 685 0.78 1.15 0.0022 1829
26.15 1252 0.95 0.86 0.0011 2735
26.18 1003 0.65 0.10 0.0001 3173
26.21 1066 0.71 0.13 0.0002 3115
26.23 1142 0.73 0 0 3254
26.26 1088 0.69 0 0 3261
26.29 1058 0.68 0 0 3224
26.32 1016 0.65 0 0 3243
26.36 1081 0.69 0 0 3229
26.39 992 0.63 0 0 3242
26.42 1044 0.65 0 0 3330
26.45 899 0.60 0 0 3128
26.49 973 0.62 0 0 3260
26.52 945 0.61 0 0 3217
26.56 998 0.63 0 0 3296
26.60 940 0.57 0 0 3389
26.65 940 0.57 0 0 3385
26.68 940 0.58 0 0 3345
26.72 911 0.56 0 0 3345
26.76 927 0.57 0 0 3370
26.80 921 0.56 0 0 3380
26.84 901 0.55 0 0 3375
26.87 902 0.56 0 0 3316
26.89 916 0.57 0 0 3309
26.93 948 0.59 0 0 3344
26.97 915 0.57 0 0 3347
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Supplementary Table 2.3| BIT and data for Site M00063 (Landsort Deep), IODP Expedition
347. ambsf = adjusted meters below surface, MCA, = Medieval Climate Anomaly hypoxic
interval, HTM,;;= Holocene Thermal Maximum hypoxic interval.

Depth TEX,,"-SST
BIT TEX,"
(ambsf) (°C)
MCA,;, Termination
3.34 0.07 -0.64 14.8
3.49 0.08 -0.64 14.8
3.65 0.11 -0.66 14.4
3.81 0.06 -0.65 14.8
MCAy; Onset
6.30 0.03 -0.58 17
6.37 0.03 -0.6 16.4
6.89 0.1 -0.65 14.6
7.04 0.09 -0.65 14.8
7.07 0.13 -0.66 14.3
HTM,, Termination
17.06 0.07 -0.69 13.4
17.12 0.07 -0.69 13.4
17.32 0.07 -0.66 14.4
17.50 0.04 -0.63 15.4
17.69 0.08 -0.63 15.4
18.52 0.05 -0.63 15.2
18.62 0.06 -0.61 15.8
19.02 0.12 -0.61 15.9
19.22 0.04 -0.62 15.8
19.44 0.06 -0.63 15.4
19.61 0.04 -0.6 16.2
19.81 0.06 -0.6 16.3
20.81 0.08 -0.56 17.7
20.98 0.06 -0.56 17.6
HTM,,, Onset

24.37 0.09 -0.58 17
24.56 0.09 -0.63 15.3
24.78 0.07 -0.59 16.5
2497 0.08 -0.59 16.6
25.20 0.11 -0.62 16.4
25.34 0.07 -0.6 16.4
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25.70
26.00
26.01
26.03
26.10
26.13
26.15
26.21
26.23
26.26
26.29
26.32
26.36
26.39
26.42
26.45
26.45
26.89

0.07
0.08
0.1
0.09
0.04
0.05
0.08
0.08
0.1
0.09
0.1
0.08
0.1
0.12
0.13
0.16
0.14
0.32

-0.61
-0.64
-0.66
-0.62
-0.59
-0.58
-0.59
-0.59
-0.6
-0.6
-0.58
-0.59
-0.58
-0.6
-0.6
-0.58
-0.6
-0.63

16.1
15
14.3
15.5
16.8
17.1
16.5
16.5
16.8
16.3
17
16.5
16.8
16.2
16.4
16.9
16.4
15.4
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Enhanced recycling of phosphorus as ocean deoxygenation expanded under
past greenhouse climates, contributed to widespread organic carbon burial and
drawdown of atmospheric CO,. Phosphorus recycling was more efficient in ancient
anoxic marine environments, compared to modern anoxic settings, for reasons
that remain unclear. Here we show that ocean warming and acidification reduce the
saturation state of sediment porewaters with respect to carbonate fluorapatite. We

argue that this, combined with less calcium carbonate as a template for carbonate
fluorapatite formation, amplified recycling of phosphorus and increased organic
carbon burial upon marine anoxia during the Toarcian Oceanic Anoxic Event and
Cretaceous Oceanic Anoxic Event 2. Future changes in temperature and ocean
biogeochemistry, induced by elevated atmospheric CO,, may similarly increase
phosphorus availability and accelerate ocean deoxygenation and organic carbon
burial.




Ocean warming and acidification enhanced phosphorus recycling during past anoxic events

1. INTRODUCTION

Phosphorus (P) is a key nutrient for marine phytoplankton and the ultimate limiting nutrient
on geological timescales (Tyrrell, 1999). Through its control on primary productivity,
P availability can impact organic carbon (C,;) burial and atmospheric carbon dioxide
(CO,) and oxygen (O,) (Van Cappellen and Ingall, 1996). The availability of P in the surface
ocean, in turn, is determined by riverine P input, P burial in sediments and recycling of P
(Ruttenberg. 2003). Sinking of organic matter is the main route of delivery of P and C to
sediments (Ruttenberg. 2003). Recycling of P relative to C,. from sediments is enhanced
upon ocean deoxygenation (Van Cappellen and Ingall, 1994; Tyrrell, 1999; Algeo and Ingall,
2007). Enhanced recycling of P upon oceanic anoxia is the combined result of less efficient
anaerobic degradation of organic carbon (Hartnett, 1998), preferential release of P from
organic matter (Ingall et al., 1993; Steenbergh et al., 2011) and less retention of P in mineral
form, either as iron (Fe) oxide bound P (Algeo and Ingall, 2007) or carbonate fluorapatite
(Ruttenberg, 2003; Algeo and Ingall, 2007) (CFA). Organic P (P.), Fe-bound P, CFA and
detrital P together make up the total P (P,;) pool in marine sediments.

Changes in P recycling are reflected in elevated C,,, over total P (Cgps/Proy) ratios, as
demonstrated for modern marine sediments (Ingall et al., 1993; Algeo and Ingall, 2007).
Importantly, the range of C;/P,; values for deposits formed during past oceanic anoxia is
wider than that for modern sediments (Algeo and Ingall, 2007; Kraal et al., 2010a; Flogel et
al., 2011). For example, C;./P.; ratios for sediments from the Cretaceous Oceanic Anoxic
Event 2 (OAE2; 94 Ma) range up to at least 1200 mol/mol (Kraal et al., 2010a), whereas
modern C,/P; ratios are generally <400 (Algeo and Ingall, 2007). Various explanations
for these elevated C,./P. o, ratios, which occur in both shallow and deep marine settings
(Kraal et al., 2010a), have been proposed. Higher atmospheric CO, may have increased the
ratio of Cy. to Py, of phytoplankton (Flogel et al., 2011). Alternatively, lower atmospheric
O, in Earth’s past could have caused more reducing conditions near the seafloor (Algeo and
Ingall, 2007) and an increased release of P from Fe oxides and organic matter, relative to
modern anoxic systems. However, many modern anoxic systems are rich in hydrogen sulfide
and hence contain negligible Fe oxide bound P (Kraal et al., 2017). Furthermore, ratios of
Corg 10 Porg (Cora/Porg)> which are indicators of P release from organic matter (Algeo and
Ingall, 2007), in such modern sediments range up to at least 1200 (Kraal et al., 2017) and thus
are similar to the Cg,./P., ratios of ancient anoxic environments (Kraal et al., 2010a). This
suggests that, in these ancient sediments, a smaller proportion of the P released from organic
matter and iron oxides was retained as CFA. Thus, variations in CFA formation must have
played a key role in modulating the response of C;./P,; to bottom water redox conditions.

Importantly, rates of CFA formation are not directly redox-sensitive. Instead, the degree of
supersaturation of porewaters with respect to CFA plays a key role (Koutsoukos et al., 1980;
Jahnke, 1984; Ruttenberg, 2003). CFA is a form of fluorapatite with carbonate substituting for
phosphate and fluoride (Ca,,, ,Na,Mg,(PO,), ,(CO,), (CO,F) (SO,),F,) (Jarvis et al., 1994).
Saturation depends on solute concentrations of the dominant components of CFA, as well as
various environmental conditions such as temperature and pH (Jahnke, 1984). Notably, past
oceanic anoxia typically occurred during periods of high temperatures and/or potential ocean
acidification (Forster et al., 2007; Zachos et al., 2008; Trecalli et al., 2012; Ettinger et al., 2020;
Sullivan et al., 2020).
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Here, we assess the impact of ocean warming and acidification on P recycling during multiple
periods of past anoxia. We use a data compilation of sediment C,,/P,, and the redox proxy
iron over aluminum (Fe/Al) (Raiswell et al., 2018), combined with calculations of saturation
indices for CFA and box-model simulations of the oceanic C and P cycles. Through a
comparison with Mediterranean sapropels and modern anoxic environments, we show that in
severely anoxic marine settings, higher temperatures and lower pH can explain why the rates
of CFA authigenesis are lower than expected based on the P input to the sediment, and hence,
the large discrepancy between ancient and modern P recycling.

2. ANCIENT AND MODERN ENVIRONMENTS

For the past ocean, we focus on sediments deposited directly before and during three
deoxygenation events: the Toarcian Oceanic Anoxic Event (T-OAE; 183 Ma), OAE2 (94 Ma)
and the Paleocene-Eocene Thermal Maximum (PETM; 56 Ma) (Table S1). These events are
associated with elevated atmospheric CO,, warmer deep ocean temperatures, and lower than
modern ocean pH (Forster et al., 2007; Zachos et al., 2008; Friedrich et al., 2012; Trecalli et
al., 2012; Zeebe and Tyrrell, 2019; Ettinger et al., 2020; Sullivan et al., 2020), conditions which
are likely to lower the saturation state of porewaters with respect to CFA (Jahnke, 1984).
Furthermore, redox-driven P recycling likely contributed to the deposition and burial of large
quantities of C during each event (Ruvalcaba Baroni et al., 2014; Komar and Zeebe, 2017;
Ruvalcaba Baroni et al., 2018). In addition to these ancient sediments, we investigate three
Mediterranean sapropels (i-282c at 2.943 Ma, S5 at 125 ka and S1 at 10 ka) which provide
Core/Pror ratios for past hypoxic to euxinic (anoxic and sulfidic) settings with similar to
modern atmospheric CO, and O, (Algeo and Ingall, 2007; Zachos et al., 2008). The PETM and
sapropel S1 sediments were deposited under mild ocean deoxygenation, relative to the other
four past events (Jenkyns, 2010; Rohling et al., 2015). For further comparison, we also present
data on modern sediments from the Arabian Sea and Black Sea, where CFA formation is
known to occur in the Oxygen Minimum Zone and deep euxinic basin, respectively (Kraal
et al., 20172; Kraal et al., 2017). Sediment P speciation is only considered for sapropels and
modern sediments, since for more ancient events, interpretation is hampered by long-term
diagenesis and oxidation during storage (Kraal et al., 2009) . For more information on the
chosen events and locations, we refer the reader to the Supplementary Text.

3.REDOX-DEPENDENT PHOSPHORUS RECYCLING

Median C./Pyq ratios for all ancient sediments and sapropels are elevated compared to
values preceding the onset of widespread deoxygenation (Fig. 3.1A and B), in accordance
with a transition towards enhanced P recycling. Similarly, median C,,/Pyq, values are higher
in the modern Arabian Sea OMZ and euxinic Black Sea basin, when compared to values for
their respective oxic sediments (Fig. 3.1C). Importantly, median values for T-OAE, i-282c and
S5 (169, 655 and 315, respectively), and maximum Cg,,/Pq, ratios for all ancient sediments,
exceed the Redfield ratio of 106 mol/mol, indicating sediment deposition in anoxic bottom
waters® (Fig. 3.1A and B; Supplementary Table 3.2). Higher than modern Cy/P.o; values
are observed for the T-OAE and OAE2, and the i-282¢ and S5 sapropels. Such values are not
found during the PETM and sapropel S1. The highest maxima, in excess of 1000 mol/mol,
are observed for T-OAE, OAE2 and i-282c¢ sediments (1099, 1835 and 1156, respectively).
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Figure 3.1| Compilation of C /P, values for ancient sediments (A), sapropels (B) and
modern sediments (C). Ancient sediments were deposited during the Toarcian Oceanic
Anoxic Event, Oceanic Anoxic Event 2 and the Paleocene-Eocene Thermal Maximum. The
three Eastern Mediterranean sapropels are: i-282¢, S5 and S1; pre-event C/P o values are
presented separately. Modern sediments were deposited in and below the Arabian Sea OMZ,
on the oxic Black Sea shelf and in the adjacent euxinic basin. Horizontal lines within the
boxplots represent median values. The horizontal red line indicates the Redfield C,o/Porg
ratio of 106:1.

The lowest median values, and smallest spread, are observed for the PETM and sapropel S1
(40 and 53, respectively). This agrees with earlier work demonstrating more widespread and
intense anoxia during the T-OAE, OAE2 and the i-282c and S5 sapropels, when compared to
the PETM and sapropel S1 (Jenkyns, 2010; Rohling et al., 2015). Median ratios of Cgp/Pror
for the Arabian Sea OMZ and the euxinic Black Sea are 103 and 189 mol/mol, respectively,
and thus fall within the range of median values for the paleo-environments. However, the
overall range in Cg,./Pyoy ratios in modern sediments from anoxic settings is much lower
than during the paleo-events and remains below 400, as observed previously (Algeo and
Ingall, 2007).

A comparison of C/P,; ratios with the corresponding Fe/Al for each study site shows that
median ratios of Fe/Al>0.66, indicating anoxic and euxinic facies (Raiswell et al., 2018), are
generally observed for ancient sediments with median C,,/P;,,>106 (Fig 3.2A, B and inset;
Supplementary Table 3.3). Most (70%) median Fe/Al>0.66 correspond to sediments from
T-OAE, OAE2, i-282c and S5. While median values of C,./P., and Fe/Al are moderately
correlated (R*=0.47; Fig. 3.2 inset), supporting the utility of Cp./Py; ratios as a redox proxy,
we note that individual values of Fe/Al>0.66 are observed at almost all sites. This supports
the utility of C,o/P;op ratios as a redox proxy, but the lack of a stronger correlation also
emphasizes the need for an additional mechanism leading to high C,./P;,, under anoxic
conditions, apart from enhanced recycling of organic and Fe oxide bound P (Ingall et al.,
1993; Hartnett, 1998; Algeo and Ingall, 2007; Steebergh et al., 2011). In the next section,
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Figure 3.2| Site-specific compilation of Cypo/Pror (A) and Fe/Al (B) values for the T-OAE
(circle), OAE2 (star), PETM (square) and i-282c¢ (rhombus), S5 (rectangle) and S1 (oval)
sapropels. Colors are additional indicators of the corresponding events. Two samples with
high Fe/Al values of 4 and 7 wt%/wt% are indicated in the right-hand panel with arrows.
The vertical lines in (A) and (B) indicate the Redfield C;;/Porc value (solid red), the
modern maximum Cg,./Pyq, value of 400 (red dashed; Algeo and Ingall, 2007) and the Fe/
Al threshold for sediments overlain by euxinic bottom waters (black dashed; Raiswell et al.,
2018). The figure inset depicts the correlation between the median values of the Cq./Proy
and Fe/Al ratios for each site. The red dashed line represents the euxinic Fe/Al threshold
and the black dashed line is the linear regression line (R2 = 0.47). The sites are sorted from
highest median C,/P,; to lowest. The site names corresponding to each number are given
in Supplementary Table 3.3.

we argue that variations in CFA formation, under specific environmental conditions, provide
such a mechanism.

4. FORMATION OF CFA AS A MODULATOR OF SEDIMENT Czo/Pror

While in-situ mechanisms of CFA formation in marine sediments are difficult to resolve
because of the multitude of biogeochemical processes involved and slow rates of formation
(Ruttenberg, 2003; Van Cappellen and Berner, 1991), a higher degree of supersaturation of
the porewater with respect to CFA will promote mineral formation (Supplementary Text).
Potential controls on the saturation state include porewater [PO,], [F] and [Ca*"] (Schuffert et
al., 1990; Ruttenberg and Berner, 1993; Slomp et al., 1996; Zhao et al., 2020). Furthermore,
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Figure 3.3| Saturation Indices (SI) for carbonate fluorapatite (CFA) as calculated with
PHREEQC for A) the modern Arabian Sea and Black Sea anoxic sediments and estimated for
OAE2, the PETM and eastern Mediterranean sapropels; for the Arabian Sea OMZ at 9°C (B)
and 25°C (C), for a range of [PO,] (0.2 - 30 umol I"") and pH (6.5 - 7.95) values. Input values
for the simulations are given in Supplementary Table 3.4.
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authigenesis of CFA, or a precursor phase, is promoted by the presence of nucleation
surfaces, provided by calcium carbonate (CaCO,) or microbially-derived organic matter
(Gunnars et al., 2004; Mind et al., 2018). Finally, laboratory experiments have revealed a
strong sensitivity of CFA solubility to temperature and pH (Jahnke, 1984).

Here, we use PHREEQC to calculate the response of porewater saturation states, with
respect to CFA, at our study sites to variations in pH, temperature and porewater chemistry
(Supplementary Text; Supplementary Table 3.4). For modern Arabian Sea OMZ and euxinic
Black Sea surface sediments, where CFA formation is observed (Kraal et al., 2012; Kraal et
al.,2017), we find an average saturation index (SI) of ca. 24 and 27, respectively, indicating
supersaturation of the porewaters with respect to CFA (Fig. 3.3A; Supplementary Text). A
subsequent sensitivity analysis for porewaters of the anoxic Arabian Sea OMZ Station 1B,
reveals that an increase in temperature and decrease in pH and [PO,] results in SI reduction.
Within the tested ranges (T: 9 — 25°C; pH: 6.5 — 7.95; [PO,]: 0.2 — 30 umol I'"), temperature
has the largest impact on the SI (Fig. 3.3B — C). For any given pH and [PO,] combination,
the SI at 9°C is 17 units higher than at 25°C, whereas the difference in SI is ~9.5 units
between the lowest and highest pH, and ~11 units between the highest and lowest [PO,].
Notably, above a [PO,] of ca. 5 pmol 1" the changes in SI for further increases in [PO,] are
relatively small when compared to a change in pH. Undersaturation is achieved at 25°C (Fig.
3C), when [PO,] < 10 umol 1" and for pH < 7.8.

Increasing evidence demonstrates that many of our ancient sediments, characterized by
intense anoxia and high Cg;s/Pror (Fig. 1, 2), were deposited under higher than modern
temperatures and lower pH. During OAE2, the equatorial Atlantic ocean warmed to
35 — 36°C (Forster et al., 2007) (surface waters) and 20 — 25°C (Friedrich et al., 2008)
(intermediate waters; 500 — 1000 m). Deep water temperatures were likely in the 12 — 24°C
range (Haupt and Seidov, 2001; Friedrich ef al., 2012). As a result, most OAE2 sites in our
data compilation (Fig. 3.2), including those located at great depths (van Helmond et al.,
2014) (>2000 m), probably experienced temperatures in excess of 20°C. Similarly, during the
T-OAE, the European Shelf, where our study sites were located, was subject to substantial
warming (Beerling et al., 2002; Bailey et al., 2003; Suan et al., 2008; Krencker et al., 2015),
with bottom temperatures in the western Tethys increasing by 3.5°C and exceeding 20°C
(Ullmann et al., 2020). Finally, the deposition of the i-282c¢ and S5 sapropels likely coincided
with warming of bottom waters in the Eastern Mediterranean (Dwyer et al., 1995 Emeis et
al., 2003), exceeding the modern day temperature of ~14°C (MEDAR, 2003). Constraints
on pH are more uncertain, but evidence suggests an increase in ocean pH from ~7.5 to 8.2
over the last ca. 100 Myr (Zeebe and Tyrrell, 2019) and a decrease in oceanic pH due to
ocean acidification during the T-OAE (Trecalli ef al., 2012) and the PETM (Zachos et al.,
2005). Furthermore, pH values in modern surface sediments frequently range between 6.9
and 8.0, and are generally lower than the pH of the overlying waters (Shao et al., 2016).
Our calculations point towards supersaturation of porewaters with respect to CFA for OAE2,
PETM and sapropel sediments at low temperatures (14°C) and maximum pH and PO, values
(Figure 3.3A; Supplementary Table 3.4). Conversely, when assuming warming to 25°C (17°C
for the Eastern Mediterranean), a pH of 6.9 and [PO,] of 1 pmol 1", the SI values decrease
dramatically, indicating undersaturation with respect to CFA for OAE2 and the PETM. Such
conditions would likely have hindered increased CFA authigenesis, which would have had
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Figure 3.4| Box model output for simulations using the original Van Cappellen and Ingall
(1994) model (I) and with reduced apatite authigenesis (II). The Cz5/Pror (A-B) and Cqpg
burial rate (C-D) are shown for increasing ocean overturning rates and maximum Cqzo/Porg
(lines). Results are shown for ocean overturning rates in the range of 0.5 — 3 m yr', and C/
Porg 0f 500 to 4000 mol/mol.

a larger impact on sediment P recycling during OAE2 than the PETM because of the more
intense anoxia during the former event (Jenkyns, 2010). The effects of other major ions on
the SI of CFA, were negligible (Supplementary Text).

The presence of calcium carbonate (CaCO,;) in sediments affects the potential for CFA
authigenesis, by providing suitable nucleation surfaces (Kraal et al., 2017). Calcium
carbonate contents for the most anoxic ancient sediments (T-OAE, OAE2, i-282¢ and S5)
are generally much lower than for modern Arabian and Black Sea sediments, with average
values for the two OAEs and i-282c below 20% at most sites (Supplementary Table 3.5).
Additionally, an inverse correlation between sediment CaCO, contents and C,s/P;op ratios
is observed for i-282¢ (Supplementary Fig. 3.1), similar to S5 (Kraal et al., 2010b). The low
sediment CaCO, was the consequence of reduced CaCO; input from overlying waters, as
high pCO, and oceanic anoxia impacted phytoplankton species (Erba and Tremolada, 2004),
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and CaCO, dissolution upon a decreased pH (Zachos et al., 2005; Trecalli et al., 2012). We
propose that the low CaCOj; content at euxinic sites during the T-OAE, OAE2 and sapropel
formation, hindered an increase in CFA authigenesis, rendering it insufficient to retain the
increased P supply to sediments.

Importantly, a hindrance of CFA formation only leads to extremely high Cyo/Prop values
upon intense anoxia, when recycling of P is enhanced. Under oxic conditions, when P is
retained in Fe-oxides and in organic matter and Cg,s/P oy ratios remain close to the Redfield
ratio of 106:1, Czo/Pror Will remain low regardless of whether CFA formation is hindered.
Therefore, as anoxia during the PETM and sapropel S1 was not as intense (Jenkyns, 2010;
Rohling et al., 2015), Cyrs/Pror ratios remained lower compared to the T-OAE, OAE2, and
the i-282c and S5 sapropels (Fig. 3.1, 3.2). To illustrate the effect of C/Porg On P retention,
and the impact of enhanced P recycling on C burial, we use a one-box biogeochemical
model for the oceanic C and P cycles (Van Cappellen and Ingall, 1994). We demonstrate
that, in simulations for an oxic ocean, Cys/Prop values always remain within the modern
range (Fig. 3.4A, B). Under increasing deoxygenation, here generated by decreasing the rate
of ocean overturning (Van Cappellen and Ingall, 1994), only simulations with high maximum
Core/Porg Vvalues and inhibited authigenic P burial capture the range of C,yq/Pror values
for ancient sediments (max. 2000 mol/mol) (Fig. 3.4B). When authigenic P burial is not
hindered, C.zo/P1or values remain in the lower half of the modern range (<200 mol/mol).
In our model simulations for an ocean that is largely anoxic, the hindrance of authigenic P
formation results in an almost tenfold increase in the burial rate of C, (Fig. 3.4C, D).

5. CONCLUSIONS

In conclusion, our data compilation and modeling indicate that higher ocean temperatures,
lower porewater pH and low(er) CaCO, contents hampered CFA formation and P retention in
the sediment during past periods of oceanic anoxia. This explains the more efficient recycling
of P compared to modern times as reflected in higher C,./P.,, ratios and contributed to
widespread deposition of organic carbon (Fig. 3.4D). Under ongoing climate change, a
similar combination of ocean deoxygenation, warming and acidification is projected for the
future ocean. The lack of high rates of CFA formation during sapropel formation (Slomp et
al., 2004) in particular is a warning that much faster recycling of P relative to C, is possible
in the modern ocean. This could contribute to a further acceleration of ocean deoxygenation
by stimulating primary productivity (Van Cappellen and Ingall, 1994), organic carbon burial
and other key feedbacks in the global carbon and oxygen cycles.
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Supplementary Materials

1. SEDIMENT DESCRIPTION

The aim of this study is to elucidate what mechanisms led to stronger P recycling in ancient
anoxic marine environments when compared to modern low oxygen settings. For this
purpose, we selected intervals from the geological record that varied strongly in their
degree of deoxygenation, sediment composition and climatic conditions during deposition.
Specifically, we compiled C, P, Fe/Al and CaCO, data for sediments from the Toarcian
Oceanic Anoxic Event (T-OAE), Oceanic Anoxic Event 2 (OAE2) and the Paleocene-Eocene
Thermal Maximum (PETM), as well as for three Mediterranean sapropels (i-282c, S5 and S1)
and two modern anoxic marine areas: the Arabian Sea and the Black Sea. The ancient and
sapropel data cover sediments deposited before and during the spread of deoxygenation. For
the Arabian Sea, we focus on sediments from within and below the OMZ, while the Black
Sea data include sediments from the oxic shelf and the euxinic deep basin. The ancient and
modern sediments cover both shallow and deep depositional settings (Supp. Table 3.1). The
tull list of references for the data used in this study is given per site in Supp. Table 3.1, and at
the end of this document.

The T-OAE and OAE2 are two of the most severe deoxygenation events in Earth’s history
(Jenkyns, 2010). Sulfur isotope values increased by 5 — 7%o for the T-OAE (Gill et al., 2011)
and up to 5%o for OAE2 (Owens et al., 2013). This increase was interpreted as a spread of
euxinic conditions over 2-5% of the ocean seafloor, close to the estimate of <2% based on
molybdenum isotopes (Dickson et al., 2016). For comparison, in the modern ocean sulfidic
waters cover ~0.15% of the seafloor (Clarkson et al., 2018). Uranium isotopes for OAE2
suggest that 8 — 15% of the seafloor was anoxic (Clarkson et al., 2018). These conditions
were caused by enhanced volcanic CO, and methane emissions, which resulted in high
atmospheric pCO, and a warmer and, in some areas, wetter climate (Jenkyns, 2010). The
greenhouse climate resulted in water column stratification, while increased continental
weathering also led to an increase in nutrient supply to the oceans (Jenkyns, 2010). The
combination of these factors stimulated the spread of oceanic anoxia (Jenkyns, 2010). Most
of the known locations that were characterized by anoxic bottom waters during the T-OAE
were shallow and epicontinental (Ruvalcaba Baroni et al., 2018). The sulfur isotope record,
however, suggests a larger areal extent of anoxia (Gill ef al., 2011), potentially including deep
sites. Anoxic bottom waters occurred in both shallow and deep settings during OAE2 (Kraal
et al., 2010a).

During the PETM, similar perturbations of the exogenic C cycle resulted in widespread
deoxygenation (Sluijs et al., 2014), yet it was less severe in comparison to the two OAEs. The
sulfur isotope excursion was 1%o (Yao et al., 2018), suggesting a minor expansion in sulfidic
bottom water area, and molybdenum isotopes also support less-extensive euxinia during the
PETM, than during the two OAEs (Dickson et al., 2017). Additionally, uranium isotopes
indicate that less than 2% of the seafloor was overlain by anoxic bottom waters (Clarkson
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et al., 2021). Regardless, it is hypothesized that the sediment burial of C, resulted in CO,
drawdown during all three events (Bowen and Zachos, 2010; Jarvis et al., 2011; Ruvalcaba
Baroni et al., 2018).

In contrast to the large spatial extent of the anoxia during the three chosen events,
the conditions that led to sapropel formation were restricted mostly to the Eastern
Mediterranean. Intense rainfall during stronger monsoon intervals resulted in stratification
and deoxygenation, which in turn increased the burial of C,,; and the recycling of P
(Rohling, 1994; Slomp et al., 2004). Bottom water conditions during the formation of S1 were
generally less reducing than for S5 and i-282¢ (Slomp et al., 2004; Andersen et al., 2020).

Other examples of intervals that experienced deoxygenation are the Late Permian, OAEla
and the glacial-interglacial cycles. However, various indicators, such as the lack of high C,./
P.or suggest anoxia was likely not as severe and P recycling was not as enhanced, as during
the T-OAE and OAE2 (Palastanga et al., 2013; Beil et al., 2020; Schobben et al., 2020). These
events are therefore not included in this study, as the PETM, and also sapropel S1, already
provide examples for milder deoxygenation and P recycling. Additionally, there is more data
available on the degree and extent of these changes for the PETM (Sluijs et al., 2014).

2. DATA COMPILATION

In modern marine sediments, the ratios of organic carbon (C,g;) to organic P (Py,e) (Core/
Pore) and to total P (Cpp/Proy) track bottom water redox conditions (Anderson et al., 2001).
A low [O,] favors the preservation of C;., while promoting the preferential regeneration
of Pypi (Ingall et al., 1993). This results in elevated C,, contents relative to P, and an
increased Cgpo/Poye ratio (Ingall et al., 1993). The rate of authigenic mineral formation
determines what proportion of the P released from organic matter is retained in the sediment
(in the absence of Fe oxides, see main text). Sediment P speciation can provide insight in the
response of different P sinks to environmental conditions during deposition (Ruttenberg,
2003).

The application of P speciation, however, is limited by sample storage (Kraal et al., 2009) and
sediment age (Kraal et al., 2010b). As degradation of organic matter continues during burial,
sediment P values gradually decrease on time scales of kyrs to Myrs. This can result in
high Cgyo/Porc values that do not reflect the original conditions during deposition (Kraal et
al., 2010b). The P that is released from organic matter during long-term burial is typically
retained as authigenic apatite (Kraal et al., 2009). hence C /P, Values are not affected. This
long-term diagenetic sink-switching precludes the use of P speciation data for the T-OAE,
OAE2 and PETM. The age of sapropel S5, however places it in the 600 — 700 kyr window,
in which C,o/P oy ratios for the Mediterranean Sea mostly reflect depositional conditions
(Kraal et al., 2010b). For sapropel i-282¢, Co/Porg Values could be somewhat affected by
diagenesis, though C ;. and barium records suggest this is not the case (Slomp et al., 2004).

For the i-282¢ and S1 sapropels, apatite (both authigenic and biogenic) make up at least a
third of total P burial (Slomp et al., 2004). A large proportion of this authigenic apatite is
thought to be a background flux from dust (Eijsink et al., 2000; Slomp et al., 2004). During
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formation of the S5 sapropel, authigenic apatite decreased and recycling of P to the water
column increased (Kraal et al., 2010b). In the Arabian Sea, in contrast, the down-core
increase of apatite at the most anoxic sites (1B and 2) indicates apatite authigenesis (Kraal et
al., 2012). This process also occurs in the deep euxinic basin of the Black Sea, where it begins
in the upper centimeters of the sediment column (Kraal et al., 2017), as it does in other areas
in the modern ocean (Jahnke et al., 1983; Ruttenberg and Berner, 1993; Slomp et al., 1996).
We compare C /Py and Cgp/Pror ratios for the S5 and i-282¢ sapropels, both of which
have Cgpg/Pror > 400 mol/mol, to those in the modern Black Sea and Arabian Sea below. Data
for Cqpe/Pror as shown in Fig. 3.1 are given in Supp. Table 3.2.

Various proxies are used for the reconstruction of global and local bottom water redox
conditions. While global proxies are useful for a comparison of the spatial extent of anoxic
waters at the global scale between events (as discussed above), local redox information is
required to evaluate whether differences in redox conditions can explain differences in C,./
P..o; values between sites. To assess the local occurrence and intensity of bottom water anoxia,
three proxies are often used: sediment molybdenum (Mo), uranium (U) and the ratio of
iron (Fe) over aluminum (Al). However, Mo records can be affected by basinal restriction,
as shown for two of our studied events (McArthur et al., 2008; van Helmond et al., 2014;
Goldberg et al., 2016; Ruvalcaba Baroni et al., 2018), for which a decoupling of Mo values
from variations in deoxygenation was observed (Algeo and Lyons, 2006). As U data are only
sparsely available, we elected to use the Fe/Al ratio. High Fe/Al (>0.66 on a weight basis) is
assumed to reflect enhanced input of Fe and its sequestration as pyrite in sediments under
anoxic and sulfidic bottom waters (Lyons and Severmann, 2006; Raiswell and Canfield, 2012).

3. CARBONATE FLUORAPATITE FORMATION
The formation of carbonate fluorapatite (CFA) (r.;,) depends on the saturation state of
porewaters (Van Cappellen and Berner, 1991), and can be expressed as (Zhao et al., 2020):

Vera = kCFA(QCFA' 1)

where k., is a rate constant and Q. is the saturation state with respect to CFA (with
supersaturation when Q. > 1). This formula suggests that the growth rate of CFA is
nearly linearly dependent on the saturation state, but this is likely an oversimplification. For
fluorapatite, for example, the rate of crystal growth can accelerate above a certain, threshold
saturation state (Van Cappellen and Berner, 1991). It is therefore likely that the rate of
formation of CFA also increases more strongly at higher degrees of supersaturation, especially
in the presence of suitable nucleation surfaces (Ménd et al., 2018).

The thermodynamic effects of temperature and pH on solubility of CFA can be partially
offset by kinetic effects acting in the opposite direction, increasing the rate constant for CFA
formation (Van Cappellen and Berner, 1991). Importantly, the compound result of such
kinetic effects expected for OAE2 and the PETM do not compensate for the effect of the
decrease in SI and hence Q. (Supp. Table 3.4) on the rate of CFA formation. The kinetic
effects become irrelevant when undersaturation is reached and CFA formation comes to a
halt.
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4. SATURATION INDEX CALCULATIONS FOR CFA

We calculate the porewater saturation index (SI, which is equal to log Q) for the
ancient and modern sediments with the PHREEQC model (Parkhurst and Appelo, 2013)
in combination with the Lawrence Livermore National Laboratory (LLNL) database for
thermodynamic data, using Davies equations for activity coefficients. Currently there are
no parameters available for phosphate in the PHREEQC Pitzer database. However, for
calculations of the SI for other Ca-containing phases such as gypsum, results are comparable
when using either the Pitzer or the LLNL database, up to salinities of about a 100 (Appelo
and Postma, 2004; Grothe et al., 2020; Wolthers, personal observations), because the ion-
pairs are considered when using the LLNL database, resulting in similar free ion activities.
The porewater saturation state was calculated for carbonate bearing CFA with the following
formula:

CalO(P04)5.8370A57X(CO3)XF2A5270A3X

where X is 1.45. This solid composition, with 1.45 CO,” for every ten Ca’*, is comparable
to a carbonate-rich francolite (Jahnke, 1984; Zhao et al., 2020). Solubility coefficients for
CFA were taken from (Jahnke, 1984), which includes solubility products (Ksp) for 9°C, 14°C
and 25°C for PO,”. Due to the fixed composition of our solid CFA, Ksp only varies with
temperature. Ksp can also vary with [CO,>], however the influence of this is relatively small
(Zeebe and Tyrrell., 2019; Zhao et al., 2020).

For this study, Ksp values were recalculated for HPO,” and additional values were
extrapolated along an exponential trendline. These values can be used safely between 9 -
25°C. The saturation indices obtained were calculated by PHREEQC as:

SI = 10gIAP - logK |

where IAP is the activity product of the ions making up the CFA. As a result, an SI increase of
one unit results in an order of magnitude increase in the degree of supersaturation.

The use of PHREEQC to calculate the saturation state with respect to CFA allows for a
comparison of geological settings while minimizing the number of assumptions required.
For our calculations, we estimate the likely range of values for the pH and [PO,”], [CO,*]
and [F] for the chosen paleo-depositional environments, based on what is known about
their biogeochemistry. The aim of these PHREEQC calculations is to determine whether
porewaters in ancient sediments were likely undersaturated with respect to CFA, effectively
preventing the formation of CFA, or whether the degree of supersaturation was insufficient
for CFA formation to keep pace with the supply of P to sediments.

5. PHREEQC SENSITIVITY RANGES

We used measured porewater concentrations for the modern sediments and estimated
values for the ancient sediments as input for the PHREEQC calculations, as detailed below.
Obviously, porewater and seawater concentrations and environmental characteristics for
ancient marine systems cannot be measured directly and hence must be derived from, e.g.,
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proxy and modelling studies. Here, we use a range of values for [PO,], pH, temperature and
key solute concentrations. Where possible, these ranges are based on estimates for seawater
and porewater values from earlier studies.

For the modern Arabian Sea and Black Sea, porewater concentrations were obtained
through sampling and analyses in 2009 (Kraal et al., 2012) and 2015 (Kraal et al., 2017),
respectively. For OAE2, the PETM, and the i-282¢ and S5 sapropels, we estimated minimum
and maximum porewater concentrations of major ions from model and proxy data for
bottom waters (Supp. Table 3.4). Note that we did not include the T-OAE because of a lack
of sufficient data on seawater composition. For [PO,], our range (1 pmol 1" and 11 pmol 1)
captures the values used by (Monteiro et al., 2012) for OAE2 simulations, the low bottom
water [PO,] of the modern SE Mediterranean (~2 pmol 1) (MEDAR Group, 2003), the
maximum porewater concentrations estimated for sapropel S1 based on diagenetic modelling
(6.5 umol I') (Reed et al., 2011) and the average value for modern porewaters in sediments of
the euxinic basin of the Black Sea (~10 umol '), where CFA authigenesis occurs. For OAE2,
we also tested the effect of the much higher [PO,] concentrations that are found in porewaters
of the Arabian Sea (80 pmol I""). Our range of values is thus wide enough to account for both
low [PO,] in porewaters in deep sea sediments and increased porewater [PO,] following
deoxygenation.

The maximum pH values used for OAE2 (7.6) and the PETM (7.7) correspond to the
estimated, average ocean pH during their respective time periods (Shao et al., 2016),
while for sapropels the value corresponds to the water column pH of the modern Eastern
Mediterranean (8.2) (MEDAR Group, 2003). The minimum pH value used for all ancient
sediments is 6.9 and accounts for the generally lower pH values in porewaters (Shao et al.,
2016). These ranges cover the pH values for modern marine surface sediments (top 10 cm)
(Shao et al., 2016).

The chosen temperature range for OAE2 is based on proxy and model reconstructions of
temperature during the event (Haupt and Seidov, 2001; Forster et al., 2007; Friedrich et al.,
2008). The range of bottom water temperatures for the PETM is similar to OAE2 (Tripati
and Elderfield, 2005; Friedrich et al., 2012; Jones et al., 2013). Therefore we use a minimum
temperature of 14°C and a maximum temperature of 25°C for both events. Sapropel i-282¢
was deposited during a period of warming (Dwyer et al., 1995) and the deposition of
sapropel S5 corresponds to a solar insolation maximum (Frant et al., 2016). We, therefore,
assign a maximum temperature of 17°C to our sapropel calculations, which is a few degrees
higher than the modern bottom value of 14°C for the Eastern Mediterranean south of Crete
(MEDAR Group, 2003). The full list of values and their references can be found in Supp. Table
3.4.

We also tested the effect of changes in alkalinity and [Ca®], [Mg*] and [SO,”] on the
saturation index of CFA using the corresponding average ocean value for each time period
(Zeebe and Tyrrell, 2019). Overall the effects of changes in these parameters were small to
negligible when compared to those of temperature, pH and [PO,]. For OAE2, an increase in
[Ca*] from 17 mmol Ca kg to 29 mmol Ca kg, the maximum range tested here, had the
largest effect of the three ion concentrations, yet we only observed an increase in SI of ~2
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units. Furthermore, as ocean [Ca®'] during the ancient events (>10 mmol Ca I"') was higher
than that in the modern Arabian Sea (~10 mmol Ca I"') and Black Sea (~7 mmol Ca 1),
changes in [Ca’*] cannot have contributed to the reduction in CFA authigenesis during past
deoxygenation events.

Within the ranges tested, the effect of temperature on SI was an increase of ~13 units for
OAE2 and the PETM and ~3 units for the sapropels, or an increase of roughly 1 unit per 1°C.
Similarly, the effect of a change in pH was 4.7 for OAE2, 5.3 for the PETM and ~8 for the
sapropels. Within the 1 — 11 umol I"' range for [PO,], the change in SI was equal to 5 for all
ancient sediments. However, as we note in the main text, the effect of changes in [PO,] was
largest at low concentrations, whereas the effect of a change in pH and temperature remained
constant. This is why, even with much higher [PO,] (80 umol I''), the change in SI is only 4
units. For the sapropels, due to the larger range for pH and the smaller temperature range, the
effect of [PO,] is relatively more important. However, for OAE2 and the PETM the combined
effect of temperature and pH is more significant, producing lower SI values irrespective of the
[PO,].

Corc/Pror (Mol/mol)

ORG
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Supplementary Figure 3.1| Calcium carbonate content (CaCOj; solid line) and Cyyo/Pror
values (dashed line) for sapropel i-282¢ sediments from ODP Site 969 (Slomp et al., 2004).
The grey area indicates the position of the sapropel.
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6. Sediment CaCO,
Average CaCO, contents for all sites are given in Supp. Table 3.5. Profiles of C;./Pyq, and
CaCO, for sapropel i-282¢ (ODP Site 969) (Slomp et al., 2004) are shown in Supp. Fig. 3.1.
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Supplementary Figure 3.2| Relationship between sediment C /P and Cora/Poxe for (A)
three sites in the euxinic basin of the Black Sea (Kraal et al., 2017) and two sites from the
Arabian Sea OMZ (Kraal et al., 2012), and (B) the Black Sea and Arabian Sea data combined
with data for the i-282¢ (Slomp et al., 2004) and S5 sapropels (Kraal et al., 2010b). Dashed
circles indicate the approximate extent of values for each area or event, as well as the general
trend.
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7. RECYCLING OF P RELATIVE TO C,; AND ITS IMPACT ON OCEANIC
CARBON CYCLING

Organic matter is the dominant source of P to sediments (Ruttenberg, 2003). Hence,

enhanced recycling of P from organic matter under low [O,], which is reflected in high C,./

Pore 18 a prerequisite for high sedimentary Cqp/Prop

Variations in the rate of formation of authigenic carbonate fluorapatite (CFA) will then
turther determine the range of C,../Po; Values encountered in a given anoxic or euxinic
setting and the impact on the marine P and C cycles. For example, in sediments of the
Arabian OMZ, C,/Poye Values exceed 500 mol/mol but C /P, values are <200 mol/mol
(Kraal et al., 2012). Similarly, in sediments of the euxinic Black Sea basin, maximum C./
Porc Values are well above 1000 mol/mol but C,./P,, does not exceed 400 mol/mol (Kraal
et al., 2017) (Supp. Fig. 3.2). These differences in Cg/Pors and Coro/Pyop values in the
Arabian Sea and Black Sea are in accordance with the less intense anoxia and the higher rates
of CFA formation in the former system.

Values of Cqy/Pore and Coyo/Pyor values for the two most intense sapropels (i-282¢ and S5)
in contrast, range up to nearly 4300 mol/mol and 1200 mol/mol, respectively, and hence are
at least an order of magnitude higher than those for the Arabian Sea and Black Sea (Supp. Fig.
3.2). If authigenesis of CFA was capable of retaining the P released from organic matter, C,./
P..o; values for the sapropels should not have exceeded the modern maximum. We attribute
the high C /P, values during formation of these sapropels to the effects of ocean warming
and acidification on CFA authigenesis.

We illustrate the potential consequences of lower rates of CFA authigenesis for oceanic P
and C cycling with results from the Van Cappellen and Ingall (1994) ocean box model. In
our simulations, we used two versions of the model: (A) the original version in which CFA
formation is only related to the rate of organic matter decay, following:

FP =kp, x FP 5 (4.1)

where FP, is the rate of CFA authigenesis, kp, is a rate constant and FP, is the rate of organic
matter decay (see (Van Cappellen and Ingall, 1994) for the full model description); (B) a
version with a modified rate law which adds a dependency to the formation of authigenic
CFA (1) which is assumed to reflect the impact of the simultaneous warming and decrease in

FP= (1 - DOA) x kp, x FP, (4.2)
pH that accompanies the change in bottom water redox conditions:

where DOA is the degree of anoxia. A DOA value of 0 describes a fully oxic ocean whereas
a fully anoxic ocean results in a value of 1. In our simulations, we assessed the sensitivity of
DOA, Cprg/Pror and C,,, burial to changes in the rate of ocean overturning and changes in
the maximum C;/P . for burial under anoxic conditions over a range of 500 to 4000. The
steady state simulations with the original model show that lower mixing rates and higher
Core/Porg Values result in an increase in the DOA, Cg,./P;op and Cg,g burial (Supp. Fig.
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3.3; Fig. 3.4). Importantly, C,,./P;,. stays below a value of 200, despite the wide range of
Core/Porg- In contrast, in model simulations with inhibited CFA formation, the increase in
DOA is stronger and an order of magnitude higher Cg;/Pyo, values and C,, burial rates
are observed. Hence, without inhibited CFA authigenesis, Cqy./Proy values remain well
within the modern range even for the more extreme scenarios. Values similar to those found
for OAE2 (up to at least 1200 mol/mol, see main text) are only observed for scenarios with
inhibited authigenesis and strong anoxia, as reflected in high values of DOA, and C/Prg
>2000 mol/mol. These results highlight that a combination of severe deoxygenation and
inhibited CFA formation are required to explain the high C,./P;,. values found in ancient
sediments. They also demonstrate that the high rates of C.;, burial in the ocean during
ancient anoxia are likely linked to the low rates of CFA authigenesis.

l. Original Model Il. Inhibited apatite authigenesis
0.9
0.8
< 07 <
S os 3
0.5
0.4
Ocean overturning rate Ocean overturning rate
(myr™) (myr")
Core/Porss —— 500 — — 1000 - —- 2000 -—- 3000 ---- 4000

Supplementary Figure 3.3| Steady state box model output for simulations using the original
model by (Van Cappellen and Ingalll 1994) (I) and with inhibited apatite authigenesis (I). The
degree of anoxia (DOA; A-B) is shown for increasing ocean overturning rates and maximum
Cora/Porg (lines). Results are shown for ocean overturning rates in the range of 0.5 - 3 m yr'',
and C /P orc of 500 to 4000 mol/mol.
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Supplementary Table 3.1| Complete list of sources for the data shown in: Fig. 3.1 (Cgpe/
Piop)s Fig. 3.2 (Cope/Pror and Fe/Al) and Supp. Fig. 3 (CaCO,). Full references are given in
the Supplementary Information.

Site Event/Basin  Depositional  C, /P, Fe/Al CaCoO,
setting (molar)  (%/%) (%)
Schandelah (1] [1] (4] ([1])
Dotternhausen Epicontinental  [2] ([1]) [2] ([1])  [2]([1])
T-OAE Shelf
Rietheim (3] [3] ([1]) (3]
Yorkshire 2] ([1]) 2] ((1])  [2]([1])
ODP 1260 Continental [5] [10] [10]
slope
Tarfaya S57 Continental shelf [5] [11] ([5]) [11] ([5])
DSDP 641 (6] (6] [16]
DSDP 603 (5] [12] (7] ([5])
DSDP 386 (6] (6] [16]
OAE2 Deep ocean
DSDP 367 (7] ([6]) [12] (17]
ODP 1276 (6] (6] [16]
DSDP 530 (5] [13] (18]
Bass River Continental shelf [8] [14] [14]
Wunstorf Epicontinental [9] [15] [15]
shelf
Bass River [19] [19] (24]
Continental shelf
IODP M006, [19] (23] (23]
ACEX
PETM
1B10 Epicontinental [20] [20] [20]
shelf
ODP 959 Continental [21] [21] [21]
slope
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Site Event/Basin  Depositional  C, /P, Fe/Al CaCoO,
setting (molar)  (%/%) (%)
I0ODP 1403 Deep ocean [19] [19] [25]
ODP 1172 Continental shelf [19] [19] [19]
PETM
ODP 752 [19] [19] [19]
Continental
Forada slope [22]; [19] [22]
(19]
ODP 969 i-282¢ Deep ocean [26] [26] [26]
PS25PC [27] [28] [28]
S5 Deep ocean
KC16C [27] [27]; [29] [30]
MS21PC [31] [32] [32]
S1 Deep ocean
KC19C [27] [27]; [29] [30]
1B (OMZ)
2 (OMZ)
3
4
5 Continental
Arabian Sea  Slope (Oxygen [33]
6B Minimum Zone)
7
8
9
10
2 (Anoxic) Deep ocean
Black Sea [34]
3 (Anoxic) Continental
slope
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Site Event/Basin  Depositional  C, /P, Fe/Al CaCoO,
setting (molar)  (%/%) (%)
4 (Anoxic) Continental
slope
6A Black Sea [34]
6B Continental shelf
7

[1] Ruvalcaba Baroni et al., 2018; [2] Harding, 2004 (thesis) [3] Montero-Serrano et al.,
2015; [4] Papadomanolaki et al., unpublished; [5] Kraal et al., 2010a; [6] van Helmond et al.,
2014a; [7] Kuypers et al., unpublished; [8] van Helmond et al., 2014b; [9] van Helmond et
al., unpublished (2015) [10] van Bentum et al., 2009; [11] Kolonic et al., unpublished (2005)
[12] Owens et al., 2012; [13] Kraal et al., unpublished; [14] van Helmond et al., unpublished
(2014b); [15] Hetzel et al., 2011 [16] van Helmond et al., unpublished (2014a); [17] Kraal et
al., 2009; [18] Forster et al., 2008; [19] Papadomanolaki et al., 2021; [20] Frieling et al., 2017;
[21] Frieling et al., 2018; [22] Giusberti et al., 2007; [23] Sluijs et al., 2008; [24] John et al.,
2008; [25] Penman et al., 2016; [26] Slomp et al., 2004; [27] Kraal et al., 2010b; [28] Slomp,
unpublished; [29] Passier et al., 1998; [20] De Lange et al., unpublished; [31] Zwiep et al.,
2018; [32] Hennekam, personal communication; [33] Kraal et al., 2012; [34] Kraal et al., 2017
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Supplementary Table 3.2| Median and maximum Cgp./P;o; values for the Black Sea,
Arabian Sea, T-OAE, OAE2, PETM and i-282c, S5 and S1 sapropels, as shown in Fig. 3.1. For
references, see Supp. Table 3.1. OMZ: Oxygen Minimum Zone.

CORG/ PTOT
Area/Event (mol/mol)
Median Maximum
pre- 44 327
T-OAE
event 169 1099
pre- 28 554
OAE2
event 100 1835
pre- 17 118
PETM
event 40 249
oxic 6 9
i-282¢
sapropel 655 1156
oxic 18 55
S5
sapropel 315 698
oxic 27 50
S1
sapropel 53 187
below OMZ 38 97
Arabian Sea
OoOMZ 103 151
oxic 64 130
Black Sea
euxinic 189 354
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Supplementary Table 3.3| Median C,./P; and Fe/Al values for the T-OAE, OAE2, PETM
and i-282¢, S5 and S1 sapropels, as shown in Fig. 3.2. For references, see Supp. Table 3.1.
Numbers correspond to those given on the vertical axis of Fig. 3.2.

Event Site Number Cong/Pror Fe/Al
(mol/mol) (%wt/%wt)

Schandelah 8 272 0.81

Dotternhausen 10 194 0.71

T-OAE Rietheim 12 157 0.74
Yorkshire 17 109 0.60

ODP 1260 7 331 0.80

Tarfaya S57 3 507 0.63

DSDP 641 14 142 0.55

DSDP 603 9 248 0.62

OAE2 DSDP 386 1 844 1.44
DSDP 367 5 405 1.00

ODP 1276 13 144 0.67

DSDP 530 16 122 1.06

Bass River 18 100 0.43

Wunstorf 25 7 0.58

Bass River 22 40 0.22

PETM Ioi%?£06’ 15 131 0.52
IB10 23 23 0.39

ODP 959 20 56 0.47

IODP 1403 27 5 0.75

PETM ODP 1172 21 40 1.00
ODP 752 24 11 0.60

Forada 26 7 0.57

i-282¢ ODP 969 2 655 1.26
PS25PC 6 340 1.12

5 KC19C 4 438 1.02
s1 MS21PC 19 61 0.71
KC19C 11 161 1.16
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Supplementary Table 3.5| Calcium carbonate contents (CaCO,: average, maximum,
minimum) for all sites presented in Fig. 3.2. For the T-OAE, OAE2, PETM and the sapropels,
the pre-event/sapropel values are also given. The values given for the Arabian Sea and Black
Sea cover the sampled depths at each station. References are listed in Supp. Table. 3.1.

CaCo,

Site Event/Basin Pre-event/sapropel Event/sapropel

Average  Max. Min. Average Max. Min.

Schandelah 0 0 0 20 41 0
Dotternhausen 26 42 12 33 79 11
Rietheim TOAE 40 55 19 23 47 6
Yorkshire 3 8 0.5 8 35
O(I'i]l;(iéio 69 98 55 60 94 23
ODP 1260 62 96 49 53 92 5
T(aéf?r'sesn? 76 100 50 84 100 28
Ta(rlfégﬁ)s 7 65 92 40 74 92 50
DSDP 641 OAE2 26 39 16 18 30 12
DSDP 603 0.9 2 0.3 0.5 2 0.2
DSDP 386 7 30 0.9 10 14 7
DSDP 367 5 22 1 8 20 0.6
ODP 1276 17 33 0.8 1
DSDP 530 1 18 0 0.6
Bass River 14 18 12 17 26 10
Wunstorf 10 11 10 8 11 2
Bass River 5 8 1 10 21 0.95
1021():2;[(006 0.3 0.4 0.2 0.3 0.5 0.1
1B10 9 42 1
ODP 959 PETM 13 25 3 0 0 0
ODP 1403 0.4 0.7 0.3 17 33 0.2
ODP 1172 1.11 9.5 0.3 0.94 1.61 0.41
ODP 752 3 11 0
Forada 47 60 28 36 74 0
969 i-282¢ 61 65 58 16 61 3
PS25PC 38 41 34 35 42 26
KC19C 55 50 52 47 39 44 29
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1B 53 59 44
2 59 61 57
3 62 64 60
4 58 60 57
5 Arabian Sea 71 73 69

6B (Carbonates) 63 66 59
7 46 51 44

47 50 45
9 42 47 40

10 43 48 40

1B 27 33 21
2 45 51 41
3 49 51 47
4 45 50 40
5 Arabian Sea 62 66 56

6B (from Ca) 52 56 45
7 30 35 26

47 50 45
26 33 21

10 27 36 21

2 52 81 18
42 69 11

4 Black Sea 64 6 9

6A 50 88 17

6B 45 94 13
; Black Sea 6 - 30
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Eutrophication and deoxygenation
forcing of marginal marine organic
carbon burial during the PETM

Nina M. Papadomanolaki, Appy Sluijs, Caroline P. Slomp

The Paleocene-Eocene Thermal Maximum (PETM) is recognized globally by a
negative excursion in stable carbon isotope ratios (§"°C) in sedimentary records,
termed the carbon isotope excursion (CIE). Based on the CIE, the cause, duration
and mechanisms of recovery of the event have been assessed. Here, we focus on
the role of increased organic carbon burial on continental margins as a key driver
of CO, drawdown and global exogenic §"C during the recovery phase. Using new
and previously published sediment proxy data, we show evidence for widespread
enhanced primary production, low oxygen waters and high organic carbon (Cy.)
burial in marginal and restricted environments throughout the §"C excursion.
With a new biogeochemical box model for deep and marginal environments,
we show that increased phosphorus availability and water column stratification
on continental margins can explain the increased C,, burial during the PETM.
Deoxygenation and recycling of phosphorus relative to C.y, were relatively
mild when compared to modern day anoxic marine systems. With the model, we
estimate a burial of 6000 Pg across the PETM, in excess over late Paleocene burial,
and ~3,300 Pg C for the critical first 40 kyr of the recovery, primarily located on
continental margins, in accordance with field data. This value is consistent with
prior modelling estimates (~2000 — 3000 Pg C). Such an increased C;, burial
implies an injection of 5,790 Pg of methane (8" °C = -55%o0) or 7,030 Pg of mixed
sources (8"°C = -55%o and -25%o) to reconstruct the shape and magnitude of the
CIE.




Eutrophication and deoxygenation forcing of marginal marine organic carbon burial during the PETM

1L.INTRODUCTION

The Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma) was a geologically short-lived
(~150 - 250 kyr; e.g., Rohl et al., 2007; Murphy et al., 2010; Zeebe & Lourens, 2019) phase
characterized by global warming, an enhanced hydrological cycle and biotic turnover (e.g.,
McInerney and Wing, 2011; Carmichael et al., 2017). A key feature of the event is a negative
stable carbon isotope (§"°C) excursion (CIE) recovered in both marine and terrestrial records
(Koch et al., 1992). In combination with dissolution of seafloor carbonates (e.g., Zachos et
al., 2005), the CIE indicates the injection of large quantities of '*C-depleted carbon (C) into
the ocean-atmosphere system (Dickens et al., 1995; 1997). Proposed sources for this carbon
include methane hydrates (e.g. Dickens et al., 1995; Lunt et al., 2011; Frieling et al., 2019),
terrestrial organic carbon (Cy,;) (DeConto et al., 2012; Kurtz et al., 2003), thermogenic
methane (Svensen et al., 2004) and volcanic CO, (e.g. Bralower et al., 1997; Gutjahr et al.,
2017) or a combination of sources (e.g., Sluijs et al., 2007; Panchuk et al., 2008). Many records
show a rapid onset of the CIE followed by a ‘plateau’ phase of stable, low §"°C values (e.g.,
Bowen et al., 2001; Thomas et al., 2002) with a duration of up to 170 kyr (Zeebe and Lourens,
2019) (Figure 4.1). The plateau, or rather the lack of immediate recovery, implies a long-
term additional source of *C-depleted carbon, such as methane from hydrates, thermogenic
sources or terrestrial carbon oxidation (Zeebe, 2013; Frieling et al., 2016; Lyons et al., 2019).
The subsequent recovery to — almost — background §"°C values may span up to ~120 kyr
(e.g. Farley and Elgroth, 2003), though many records suggest stable post-excursion values
within ~100 kyr (Bowen, 2013).

The time scale of recovery (Dickens et al., 1997; Zachos et al., 2005, Bowen, 2013) as well
as sedimentary evidence (e.g. Ravizza et al., 2001; Kelly et al., 2005) indicate that intensified
weathering of terrestrial silicate rocks likely drove CO, drawdown during the PETM.
However, the rapid recovery of the CIE observed in some marine and terrestrial records (e.g.
Giusberti et al., 2007; Abdul-Aziz et al., 2008), suggests that C burial played an important
role as well, especially within the first 30 - 40 kyr of the recovery (Bowen and Zachos, 2010,
Bowen 2013). Along with terrestrial Cg,, burial (Bowen and Zachos, 2010), marine Cgg
burial might have been a major sink (e.g., John et al., 2008).

In the modern ocean, over 90% of all C,. burial in the marine realm takes place at depths
shallower than 1000 m (Sarmiento and Gruber, 2006). Climate change during the PETM likely
led to increased weathering-driven river inputs of phosphorus (P) to coastal zones (e.g., Sluijs
et al., 2014; Khozyem et al., 2015; Carmichael et al., 2017), stimulating primary productivity.
The resulting increase in organic matter remineralization near the sea floor, decreased bottom
water oxygen concentrations, enhancing the recycling of phosphorus relative to Cgg, and
Cope burial (e.g. Ingall et al., 1993; Sluijs et al., 2008a; 2014). Warming and stronger (salinity)
stratification also contributed to a drop in seawater oxygen concentrations (e.g., Thomas et
al., 2002; Sluijs et al., 2006; Carmichael et al., 2017). Given the high sea level across the late
Paleocene and early Eocene (e.g. Miller et al., 2020), particularly during the PETM (e.g. Sluijs
et al., 2008b), even more nutrients were likely trapped along margins. Collectively, if marine
Core Sequestration was of relevance to carbon drawdown during the PETM, it was most likely
concentrated along continental margins.
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Some studies suggest a rise in primary or export production (Bains et al., 2000; Ma et al.,
2014) and mild deoxygenation (e.g. Chun et al., 2010; Pilike et al., 2014) in the open ocean,
thus potentially increasing C,. sequestration. However, most observations point towards
increased Cgp,; burial on continental shelves and slopes (John et al., 2008; Dunkley Jones
et al., 2018), notably in restricted basins such as the Arctic (Sluijs et al., 2008a) and in
epicontinental seas such as the peri-Tethys (Gavrilov et al., 1997). Sedimentary records from
various margins point towards eutrophic conditions (e.g. Schmitz et al., 1997; Gibbs et al.,
2006; Nicolo et al., 2010; Soliman et al., 2011; Dickson et al., 2014). Bottom waters at such
locations were at least intermittently low in oxygen and in some cases even euxinic ([O,]=0
and sulfidic), which in combination with elevated clay supply, enhanced C burial (Sluijs et
al., 2014).

The rapid recovery of §"”C during the CIE through elevated C,, burial in marine
sediments was recently assessed with two Earth System models. Using cGENIE, Gutjahr et al.
(2017) and Dunkley Jones et al. (2018) assumed an ad hoc increase in burial to simulate the
desired 8§"C response. In an application of LOSCAR, Komar and Zeebe (2017) simulated a
reduction in deep water O, and associated increased P recycling and primary production as a
mechanism for enhanced Cg, burial. These studies conclude that the burial of ~2000 to 8000
petagrams (10" g; Pg) of C, is required to reconstruct the initial, rapid 8"°C recovery, in
agreement with Bowen and Zachos (2010). However, neither cGENIE nor LOSCAR include
a representation of the continental shelves and all C . burial in these models occurs in deep
marine sediments. As a result, the models do not capture the primary locale of C,. burial
for the PETM which may affect both interpretations of the scale and nature of the driving
mechanisms, as well as the actual magnitude of the C, burial.

In this study, we first expand existing global scale data compilations of changes in primary
production, and deoxygenation during the PETM (Dickson et al. 2012; Sluijs et al., 2014;
Carmichael et al., 2017), based on the currently available published information and new
data, with a focus on marginal sites. We then present a new biogeochemical box model
with separate boxes for the open ocean and continental margins, the Arctic Ocean and
the Eurasian Epicontinental Seas (EES). With the model, we simulate changes in primary
production and water column redox conditions during the PETM, with a specific focus on
the resulting burial of C ;. on continental margins during the key first 40 kyr of the recovery
phase.

2. MATERIALS AND METHODS

2.1 Data compilation

We generated new seafloor oxygenation proxy records and combined them with published
information on changes in primary production and redox conditions during the PETM
(Supp. Table 4.1). The compilation also includes new geochemical records for the deep North
Atlantic (International Ocean Discovery Program (IODP) Site 1403) and marginal settings in
the Pacific, Tethys, Atlantic, Arctic, Southern and Indian Oceans (Lodo Gulch, Forada, Bass
River, Lomonosov Ridge IODP Site M004, Ocean Drilling Program (ODP) Sites 1172 and
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Figure 4.1| Idealized representation of the carbon isotope excursion (CIE) associated with
the PETM. The four key phases of the CIE are shown: the pre-event stable background, the
8"C decrease across the onset, the stable or slightly increasing values of the ‘plateau” and
the increasing 8"°C of the recovery. As this "°C curve does not represent a specific site, the
boundaries between the Paleocene and Eocene, and Zones NP9 and NP10, are approximate.
The duration for the onset (Kirtland Turner, 2018 and refs. therein), plateau (Zeebe and
Lourens, 2019 and refs. therein) and recovery (e.g. Zeebe et al., 2009; Murphy et al., 2010;
Bowen, 2013) of the PETM are also given.

752) (see Supplementary Materials for site descriptions and methodology). For the recovery
phase, we exclude sites lacking appropriate chronology.

To determine the redox conditions in the water column during the PETM, we use
sediment Fe/Al and the trace metal Mo, changes in benthic foraminiferal assemblages and
abundance, pyrite contents, sediment lamination and the presence of biomarkers such as
isorenieratene and derivatives. The continued presence of benthic foraminifera is used as
an indicator of bottom waters that were not permanently anoxic (e.g. Bernhard and Gupta,
1999). Laminations generally form as meso- and macrofauna disappear from sediments
when bottom water oxygen is low (e.g. Savrda and Bottjer, 1991). In this study we only use
the classification ‘anoxic’ for sites where Mo is present, pyrite contents are high, and/or
isorenieratene (or derivatives) is detected. The presence of the first two indicators may point
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Figure 4.2| Setup of model boxes with names (codes) and fluxes determining the exchange
between them. Fluxes between the boxes are indicated with solid lines and riverine fluxes
(R), evaporation (E) and precipitation (P) are indicated by dashed lines. Thermohaline
circulation assumes deep-water formation in the Southern Ocean (Bice and Marotzke, 2001).
towards sulfidic surface sediments and anoxic bottom waters (e.g. Bertine, 1972; Crusius et
al., 1996; Roychoudhury et al., 2003). Although isorenieratene indicates lower photic zone
euxinia, where present in sediments at shallow sites, euxinia likely reached down to the
seafloor (e.g., Sluijs et al., 2014).

We exclude records that aim to reconstruct primary production using C records, as these
can be influenced by changes in preservation of organic matter and sediment supply. We
compile all studies that interpret proxy records purely as reflections of primary or export
production, including those of barite and specific groups of plankton (e.g. foraminifera),
to assess trophic levels, without a specific distinction between increased or high primary
production.

2.2 Model description

We developed an 11-box biogeochemical model with representations of the coupled marine
cycles of Cp, P and O, to track changes in ocean biogeochemistry during the PETM in
response to increased atmospheric CO, and weathering. To this end, we formulated a steady
state mass balance model for the late Paleocene and parameterized processes through simple
rate laws (e.g. Van Cappellen and Ingall, 1994; Ruvalcaba Baroni et al., 2014). To simulate
the PETM, we applied transient atmospheric pCO, perturbations to assess the response to
enhanced P weathering, higher temperatures and increased stratification.

Our open ocean box layout is similar to that of the Walker and Kasting (1992) carbon-cycle
model with separate boxes for the surface waters in the mid and low latitude ocean and
Southern Ocean, a thermocline box and three boxes for the Atlantic, Indian and Pacific deep
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Figure 4.3| Overview of the increased riverine P influx that is used, together with rising
temperatures and stratification, to simulate the PETM in our model. The standard scenario
(Z09; solid line) uses a lower P weathering sensitivity of n, = 0.4 than the Z09_Weath scenario
in which n, = 1.0.

oceans (Fig. 4.2). The original Indian Ocean box of Walker and Kasting (1992) is increased
in size, however, to include the Tethys Ocean (Indotethys). The continental margins, with
the exception of the Arctic Ocean and EES (which includes the peri-Tethys region), are
represented by a single box. We hereafter refer to it as the continental margin. The Arctic
Ocean and EES are each represented by two boxes, a shallow one that includes the shelf
area and a deep box. The continental margin, the surface Arctic Ocean and the surface EES
will be referred to collectively as the marginal boxes. Further details are provided in the
Supplementary Information.

2.3 Simulation setup

The standard simulation which we present here is forced by the atmospheric CO, curve as
modelled by Zeebe et al., 2009 (Z09) (Supp. Table 4.2). The increase in pCO, during the PETM
causes an increase in P__, and, subsequently, total riverine P input (Fig. 4.3). Additionally,
the accompanying increase in water temperature leads to a reduction in O, solubility and
we enforce an increase in stratification in the Arctic surface and EES surface boxes. The
combined changes in P input, O, solubility and stratification cause the variations in primary
productivity and deoxygenation associated with the PETM. The four key parameters of which
the values chosen strongly affect our simulation results for the PETM are f;, ., (0.75), fc,p
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(0.4), n, (0.4) and f,, (S1: 0.1; §2: 1; §3: 0.4) (Supp. Table 4.2). The sensitivity analyses that we
conducted before choosing these final values are presented in the Supplementary Information.
Additionally, we tested the impact of changes in these parameters in combination with
riverine P inputs associated with three alternative facts atmospheric pCO, curves (F16:
Frieling et al., 2016; G17: Gutjahr et al., 2017; K170: which is the Z09 scenario but using the
170 kyr duration of Zeebe and Lourens (2019) for the plateau of the CIE. The results of these
simulations can also be found in the Supplementary Information. The rate of C . burial from

709 was implemented in LOSCAR as a time dependent variable, to examine the effect on bulk
8" C.

We also performed five experiments using the Z09 scenario (Supp. Table 4.2), with the
aim to assess the sensitivity of Cgg burial to of increased P supply, primary productivity,
stratification and reduced O, solubility. In our first experiment (Z09_Weath), we enhanced
the sensitivity of P weathering to atmospheric CO,, thereby increasing riverine P supply to
the ocean. For this run, we increased the value of np from 0.4 to 1. In the second experiment
(Z09_cOOPP), we kept open ocean (S4 and S5) primary productivity constant at the
corresponding steady state value. As a result, the relative contribution of marginal (S1 - 3)
productivity to total organic matter production increased. In this run, excess C. burial is
influenced solely by marginal productivity and deoxygenation in marginal and deep boxes.
The third experiment tested the combined effect of decreased O, solubility and increased
P weathering, without increased stratification (Z09_cStrat). In this experiment, f, _, was set
to 1 for all marginal boxes (S1 - 3), while n, was kept at the standard value. For the next
experiment (Z09_Weath_Only), we tested the impact of only enhanced P weathering
on productivity and, subsequently, on Cg, burial. To test this, we kept all boxes fully
oxic (constant DOA and [O,] at steady state values), thus eliminating the contribution of
preservation of C,, and P recycling. Our last experiment tested the effect of reduced O,
solubility under higher temperatures (Z09_02Sol) assuming no increased stratification and
no increased P weathering by setting £, to 1 for all marginal boxes (S1 - 3) and np to 0.

2.4 LOSCAR $"C simulations

To test the response of increased C,y burial rates on dissolved inorganic carbon §"C, we
used the carbon cycle box model LOSCAR (Zeebe et al., 2009). The C . burial in the original
LOSCAR version is constant throughout the simulations. For the purpose of this study, we
changed this setup to include a time-dependent C ;. burial factor that emulated the relative
changes in C, burial, as simulated by our Z09 scenario. We tested a Z09 simulation with
and without C . burial, as well as two further emission scenarios, one for a larger second
pulse of methane (see Komar and Zeebe, 2009) and one where the second pulse is caused
by Crc oxidation (Lyons et al., 2019). Both of these scenarios are combined with Z09 C
burial rates for the onset, plateau and first 40 kyr of the recovery phase. We use the LOSCAR
8"C fractionation value of -33%o for C ., burial.
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Figure 4.4| Global overview of sites of proxy records on changes in primary productivity (PP)
and bottom water redox conditions for the PETM. Records for all phases of the PETM (a)
and records for the recovery as identified from the §"°C excursion (b) are indicated separately.
The lightest colors indicate oxic conditions or sites where no data on deoxygenation is
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available. Intermediate shades are used for hypoxic sites while the darkest shades indicate
anoxic or euxinic conditions (see text for criteria). Grey colors are used for sites without data
on PP changes, red colors indicate high or increased PP and blue is used for sites with low
or decreased PP. Sites with records that use barite to reconstruct PP are indicated by stars
(*) and sites where proxy records offer contradicting results by question marks (?). Symbol
shapes represent the depth domain: shelf (circle), slope (polygon) and deep (square). For the
tull reference list and site names (here indicated by numbers) see Supp. Table 4.1. Map after
Markwick (2007), modified by Sluijs et al. (2014).

3. RESULTS

3.1 Geochemical data

The 8§"C data for our newly generated PETM records show that we capture both the onset and
recovery of the PETM at five out of seven sites (Supp. Fig. 4.1). At the Lomonosov Ridge, C;./
P.or values well in excess of the Redfield ratio, and high Mo concentrations indicate severe
deoxygenation. The high C;/Po; values found at Lodo Gulch and the presence of Mo at
Bass River and ODP Sites 1172 and 752 suggest reducing conditions as well. Average Cp
contents are mostly at or below ~0.5% at all sites except for Site 1172 and the Lomonosov
Ridge where C; contents range up to ~1.3 and 3.4 wt%, respectively. For more details on the
proxy records for our seven sites, see Supplementary Information.

3.2 Data compilation

Most sites in in our compilation (Fig. 4.4a) experienced some degree of deoxygenation during
the PETM. Hypoxic conditions on the sea floor at open ocean sites are concentrated mainly in
the areas of the Equatorial Pacific and Atlantic, Walvis Ridge in the Southern Atlantic and the
Southern Ocean. Most sites on the continental shelf and slope experienced hypoxia at some
stage during the PETM, with only a few (<5) exceptions. Intermittent to permanent anoxia
developed at sites in the Arctic Ocean, the North Sea, the Peri-Tethys, the New Jersey shelf
and the North-African shelf. However, sites on the New Jersey and North-African shelves
provide evidence for hypoxia rather than anoxia. Lower photic zone euxinia was identified at
a total of four sites.

Signs of eutrophication are found in all basins and at all water depth intervals, during
different stages of the PETM. About 13 sites experienced high productivity throughout the
entire PETM (Supp. Table 4.1). Clusters of high productivity occur around the Walvis Ridge,
on the New Jersey Shelf and the North African Shelf. Most sites with evidence for increased
productivity also experienced deoxygenation, with a few exceptions. A much smaller number
of records capture the recovery phase of the PETM (Fig. 4.4b). At some sites, notably in
the deep ocean and the (peri)Tethyan realms, proxies indicate oxic conditions during the
recovery, but a large number of sites in various ocean basins, notably on the North African
Shelf, the New Jersey Shelf and in the Arctic remained hypoxic or anoxic.

Overall, there is abundant evidence for eutrophication and deoxygenation in marginal and
restricted environments, also during the recovery phase of the PETM. This contributed to
high sediment C contents in these environments (Fig. 4.5). Records containing C g >0.5
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Figure 4.5 Compilation of sediment C.,, contents for the PETM. Colors represent
maximum values for each site: less than 0.5 wt% (white), more than 0.5 wt% (grey) and more
than 2 wt% (black). Shapes indicate the depth domain: shelf (circle), slope (polygon) and deep
(square). For the full reference list and site names (here indicated by numbers) see Supp. Table
ST1. Map after Markwick (2007), modified by Sluijs et al. (2014).

wt%, and especially C,; >2 wt%, are found mainly in marginal environments during the
PETM (Fig. 4.5).

3.3 Modeling results
We present results for the Z09 simulations here (Fig. 4.6). Those for the F16, G17 and K170
simulations are very similar and can be found in the Supplementary Materials.

3.3.1 Zo9 simulation

Dissolved PO, concentrations in all basins and primary production rates in the surface boxes
increase by a factor of ~1.6 during the first 80 to 100 kyr of the event, before decreasing (Figs.
4.6a, 4.6b). Phosphate concentrations become highest in the deep boxes of the restricted
basins (D1, D5; ~3 pmol kg'), somewhat lower in the thermocline (> 2 pmol kg™') and remain
low in the Southern Ocean (<1 pmol kg'; Fig. 4.6a). Total primary productivity increases
from ~49 Pg C yr' to 77 Pg C yr'. This increase results in excess production of ~4.3 x 10° Pg
C, with 78% produced in S4 and 12% in S2.

Deoxygenation occurs in all surface (Fig. 4.6¢) and deep (Fig. 4.6d) boxes. The DOA is highest
in box S1 (0.94), compared to S2 (0.38) and S3 (0.74). The DOA for S2 begins to decrease
at about 100 kyr. For S1 and S3, the recovery begins around 60 kyr into the event. Oxygen
concentrations in the deep Arctic Ocean (D1) and EES (D5) decrease to zero within the first
~10 kyr and ~20 kyr of the PETM simulation, respectively. Both boxes remain fully anoxic
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Figure 4.6| Key results for PETM simulation Z09: phosphate concentrations in pmol kg™
(a), relative change in primary productivity (b), degree of anoxia for the marginal boxes
(c), oxygen concentrations in pM for the deep boxes (d), total phosphate burial rates for
the different pools in Tmol yr' (e), organic P (P,) burial rates in Tmol yr" (f), authigenic
P (P, burial rates in Tmol yr' (g), iron-bound P (Py,) burial rates in Tmol yr' (h) and
organic carbon (C) burial rates in g C m™ yr" (i). Red colors are used for surface boxes,
black for the thermocline and blue colors for the deep boxes. The color association is also
shown in boxes at the bottom of this figure.
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and the PETM (blue). The dashed line indicates the Redfield value (106). The relative
change in median values is indicated. The inset for panel (a) shows the values for
the Arctic and EES surface boxes, which in (a) are combined with the values for the
respective deep boxes. Horizontal lines within the boxplots indicate median values.
until ca. 30 kyr before the end of the event. The thermocline becomes nearly hypoxic (min.
80 umol kg'). Oxygen concentrations in the deep open ocean boxes decrease but remain >60
pmol kg'. Oxygen concentrations for the thermocline and deep open ocean (IM, D2 - 4)
begin their recovery from ~100 kyr onward.

The burial of P, decreases at the onset of the PETM and remains below the late Paleocene
level for the first ~60 kyr of the event, followed by a rise (Fig. 4.6e). Variations in total P
burial are minor compared to the rise in P,;;,; and decrease in P, burial. Interestingly, while
Py burial increases in the deep ocean boxes D2, D3 and D4, and the shallow box S2, it
decreases in D1, S1 and S3 (Fig. 4.6f). The burial of P,;;,; shows little change in D1, D5 and
S1 but increases in all the other boxes (Fig. 4.6g). Burial of P, decreases in all boxes, but most
prominently in S2 and S3 (Fig. 4.6h).

The rate of C; accumulation increases in all boxes (Fig. 4.6i). In the marginal boxes, the rate
increases from an average of 2.8 g C m™ yr' to 4.3 ¢ C m” yr''. In the deep boxes, the largest
change occurs in the restricted basins, where rates more than double from 0.29 g C m? yr' to
0.65 g Cm?yr'in D1 and from 0.07 gCm™yr' to 0.15g C m™ yr" in D5.

Burial Cg,./P.o; values during the PETM generally exceed the Redfield ratio of 106 in all
boxes, except for the deep open ocean (D2 - 4) (Fig. 4.7a). Maximum values (260 mol/mol)
are reached in the Arctic and Eurasian Epicontinental Seaway and the maximum relative
increase (2.7) occurs in the Arctic. The lowest maximum value (83 mol/mol) and the lowest
relative change (1.27) occur in the deep open ocean.

3.3.2 Excess C,; burial

Most excess burial of C,, for the standard scenario (Z09) occurs in the marginal boxes (Fig.
4.8a), which account for more than 70% of total burial. Over the entire PETM, excess burial
amounts to 13,300 Pg C (Fig. 4.8b). During the first 40 kyr of the recovery, excess burial
is 3300 Pg C. For the sensitivity tests, we show results for simulations with a P weathering
sensitivity of either n, = 0.4 (as in the standard run) and, only where it is explicitly stated,
n, =10 (as in Z09_Weath) (Fig. 4.8c). An increase in weathering sensitivity from 0.4 to 1.0
generally increases the amount of excess Cg burial. When this increase is applied to the
standard scenario (Z09_Weath), it results in total excess burial of ~21,100 Pg C, while for the
first 40 kyr of the recovery excess burial increases to 5000 Pg C. Generally, excess burial is at
least 1.4 times higher for a weathering sensitivity that is 2.5 times higher. When open ocean
productivity is kept constant (Z09_cOOPP), excess Cp; burial shifts towards the restricted
basins. Due to a decreased retention of phosphorus in the open ocean, more of it becomes
available for production in the restricted basins instead. Total excess C burial is 16,000 Pg
C for the entire PETM and ~4000 Pg C for the early recovery.

The effect of changes in stratification on excess C,; burial is large and is required to
reproduce the spatial extent and severity of deoxygenation in the Arctic and EES. Without
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Figure 4.8| Barplot for excess C,, burial associated with the PETM for the standard
simulation Z09 (a and b) and the sensitivity analyses (c) in units of Pg C and as a relative
fraction when compared to Z09). The codes for the boxes contributing to the excess Cgpg
burial are as described in Fig. 2. Blue colors are used for excess burial across the entire
PETM while red indicates excess burial during the first 40 kyr of the recovery. Light colors
in (b) and (c) are used for the lower P weathering sensitivity (np = 0.4) while darker shades
correspond to the higher sensitivity (1, = 1.0). See the Methods section for an explanation on
the calculation of excess burial. Scenario codes are given in brackets and explained in Supp.
Table 4.2.

increased stratification in S1 and S3 (Z09_cStrat), total excess C,g. burial over the entire
PETM is 7500 Pg C and 1700 Pg C of this is buried during the 40 kyr interval. The CO2-
driven increase in P,y and associated riverine input of P is the only factor controlling
biogeochemical changes in the ocean in the model run with oxic conditions and without
increased stratification (Z09_Weath_Only). Total primary productivity increases to 53 Pg C
yr' and excess C,y burial amounts to 2200 Pg C (entire event) and 500 Pg C (first 40 kyr
of recovery). The effect of reduced O, solubility on C burial, due to warming only (Z09_
028Sol), is similar to that of increased Py, 0nly (Z09_Weath_Only). Excess Cqp; burial by
the end of the PETM is 2100 Pg C and roughly 480 Pg C are buried during the 40 kyr early
recovery interval.

The sensitivity tests show that increased weathering of P is a key driver of biogeochemical
change during the PETM. However, the redox-driven recycling of P amplifies this effect,
resulting in the patterns of increased productivity and deoxygenation that we observe in the
data.
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Figure 4.9| Bulk carbon isotope response to four PETM forcing scenarios. The forcing
scenarios (a) include methane (CH4; §"C = -55%o0) and Corg (8"°C = -25%o) emissions, and
Cope burial. White bar: an initial pulse of 3000 Pg C of CH, emission (Zeebe et al., 2009),
used in all scenarios. Black bar: a “leak” of 1480 Pg C of CH, (Zeebe et al., 2009). Pink bar:
an additional “leak” of 2020 Pg C of methane. Blue bar: an additional “leak” of 1020 Pg C
of CH, and 2400 Pg C of C.. Purple bar: reduced burial, excess C burial of 6000 Pg C,
over the onset, plateau and first 40 kyr of the recovery. Red bar: excess C, burial of 7,300
Pg C, together with the purple bar it accounts for the burial of 13,300 Pg C over the entire
PETM. The bulk §"C responses (b) correspond to combinations of these scenarios. Black
line: Control scenario with a forcing of 3000 Pg C plus 1480 Pg C of CH,. Red line: Control
scenario with the inclusion of the complete C; burial scenario simulated in this study. Pink
line: Control scenario plus 2020 Pg C of CH, and reduced burial. Blue line: Control scenario
plus 1020 Pg C of CH, and 2400 Pg C of C ., with reduced burial. O.: Onset.
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3.4 LOSCAR §“C simulations

The inclusion in LOSCAR of C; burial rates simulated in this study, results in a preferential
removal of PC-depleted carbon and thus an earlier and more rapid recovery of the CIE (red
line in Fig. 4.9). The shape of the CIE broadly matches observations (Fig. 4.1). However, by
the end of the PETM, 8"C values have increased by 2%o above the pre-event value, which
is in stark contrast with observations and thus implies the need for the addition of several
thousand Pg of *C-depleted C during the plateau and recovery phases to match the shape of
the CIE. Truncating C,. burial rates after the first 40 kyr of the recovery (blue, pink lines),
leads to a better match with the target. An addition of ~1000 Pg C with a §"°C value of -55%o
(blue line), or 2400 Pg C of -25%o (pink line), results in a plateau phase similar to the scenario
without C, burial.

4. DISCUSSION

4.1 Primary production

Our data compilation shows that primary production increased in both open ocean and
marginal marine areas during the PETM (Fig. 4.4). Roughly 70% of all studied sediment
records reveal increased production based on at least one proxy. Some work has suggested
that barite records (partly) record export rather than primary production (Ma et al., 2014)
- though it seems unlikely that export production increased without a pronounced increase
in primary production, particularly in a warmer water column (e.g, Laws et al., 2000b) - or
a global increase in the Ba inventory (Dickens et al., 2003; Frieling et al., 2019). Even when
barite records are excluded, 60% of all sites still show an increase in primary production.
Importantly, almost two thirds of all high or increased productivity sites are located on the
continental margin and in the restricted basins of the EES and Arctic Ocean, where almost
all sites show an increase during the PETM. This is especially true for areas such as the
North African shelf (sites 19 - 26) and the New Jersey shelf (sites 2 — 4), where increased
productivity marks all sites but one (23).

Our simulations indicate an equal relative increase of primary productivity in all surface
boxes. The absolute increase in maximum rates of primary production per unit of surface
area is highest in marginal boxes (S1 - 3), but most production takes place in the low and
mid latitudes of the open ocean (S4) (Supp. Table 4.3). These environments cover the largest
surface area of the ocean and proxy records for high or increased primary production are
found in the North and the South Atlantic, as well as the tropical Pacific.

4.2 Deoxygenation

Deoxygenation is recorded by proxies at 90% of the sites compiled for this study (Fig. 4.4).
Sulfur isotope ratios have been interpreted to suggest that large parts of the ocean became
sulfidic during the PETM (Yao et al., 2018) with an expansion of the OMZ to 10 - 20% of the
ocean volume (modern: 1%). While there is local evidence for hypoxia at intermediate depths
in the open ocean (Fig. 4.4) there are no signs of euxinic, or even anoxic conditions on such a
scale. (Intermittent) euxinic conditions are almost entirely restricted to specific sections of the
continental shelf: the Arctic, the eastern EES and peri-Tethys region, the North Sea, the North
African Shelf and the Gulf of Mexico.
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The results of our simulations are in general agreement with the data, as all boxes show
signs of deoxygenation. The deep boxes of the open ocean also exhibit a decrease in [O,] but
remain oxic (>60 pM) during the PETM. Intermediate waters (box IM) also remain oxic.
As our model provides average changes for all basins, this result is not inconsistent with the
observed hypoxic areas ([O,] <60 uM) as others remained oxic (e.g. Pilike et al., 2014). The
deep Arctic and EES become fully anoxic and the DOA rises for all surface boxes, consistent
with observations. At present, there is no data available for the deep Arctic basin, however
our model does not allow for an oxic, or even hypoxic, deep Arctic when the surface box
experiences a large increase in DOA. As surface deoxygenation for the Arctic is supported by
work on multiple sites (Fig. 4.4; see Supp. Table 4.1 for all references), it is likely that the deep
Arctic experienced similar conditions.

The changes in the hydrological cycle that are associated with the PETM likely resulted in
increased river runoff to the marine realm which, in combination with higher temperatures,
would have caused water column stratification (e.g., Sluijs et al., 2006). In our model,
stratification plays a large role in increasing the DOA of surface boxes (Supp. Table 4.3).
Marginal environments where evidence suggests that salinity varied, are mainly located in the
Arctic (Pagani et al., 2006; Sluijs et al., 2008a; Harding et al., 2011) and on the New Jersey
Shelf (Kopp et al., 2009; Sluijs and Brinkhuis, 2009). But evidence of intense hydrological
change on land (e.g., Bowen et al., 2004; Foreman et al., 2012; Schmitz and Pujalte, 2007;
Chen et al., 2018) and an increase in the supply of terrestrial siliciclastic and organic material
to the margins has been found in numerous locations (see overview in Sluijs et al., 2014),
likely accompanied by large-scale (seasonal) salinity stratification along margins. Very strong
stratification is required in our simulations to create severe anoxia in the Arctic, so as to
correspond to the conditions that were dominant at Lomonosov Ridge (Stein et al., 2006;
Sluijs et al., 2006; 2008; Dickson et al., 2012) and Spitsbergen (Cui et al., 2011; Harding et al.,
2011). A somewhat lower DOA for the EES, again mostly due to stratification, encompasses
the larger range of redox conditions deduced from proxies for this region (Fig. 4), though
anoxia occurred (intermittently) at nearly half of all sites there. Without stratification, our
model does not capture such conditions for the EES. Despite the fact that we did not enforce
stratification on the continental margin (box S2), stratification elsewhere also results in a
somewhat higher DOA for S2.

4.3 Phosphorus recycling

Phosphorus is considered the main limiting nutrient in the ocean on long timescales (Tyrrell,
1999). Records of Cy,/P.y indicate that P recycling relative to C, ., increased from the late
Paleocene into the PETM (Fig. 4.7b). Typical values of C /P, were lower than those in
modern anoxic to euxinic basins, however, where they generally far exceed the Redfield ratio,
reaching values of up to 400 mol/mol (Algeo and Ingall, 2007). Values in excess of 300 mol/
mol do occur at Guru Fatima, Kheu River (Dickson et al., 2014) and Lodo Gulch (Supp. Fig.
4.1). This confirms that throughout the PETM, complete anoxia was only experienced locally,
while most locations experienced at most a switch to hypoxia.

Overall, the absolute range of Cg,./Pyo; simulated by our model corresponds well to the
range of the data (Fig. 4.7), when taking the exclusion of detrital P in our model into account.
In contrast, the relative increase in the modeled median C.,./P;,, value is much lower
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than the increase in the data. This is especially true for the EES where the relative change in
median data values is more than a factor 30, versus a modeled increase of 1.6 — 2.5 times the
late Paleocene median Cg./Pyqo; value (Fig. 4.7b; Dickson et al., 2014). Here, we must add
that in addition to deoxygenation and P recycling, an increase in the input of detrital P would
lower sedimentary C /P, while increased terrestrial organic matter fluxes would have the
opposite effect (Ruttenberg and Goii, 1997; Burdige, 2005). An increase in the contribution
of terrestrial organic material is found at some sites during the PETM (e.g., Crouch et al.,
2003; Arreguin-Rodriguez et al., 2014). Furthermore, the locally intensified hydrological
cycle (Carmichael et al., 2017) would have led to an increased influx of both detrital P and
terrestrial organic matter, with uncertain effects on marine Cg,./P. . The extremely large
change for the EES in particular, combined with an increased abundance of terrestrial
biomarkers and highly weathered lithogenic material (Dickson et al., 2014), suggests that
PETM values were affected by an increase in terrestrial material. We therefore infer that the
strength of P recycling within our model falls within a reasonable range for the PETM.

The ability of biota to utilize the excess availability of P during the PETM may have depended
on the cycling of other nutrients such as N and Fe as well. Nitrogen isotope (8'°N) records
suggest an increased availability of ammonium in the photic zone and potentially a P-driven
increase in N, fixation during the PETM (Knies et al., 2008; Junium et al., 2018). The cycling
of Fe in the past ocean is even harder to trace, however local transitions to a (seasonally) drier
climate (Carmichael et al., 2017) likely resulted in enhanced wind-driven Fe deposition in
nearby marine environments. Additionally, deoxygenation may have led to elevated fluxes
of bioavailable Fe from continental shelf sediments to ocean waters (Homoky et al., 2012;
Raiswell et al., 2018; Lenstra et al., 2019).

4.4 Organic carbon burial

In our standard scenario, the combination of eutrophication and deoxygenation results in
excess burial of ~13,000 Pg Corg across the entire PETM (Fig. 4.8b). The fraction of produced
Core that is buried increases from 1% (late Paleocene) to 3% (Supp. Table ST3). An increase
in riverine P input from ~0.15 Tmol P yr" (Z09) to ~0.17 Tmol P yr' (Z09_Weath), leads to
a rise in excess C,. burial of 7800 Pg C across the entire PETM. Our results emphasize the
importance of redox-driven P recycling for the burial of C,,. When P burial is decoupled
from [O,] and DOA (Z09_Weath_Only), increased terrestrial nutrient input and subsequently
higher primary productivity, fuel excess C burial that is ~16% of the Z09 value (Fig. 4.8b,
).

More than 70% of all excess burial in our model occurs in the three marginal boxes (S1 -
3) (Fig. 4.8a). Despite its large area and consequently large production, burial in the Pacific
Ocean makes up only 10% of excess C,. burial. In fact, when open ocean production is
kept constant (Z09_cOOPP), the resulting increase in nutrients in the marginal boxes leads
to increased total global production and excess Cg burial. Such a change in the trophic
resource continuum was postulated by Gibbs et al. (2006) to explain the different productivity
trends between Wilson Lake on the New Jersey Shelf and ODP Site 1209 in the Pacific Ocean.
In contrast to previous suggestions (e.g., Bains et al., 2000), our study further supports the
notion that deep ocean organic carbon burial played a very minor role in the recovery of the
PETM.
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The amount of total excess C . burial in our Z09 simulation (13,300 Pg C) is higher than that
determined from marginal marine sediment records and previous model simulations (4000 -
6000 Pg C; John et al., 2008; Komar and Zeebe, 2017). By contrast, excess Cgp burial in the
Arctic (690 Pg C in surface; 870 Pg C in total) is very similar to the value (770 Pg C) of Sluijs
et al. (2008a). We must note here that the sediment cores cover just a minor fraction of the
full extent of the margins and their mass accumulation rate values may not be representative
for other localities. Additionally, if we calculate the mass accumulation rates for our model,
the maximum change in rate between the late Paleocene and the PETM are similar between
our model and the data: 1.51 g m™ yr'' (Sluijs et al., 2008a) and 1.48 g m™ yr'' for the Arctic
(Fig. 4.6i), and 1.1 g m™ yr'' (John et al., 2008) and 1.4 g m” yr"' for the continental margin
(Fig. 4.61). As it is this difference that determines excess burial, and our rates fall well within
the modern ranges (e.g. de Madron et al., 1999; Alperin et al., 2002), we are confident that our
Cope burial results are realistic for the PETM. Collectively, we conclude that our simulated
Cope burial, caused by changes in productivity and deoxygenation that are in good agreement
with field data, is realistic for the PETM.

4.5 Can C; burial explain the shape of the CIE?

The burial of C,, and the 8"°C signature that is used, determines the reconstruction of the
CIE and the estimation of carbon emissions. Zeebe et al. (2009) proposed a methane addition
scenario of 4480 Pg C, which Komar and Zeebe (2017) adjust to 5500 Pg C following the
inclusion of C,. sequestration (8"°Cy; = -33%o, as in this study). For their work on C g
burial and its effect on §"°C, Gutjahr ef al. (2017) used a §"Cgy value of -30.5%o, resulting
in an, mostly volcanic, emission scenario of 10,000 Pg of C,., whereas Dunkley Jones et al.
(2018) used a §"Cgy; of -22%o. In this study, the burial of 13,300 Pg C, in excess of the late
Paleocene, combined with the Zeebe et al. (2009) methane emission scenario, captures the
general CIE shape and the rapid recovery but not the stable CIE plateau (Fig. 4.9).

Previous work (Bowen and Zachos, 2010; Gutjahr et al., 2017; Komar and Zeebe, 2017;
Dunkley Jones et al., 2018) has highlighted that the burial of C . (at least 2000 Pg C but up
to 8000 Pg) is required to explain the relatively fast recovery within the first 30 — 40 kyr of the
CIE. Our main PETM simulation, that now includes the correct locus for marine C, burial,
resulted in a similar amount of excess burial (3300 Pg C) within 40 kyr, buried mainly on the
continental margin and the EES. The range of values for our sensitivity analyses is ~500 -
6000 Pg C, most of which is caused by redox feedbacks on C and P burial (Fig. 4.8).

The total increase of §"°C during the recovery interval results in an overshoot relative to pre-
PETM values. This occurs largely in the second half of the recovery, a time interval for which
there are few constraints on the extent and degree of productivity and deoxygenation (see
Supp. Table 4.1). When C,, burial rates up to and covering the first 40 kyr of the recovery
are used, this §13C overshoot is not simulated. (Figs. 4.1; 4.9). This truncation of C burial
rates also results in lower total excess C, burial (~6000 Pg C) similar to the 5000 Pg C
suggested by Komar and Zeebe (2017). We therefore propose that this is a better estimate for
the PETM than 13,300 Pg C. Importantly, the excess Cgg; burial during the key 40 kyr phase
reproduces the more rapid recovery of §"°C of ~2%o as noted by Bowen and Zachos (2010).
The C emissions required to recreate the CIE plateau of the PETM, with 6000 Pg excess Cqp
burial, is 5790 Pg of methane (8"C: -55%o), or 7,030 Pg C of mixed sources: 4480 Pg C of
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methane and 2,550 Pg C of C (8"C: -25%o). Including emissions of volcanic origin (8"C:
-5%o0) would require an even larger mass.

5. CONCLUSIONS

We compiled new and published proxy data for eutrophication and deoxygenation during
the PETM and combined the results with biogeochemical modeling to simulate the effect
on phosphorus and carbon burial over the event. We find that signs of increased primary
productivity and spreading low oxygen conditions are largely concentrated in marginal and
restricted sections of the ocean following the onset of the PETM and its recovery (final ~120
kyr). Our modeling results demonstrate that this spread of productive, low oxygen waters on
the continental margin, the Arctic Ocean and Eurasian Epicontinental Seas could be caused
by increased CO,-driven riverine input of phosphate and water column stratification, further
enhanced by phosphorus recycling linked to deoxygenation. Data and simulations show that
deep sea organic carbon burial was quantitatively unimportant during the PETM. Our best
estimate for excess C, burial across the PETM is 6000 Pg C. Finally, our model suggests that
eutrophication and deoxygenation within the first 40 kyr of the recovery phase could have
led to the additional sequestration of 3300 Pg of C.. This corroborates previous studies in
showing that C ., burial of this order of magnitude is required to explain a rapid increase in
global exogenic 8"C at the beginning of the recovery phase.
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Supplementary Materials

1. SITE DESCRIPTION

We generated new seafloor oxygenation proxy records for a selection of sites to fill gaps
recognized in the compilation by Sluijs ef al. (2014). These include the deep North Atlantic
(International Ocean Discovery Program (IODP) Site 1403) and marginal settings in the
Pacific, Tethys, Atlantic, Arctic, Southern and Indian Oceans (Lodo Gulch, Forada, Bass
River, Lomonosov Ridge IODP Site M004, Ocean Drilling Program (ODP) Sites 1172 and
752).

Site 1403 was drilled during IODP Expedition 342 and recovered the late Paleocene
and Early Eocene off the Newfoundland (Norris et al., 2014). The PETM was recognized
by a negative 5"°C,; excursion and a break in carbonate sedimentation (Penman et al.,
2016). The interval corresponding to the PETM comprises CaCO,-poor and CaCO,-rich
(nannofossil) claystones and was deposited at a paleodepth of ca. 4400 m (Penman ef al.,
2016).

The Lodo Gulch section on the west coast of North America is comprised mostly of siltstone
deposited at <200m water depth (Berggren and Aubert, 1983; John et al., 2008). The CIE
extends from approximately 6m to 20m and the onset and core of the CIE are marked by an
increase in grain size, CaCO, and C,5 (John et al., 2008). The recovery interval is truncated
by a glauconite-rich sand bed (John ef al., 2008).

The PETM at Forada spans ca. 5 m of clay, marl and limestone deposited at ca. 1000 m
depth and is characterized by a 8"°C_ ., excursion between ~39.5m and 44m (Giusberti et
al., 2007). The core of the CIE occurs within a thick unit of clays and marls (the clay marl
unit), which was the result of increased terrigenous flux to the site (Giusberti ef al., 2007).

Paleogene siliciclastic sediments with some biogenic carbonate at Bass River, New Jersey
shelf (ODP Leg 174AX) were deposited close to the shelf edge (Miller et al., 1998; Miller et
al., 2004). The PETM §"C,; excursion occurs in a clay-rich interval between ~347 mbsf
and 357 mbsf (Cramer et al., 1999; John et al., 2008).

The upper Paleocene and lower Eocene green and gray clay- and siltstones at ODP Site 1172
are rich in organics but devoid of calcareous and siliceous microfossils and were deposited
in a shallow marine environment (Shipboard Scientific Party, 2001; Ro6hl et al., 2004). The
thickness of the CIE is between 65 and 90 cm, depending on the definition of the termination
(Sluijs et al., 2011).

Upper Paleocene to lower Eocene chalks, deposited at mid to lower bathyal depths, were
recovered during ODP Expedition 121 Site 752 on the Broken Ridge in the Indian Ocean
(Shipboard Scientific Party, 1989). The Paleocene-Eocene boundary is tentatively identified
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Supplementary Figure 4.1/ PETM §”C stratigraphy with bulk geochemical data: total
organic carbon content (Cpe)s Copg/Prop Fe/Al Mo concentrations. §°C records are from
Penman et al., 2016 (IODP 1403), John et al., 2008 (Lodo Gulch), Giusberti et al., 2007
(Forada), Cramer et al., 1999 (Bass River), Sluijs et al., 2006 (Lomonosov Ridge), Sluijs et al.,
2011 (ODP 1172) and Seto et al., 1991 (ODP 752). Organic carbon content for Lodo Gulch
and Forada (red) are from John et al., 2008 and Giusberti et al., 2007, respectively. Grey bars
indicate the extent of the PETM. Dark bars indicate the presumed extent for the recovery
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phase in each record (recovery phase I at Bass River, Stassen et al., 2012). The lighter bands
for ODP 752 indicate the uncertainty in the extent of the PETM.

at 171.1 mbsf based on biostratigraphy and a negative shift in bulk carbonate 8*C (Shipboard
Scientific Party, 1989; Seto et al., 1991).

2. GEOCHEMICAL ANALYSIS METHODS

Sediment samples were freeze-dried and powdered with an agate mortar and pestle. Between
100 and 125 mg of sample was weighed in Teflon destruction vessels, after which 2.5 ml
concentrated mixed acid (HCIO,:HNO,; 3:2) and 2.5 ml 40% HF were added. The mixture
was then heated to 90 °C and left overnight. Subsequently, the acids were evaporated at a
temperature of 140°C, after which the residue was dissolved in 25 ml 4.5% HNO,. Finally,
the concentrations of iron (Fe), molybdenum (Mo), phosphorus (P) and aluminum (Al) were
measured using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
using a Perkin Elmer 9224 Optima 3000. Sedimentary Fe contents were normalized over Al
The relative standard deviation (RSD) calculated from duplicates for the elements presented
in this study was generally < 5%.

Approximately 300 mg of powdered freeze-dried sediment was weighed in centrifuge tubes
for decalcification prior to organic carbon analysis. The samples were mixed twice with 7.5
ml 1 M HCI, shaken overnight and subsequently washed twice with 10 ml demineralized
water (Van Santvoort et al.,, 2002). Afterwards, the samples were dried in an oven at 50°C.
Between 5 and 10 mg of decalcified sediment was weighed in tinfoil cups and analyzed using
a Fisons Instruments CNS NA 1500 analyzer. Sedimentary C, content was calculated after
correcting the sediment weight for carbonate loss. Duplicate analyses set the RSD for C; as
< 5%.

3. NEW GEOCHEMICAL DATA

The 8§”C data for our newly generated PETM records show that we capture both the onset
and recovery of the PETM at five out of seven sites (Supplementary Figure 4.1). Average Cgpe
contents are mostly at or below ~0.5% at all sites except for ODP 1172 and the Lomonosov
Ridge site where C contents range up to ~1.3 and 3.4 wt%, respectively. At this latter site,
values for C,. decrease during the recovery phase, but remain high (>1%). At the remaining
sites, fluctuations in C,, content show no discernible trend.

Values for C /P, are, likewise, low at most sites and generally below the Redfield ratio of
106. Average Cp./Proy in excess of this value is only found at the Lomonosov Ridge while a
maximum C,;/P,o; in excess of the Redfield value is only observed at this site and at Lodo
Gulch. Although the Cg /P, is low, the increase with time observed at IODP Site 1403,
Bass River and ODP Site 752 does suggest more reducing conditions during the PETM.
Maxima in Cq,o/P.q; at Lodo Gulch and Forada may indicate brief deoxygenation. Increases
in Fe/Al occur at IODP Site 1403, Lodo Gulch, Lomonosov Ridge and ODP Sites 1172 and
752. Molybdenum is present at Bass River, Lomonosov Ridge and ODP Sites 1172 and 752,
with highest concentrations, up to 120 ppm, at the Lomonosov Ridge.
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Five of our sediment records capture the recovery phase of the PETM. A minor increase in
Corg and Cqp /P at IODP Site 1403 and a single peak in Fe/Al at Lodo Gulch occur during
the recovery. At Bass River, only Cy./Pro; shows a change over the recovery, stabilizing at
high values. Values of C., Fe/Al and Mo decrease during the recovery at the Lomonosov
Ridge, but Cgo/Prop reaches its maximum value in the same interval, before eventually
recovering as well. Similar to Bass River, Fe/Al at ODP Site 1172 stabilizes at its maximum
value before declining, while C ¢, Coro/Pror and Mo show a minor increase across the entire
recovery.

4. MODEL WATER CYCLE

Dimensions for the open ocean boxes were derived from LOSCAR (Zeebe, 2012). Shallow
boxes represent the mixed surface layer and have an average depth of either 150 or 200m
(Supp. Table 4.4). The thermocline box extends for 900m below the mid/low latitude surface
ocean box. Assuming that the late Paleocene - early Eocene shelf area was approximately 1.5
— 2 times the size of the modern shelf (John et al., 2008), we set the total shelf size to 4.35 x
10° km®. The Arctic Ocean was assigned an area of 0.3 x 10° km?* (Sluijs ef al., 2008a) and a
total depth similar to the average depth of the modern basin (e.g. Abulaitijiang et al., 2019).
The continental margin box was assigned an area twice (2.7 x 10° km?) that of the EES (1.35 x
10° km?) based on tectonic and sea level reconstructions for the Early Eocene (e.g. Seton et al.,
2012; Miller et al., 2020). The deep section of the EES, with a depth of 750m, is represented by
a separate box due to the uncertainty surrounding the depth of the EES and peri-Tethys, and
the large number of sites in this area from a range of water depths (e.g., Gavrilov et al., 1997;
2003; Dickson et al., 2014).

The direction and value of the open ocean water fluxes were mostly based on LOSCAR
(Zeebe, 2012) with remaining fluxes calculated by assuming steady state (Supp. Table 4.5).
Deep water formation in the open ocean is located in the Southern Ocean (e.g., Pak and
Miller, 1992; Thomas et al., 2003), with formation cells in each of the three major deep basins
(Atlantic, Indotethys, Pacific). Deep water exchange between the major deep ocean basins was
most likely much restricted relative to the modern given Southern Ocean tectonic boundary
conditions, but there likely was some (e.g., Zeebe and Zachos, 2007; Luo et al., 2016). We
have not included any exchange in the model for simplicity. Upwelling is divided into coastal
(80%) and equatorial (20%) upwelling. The upwelled water partially evaporates, returning as
precipitation in the Southern Ocean, while the remainder flows from the margins, through
the low latitudes to the Southern Ocean. The restricted Arctic and Epicontinental basins have
limited surface exchange, also with the low latitude open ocean, and no deep water exchange
with the open ocean (Fig. 4.2). Rivers flow into the Arctic, EES and open ocean marginal
boxes at rates approximately proportional to the size of each basin; the Arctic receives a
somewhat larger fraction (10%) than dictated by its size (5%), as the modern Arctic makes up
only 1% of the global seawater volume but receives 11% of global river outflow (Kalinin and
Shiklomanov, 1974). The total riverine flux is increased relative to the modern value (Miliman
and Farnsworth, 2013), assuming a stronger hydrological cycle for the late Paleocene (e.g.
Pierrehumbert, 2002; Carmichael et al., 2017). Precipitation and evaporation are added for
steady state.
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5. LATE PALEOCENE STEADY STATE FOR MODEL

The simplified cycles of C, P and O, in our model include production, degradation and burial
of organic matter (both C, and Pg.), as well as the burial of authigenic apatite (P,,) and
iron- bound P (P;,) (Supp. Table 4.4). Terrestrial Corg and detrital P are not included. Total
primary production in the model is 49 Pg C yr', which is close to the modern estimate for
net primary production by coastal and oceanic phytoplankton (~54 Pg C yr''; Middelburg,
2019). We assume that production of P is linked to C, through the Redfield ratio of
106:1, resulting in a total production of 38.7 Tmol P yr'. Roughly 80% of the organic matter
is produced in the low latitude ocean (S4) and Southern Ocean (S5), with the remainder
occurring in the three marginal boxes (SI - 3). In the modern ocean, the open ocean
accounts for a somewhat higher proportion of total production (87%; Middelburg, 2019). In
the warmer world of the late Paleocene (e.g. Cramwinckel et al., 2018) with much higher sea
level (e.g. Miller et al., 2008; Miller et al., 2020) production may have been shifted towards
the shelves, as it did during the PETM itself (e.g. Gibbs et al., 2006) and as projected for the
future ocean (Bindoff et al., 2019).

Approximately 92% of total C; production is recycled in the surface ocean (modern ocean:
~80%; Middelburg, 2019). The percentage of organic carbon that decays in the surface boxes
varies from 84% in S1 to 96% in S2. Export production is ~3.6 Pg C yr' (modern ocean: 1.6
- 3.4 Pg C yr''; Laws et al., 2000a; 9 - 13 Pg C yr'’; Laws et al., 2011) and ~99% of the C
is degraded in intermediate and deep boxes. Therefore, only 1% of export production (0.036
Pg C yr'') is buried in the sediments of the deep Arctic, EES, Atlantic, Indotethys and Pacific
Oceans (D1-5). A further 0.124 Pg C yr'' is buried in the marginal boxes, in boxes S1 - 3,
amounting to a total burial of ca. 0.3% of total primary production, or 0.16 Pg C yr' (Burdige,
2007).

In order to calculate the steady state burial fluxes for the three P phases, we set the initial
(Cora/Porg)oxic burial ratio for deep boxes to 260 (Komar and Zeebe, 2017), to 400 for the
surface Arctic and EES (Slomp and Van Cappellen, 2007), and to 500 for the continental
margin. The resulting C,./P;,, ratios in our model are close to the Redfield value of 106
suggesting that we obtain a good approximation of reactive P burial in oxic marginal settings
(Algeo and Ingall, 2007). Additionally, we assume that P burial is 25% of the total, P,y
is 50% and the remaining 25% is buried as P, (Ruttenberg, 2003; Slomp and Van Cappellen,
2007). The total P, and Py, burial in our model are 0.034 Tmol P yr' each, while P, is
0.068 Tmol P yr''. Therefore, total P burial in the global ocean amounts to 0.136 Tmol P yr’,
which falls within the range assumed for reactive (i.e. biologically active) P burial in previous
studies for the pre-anthropogenic ocean (e.g. 0.09 Tmol P yr'; Slomp and Van Cappellen,
2007; 0.30 Tmol yr''; Ruttenberg, 2003). The burial of P is balanced by riverine input. The
resulting residence time for P in the ocean is ~11 kyr, which is at the lower end of the range
typically considered (10 - 40 kyr) (Ruttenberg, 2003; Tsandev et al. 2008) and also lower than
the residence time in LOSCAR (~40 kyr; Komar and Zeebe, 2017).

The degradation of organic matter consumes O, and we model this explicitly in the
intermediate and deep boxes (IM, D1 - 5) as O, respiration. The steady state value for
respiration is calculated using the corresponding value of C,, decay and the (C/O,).4se1
value (Supp. Table 4.6).
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Dissolved P and O, are exchanged between all boxes. This transfer is directly linked to the
water cycle and is equal to the product of the water flux and the concentration of the chemical
constituent in the source box. Initial concentrations of dissolved P and O,, the latter only for
the intermediate and deep boxes, are calculated from the water flux and all other initial fluxes
in the C, P and O, cycles, assuming steady state (Supp. Table 4.4). Oxygen concentrations in
surface waters depend on temperature and are calculated using the equations for the solubility
of O, derived by Weiss (1970) for the modern ocean-atmosphere system, as in LOSCAR
(Zeebe, 2012). The initial concentrations are comparable to those in the modern ocean
(Garcia et al., 2018a; 2018b).

6. MODEL RATE LAWS

In the dynamic version of the model, used to assess the effect of perturbations, the exchange
of dissolved P and O, between boxes was calculated as the product of the water flux and the
concentration of the dissolved constituent in the source box (see Slomp and Van Cappellen,
2007 and references therein). As an example, the upwelling of dissolved P from the deep
Atlantic onto the continental margin is the product of the upwelling rate and the [PO,] of the
deep Atlantic.

Assuming that P is the limiting nutrient on geological timescales (e.g. Tyrrell, 1999), the
formation of P, through primary production in each surface box is dependent on [PO,] and
a rate constant (Supp. Table 4.6):

PP = [PO4] X kp;o (4.1)

A set fraction f,, of primary production is exported directly to the deep ocean (from S1, S3,
S5) or to the thermocline (from S2, S4). Primary production and export of C; are linked to
P e through the Redfield ratio. In all boxes, the fraction of Cy,, and P, that is not exported
(S1 - 5; IM) or buried (S1 - 3; D1 - 5) is remineralized.

In the thermocline and deep ocean, the remineralization of C, consumes O2 at the Redfield
ratio of 106:138 (Supp. Table 4.6). The additional effects of stratification and C degradation
on deoxygenation at the sediment - water interface are captured in the degree of anoxia
(DOA) (Van Cappellen and Ingall, 1994). A value of zero describes fully oxic conditions while
a value of 1 is linked to complete anoxia:

_ fstrat>< [02] % 4.2
DOA"1_( (0., )X<PP> (2

where PP, is the steady state value for primary production and PP is primary production as
calculated in (1). The term f,, captures the effect of increased water column stratification as a
result of rising temperatures and reduced salinity. A value of 1 implies a lack of stratification,
whereas a value of zero is assigned when there is no vertical exchange within the water
column of a box, hence stratification is complete. In complex models, this effect is described
by a vertical diffusion coefficient which is generally dependent on density and ocean floor
topography (e.g. Bouttes et al., 2009). Such complexities are, however, beyond the capabilities
of box models such as ours. We therefore assign a time dependent increase to a maximum
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value within the plateau of the PETM, and a time dependent linear decrease back to 1 during
the recovery.

In the marginal boxes (S1 - 3), a fraction of P is buried in sediments in the form of P, Pyyry
and P. The burial rates for all three phases are dependent on the degree of anoxia (DOA) in
each box. Burial of P, depends on the rate of primary production (PP), a rate constant (k)
and DOA, assuming that only a fraction f, , of P, burial is redox-dependent:

org|
Porg = K orgp X PP X ((1 - forgP) + forge X (1- DOA)) (4.3)

The burial rate of P,;;;,; depends on the remineralization of organic matter (R), a rate constant
(k,.0.p) and DOA assuming a redox dependent fraction f, , .:

Payrn = Kauenp X R X ((1 ~ fautnp) + fauenp X (1 = DOA)) (4.4)

Burial of P, depends linearly on DOA:
Pre = Preo X (1= DOA) (4.5)

The burial rate of C,, is linked to that of P, through the C_;./P.;. burial ratio, with a
value that depends on bottom water redox conditions (Van Cappellen and Ingall, 1994):

c/ Poxic x C/ Panoxic

o (4.6)
ORG = TORG ™ €/ Pynoxic X (1 = DOA) + C/Pyic X (DOA)

In the deep ocean, burial of P, P,y Pr. and Cg are modelled in a similar manner but
here they depend on O, concentrations instead of DOA. Furthermore, P, burial depends on
P export rather than productivity:

[0,]
PORG =k orgP X E X ((1 - forgP) + forgP X (ﬁ)) (4-7)
[0,]
Paure = Kauenr X R X (“ = fautnp) + fautnp X (ﬁ)) (4.8)
) [0,]
Ppe = Preg X ([02]0) (4.9)
C/ Poxic X C/ Panoxic (4.10)

Core = Pore %

C/ Panoxic X ([[002 2]]0) + C/ Pogie X (1 - [[(3)22]]0)

Weathering of silicate and carbonate rocks on land is linked to atmospheric pCO, and
provides reactive P to the ocean through rivers. The response of weathering of carbonates
(Wearp) and silicates (W) to changes in pCO, is modelled as in LOSCAR, by assuming a
non-linear dependence on a factor n__and n, respectively:
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pCOZ Nee
Wears = Wears,o X pC—OM (4.11)
pCO,; ™ (4.12)

Wei, = Weppo X ——-—

© pC0yp

The response of P weathering (Py.r)> in turn, depends on carbonate and silicate weathering
modulated by a factor n, :

Wears + Wsiy,

— n
Pygarn = (Pwgarn,o X W W )
carB,0 T Wsiro

(4.13)

The riverine flux of P (P,)) to each marginal box (S1-S3) is a function of Py, and of its
coastline and area and an estimation of the number of rivers draining into the region, which
are combined in the factor fin:.

Piy = Pwgarn X fin (4.14)

Parameter values are either taken from previous publication (e.g. Komar and Zeebe, 2017) or
calculated from steady state values of the fluxes and concentrations and their corresponding
rate laws. Key parameter values can be found in Supp. Table 4.6.

A key output of the model is the excess burial of C,.: the amount of C;, buried in addition
to the burial mass of late Paleocene (steady state) conditions. Excess C . burial for a given
time-step is the difference between the C burial rate at that time-step and the steady
state burial rate, times the duration of the time-step. By adding the excess buried mass for
all time-steps within a certain interval of the PETM (e.g. the recovery), we obtain the excess
Cope burial for that interval. Other excess mass values, such as riverine P influx (Fig. 3) and
primary production are calculated in a similar manner.

7. ADDITIONAL MODEL SIMULATIONS

The standard simulation presented in the main text is forced by the increased weathering of
phosphorus (P), as a result of increased CO, following the curve presented by Zeebe et al.
(2009) (Z09). We tested the biogeochemical response to three more CO, curves and present
them here. Two of the curves are published by Frieling et al. (2016) (F16) and Gutjahr et al.
(2017) (G17) whereas the third is an adjusted version of the Zeebe et al. (2009) curve with a
170 kyr duration for the stable isotope phase (Zeebe and Lourens, 2019) (K170). The forcing
is, as in the standard Z09 simulation, an increase in weathering of P (Supp. Fig. 4.2A) which is
then supplied to the marginal boxes (S1 - 3) of our model.

The results for the three additional simulations are very similar to those of the standard Z09
simulation, as evidenced by excess C burial during the full event and the first 40kyr of the
recovery (Supp. Fig. 4.2B; see also Supp. Tables 4.3, 4.7). The similarities are largely due to the
similar magnitude of the CO, change for the four different simulations. The different shapes
of the CO, curves, in particular those of Frieling et al. (2016) and Gutjahr et al. (2017), result
in a slight increase in excess Cy. burial. The main difference is in the higher overall excess
burial for K170, versus that of Z09, F16 and G17 (Supp. Fig. 4.2B). This is due to the longer
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Supplementary Figure 4.2| Overview of two key input and output parameters for three
additional PETM scenarios. The increased riverine phosphorus flux (A) is forced using pCO,
curves from Frieling et al., 2016 (F16; black), Gutjahr et al., 2017 (G17; blue) and Zeebe et al.,
2009, with the longer plateau duration of Zeebe and Lourens, 2019 (K170; red). Darker colors
for excess organic carbon (Cy.) burial (B) indicate burial calculated over the entire PETM
interval. Lighter colors indicate burial for the first 40 kyr of the recovery.

duration of the stable §"°C phase of this scenario, giving more time for enhanced C, burial
to occur over.

8. REDOX SENSITIVITY OF P, AND P,;;; BURIAL

A key biogeochemical feedback driving C ;. burial is the increase in redox-driven P recycling
(see main text). In turn, the model response of P recycling to deoxygenation depends on the
assigned sensitivity. The change in iron-bound P (P},) burial due to deoxygenation is usually
modelled as a linear relationship (Ingall and Van Cappellen, 1994). In the standard equations
for organic P (P;) and authigenic P (P,y) burial (1, 2), the sensitivity is denoted as f;,

Porg = K orge X PP X ((1 ~ forge) + forgr X (1= DOA)) (4.15)

Paurrr = Kauene X R X ((1 = fauenp) + fauenp X (1= DOA)) (4.16)

and .fauthP:

Different values have been given to these two factors across a number of publications. In a
study of the sensitivity of P cycling to ocean circulation in a model for the modern ocean
(Slomp and Van Cappellen, 2007), the values for f,, and f,,, were set at 0.25 and 0.5,
respectively. Ruvalcaba Baroni et al. (2014), while modelling biogeochemical changes during
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Supplementary Figure 4.3| Overview of sensitivity tests performed for our carbon-cycle box
model. The effect of increased redox sensitivity of P burial on excess Cy burial within the
first 40 kyr of the recovery (A) was tested under strong (high Degree of Anoxia or DOA; solid
line) and weak deoxygenation (low DOA; dashed line). The values that were tested for the
redox sensitivity of organic P burial (f, ;) are 0.2, 0.5 and 0.8. The same values were tested
for the redox sensitivity of authigenic P burial (f. 5 black, dark red and red, respectively).
The effect of constant versus increased stratification (B) and different degrees of increased
stratification (C) was tested on the DOA of the surface Arctic Ocean (box S1). Black line:
constant stratification (Z09_cStrat). Red line: increased stratification with a maximum value
of f,.. = 0.1 (209).

Oceanic Anoxic Event 2 (OAE2), used an f,, value of 0.4, a coastal f,,,, value of 0.82 and
an open ocean f, , value of 0.18. Again for OAE2, Tsandev and Slomp (2009) use values of
0.75 and 0.9 for f,, and f,,4, respectively. These last two values were also used by Komar and
Zeebe (2017) for PETM simulations.

The choice of P burial sensitivity depends on the design of the model and the sensitivity
of the Cgps/Pror ratio to anoxia inferred for the time period from the geological record or
other considerations. For example, the higher values used by Ruvalcaba Baroni et al. (2014)
and Tsandev and Slomp (2009) are explained by the severe and widespread nature of OAE2
deoxygenation (e.g. Takashima, 2004) and the reported high values of C;/P;q; ratios (up
to 2000). To recreate these conditions in a model requires intense P recycling relative to Cg
(Ruvalcaba Baroni et al., 2014). On the other hand, the study of Komar and Zeebe (2017)
focusses on C,g; burial in the deep ocean which, with late Paleocene circulation, does not
become hypoxic easily. As a result, intense P recycling is required to obtain the target value of
excess Cpe burial and the corresponding §"°C curve.

In this study, we chose values of 0.75 for f;,, (Tsandev and Slomp, 2009) and 0.4 for f,
which is closer to the Slomp and Van Cappellen (2007) value than the high Komar and Zeebe
(2017) value. The lower sensitivity for P,;; when compared to early studies is in line with
milder deoxygenation during the PETM, compared to OAE2 (e.g. Jenkyns, 2010). These
values resulted in excess C burial and relative C_,./P, changes in line with the data and
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previous publications. We also tested the response of our model to different values of f;
and f, ,» using the Z09 forcing scenario, under strong (including increased stratification)
and weak (without increased stratification) deoxygenation (Supp. Fig. 4.3A). A higher value
of f .p and stronger deoxygenation both cause an increase in excess Cgg, burial, as they
promote P recycling and primary productivity. The response to increasing f, ., is opposite
which appears counterintuitive. As P, recycling gets stronger (higher f; ), the supply of
new organic matter is not sufficient to counteract the decreasing P burial. This effect is
further strengthened under strong deoxygenation. The degree of deoxygenation also controls
the value of C /Py and as P, gets lower at higher sensitivity, the corresponding Cg; is
also reduced. In all cases, C,, burial will still be higher than the late Paleocene value.

9. MODEL STRATIFICATION SENSITIVITY

Sluijs et al. (2006), among others, showed that stratification increased during the PETM,
likely as a result of an enhanced hydrological cycle (e.g. Carmichael et al., 2017). Stratification
can be a key cause for deoxygenation in marginal marine areas and for this reason we have
parameterized it in our model by adding a factor f, , to the DOA for the surface Arctic
and EES boxes. The Arctic Ocean and EES experienced severe deoxygenation, even anoxia
(e.g. Sluijs et al., 2008; Dickson et al., 2014), which our model did not simulate without the
addition of f, . We chose to use an exponential increase in f, , to match the shape of the
increase in DOA without £, (Supp. Fig. 4.3B). As stratification is linked to a warmer, wetter
climate due to rising pCO,, we force a recovery of f,  back to 1 (no increased stratification) at
the beginning of the PETM recovery phase (Supp. Fig. 4.3B).

The value of DOA is approximately the same for all three marginal boxes, when increased
stratification is not enforced (Supp. Table 4.3). The relationship between f, . and DOA is
broadly linear (Supp. Fig. 4.3C) and the effect of £, , is the same, regardless of the box it is
enforced on. This is evident when comparing the maximum DOA value of the surface Arctic
(Supp. Fig. 4.3C) and the surface EES (Fig. 4.6) for an f, of 0.4. We chose to use a lower f,
value for the surface EES (0.4), compared to the surface Arctic (0.1), resulting in a lower DOA
for the EES.
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Eutrophication and deoxygenation forcing of marginal marine organic carbon burial during the PETM (Supp.)

Supplementary Table 4.5| Water fluxes for the box-model. Values are given in Tm’ yr'

(model input) and Sverdrup.

Flux Code Tm3/yr  Sv

Arctic surface - deep F1/F2 70 2.2

Arctic surface to EES surface F3 65 2.1
EES surface to Arctic surface F4 63 2.0
Arctic surface - mid/low latitudes F5/F6 43 14
EES surface - mid/low latitudes F7/F8 154 49
EES surface -deep F9/F10 80 2.5

Open ocean shelf to mid/low latitudes F11 631 20.2
Open ocean shelf upwelling F12 631 20.2
Mid/low latitudes Upwelling F13 158 5.0

Mid/low latitudes - thermocline F14/F15 3345

Southern ocean - Atlantic F16/F17 158 5.0
Southern ocean - Indotethys F18/F19 158 5.0
Southern ocean - Pacific F20/F21 252 8.1
Southern ocean deep water (Atlantic) F22 131 4.2
Southern ocean deep water (Indotethys) F23 202 6.5
Southern ocean deep water (Pacific) F24 456 14.6
Thermocline upwelling (Atlantic) F25 131 4.2
Thermocline upwelling (Indotethys) F26 202 6.5
Thermocline upwelling (Pacific) F27 456 14.6
Mid/low latitudes to Southern Ocean F28 394 12.6
Riverine influx (Arctic) RF1 5 0.2
Riverine influx (EES) RF2 18 0.6
Riverine influx (Open ocean shelf) RF3 28 0.9
Evaporation (Arctic) EV1 3 0.1
Evaporation (EES) EV2 20 0.6
Evaporation (Open ocean shelf) EV3 28 0.9
Evaporation (Mid/low latitude) EV4 394 12.6
Precipitation (Southern Ocean) PR1 394 12.6
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Supplementary Table 4.6| Key parameter values for the box model.

Parameter Symbol Value Unit
Redfield C /P, (Cor/ Porredsicia 106 mol/mol
edfie mol/mo
Redfield C,,/O, (Cord/ Os)reaea 106/138 1/mol
Fraction of export production
decayed in thermocline tepfract 0.78 -
Surface particulate OM export 0.15%; 0.03%; 0.04%;
fraction fop 0.08%%; 0.1% -
Fraction P, input f, 0.1%; 0.55%% 0.35% -
Anoxic C, /P, (Cord/Pore) anosic 1500 mol/mol
400°%% 500%% 260"
Burial C,/P,,, (Cor/Por) oic > mol/mol
Rate constant for primary 0.86°'; 0.99%%; 0.99%;
productivity Ky 0.8%%0.51% Tm’/yr
0.0039%%; 0.0028%;
0.0045%%; 0.0041°""3;
Fraction primary/export 0.0007"% 0.001"%;
productivity buried (P,,,) Korep 0.0024™ -
0.009°"; 0.006%%
Fraction decay buried (P, ;) ke 0.008°""% 0.031">* -
1751, 2552-4, 1255,
Steady state temperature TO 16™; 1201 °C
-177.7888;
Gravimetric constants A A 255.5907; 146.4813; -
-22.2040
Gravimetric constants B B _0.03—703.33;2(());)6146504; -
Silicate weathering scaling
n, 0.2 -
factor s
Carbonate weathering scaling
n 0.4 -
factor e
Surface wate.rs terpperature tlags 20 )
relaxation time
I .
ntermediate wa}ters .temperature tHagim 200 i
relaxation time
Deep waterg temperature tlagd 1000 i
relaxation time
Temperature sensitivity to s 3 i
doubling of CO,
Salinity Sal 34.72 (psu)
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Sluijs, Caroline P. Slomp

Oceanic Anoxic Event 2 (~94 Ma; OAE2) was characterized by one of the largest
carbon cycle perturbations of the Phanerozoic, but associated carbon emissions
and marine burial fluxes are poorly constrained. Here, we use the carbon cycle box
model LOSCAR-P to quantify the role of Large Igneous Province (LIP) volcanism

and enhanced marine organic carbon (C,,) burial. We constrain the simulations

by the magnitude and shape of the positive stable carbon isotope (§"°C) excursion
(CIE) in the exogenic carbon reservoir, and atmospheric pCO, reconstructions. In
the best fit scenario two pulses of volcanic carbon input — 0.065 Pg C yr' over 170

kyr and 0.075 Pg C yr'' over 40 kyr, separated by an 80 kyr interval with an input
of 0.02 Pg C yr' — are required to simulate observed changes in §"°C and pCO,.
About 9 x 10° Pg of excess C,,, burial produces a ~3%o CIE during the first volcanic
pulse. Combined with reduced LIP activity, Corg burial leads to pronounced pCO,
reductions at the termination of both volcanic pulses, consistent with widespread
evidence for cooling, and ultimately leading to a temporal negative trend in the
global exogenic 8"C record. Finally, we show that observed leads and lags between
such features in the records and simulations are explained by differences in response
time of carbon cycle components to volcanic forcing.




Quantifying volcanism and organic carbon burial across Oceanic Anoxic Event 2

1. INTRODUCTION

Oceanic Anoxic Event 2 (OAE2) was a ~430 — 930 kyr (Voigt et al., 2008; Gangl et al., 2019)
long interval of high atmospheric pCO, and temperatures, linked to Large Igneous Province
(LIP) volcanism (Turgeon and Creaser, 2008; Jenkyns, 2010). The greenhouse conditions and
resulting intensification of the hydrological cycle (e.g. van Helmond et al., 2014) stimulated
continental weathering (Poulton et al., 2015), which, together with enhanced hydrothermal
input due to accelerated seafloor spreading and/or LIP emplacement (Owens et al., 2012),
increased the supply of nutrients to the oceans. Consequently, widespread increased
primary productivity, deoxygenation and redox-driven nutrient recycling led to enhanced
burial of organic matter (Kuypers et al., 2002), particularly in the proto-North Atlantic and
epicontinental seas (Takashima et al., 2006).
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Figure 5.1| Stable carbon isotope records across OAE2 for the Western Interior Seaway (WIS)
(a) (organic 8”C for the SH#1 Core, Utah, USA; Jones et al., 2020) and the English Chalk
(b) (carbonate §"C for Eastbourne, UK; Tsikos et al., 2004). The two distinct §"°C maxima
are labelled “a” and “b” The difference between 8”C,, and §"C,,, for Eastbourne (c) is
shown as a proxy for pCO, (Gale et al., 2005). Right panel: Target curves for our simulations
as idealized records of the CIE, with an initial 3%o increase, and pCO,. Grey band: extent of
OAE2. Purple band: Plenus §"°C trough. Minimum and, in brackets, maximum ages, relative
to the onset of the main pulse of enhanced volcanism (0 kyr; see Supplementary Materials for
age derivations).

The burial of organic carbon (C,,) during OAE2 marks a positive carbon isotope (8"C)
excursion (CIE) in sedimentary archives (e.g. Jenkyns, 2010) with an average magnitude
of 3%o (Owens et al., 2018). This CIE typically consists of an initial (stepped) increase to a
maximum (“a”), often followed by a negative excursion (“trough”; termed the Plenus CIE;
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O’Connor et al., 2020), a second maximum (“b”), a plateau and a gradual return to pre-OAE2
values (Figure 5.1). Records of pCO, show an increase across the onset of OAE2, and two
phases of lower values associated to these carbon isotope maxima (e.g. Sinninghe Damsté et
al., 2008; Barclay et al., 2010; Kuhnt et al., 2017). Presumably, both these drops in pCO, are
associated with cooling phases, one of which is the stratigraphically complex Plenus Cold
Event (Supplementary Materials; O’Connor et al., 2020).

The changes in §"°C and pCO, during OAE2, and the timing of key features in the two records,
are due to the relative impact of LIP volcanism and enhanced burial of C_,. Increased rates of
C,, burial (e.g. Kolonic et al., 2005) suggest a total burial of at least 41 x10° Pg C across OAE2
(Owens et al., 2018). Large Igneous Province emission rates are estimated between 0.03 Pg
Cyr' and 4.7 Pg C yr' and total emission masses between 14 x10° Pg C and 46 x10° Pg C
(Supplementary Table 5.1). The ~25% reduction in atmospheric CO, that is associated with

«_»

§"°C maximum “a” has been attributed to increased C,, burial (e.g. Barclay et al., 2010) and/or
decreased LIP volcanism (e.g. Clarkson et al., 2018). Similarly, the Plenus CIE is hypothesized
to be the result of decreased C,,, burial, following the reduction in atmospheric pCO,, and/or
an increase in LIP volcanism. However, a comprehensive, mechanistically plausible scenario

for volcanic input and excess C,, burial that explains all observations is still lacking.

In this study, we present the first attempt to constrain a scenario for LIP volcanism and C_,
burial for OAE2 that reproduces the shape and magnitude of the CIE, as well as the timing
of its major features relative to reconstructions of atmospheric pCO, (Fig. 5.1). We use the
carbon cycle box model LOSCAR-P (Komar and Zeebe, 2017) to assess the impact of a range
of volcanic emission scenarios on bulk §"°C, atmospheric pCO, and C,,, burial.

2. CARBON CYCLE MODEL SETUP

The LOSCAR-P model with the Paleocene - Eocene model configuration including the
Tethys Ocean (Zeebe, 2012; Komar and Zeebe, 2017) enables us to study bulk carbonate
8"C and atmospheric pCO, as a function of volcanism, carbonate and silicate weathering
and C,, burial. In this model, the burial of both C,, and P is redox-dependent, resulting
in enhanced recycling of P relative to C,, upon ocean deoxygenation. LOSCAR-P does not
account for the restricted proto-North Atlantic and epicontinental seaways where anoxic
conditions and black shale deposition prevailed (Takashima et al., 2006). We used most
values and parameterizations of Komar and Zeebe (2017) but increased the initial steady state
concentrations of calcium and magnesium to 25 mmol kg' and 35 mmol kg, respectively
(Zeebe and Tyrrel, 2019), and use a §"°C,, value of -28%o (Kump and Arthur, 1999), in line
with the Mid-Cretaceous.

We force the model from steady state (atmospheric pCO,: 1000 ppm) with an increased
volcanic CO, flux associated with LIP emplacement assuming modern 8“C, . of -5%o.
Initially, we run our simulation for 90 kyr with a maximum excess input rate of 0.2 Pg C yr'' to
test the impact of C,,, burial on §"°C with and without redox-dependent C,,, and P burial. To
test the effect of input rate, we force the model, including redox dependent burial, for 90 kyr
and 540 kyr with maximum emission rates of 0.2 Pg C yr' and 0.04 Pg C yr''. All scenarios
start with a linear increase to these rates over 20 kyr, which in LOSCAR-P produces the 60 kyr
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Figure 5.2 Increased LIP volcanism and simulated changes in §"°C and pCO,. The effect of
excess volcanic emissions (black, solid) of 14,000 Pg C (90 kyr) (a) on §"°C, with constant Corg
and P burial (black, dashed) and redox-dependent burial (red) (b). The effect of additional
LIP volcanism scenarios (c), with maximum rates of 0.04 Pg C yr"' (dashed) and 0.2 Pg C yr'
(solid) over 90 kyr (black) and 540 kyr (red), on §"°C and pCO, (d,e), with redox-dependent
burial. Vertical lines indicate the steady state value in each panel.

lag between the onset of volcanism and the increase in §"°C proposed by Jones ef al. (2020).
We use the same timeframe (20 kyr) for the gradual drop to zero. Following these scenarios
we test a large number of possible combinations of rates, masses and durations of LIP activity
(Supp. Fig. 5.1) in sensitivity simulation and derive a best-fit scenario for OAE2 §"C, , and
pCO,. The scenarios and results of our sensitivity analyses are included in the Supplementary
Materials, with the exception of one scenario with a “stepped” increase in volcanic input
(Supplementary Table 5.2) that is presented in the main text for direct comparison.

3. RESULTS

All the scenarios that include LIP volcanism, result in a small negative CIE (Fig. 2), followed
by a larger positive CIE that is mainly caused by enhanced, redox-dependent C,_, burial (Fig.
5.2a, b, d). The magnitude of the negative CIE decreases in the simulations with variable C_
burial, due to the large difference between §°C,,. and §"°C,,,. The peak in §"°C is preceded by
a peak in pCO, in all cases (Fig. 5.2¢). Following the cessation of LIP activity, §"°C and pCO,
values recover to background values on time scales of 400 kyr and 100 kyr, respectively.

The maximum value of the positive CIE and pCO, increase varies, depending on the duration
and rate of volcanic input (Fig. 5.2¢ - e). The shorter LIP scenarios (90 kyr) result in a pCO,
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peak towards the end of the negative CIE interval, before §"°C values increase above the
steady state value. In contrast, for the same rate of volcanism, the pCO, peak of the longer
scenarios (540 kyr) occurs within the interval of increasing §"C values of the positive CIE. In
the 90 kyr scenarios, the recovery of pCO, and §"C to background values begins immediately
after their maximum value. For the longer LIP scenarios, the first peak in §"°C is followed
by a decrease and a second peak, before the final recovery to the steady state value. In these
simulations, pCO, decreases and stabilizes within the OAE2 interval, before recovering. The
minimum in pCO, coincides with the first §°C maximum. Notably, the first maximum in
the 540 kyr scenarios occurs within the interval of LIP activity. In these scenarios, volcanism
decreases within the §"C trough, whereas for the 90 kyr simulations it decreases prior to the
first §°C maximum.

4. TWO VOLCANIC PULSES

Our simulations produce a negative pre-OAE2 CIE, which is present in several carbon isotope
records (e.g. Kuroda et al., 2007; Jenkyns et al., 2007), although it is not a common feature
(e.g. Tsikos et al., 2004). It may have been enhanced or masked by site-specific processes. The
simulations show that it could be forced by volcanic CO, emissions alone.

The two §"C maxima (“a” and “b”), Plenus CIE and pCO, decrease near “a” (Fig. 5.1) are
reproduced by the longer (540 kyr) forcing scenarios only, and most distinct in the high
emission scenario (0.2 Pg C yr'). The large positive CIE (~7.9%o), high maximum pCO,
(~4000 ppmv) and large drop in pCO, (45%) that accompany this scenario far exceed the
estimates of variability for OAE2, however (Fig. 5.1). Lastly, even this scenario does not
reproduce a clear increase in pCO, within the Plenus CIE (Fig. 5.1). A variable emissions
scenario is therefore required to reproduce all the key features of the §“C, , and pCO,
records for OAE2.

In our best-fit scenario, LIP volcanism consists of two pulses: 0.065 Pg C yr' over 170 kyr
and 0.075 Pg C yr' over 40 kyr, separated by an 80 kyr interval of 0.02 Pg C yr' (Fig. 5.3a).
The onset to the first pulse is 20 kyr, as is the decrease to the reduced rate plateau, while the
increase and termination of the second pulse is 80 kyr. This amounts to a total duration of LIP
activity of 490 kyr, consistent with inferences from osmium isotope records (Du Vivier et al.,
2014; 2015; Joo et al., 2020), and a total mass of emitted C of ~24 x 10° Pg C (for comparison,
see Supp. Table 5.1). Evidence for multiple pulses of volcanism is found in osmium records
(Sullivan et al., 2020), and a two-pulse setup also reproduces uranium isotope records across
OAE2 (Clarkson et al. 2018).

Our two-pulse scenario causes a minor negative CIE, followed by a positive CIE to “a’, a
trough (Plenus CIE) and another §"°C increase to “b” (Fig. 5.3b), in agreement with carbon
isotope records (Fig. 1). Two distinct peaks in atmospheric pCO, are recorded. The first peak
coincides with the positive CIE and the second peak coincides with the Plenus CIE (Fig. 5.3¢).
The initial §"°C increase to “a” (2.96%o) is equal to the global average of 3%o (Owens et al.,
2018). Additionally, our simulated Plenus CIE (0.52%o) has the same order of magnitude as
the trough observed in §"*C_,, at Eastbourne (Tsikos et al., 2004) and in §"°C,,,at ODP 1276
(Sinninghe Damsté et al., 2010). The simulated 35% (660 ppmv) decrease in atmospheric
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Figure 5.3| Key model output for OAE2 simulations, showing the volcanic forcing (Pg C
yr''s a), bulk §"°C (%o; b), atmospheric pCO, (ppm; ¢) and C,,, burial rates (g C m? yr'; d).
Two forcing scenarios are used: two pulses separated by a reduction (purple, solid line) and
a stepped increase (black, dashed). Horizontal dashed lines indicate the positions of the two
8"C maxima “a” and “b”. The grey area represents the approximate extent of OAE2 and the
purple bar delineates the P-CIE.

pCO, is also in line with previous, proxy-based reconstructions (Sinninghe Damsté et al.,
2008; Barclay et al., 2010; Jarvis et al., 2011) to explain recorded cooling phases during OAE2
(Supplementary Materials).

Our simulated OAE2, from onset to “b” has an overall duration of ~500 kyr. Assuming
that the plateau and recovery phases lasted several hundreds of kyr (Gangl et al., 2019),
the duration of our simulated OAE2 is in line with the longer estimates (=700 kyr; Jones et
al., 2020). The onset of our CIE, up to “@’, is considerably longer (250 kyr) than the longest
estimate of 110 kyr (Li et al., 2017). A possible cause for this longer duration could be the
lack of proto-North Atlantic restriction and/or underrepresentation of shallow and restricted
environments (e.g. epicontinental seas) where additional C,, could be buried relative to
our LOSCAR-P simulations. The duration of the Plenus CIE (200 kyr) is in agreement with
the estimate from the Western Interior Seaway (Jones et al., 2020), providing additional

corroboration for our representation of the OAE2 CIE with a two-pulse volcanism scenario.

5. IMPACT OF VOLCANISM AND ORGANIC CARBON BURIAL
We simulate two distinct maxima in C,,, accumulation rates, resembling trends in the pCO,
curve (Fig. 5.3d). Rates of C,,, burial roughly a double (from ~0.2 g C m?yr' to ~0.4 g C m”
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yr''), corroborated by the average increase at Tarfaya (Kolonic et al., 2005). The simulations
of Clarkson et al. (2018) suggest a smaller increase in C_ rates (1.3 times pre-OAE2), but
their resulting CIE (1.5%o) is only half the global average value. The simulated maximum C,,
burial values (~0.125 Pg C yr') are lower than those modeled by Nederbragt et al. (2004)
and Owens ef al. (2018) (~0.185 Pg C yr'') but our rates, expressed per unit surface area and
the relative change in burial are in general agreement with their work. The amount of excess
C,, burial required for the 3%o CIE in LOSCAR is ~9,100 Pg C, roughly equal to the value
required in the simulation by Owens et al., (2018) for an equivalent CIE. Our total simulated
C,, burial from the onset of OAE2 until “b” is ~51.4 x 10° Pg C (excess burial: ~20,500 Pg C),
which is also consistent with estimates from observations (41,000 - 70.000 Pg C; Owens et al.,
2018).

In our stepped scenario, the second peak in volcanism causes an increase in C,, burial (Fig.
5.3d), reducing pCO,, but the second peak in pCO, and 8"C, and the Plenus CIE are not
reproduced (Fig. 5.3b, ¢). In contrast, in the two-pulse scenario, a large decrease in volcanism
coupled with high C_ burial and silicate increased weathering (21%) forces a reduction
in pCO,. The CO, drawdown subsequently reduces C_ burial and the second pulse of LIP
activity results in the negative Plenus CIE. A second increase in C,,, burial, coeval with the
final cessation of LIP volcanism, results in the second peak (“b”) of §"°C. Hence, the inclusion
of a two-pulse LIP scenario is critical to reproduce the Plenus CIE, a large decrease in pCO,
that is consistent with temperature records, as well as the second peaks in §"°C and pCO,
without exceeding the average 3%o OAE2 CIE (Fig. 5.2, 5.3). Atmospheric CO, responds
directly to changes in LIP activity, whereas the response in C,,, burial is delayed, modulated
by P input and regeneration with longer response time, and leads to a slower response of
exogenic §"C.

6. CONCLUSION

Based on our carbon cycle simulations, two pulses of LIP volcanism, increased supply of P
from terrestrial weathering and the redox dependency of C,,, and P burial are required to
explain trends and patterns in global exogenic §"°C, atmospheric pCO, and C,,, burial across
OAE2. Our best-fit scenario reproduces the characteristic shape of the OAE2 CIE, including
its 3 %o onset and two distinct maxima (“a” and “D”) and the Plenus CIE and a doubling of
C,, burial. The global pCO, decrease that occurred around §"”°C maximum “a” requires
both high C, sequestration and a pause in LIP volcanism. Subsequently, a decrease in C,,
burial, following lower atmospheric CO,, and elevated volcanic emissions result in the Plenus
CIE and an increase in pCO,. The second pCO, and C,,, burial maxima are only present in
simulations with a second pulse of volcanism. Our scenario of variable volcanism and C_,
burial quantitatively explains not only the key features of OAE2 carbon cycle and climate
dynamics but also the relative timing between maximum §"C, the Plenus CIE and high pCO.,.
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Supplementary Materials

1. THE PLENUS COLD EVENT AND THE PLENUS CIE

The southward migration of boreal fauna (e.g. Gale and Christensen, 1996; van Helmond et
al., 2016) and multi-proxy records (e.g. Gale and Christensen, 1996; Forster et al., 2007; Jarvis
et al., 2011) provide evidence for decreasing temperatures for one or multiple cooling stages
within the first half of OAE2. This interval of cooling is generally referred to as the Plenus
Cold Event (Gale and Christensen, 1996) and attributed to decreasing atmospheric CO, (e.g.
Sinninghe Damsté et al., 2010; Jarvis et al., 2011).

Since its original identification, the nature of the Plenus Cold Event has become more
complex. On timescales of thousands of years, a lag between atmospheric pCO, and global
temperature should be absent. Therefore, the multiple intervals of decreased pCO, identified
in proxy records (see O’Connor et al., 2020) should have caused multiple phases of cooling.
This is indeed observed in several temperature records (Forster et al., 2007; Sinninghe
Damsté et al., 2010; van Helmond et al., 2014; 2015; Desmares et al., 2016; Jenkyns et al.,
2017; Kuhnt et al., 2017). But the presence of multiple cooling pulses and the timing of major
cooling relative to key features of the §"°C record (“a”, “b” and the trough that separates them,
i.e. “Plenus CIE”) depend on local processes as well as global changes (see O’Connor et al.,
2020 for extended discussion). Because global correlations of the various recorded drops
in temperature and species migrations at individual locations are currently complicated,
O’Connor et al. (2020) introduced the Plenus CIE as a suitable stratigraphic marker for global
correlations.

In this study, our best-fit scenario simulates two maxima in pCO,, both followed by a
decrease, and a §"C curve with a 200-kyr trough separating “a” and “b”, in line with recent
orbital timescales (e.g. Jones et al., 2020). Two intervals with lower atmospheric pCO,,
around “a” and “b”, are consistent with records of multiple phases of cooling. The second
phase of lower atmospheric pCO, should match with the Plenus Cold Event (sensu stricto) at
Eastbourne (see O’Connor et al., 2020) that is marked by the incursion of boreal fauna. As a
result of the (stratigraphic) uncertainties concerning the use of the term Plenus Cold Event,

we avoid linking it to our simulation results.

2. OCEANIC ANOXIC EVENT 2 AGE MODEL

Age models for OAE2 based on orbitally tuned sediment records provide a range of durations
from 430 kyr (Voigt et al., 2008) to 955 kyr (Gangl et al., 2019). The duration of key sections
of the positive carbon isotope excursion (CIE) thus varies depending on the applied age
model. In the main text we provide minimum and maximum values for the duration of the

lag between the onset of volcanism and the CIE, the total CIE, the onset to “a” and the Plenus
CIE from “a” to “b” (Figure 5.1), taking into account the range in age estimates.
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Supplementary Figure 5.1| LIP volcanism, bulk 8”C and atmospheric pCO, for key
sensitivity simulations. Vertical lines indicate the steady state value in each panel. Circles
indicate the section of the §"°C or pCO, curve that does not match the target curve for OAE2
(Fig. 1) for each LIP volcanism scenario from (a) to (h). For further details, see text.

The onset of Large Igneous Province (LIP) activity is set at 0 kyr. The minimum value for the
time between the onset of volcanism and the positive CIE is 23 kyr (Turgeon and Creaser,
2008), and the maximum is 60 kyr (Jones et al., 2020). The duration of the onset of OAE2,
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up to point “a” is between ~30 kyr (Gangl et al., 2019) and 110 kyr (Li et al., 2017). Jones et
al. (2020) give a duration of 50 kyr and Kuhnt et al. (2017) estimate it to be between 80 and
100 kyr. This places 6"°C maximum “a” between 63 kyr and 170 kyr after LIP onset. Li ef al.
(2017) calculate a minimum duration of 55 kyr for the Plenus CIE, similar to Kuhnt et al.
(2017), which is considerably shorter than the 200 kyr of Jones et al. (2020) and maximum
225 kyr of Gangl et al. (2019). Taking all these values into account, the §°C maximum “b”
occurs between 118 kyr and 395 kyr after LIP onset. With a duration of 490 kyr to 590 kyr (Li
et al., 2017; Gangl et al., 2019) for the §"°C plateau and recovery, the end of the OAE2 CIE at
the end of the recovery phase falls between 608 kyr (minimum) and 985 kyr (maximum) after
LIP onset.

3. TWO-PULSE SENSITIVITY TESTS

To derive an emission scenario with two pulses of LIP activity that accurately reproduces
the characteristics of the §"°C and pCO, records for OAE2 we performed a large number of
sensitivity simulations. We tested different durations and rates for the different parts of a
two-pulse scenario, with and without a trough separating the two pulses. The term “stepped”
is used to refer to scenarios with two pulses unequal in their rate of emission but without a
trough. We present key examples here (Supplementary Fig. 5.1), while the best-fit scenario,
and one “stepped” scenario are presented in the main text (Fig. 5.3). The positive CIE of
OAE?2 is less than 3%o in scenarios (a) — (e). Scenarios (b) — (h) fail to reconstruct the Plenus
CIE. The second maximum in §"C is much higher than the first in scenarios (a) - (c) and
(e), whereas it is not present in (h). A second peak in pCO,, following a clear decrease, is not
present in scenarios (f) and (h). This peak is much higher than the first pCO, maximum in
scenario (b), which does not reproduce the decrease after the first peak. The relative decrease
in pCO, is too large in scenario (a) and too small in scenarios (d) and (e).
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Supplementary Table 5.1| Overview of estimates of volcanic emissions for OAE 2, with rates
in Pg yr', masses in Pg and the duration of emissions in kyr, together with the estimated
pulses and the method of calculation.

Reference Rate (Pg/yr) Mass (Pg) Dl(lll;::)on Pulses Calculation
Clarkson et al" 0.072 - 0.18 10.8 - 27 X103 150 ) Model -
2018 0.048 - 0.126 7.2 -18.9x10° 150 Uranium
Joo et al., 2020 0.028 14.16 x10° 500 1 LIP volume
Kuroda et al., 127 - 4.67 19-32.7x10° 7-15 1 Model - 8°C

2007
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Oh my heart be strong
And guide when eyes grow dim
When ears grow deaf with empty words
When I know there's life within
Loreena McKennitt - Breaking the Silence
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Appendix 1T

1. ACHTERGROND

Onze planeet bestaat voor meer dan 70% uit zeeén en oceanen. Deze spelen een belangrijke
rol in de cycli van verscheidene chemische elementen. Drie van deze elementen, koolstof,
zuurstof en fosfor, zijn essentiéle bouwstenen voor het leven op aarde. Zuurstof is ook
noodzakelijk voor de ademhaling van de meeste meercellige organismen. Deze drie
elementen worden aan het oceaanoppervlak gebruikt voor fotosynthese, wat resulteert in de
productie van organisch materiaal. Hierbij wordt koolstofdioxide (CO,), een broeikasgas,
opgenomen en omgezet naar organische vormen van koolstof. Het merendeel van het
organische materiaal wordt in de diepe oceaan afgebroken, via een proces dat zuurstof
verbruikt. Een klein percentage wordt afgezet op de oceaanbodem en uiteindelijk begraven
in diepere sedimentlagen. Daar kan het voor miljoenen jaren bewaard blijven, zodat de
opgenomen CO, niet terug kan keren naar de atmosfeer. Hierdoor is de begraving van
organisch koolstof een proces dat de levensduur van CO, in de atmosfeer kan beinvloeden.
Ons kwantitatief begrip van organisch koolstof begraving bepaalt dan ook mede hoe accuraat
de lange termijn projecties van de effecten van CO, uitstoot door de mens en de daardoor
aangedreven klimaatverandering zullen zijn.

De begraving van organisch koolstof kan op twee manieren gestimuleerd worden: door
verhoogde productie of verminderde afbraak. De hoeveelheid organisch koolstof die
geproduceerd wordt is sterk athankelijk van de beschikbaarheid van fosfor, een belangrijke
voedingsstof die voornamelijk in de vorm van fosfaat door rivieren aangeleverd wordt. Hoge
fosfaatconcentraties stimuleren fotosynthese zodat meer organisch koolstof geproduceerd en
begraven kan worden. Tegelijkertijd neemt de consumptie van zuurstof door de afbraak van
organisch koolstof toe. We spreken in zon geval van eutrofiéring. Ook klimaatverandering
kan mariene zuurstofconcentraties negatief beinvloeden. De atmosfeer is de belangrijkste
bron van zuurstof voor de oceaan, maar bij hogere temperaturen lost zuurstof minder
goed op in oppervlaktewateren. Zo neemt de toevoer van zuurstof naar de oceaan af. Hoge
temperaturen en lage zoutgehaltes, die veroorzaakt kunnen worden door het smelten van
ijskappen en toegenomen neerslag, verlagen de dichtheid van het oppervlaktewater en
veroorzaken een sterke gelaagdheid (stratificatie). Stratificatie belemmert de menging van
oppervlaktewateren met de diepe oceaan en zo ook de toevoer van zuurstof naar de diepe
oceaanlagen. Als zuurstofarme of zuurstofloze condities ontstaan, neemt de efficiéntie van
organisch koolstof afbraak af en de begraving toe. De begraving van fosfaat neemt dan juist af
zodat concentraties van fosfaat in oppervlaktewateren langer verhoogd blijven. Zo ontstaat er
een positieve, zelfversterkende kringloop (positieve feedback) waarbij de toename in fosfaat
zuurstofloosheid, organisch koolstof begraving en een verdere toename in fosfaat veroorzaakt.
Toenemende eutrofiéring heeft sinds de jaren zestig geleid tot een exponentiele stijging in
het oppervlak van zuurstofarme wateren langs de kusten (Diaz en Rosenberg, 2008). In de
open oceaan zijn zuurstofconcentraties de afgelopen 50 jaar met ~2% afgenomen (Schmidtko
et al., 2017) en zijn zones van zuurstofschaarste sterk uitgebreid (Stramma et al., 2012). De
huidige zuurstofafname in de oceanen zal naar verwachting doorzetten, tenzij de uitstoot van
broeikasgassen en de lozing van nutriénten aanzienlijk worden verminderd (bijv. Breitburg et
al., 2018).
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De huidige uitstoot van broeikasgassen is zonder precedent in de laatste 66 miljoen jaar
(Myr) en dit verschuift het klimaatsysteem naar een toestand die voor de mensheid ongekend
is (bijv. IPCC, 2013; Zeebe et al., 2016). Om de impact van verstoringen in de mondiale
koolstofcyclus op het klimaat en de mariene biogeochemie te beoordelen, worden tijdperken
uit het geologische verleden die soortgelijke veranderingen ondergingen bestudeerd (bijv.
Burke et al., 2018). Voor dit proefschrift zijn meerdere tijdperken van belang, voornamelijk
het Holocene Temperatuurs Maximum (HTM), het Middeleeuwse klimaatoptimum (MCA),
het Paleoceen-Eoceen Temperatuurs Maximum (PETM) en het Cenomaan-Turoons Oceanic
Anoxic Event 2 (OAE2).

De primaire methoden binnen het onderzoek naar klimaat- en oceaansveranderingen
uit het verleden zijn de chemische analyse van sedimentarchieven en simulaties door
biogeochemische computermodellen. De chemische eigenschappen van mineralen en de
fossiele resten van organismen die bewaard gebleven zijn in mariene sedimenten kunnen
gebruikt worden om veranderingen in het klimaat en de biogeochemie van de oceaan te
reconstrueren (proxy). Zo kunnen de fossiele resten van algen en diverse moleculen die zij
produceren worden gebruikt als proxy voor de temperatuur en saliniteit van de waterkolom.
Koolstofisotopen functioneren als proxy voor veranderingen in de koolstofcyclus en de
concentraties van spoormetalen volgen de verspreiding van zuurstofloosheid. Vervolgens
worden oceaanmodellen gebruikt om de locatie-gebonden informatie uit sedimentarchieven
samen te voegen tot een mondiaal beeld en zo de staat van het klimaat en de oceaan te
reconstrueren.

2. SAMENVATTING

In dit proefschrift geef ik een kwalitatieve en kwantitatieve beschrijving van de drijvende
krachten achter zuurstofafname in zeewater en de gevolgen van die zuurstofloosheid voor
de begraving van organisch koolstof. De belangrijkste onderwerpen die aan de orde komen
zijn de oorzaken van zuurstofloosheid op lokale (Hoofdstuk 2) en mondiale (Hoofdstuk
4) schaal, de invloed van mineraalvorming op de begraving van fosfor onder zuurstofloze
condities (Hoofdstuk 3) en de mondiale impact van het vrijkomen van fosfaat uit zuurstofloze
sedimenten (Hoofdstukken 3 - 5), en het effect van zuurstof-athankelijke organisch koolstof
begraving op de mondiale koolstofcyclus (Hoofdstukken 4 en 5).

HOOFDSTUK 2 onderzoekt het ontstaan van zuurstofloosheid in de Oostzee tijdens
twee afzonderlijke tijdperken van klimaatverandering in de laatste 10.000 jaar: het HTM
en de MCA. Het HTM vond plaats aan het einde van het laatste glaciaal, toen het smelten
van de ijskappen zeespiegelstijging veroorzaakte waarna zoutwater uit de Noordzee de
Oostzee binnenstroomde, destijds nog een zoetwater meer. Mijn onderzoek naar de
morfologie en soortensamenstelling van fossiele algenresten, en veranderingen in de
spoormetaalsamenstelling van sedimenten uit het diepste punt van de Oostzee toont aan
dat een hoger zoutgehalte stratificatie veroorzaakte en zo de toevoer van zuurstof naar het
diepe bekken verhinderde. Het herstel van de zuurstofconcentraties aan het einde van de
HTM, en de verspreiding en terugtrekking van de zuurstofloosheid tijdens de MCA werden
vooral teweeggebracht door temperatuur gedreven stratificatie en een variérende toevoer van
voedingsstoften. Tegenwoordig worden de zuurstofconcentraties in de Oostzee vooral bepaald
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door de beschikbaarheid van voedingstoffen uit meststoffen, maar de resultaten van dit
onderzoek laten zien dat klimaatverandering een grote invloed kan hebben op de uitbreiding
van zuurstofloze gebieden in de Oostzee en andere kustzeeén.

In HOOFDSTUK 3 wordt onderzocht waarom de begraving van fosfaat in organisch-rijke
mariene sedimenten in zuurstofloze gebieden in het verleden veel beperkter was dan in de
moderne oceaan. Tijdens perioden met lage zuurstofconcentraties in zee zoals OAE2 zijn
de waarden van de proxy voor fosfaat begraving tot meer dan een factor vier hoger dan de
moderne waarden, wat wijst op verminderd behoud van fosfaat in de oceaanbodem. De
gebruikelijke verklaring stelt dat zuurstofloosheid en de aanwezigheid van sulfide dit grote
verschil veroorzaakten. Deze verklaring is echter onvoldoende, omdat zuurstofloze bekkens
in de moderne oceaan een groot scala aan biogeochemische karakteristieken omvatten,
inclusief zeer hoge concentraties van sulfide. Uit onze berekeningen blijkt dat de vorming van
het mineraal carbonaat fluorapatiet, de belangrijkste lange-termijn opslagvorm van fosfaat in
mariene sedimenten, sterk vermindert onder hoge temperaturen, verzuring van de oceaan
en bij een tekort aan calciumcarbonaat. Dit zijn eigenschappen die kenmerkend zijn voor
de tijdvakken van zuurstofafname waarin de fosfaatbegraving verminderd was. Hierdoor
ontstond er een situatie waarin de toevoer van fosfaat via rivieren toenam en niet werd
bijgehouden door afzetting op de oceaanbodem, waardoor hogere concentraties van fosfaat
in de oceaan eutrofiéring, zuurstofloosheid en organisch koolstof begraving bevorderden.
De huidige opwarming van de aarde en oceaan verzuring zouden dan ook mogelijk kunnen
bijdragen aan mondiale zuurstofafname via een soortgelijk mechanisme.

HOOFDSTUK 4 bestudeert de primaire productiviteit en zuurstofloosheid in de oceaan
tijdens het PETM, hoe die varieerde in de ruimte en tijd, en de gevolgen daarvan voor
organisch koolstof begraving. Het PETM was een tijdperk van sterke klimaatverandering,
ongeveer 56 miljoen jaar geleden, en wordt gezien als een analoog voor de hedendaagse
opwarming van de aarde. In dit hoofdstuk wordt met behulp van nieuwe chemische
sedimentgegevens en een datacompilatie aangetoond dat productieve en zuurstofloze
omstandigheden wijdverspreid waren en zich vooral voordeden op het continentale plat en in
ingeperkte bekkens. In dezelfde regio’s komt men sedimenten tegen die rijk zijn in organisch
koolstof. Door de beschikbare data te combineren met modellen voor de koolstofcyclus in de
oceaan toon ik aan dat de aanmaak van organisch materiaal en de begraving daarvan zodanig
toenam dat het leidde tot onttrekking van CO, uit de atmosfeer. De gemodelleerde effecten
van begraving van organisch koolstof op atmosferisch CO, en de mondiale koolstofisotopen
balans bakenen de uitstoot van CO, en/of methaan tijdens het PETM verder af.

HOOFDSTUK 5 verdiept zich in één van de belangrijkste perioden van zuurstofloosheid
in de oceaan uit de geologische geschiedenis. OAE2 vond circa 94 miljoen jaar geleden
plaats en was hoogstwaarschijnlijk het gevolg van vulkanische CO, uitstoot. De toename
in temperatuur, veranderingen in neerslagpatronen en verwering van fosfaathoudende
gesteenten zouden de waargenomen zuurstofloosheid en de afzetting van organisch koolstof-
rijke sedimenten veroorzaakt hebben. In dit hoofdstuk presenteer ik het eerste kwantitatieve
scenario voor CO, uitstoot via vulkanisme en organisch koolstof begraving tijdens OAE2. De
resultaten van het daarbij gebruikte koolstofcyclusmodel tonen aan dat de CO, uitstoot door
vulkanisme tijdens OAE2 variabel was en dat de invloed van organisch koolstof begraving op
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atmosferisch CO, en andere koolstofcyclus componenten sterk athankelijk was van de trend
in CO, uitstoot.
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Appendix III

1. IXTOPIKO

Ot BdAaooeg kat ol wkeavol KAADTTOLY TeplocoTepo amd To 70% TOv MAAVATH pHag Kat
Sadpapatifovv onuavtikd poAo 0Tovg KUKAOLG TOAAWV xNukwv otoxeiwv. Tpia and avta
Ta otogeia, o dvBpakag, To 0&uyovo Kat 0 POOPOpPog, eivan Pactkd Sopukd oTotxeia yia
™ (i ot In. To o&uyodvo eivar emiong amapaitnTo yla TV avamvor] Twv TEPLOCOTEPWY
TOAVKOTTApWY opyaviopdv. Ta Tpio auTd OTOLXEi XPNOILOTOOVVTAL OTHV ETLPAVELL TOL
WKeavoy yia Tr @wTtoovvOeot, oL €xel WG AMOTENEOUA TNV TAPAYWYT OPYOAVIKOD VALKO.
H Swadikacia avtr anoppoed Stofeidio tov dvBpaxa (CO,), éva aépio Tov Beppoxnmiov,
KL TO HETATPETEL OE OpYaVIKEG Hop@Eg avBpaka. To HeyalbTepo [épog TG opyavikng VANG
Swaomdtal ota Badn Tov wkeavoy, péow pag Stadkaciag mov katavalwver ovyovo. ‘Eva
utkpo mocoatd evamnotifetar otov muOuéva Tov wkeavoL kat Baetat telkd oe PabiTepa
otpwpata nudtwyv. Exel pmopel va StatnpnBei yia exatoppdpa xpovia, epmodifovrag v
eMOTPOPN Tov amoppopnuévov CO, oty atpdcgalpa. Me avtov tov TpOTO 1 TAPr) TOL
opyavikod avBpaka enmpedler ™ Sidpkeia mapapovig tov CO,, cvumeplapfavopévov
000V eKTEUTIOVV Ol avBpwTiveg SpacTnploTNTEG, oTNV atpocapa. Emopévwg, n moootikn
épevva NG Taeng tov opyavikod avBpaka cvpfarlel otov kaboplopud g akpifetag twv
Tpoyvooewv yia tr peAdovtikr e&éhign g avBpwmnoyevoig kApatikng allayng.

H tagr tov opyavikov dvBpaka pmopei va mpowBndei pe dvo tpdémovs: péow av€nuévng
Tapaywyng 1 petwpévng anodounons. H moodtnta opyavikov dvBpaka mov Ba mapaxOel
efaptdtal og peydho Pabud amo t Swabectpotnta pwoPopov, £vOg onuavTIKoL BpemTikov
OLOTATIKOV TIOV TAPEXETAL KVPIWG O LOPPT] PWOPOPLKOD LOVTOG A0 TNV €KPOT) TOTAUWDY.
H vynlég ovykevipwoelg gwo@optkod OVTog mpokalovv avénuévn gwtoobvBeon €tot
wote va pmopel va mapoyxOei kar va Tagel peyaldrtepn mooodHTNTA 0pyavikov &vOpaka.
MapdAAnia, avfavetar n katavalwon o&uyovov péow Tng SlAOTAONG TOV 0PyaAvIKoU
avBpaxa kar pokaleitar gvtpo@iopds. Ot Baldooieg ovykevipwoelg ofuydvov pmopovv
VA EMNPEACTOVV APVNTIKA Kat amd Tnv KApatikn aAlayn. H atpooeapa eivatr i kdpla
mmyn ofuydvou ya tov wkeavd, aAld o vynAoTepeg Beppokpaoieg o ofuydvo Stakbetal
Ayodtepo ebkoAa ota emgavetakd vdata. Etot pewwvetat n mapoyr ofuydvov otov wkeavo.
H vyn)ég Bepuokpaoieg kat n xaunAn alpvpdtnta, mov dnpiovpyeital Adoyw Tov Aldotpov
TayeTOvwy Kat g avfnuévng Ppoxomtwong, oty em@dveia g Bdlacoag xapnAwvovv
TNV TUKVOTITA TNG Kal TPOKAAOVV oxvpr| otpwpatomoinon. H otpwpatonoinon eumodilet
mv avauln twv emgavelakwy vOATwY pe Ta Babid vepd Kal, CLVETME, HELWVEL TNV TTAPOXT
ofuyovov oTig Pabitepeg oTpwoelg TOV wkeavovy. e cuvOnkeg xapnhov, 1 kat EANewyng,
ofuydvov, 1 Stdomaon Tov opyavikov dvBpaka yivetar AydTepo amoTeAEOUATIKA KAt 1 TAQr|
TEPLOTOTEPO. AVTIOETWG, 1] TAPT] TOV PWOPOPLIKOD LOVTOG HELWVETAL € TETOLEG KATATTAOELG
£TOL WOTE OL GUYKEVTPWOELG TOV 0TIV EMPAVELR TOV WKEAVOV Vo TTapapeévouv avEnuéveg. Me
autdv Tov TpoTo 1 avnuévn StabeoipdTnTa woPopLkov 1WVToG Tpowbei TV amofuyovwon,
™V Ta@n opyavikov avBpaka kat TV MEPAUTEPW adENOT PWOPOPIKOD LOVTOG PEoW €VOG
BeTikov avtoevioxvopevov kukhov (Betikr avatpopodotnon). O avfavouevog evTPOPLOUOG
éxet odnynoet oe exBetikry avgnon TG €kTaong Twv VOATWV e XAUNAT TEPLEKTIKOTNTA OF
ofuydvo katd prkog twv aktwv and tn dekaetia Tov 1960 (Diaz and Rosenberg, 2008).
ZTOV aVOIKTO WKEAVO, Ol GUYKEVTPWOELG 0&UYOVOL éxouv pewwbel katd ~2% Ta televtaia
50 xpovia (Schmidtko et al., 2017) xat guoka eppaviiopeves {wveg eldyiotov ofuyovov
éxouv emektabei onuavtikd (Stramma et al., 2012). H onpepuvry peiwon tov ofuydvov atoug
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WKEAVOVG OVAHEVETAL VA CUVEXLOTEL, EKTOG €AV HelwBOoDY ONUAVTIKA Ol EKTIOUTEG agpiwV TOV
Oeppoknmiov kat n xprion Amacpdtwv (m.X. Breitburg et al., 2018).

H tpéxovoa ekmoumnn aepiwv tov Oeppoknmiov eival mpwrtoPaveis yia Ta Tedevtaia 66
eKaToppYpLa xpovia kat wBel To KAHATIKO CVOTNHA OF Uld KATAOTAOT TPWTOYvVWPr yla
v avBpwnotnta (m.x. IPCC, 2013 - Zeebe et al., 2016). Tia va extipundei o avtikTumog Ty
Slatapay@v Tov maykooulov kvkAo tov avBpaka oto khipa kat t Baldoota Poyewynpela,
peEAETWVTAL €MOXEG amO TO yewAoykd mapeABOv mov vméotnoav mapopoleg arlayég (m.x.
Burke et al., 2018). Apketég emoxég mapovaotalovv eviiagépov ya v mapovoa Statpifr,
Kupiwg To ONdKavo Ogpuokpactakd Méyoto (HTM), to Meoawwvikd Khpatikd Béhtioto
(MCA), to Iahaokawvo-Hwkawvo Ogpuokpactakd Méyioto (PETM) kar to Kevopdvio-
Tovpwvio Qkedvio Avo&iko Teyovog 2 (OAE2).

Ot xvpiwg pébodot mov xpnotgomotovvtal ylao T HeAéTn Tov mapeA@ovtwv KAaTKOV
KAl WKEAVIWV aAlaydv eivat ) xnukn avdlvon apxeiov Wnudtwy kat n tpaypatonoinon
TPOCOUOLWOEWV He NAEKTPOVIKA PloyewXnpikd povTéda. Ot XNUKEG OLOTNTEG TWV OPVKTWOV
kat Ta amoABwpéva vroleippata opyaviopwv mov Satnpovvtal oe Baldooia Wipata
umopovv va xpnotgomonfodv yia TNV ovakataokevr Twv oAAay®v oTo KAipa kat Tn
Bloyewxnpeio Twv wkeavov (proxy). Ia mapddetypa, ta amoAlbwéva LTOAEIHHATA UKWV
Kat Slapopwv Hopilwv Tov Tapdyovy pmopovv va xpnotponowndovv wg proxy yia allayég
¢ Oepuokpaciag kat TG alatdTNTAG TNG LVEATIVIG OTAANG. ZVYKEKPIUEVA XNHKA OTOLXEla
KAL T LOOTOTIA TOVG AELTOVPYOUV WG Proxy yla TIG aAlayég 0Tov KOKAO Tov avOpaka Kat Tng
eppaviong i Stdhvong ovvOnkwv xaunlov ofvyovov kat anofvyovwuévev cuvOnkwyv. X
OLVEXELXL XPNOLUOTOLODVTAL NAEKTPOVIKA HOVTEAA yla Tr oUVOEOT TwV TANPOPOPLOV ATO Tat
apyeia WNUATwY € {ia CLVOALKT] EIKOVA YLt TNV AVATIAPAYWYT TNG KATACTAOTG TOV apyaiov
KAILATOG Kot wKeavo.

2. IEPIAHYH

2ty mapovoa SlatpiPry, mapEXw Hia TOLOTIKY KAl TOOOTIKN TEPLYpAPT) TWV KIVATHPLWV
Suvdapewv miow and tnv e&dvtinon tov Baldootov 0§uyovVoL Kal TWV GUVETELWV AUTHS TNG
anofuydvwong ywa v Taern tov opyavikod avBpaxa. Ta kvpla Bépata mov Ba Bixtodv
eival Ta aitia g e&dvtAnong tov ofuyovov oe tomikn (2° Kegdalawo) kat maykoopia (4°
Kegdlaio) khipaka, n emidpacn Tov OXNUATIOHOD OPLKTWV OTHV TAQPH TOL QWIQOPOL
untd anofvyovwpéveg ouvBnkeg (3° Kegalao) kat n maykoouia enidpaon tng avénuévng
anelevBépwong ewopopov ano amofvyovopeva Wuata (3° - 5° Kegalawo), kabwg kat 1
enidpaon TG Tagng Tov opyavikol avBpaka mov egaptdtal and o 0uydvo oToV TAYKOGULO
KUKAO Tov avBpaka (4° kat 5° Kegdato).

>to 2° KE®AAAIO Siepevvartar i anofuywvoon tng Baktikig @dhacoag katd tn Sidpkela
Svo Eexwplotwv emoxwv kApatikng allayng twv tedevtaiwv 10.000 xpovwv: to HTM kot
10 MCA. To HTM £éAafe xwpa oto TéAog TG Tehevtaiag mayetwdovg meptodov, otav To
Awotpo Twv mayetwvwy mpokdlece dvodo tng otdbung g Bdlacoag kat peTémeLTa TNV
€Lopor| aApvpol vepov and t Bopeia Odracoa otn Baktiky Odhacoa, n onoia ekeivr TNy
emoxn frav akopn Aipvn yAvkod vepov. H épevva pov oxetikd pe T poppoloyia kat Ta €idn
TV anoAMOwUEVEOVY VTTOAEHUATOV QUKLOY, KaABWE Kat TwV oaAAAy@V OTIG GUYKEVTPWOELG
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yvooTtoleiwv ota WHpata and to Pabvtepo Tpnpa tng Baltikng O@dlacoag vddelle otL n
Slapopd TUKVOTNTAG HETAED TWV AAHVPOV KAl TWV YAVKWV VEPWV TIPOKANETE GTPWUATWOT)
Kat eunddioe £toL Ty mapoxn o&uyovov ot Pabid Aexdvn. H avakapyn Twv cuykevipwoewy
Tov 0&uydvov 610 Téhog Tov HTM kau i) e§dmhwon kat vtoxwpnon Tng ano§uydvoong katd
™ Suapketa tov MCA ogeihovTtal Kupiwg 0Tn oTpwiatonoinon Adyw Oeppokpaciog kat ot
petafadropevn mapoyn OpenTiky ovoLwY. ZpepPa, 0L CVYKEVTPWOELG 0Euydvov otn Batikn
Odhacoa kabBopilovtal kupiwg amo tn Stabeopotnta BpenTikV oVOWWV Ao AdopaTa,
aA\d Ta amoTeléopaTa TNG TMapovoag HeEAETNG vmoypappilovv v mbavn emidpaon Tng
KAHOTIKNG aAAayNG 0TV EMEKTAOT) TWV TEPLOXDV He EAAewyn o&uyovov otn Badtkr kat og
dA\eg mapdktieg Odlaooeg.

To 3° KEQPAAAIO efetdler Tn pelwpévn, OXETIKA He TOV oOYXPOVO WKEAVO, TaQN
QWoQoptkod 1OvTwg oe apyaia Baldoowa Wpata. Katd tn Sdpkela meplodwv evpeiag
anofuywvoong omwg n OAE2, ot afieg evdg proxy yla Tnv Ta@r Tov Qwo@odpov &ivat
TEPLOCOTEPO ATO TETPATIAACLEG TWV ONUEPLVWY, VTTOSEIKVVOVTAG UELWUEVT] KATAKPATNON
Qwo@bdpov otov TuBpéva tov wkeavod. H ouvvnBng efnynon avagéper 611 N otépnon
ofuydvov xat 1 mapovoia vdpobeiov mpokdleoav avtr TN peydAn Swagopd. Qotdoo, 1
e€gnynon autn eivat avemapkrng, S1OTL ot Aekdveg pe EANetyn oEuydvov 0Tov oUYXpOvo wKeavo
nepAapPdvovy éva evpld QAoUA PLOYEWXNIIKOV XAPAKTNPLOTIKOY, cvumeplapfavopévwy
TOAD VYNADV ovykevipwoewv vdpobeiov. Ot voAoylopoi pag Seixvovv OTL 0 GXNUATIOUOG
avBpakikod @Boplomatitn, TNG KVPLAG ULOPPNG UAKPOXPOVIAG ATOBNKELONG PWOYOPLKOV
10vtog ota Baldoota Wpata, pewdvetar onuavTikd vio vynAég Beppokpacies, ofivion
TOV WKEAVWV Kat avemapkela avBpakikov acBéotiov. Ta mapamavw eivar yvwpiopata mov
xapaktnpifovv emoxég amofuywvoong Katd TIG OTOIEG 1) TAPT} TOL PWEYOPLKOD LOVTOG NTAV
petwpévn. ‘Etol Snuovpyndnke éva ovotnua oto omoio n xepoaia TPoGPopd YWCYoPLKOL
vtog avfndnke kar dev kaAvgOnke and tnv amobeon otov mubuéva TOv wWKeEAVOU,
KaBLoTOVTAG TO PWOYOPLKO LOV TIEPLoaoTePO Stabéotpo yla T @wTooVVOEDT TWV UKWV Kat
npowbwvTag Tov evtpo@lopd. H ovyxpovn kApatikr) aAhayn kat i o&ivion twv wkeavay Ba
umopovoav evdexopévws va cupfdAovy oty maykOopia Helwon Tov 0&uyovov péow evog
TIAPOUOLOV UNXAVIOUOD.

To 4° KEQAAAIO peletd TNV TPWTOYEVI] TApAYWYLKOTNTA KAl anouydvooT aTov wKEavo
katd N Siapketa tov PETM, nwg avtég petaPpailoviav oto xwpo kal Tov Xpdvo, Kat Tov
AVTIKTUTIO AVTWV yia TNV Tan Tov opyavikol avBpaka. To PETM ftav pa nepiodog évtovng
KAlpatikig aAllayng, mpv amod mepimov 56 ekatoppdpla xpovia, kat Oewpeitar avaloyn g
ovyxpovng vmepBépuavong Tov TAAVATH. XT0 KeQAAalo avTod emOEIKVVETAL, UE TN XPNOT
VEOV XNUKOV avalboewy Wnpuatwy kat T ovvBeon Sedopévwv, OTL oL mapaywytkés Kot
anofuywvoroupéveg ouvBnkeg NTav evpéwg Stadedopéveg kat epavifovtav kvpiog katd
unKog Twv nrelpwTikwv meplbwplwv kal ot meploplopéveg Aekdves. Ztig idleg meployég
anavtovtal Whpata Tlovota oe opyavikd avBpaka. Zvvdéovtag ta Stabéoipa dedopéva
pe 6vo NAEKTPOVIKA HOVTEAA Yia TV KOKAOL ToL &vBpaka, To Ke@dAato avTtod Seiyvel OTL
n dnuiovpyia opyavikod VAoV kat N Ta@n tov avéndnke katd Tpomo mov odrynoe oTnV
peiwon tov CO, and v atpdéopatpa. H emidpaon tng tagrns oto atpoogatpiké CO, kat aTo
TYKOOWLO 160{0Y10 100TOTWV Tov avBpaka meptypaget epartépw Tig mbavég exmoumnég CO,
/ot peBdviov katd tn didpketa Tov PETM.
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To 5° KEQAAAIO e&etdlet éva and ta onuavtikotepa Staotiuata e&dvtinong ofvydvov
otn yewloywn otopia. H OAE2 éhafe xwpa mpv and mepimov 94 ekatoppdpla xpovia,
mubavotata Aoyw tng avfnuévng exkmopunrg CO, and neaioteta. H adénon tng Beppokpaciag,
n oaAAaypévn Ppoxomtwon kal 1 anocdfpwon PWOQOPIKWOV TETPWUATWV TPOKAAETAV
mv mapatnpndeica amofvywvoon kot v andBeon Wnpatwv pe vYnAd TEPLEXOHEVO
opyavikob dvBpaxa. Te avTr To KeQAAALO, TTAPOLOLA{Ww TO TPWTO TOCOTIKO CEVAPLO Yia TIG
neatotetakég ekmopnég CO, Kal NG TaAQPNG TOL opyavikov avBpaka katd T Stapkela Tov
OAE2. Ta amoteéopata Tov nAektpovikol povtélov mov Xpnotpomotidnke deixvovv o0TL 1
neatoteldTTa HTav petaPAnt) katd t Sdpketa tov OAE2 kat ot 1 emidpaon g TaPrg
Tov opyavikov avBpaka oto atpooalptkd CO, kat o€ AAAEG CLVIOTWOEG TOV KUKAOV TOV
avBpaxa e&aptiotav oe peydo Pabuo and tov puBud exmopnrg CO,.
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