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ABSTRACT OF THE DISSERTATION

Exploring the Geochemical Fingerprints of an Oceanic Anoxic Event During the Late
Cretaceous: the Global and Biological Implications

by
Jeremiah David Owens

Doctor of Philosophy, Graduate Program in Geological Sciences
University of California, Riverside, December 2013
Dr. Timothy W. Lyons, Chairperson

Understanding the causes and consequences of oceanic anoxic events (OAEs)
has been at the forefront of paleoceanography studies for the last several decades.
The Mesozoic Era is noted for numerous OAEs that are diagnostically expressed by
widespread organic-carbon deposition and coeval positive carbon-isotope excursions.
OAE:s have been extensively studied from angles but there is still minimal understanding
of the global nature of these events. Through the work presented here I aim to quantify
the global extent of euxinia (water column that is anoxic and contains sulfide) and seek to
understand global extent of anoxia using a multi-geochemical-proxy approach. This work
includes high-resolution studies spanning multiple sections with a global distribution
for each proxy (sulfur isotopes, Mo, V and Cr trace metal, Fe isotopes) from OAE2, the

Cenomanian-Turonian boundary event (~93.9 Ma).

Coupled carbon and sulfur isotopes show positive isotope excursions at each
locality during OAE2; although, the peak magnitudes of these shifts are offset by
approximately a few hundred thousand years due to a waning burial of organic carbon
and pyrite burial. Geochemical box modeling suggests 2 to 7% of the seafloor sediments

were deposited under euxinic conditions. While, Mo trace metal geochemistry suggests

vi



similar results with values of ~10% euxinia and V and Cr depletions prior to euxinia
imply increased global anoxia prior to the OAE. An organic carbon compilation
suggest the known burial of organic carbon during OAE2 may account for the entire
isotope excursion observed unless there is an major change increase in volcanic or
weathering fluxes. However, Fe isotopes suggest there was not a pervasive increased
signal for hydrothermal delivery of Fe except to the know euxinic basins. Quantitative
consideration of these cycles is of paramount importance for constraining the budgets
of carbon and sulfur, but also oxygen and other key biological elements, as we seek to
improve our understanding of the mechanisms behind the initiation and termination of

OAE:s.
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Chapter 1

Introduction to Oceanic Anoxic Events (OAEs)



INTRODUCTION

The minor chemical gas constituents, i.e. CH, and CO,, of the atmosphere
are important for self regulating the Earth’s climate throughout the geologic history.
However, the atmospheric gas constituents have dramatically changed through time
(Canfield, 2005; Holland, 1984; Lyons and Reinhard, 2009). Understanding global
climate feedbacks during periods of high and rapid increases of the ‘greenhouse gas’ CO,
which has become a focus for Earth science research due to the anthropogenic increase
of CO,primarily due to the burning of fossil fuels. Also, human activities such as
excessive fertilizer use and improper sewage handling have exacerbated natural oxygen
consumption so that anthropogenic low oxygen conditions (hypoxia) has become a major
concern in many coastal regions throughout the world (Fig. 1.1) and predictions suggest
increased deoxygenation in the future (Diaz and Rosenberg, 2008; Falkowski et al., 2011;
Virginia, 2010). To help understand future climate change it is important to recognize
and appreciate natural climate related variability and the rate of change. For example,
extent of ocean deoxygenation, ocean acidification, extinction rates and rise of CO,,.
Therefore, understanding natural climate variability in the geologic record has been a
locus of interest with a focus on glacial-interglacial cyclicity, perturbations to the organic
carbon burial events in the Mesozoic [termed as oceanic anoxic events (OAEs)] and

hyperthermal events in the Cenozoic (i.e. Paleocene-Eocene Thermal Maximum).

In order to understand the oxygen, an important atmospheric gas for animals,
cycle it is imperative to fully recognize the interplay between geochemical cycles which
include, sulfur (S) and iron (Fe) but most importantly carbon (C) which is integral
in regulating atmospheric oxygen throughout Earth’s history (Berner, 1992; Berner,
2001; Berner, 2006; Berner and Canfield, 1989). The short term carbon cycle, days

to thousands of years, is driven by biologically induced activity. Photosynthesis and



Figure 1.1: A global compilation of all the modern reducing [low oxygen (hypoxic)
localities (@) which includes sulfidic (euxinic) basins (Q)] sites recorded in world since
1960. The data is from (Diaz and Rosenberg, 2008) and the map is from the PALEOMAP
Project (Scotese, 2008).

respiration is represented as:

CO, +H,0 « o8y > "CH,0" + O, (Equation 1.1)

<respiration photosynthesis—

where photosynthesis by terrestrial and marine primary producers consume CO, and
produce organic matter, “CH,O” (overly simplified in Eq. 1.1), and release O, as a
byproduct but during steady state conditions all of the organic matter and O, is consumed
during respiration which releases CO, and H,O. However, the long-term carbon cycle is
driven by the burial and uplift of organic carbon where a small portion of the produced
organic matter “escapes’ respiration and is buried in sedimentary rocks that allows

for increased atmospheric oxygen. During tectonic processes this buried carbon will
eventually be exhumed and weathered which consumes oxygen therefore this process,

on a geologic timescale, is in steady state. Therefore, in order for O, to accumulate in the



atmosphere there must be some imbalance between the rate of burial and exhumation
(Berner and Canfield, 1989). Importantly, much of Earth’s history has been spent with
little to no atmospheric oxygen with a significant increase at the onset of the Phanerozoic
to near modern oxygen values which are roughly constant (Fig. 1.2; Berner, 2006;
Canfield, 2005; Lyons et al., 2009; Lyons and Reinhard, 2009; Lyons et al., 2012). The
oxygen concentrations in the ocean roughly mirrored the atmosphere in the Precambrian;

however, in the Phanerozoic there are short-lived ocean deoxygenation events such as

OAEs.
2 : Phanerozoic| Precambrian
;E §; 100 animals
2 1-10 | —
E — <<10°E : W . .
)
<“= 0 1 2 3 4

Age (billions of years ago)

Figure 1.2: A general schematic of the atmosperhic O, level relative to the Present
Atmospheric Level (PAL) of ~21% (adapted from Lyons et al., 2012).

The Cretaceous numerous OAEs which are generally defined as widespread
organic carbon burial events (Arthur et al., 1987; Jenkyns, 2010; Schlanger et al., 1987;
Schlanger and Jenkyns, 1976) with at least two globally, several ocean basins containing
organic rich deposits and C isotope excursions registered in both organic and inorganic
carbon [OAEla (~120Ma) and OAE2 (~94Ma) (Leckie et al., 2002)]. OAE2, a short-
lived event is estimated to be 400 to 850 ka (thousand years; Kuhnt et al., 2005; Sageman
et al., 2006; Voigt et al., 2008), is the 7™ largest extinction in the last 250 Ma (million
years) and considered a 2nd order extinction event due to the demise of 26% of genera

and extremely high extinction rates at the species level, especially in marine invertebrates



(Leckie et al., 2002; Raup and Sepkoski, 1986; Sepkoski, 1989). Understanding the
initiation and termination mechanisms for OAE2 and other OAEs is important for
understanding Earth natural feedbacks but it is difficult to unravel the timing and
decouple all the parameters [increased hydrothermal fluxes, temperature, CO,, increased
spreading rates, enhanced weathering, nutrient increases, anoxia etc. (Fig. 3; Jenkyns,
2010)] as they are all interrelated and all likely played a role in the initiation, duration and
termination of OAE2. The wide range of sample types and localities for OAE2 provides
an ideal background to study this paleoceanographic phenomenon and to test several

geochemical hypotheses to further understand the global nature of this event.

This dissertation seeks to resolve a small portion of the unconstrained issues
using a variety of perspectives and geochemical tools. In Chapter 2, empirical data
on sedimentary sulfur (S) isotope systematic and geochemical box modeling are used
to quantify the global extent of euxinic (water column containing hydrogen sulfide)
environments, less than 10% of the seafloor, which is much less than previous estimates
and suggest organic carbon and pyrite burial slowly waned post-OAE. Chapter 3 explores
the possibility of the timing of bioessential trace metal limitations, Mo and V, globally
during OAE2 and its effect on the ecology and recorded extinction rates. In Chapter
4, a comparison of the known organic carbon burial and estimates of organic carbon
burial from a geochemical box model suggests that nearly all of the organic carbon can
be accounted for but it is expected that there are increased organic carbon burial on the
eastern boundaries of ocean basins; however, if increased weathering rates liberated
carbon then there is a significant amount of unknown organic carbon buried in the ocean
during OAE2. Chapter 5, compares numerous geochemical proxies (trace metals, Fe
speciation, sulfur isotopes and I/Ca) from both carbonates and organic-rich sediments

at a unique locality which alternates between lithologies prior to the OAE where trace
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Figure 1.3: An overview schematic of the Phanerozoic Eon. OAE2 is marked by the red

line. Figure adapted from Takashima et al (2006).



metals, Fe speciation and I/Ca suggest local anoxia prior to the OAE while Fe speciation
and depleted trace metals suggest local and global increased euxinia. Finally, Chapter

6 explores the plausibility of global increase in hydrothermal activity delivering an
important and often biolimiting nutrient, iron (Fe), by accessing total Fe enrichments

by normalizing to aluminum (Fe /Al) and Fe isotopes which suggests the euxinic basins
were influenced by hydrothermal activity but other non-euxinic sites show limited

evidence for hydrothermal activity.
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Chapter 2

Sulfur isotopes track the global extent and dynamics of euxinia during
Cretaceous Oceanic Anoxic Event 2
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ABSTRACT

The Mesozoic Era is characterized by numerous oceanic anoxic events (OAEs) that are
diagnostically expressed by widespread marine organic-carbon burial and coeval carbon-
isotope excursions. Here we present coupled high-resolution carbon- and sulfur-isotope
data from four European OAE2 sections spanning the Cenomanian—Turonian boundary
that show roughly parallel positive excursions. Significantly, however, the interval of peak
magnitude for carbon isotopes precedes that of sulfur isotopes with an estimated offset of a
few hundred thousand years (ka). Based on geochemical box modeling of organic-carbon
and pyrite burial, the sulfur-isotope excursion can be generated by transiently increasing
the marine burial rate of pyrite precipitated under euxinic (i.e., anoxic and sulfidic) water-
column conditions. In order to replicate the observed isotopic offset, the model requires
that enhanced levels of organic-carbon and pyrite burial continued a few hundred ka
after peak organic-carbon burial, but that their isotope records responded differently due
to dramatically different residence times for dissolved inorganic carbon and sulfate in
seawater. The significant inference is that euxinia persisted post-OAE, but with its global
extent dwindling over this time period. The model further suggests that only ~5% of the
global seafloor area was overlain by euxinic bottom waters during OAE2. Although this
figure is ~30 times greater than the small euxinic fraction present today (~0.15%), the
result challenges previous suggestions that one of the best-documented OAEs was defined
by globally pervasive euxinic deep waters. Our results place important controls instead on

local conditions and point to the difficulty in sustaining whole-ocean euxinia.
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INTRODUCTION

The Mesozoic stratigraphic record, particularly the Cretaceous, is populated with
numerous intervals of widespread marine organic-rich facies. Because of the approximately
coeval stratigraphic occurrence of these organic-rich mudrocks (black shales) in multiple
ocean basins, Schlanger and Jenkyns (Schlanger and Jenkyns, 1976) referred to the
causative paleoceanographic phenomena as oceanic anoxic events (OAEs). During the
OAEs the enhanced burial of organic carbon (OC) led to major perturbations of the carbon
cycle (Arthur et al., 1988; Schlanger et al., 1987; Scholle and Arthur, 1980), which is
recorded globally as positive isotope excursions in sedimentary organic and inorganic
carbon (Arthur et al., 1988; Schlanger and Jenkyns, 1976). Throughout the Cretaceous,
elevated atmospheric carbon dioxide concentrations (Berner, 2006; Takashima et al.,
2006) contributed to high temperatures (Huber et al., 1995; Jenkyns et al., 2004; Jenkyns
et al., 2012). However, during the relatively short time interval of OAE2 (Cenomanian-
Turonian boundary event [~93.9Ma]), which lasted approximately 500 ka (Kuhnt et al.,
2005; Sageman et al., 2006; Voigt et al., 2008), there are multiple lines of evidence for
fluctuations in atmospheric pCO, (Jarvis et al., 2011; van Bentum et al., 2012), sea-surface
temperatures and redox conditions (Forster et al., 2008; Gale and Christensen, 1996; Jarvis
et al., 2011). Such fluctuations are mostly linked to widespread but non-uniform burial of
vast amounts of OC (as reviewed in Jenkyns, 2010) and enhanced continental weathering

(Bléttler et al., 2011; Frijia and Parente, 2008).

Accelerated burial of OC and the accompanying positive carbon-isotope excursion
are generally linked to two controls acting singly or in combination: increased primary
production (Schlanger and Jenkyns, 1976) and enhanced organic-matter preservation under
oxygen-deficient depositional conditions (Schlanger et al., 1987). Currently, increased

primary production is favored (Jenkyns et al., 2007) as at least the initial driver, but both
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mechanisms likely played arolein carbon sequestration that affected the isotopic composition
of the ocean—atmosphere system. Furthermore, Cretaceous oceans were primed for major
episodes of anoxia and associated carbon burial because of generally elevated temperatures
and thus lower oxygen solubility in seawater. A previously unquantified portion of the
ocean became sufficiently reducing to allow hydrogen sulfide to accumulate in the water
column during OAE2, leading to at least regionally persistent euxinic conditions (Jenkyns,
2010) marked by organic-rich, laminated black shales across the basins, particularly in the
southern portion of the proto-North Atlantic Ocean. Unlike many OAEs in the Mesozoic,
OAE2 has been documented from multiple drill cores and outcrop sections and, in the
Indian, Pacific and Atlantic Ocean basins, at various depths, latitudes and depositional
settings (Schlanger et al., 1987). The most renowned lithological manifestation of OAE2 is
the so-called Bonarelli Level that crops out in the Marche—Umbrian Apennines of central

Italy (Schlanger and Jenkyns, 1976).

Sustained increases in primary production during OAE2 require at least transient
enhanced delivery of nutrients and bio-essential metals (N, P, Fe, etc.) to the ocean.
Identification of the mechanisms behind such increased nutrient delivery has been a major
topic of investigation (Meyer and Kump, 2008), and three main mechanisms have been
proposed: [ 1] hydrothermal activity (MacLeod et al., 2008; Snow et al., 2005), [2] enhanced
continental weathering (Bléttler et al., 2011; Frijia and Parente, 2008) and [3] increased
phosphorus recycling due to reduction of iron-bearing phases with bound phosphate (Kraal
et al., 2010; Van Cappellen and Ingall, 1994). The hydrothermal model for supplying
Fe is challenged by the assumption of widespread euxinia in the water column and the
insolubility of iron under those conditions; not surprisingly, the record of hydrothermal
Fe signal does not correlate in a straightforward manner with the distribution of organic-

rich facies throughout the entire North Atlantic (Jenkyns et al., 2007; Owens et al., 2012).
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However, neodymium isotope ratios in fish teeth from the western equatorial Atlantic
(Demerara Rise) and the north European Chalk Sea may reflect hydrothermal input from
the Caribbean and/or Arctic Large Igneous provinces (MacLeod et al., 2008; Zheng et al.,
2013). Alternatively, geochemical box modeling suggests that enhanced P from continental
weathering was important for the initiation of OAE2, followed, as a positive feedback, by
its sustained availability due to the widespread reduction of P-bearing iron oxides (Ozaki et
al.,2011) and more generally enhanced P recycling under anoxic conditions (Van Cappellen

and Ingall, 1994).

OAE2 is the most studied of the oceanic anoxic events, yet considerable gaps
remain in our understanding of its causes and effects. Evidence from organic biomarkers
from multiple sites in the proto-North Atlantic indicates photic-zone euxinia just before
and during OAE2 (as reviewed in Jenkyns, 2010), and evidence for local oxygen depletion
in seawater has been documented using Mn/Ca (Pearce et al., 2009), I/Ca ratios (Lu et al.,
2010) and trace-metal enrichments (as reviewed in Jenkyns, 2010). Recent modeling by
Monteiro et al. (Monteiro et al., 2012) suggests that 50% of the global ocean was anoxic.
Nevertheless, the spatial extent of anoxic and more specifically, euxinic deposition, remains
poorly constrained, particularly for the Pacific and Indian Oceans. Much of the work to
date has focused on the proto-North Atlantic, the Western Interior Seaway (WIS), a handful
of Pacific sites, and various continental margins (Takashima et al., 2006). The data are
limited, but the equatorial Pacific appears to have been a locus for OC burial (Schlanger et
al., 1987 and references therein). Certain, contemporaneous, marginal Pacific sites show
evidence for oxic conditions (Hasegawa et al., 2013; Takashima et al., 2011), and the redox
state of the vast majority of the ocean, specifically the Pacific Ocean, remains unknown.
Here, we present new sulfate S-isotope data from multiple sites spanning several ocean

basins recording OAE2. By combining our dataset with existing sulfate-S and carbonate-C
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Figure 2.1: Paleogeographical reconstruction (generated using GEOMAR [http://www.
odsn.de/odsn/ services/paleomap/paleomap.html]) for OAE 2 showing all sample
locations used for analysis of carbonate-associated sulfate sulfur isotopes: (@) llocations
analyzed in this study, (CJ) Gorgo a Cerbara (Marche—Umbria, Italy deep-marine Tethyan
continental margin) of Ohkouchi et al. (Ohkouchi et al., 1999) and (€) USGS Portland
Core from the Western Interior Seaway of Adams et al. (Adams et al., 2010). The dark
gray color indicates the landmasses, the light gray color represents shallow-marine
settings, and white designates deep-marine settings for the late Cretaceous.
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isotope data, we explore the dynamics of the global sulfur cycle during OAE2 and ultimately
gain a novel global perspective on the extent of euxinic conditions during one of the best-

studied OAEs.

SULFUR BIOGEOCHEMISTRY BACKGROUND

Most studies of the Cretaceous sulfur cycle have focused on broad, 108-year secular
trends seen in the marine sulfate-S isotope record (Paytan et al., 2004). However, two high-
resolution investigations have specifically targeted the sulfur cycle during OAE2 (Adams
et al., 2010; Ohkouchi et al., 1999). Much of this past work has focused on regional aspects
of sulfur cycling (Adams et al., 2010; Ohkouchi et al., 1999), including the possibility of
enhanced hydrothermal sulfur delivery to the WIS before OAE2 (Adams et al., 2010). For
the first time, we present a comprehensive, geographically widespread sulfate-S isotope
data set and apply a numerical box model to constrain the history of the global redox state

of the ocean during OAE2.

The concentration and isotopic composition of the marine sulfate reservoir is
a reflection of the inputs and outputs of sulfur to the ocean. The significant inputs are
weathering of sulfide-and sulfate-bearing minerals from continental rocks and emissions
from volcanic/hydrothermal systems (as reviewed in Bottrell and Newton, 2006). The
magnitudes of these input fluxes vary temporally and spatially, but their isotopic signatures
are similar and cluster in a relatively narrow 6*S (definition below) range of 0 to 8%., and
it is unlikely that this isotopic range has changed significantly through time. The primary
outputs of sulfur from the ocean are through the precipitation and burial of gypsum,
organic-S compounds (which may be particularly important during OAEs) and pyrite in

sediments. Over geologic time scales, gypsum burial can exert a control on marine sulfate
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concentrations (Wortmann and Paytan, 2012), but this burial mechanism has little effect on
the global isotopic composition of seawater sulfate due to the small fractionation (1 to 2%o)
during gypsum precipitation (Raab and Spiro, 1991). In stark contrast, pyrite burial has a
large effect on the isotopic composition of the marine sulfate reservoir (Kurtz et al., 2003
and references therein). The large isotopic offset between pyrite-S and the starting sulfate
reflects the preference for lighter sulfur isotopes during microbial sulfate reduction and the
concomitant production of isotopically light hydrogen sulfide. This sulfide combines with
reactive Fe to form pyrite within the water column or below the sediment/water interface.
The isotopic offset between sulfate-S and sulfide (A%*S) is captured and preserved in the
sedimentary pyrite and can be as great as 70%o (e.g., Canfield et al., 2010). At times in
the geologic past, pyrite burial was the dominant sink for dissolved sulfate (Gill et al.,
2011b; Hurtgen et al., 2002), especially during episodes of widespread reducing conditions
within the ocean, such as OAEs (Gill et al., 2011a; Gill et al., 2011b). Organic sulfur could
be an additional reduced sulfur sink particularly when pyrite formation is limited by the
availability of iron (i.e. under euxinic conditions). The isotopic y offset between organic
S and sulfate is general less than pyrite’s. Within this framework, shifts to more-positive
5*S wvalues recorded stratigraphically in tracers of ancient seawater, most commonly
gypsum (anhydrite), barite and carbonate-associated sulfate (CAS), reflect enhanced pyrite
burial, while negative 6*S shifts indicate the greater relative importance of input fluxes.
Ultimately, the size of the seawater sulfate reservoir (and, by association, its residence

time) controls the magnitude and the potential rate of isotopic change.
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CARBON- AND SULFUR-ISOTOPE TRENDS

The 6**S., profiles from all four sections (Fig. 2.1) show positive excursions that
coincide roughly with the positive carbon-isotope excursion (Figs. 2.2 and 2.3). The pre-
event (baseline) values for all the sections are between 19%o and 21%o (see below). These
values are relatively close to the published seawater value of 19.4%o for the Cenomanian
and Turonian based on the analysis of barite collected from open-ocean sediments (Paytan
et al., 2004), although the pre-OAE sulfur-isotope values for CAS from the WIS (Adams et
al., 2010) and Italy (Ohkouchi et al., 1999) are less positive (14%o to 16%o). A return to pre-
OAE &S, values after the event is observed only at Raia del Pedale and South Ferriby,

where relatively extended stratigraphic sections are available.

The northernmost section, South Ferriby, shows a relatively stable &**S ., . profile

CAS
(average of 20.7%o) with no obvious positive isotope excursion during the OAE interval. A
positive shift does, however, occur after the event, with a peak value of 22.1%o. This peak
coincides stratigraphically with a return to the bulk carbon-isotope baseline value (6"°C, )

following the positive excursion. S ., values nearly return to the pre-OAE baseline at

the top of the section, 1.8 meters above the termination level of the OAE.

The next section to the south, Trunch, is the most condensed and has an
unconformity just below the OAE interval, although it still captures a significant portion
of the upper Cenomanian leading into the OAE. The baseline values at this locality trend
more positively before the event, but the average pre-OAE values are typical of those from
the other sections (19.4%o). Once again, the most positive 5*'S ., ; values (21.8%o) post-date

the OAE (as defined by the carbon-isotope data), with a §**S _, ; excursion of 2.4%o.

Eastbourne is the southernmost section in the UK and the most expanded

stratigraphically due to comparably high sedimentation rates (Gale et al., 1993); the OAE
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spans nearly 10 meters of section. This site shows relatively high variability in the **S_,
composition, while the §"°C_ record shows a more systematic increase and subsequent
decrease during the OAE. Specifically, the pre-OAE baseline for 6**S_, ( is comparatively
stable with an average value of 19.9%o, but there is pronounced variability in the first
half of the OAE interval with many of the data points departing from the overall positive
trend (see Supplementary Information). The most positive 8**S_, value after the event
(21.8%o) yields a maximum magnitude for the excursion of 1.9%o, although there is very
little available section post-dating the OAE. Given that the other sites show maxima well
after the peak 6"°C_, values, the most positive 6**S_, ; values may not have been captured

at this section.
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Figure 2.3: Chemostratigraphic plot for Raia del Pedale of 6"*C (@), 6**SCAS (lll) and
¥7Sr/*Sr (@). The gray bar indicates the previously labeled OAE defined by the 6'°C
positive carbon-isotope excursion.

The Italian section, Raia del Pedale, is a shallow-water equivalent to the deep-
sea pelagic section that contains the Bonarelli Level black shale characteristic of OAE2

(Jenkyns, 2010; Ohkouchi et al., 1999). Importantly, our sample set from Raia del Pedale
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has the added benefit of high-resolution sampling throughout the entire carbonate section
deposited during the OAE, allowing for continuous CAS analysis and stratigraphic
coverage that extends well after the event, as determined by the carbonate C- and Sr-
isotope records (Fig. 2.3). The Sr-isotope data from Raia del Pedale can be compared
to the long-term composite record (Jones and Jenkyns, 2001 and references therein) to
determine the best age correlation for this section following the OAE. Although there is
some scatter before the event, the 834SC . Daseline at this locality, with an average value
of 21.1%o, is similar to pre-event data from the other UK sections. Once again, the peak
0S¢ value (25.7%o) occurs stratigraphically well after the 3"°C_, excursion that defines
the OAE, and the return to pre-OAE values is captured well after the event. Interestingly,
the magnitudes of the positive sulfur-isotope excursions among the various stratigraphic
sections suggest a regional trend, with the UK sites showing lower 6*S_, ( values relative
to the other sections. Specifically, the average shifts are ~2%o in the UK, whereas sections,
the section at Raia Del Pedale shows a ~5%o shift, similar to 834SC s €xcursion from the
WIS and the Italian pelagic deep-sea section that contains the Bonarelli Level (Adams et

al., 2010; Ohkouchi et al., 1999).

MobELING C AND S

The observed carbon- and sulfur-isotope trends demand dramatic perturbations to
the geochemical cycles of both elements during OAE2. To elucidate the coupled dynamics
of the carbon and sulfur cycles, we constructed a forward box model. In our model, we
prescribed the initial boundary conditions for the two cycles and then perturbed the fluxes
until we were able to recreate the observed isotopic excursions, similar to previous studies

(Adams et al., 2010; Gill et al., 2011a; Gill et al., 2011b; Kurtz et al., 2003). The initial
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Figure 2.4: Sensitivity tests for the modeled sulfur cycle. Here we simulated variations
(A) in increased pyrite burial and the corresponding C/S ratio, (B) increased isotope
fractionation during microbial sulfate reduction (A*S) and (C) initial marine sulfate
concentrations. Key parameters were treated the same in each simulation: initial marine
sulfate concentration of 7mM, a 2-fold increase in pyrite burial and a change in A**S
from -30 (non-OAE) to -40%o during the OAE unless the impact of varying a specific
parameter was explored in the simulation.
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boundary parameters for the model are given in the supplemental information Table 1.S1.
Important but poorly constrained parameters were explored through sensitivity tests (Fig.
2.4). These influential factors include the magnitude of pyrite fractionation during microbial
sulfate reduction (A3S), increasing pyrite burial and initial marine sulfate concentrations.
In this model we do not explicitly delineate burial of organic sulfur, which does increase
during OAE2 (Hetzel et al., 2009); however, since it represents a reduced sulfur phase, it
is lumped with pyrite burial. The difference between pyrite-S and organic-S fractionation
relative to the parent sulfate could be a source of some error; however, this assumption

does not change our results significantly.

Our model confirms that recreating the observed C- and S-isotope trends can be
generated through increasing OC and pyrite burial (Fig 2.5.). An increase of 1.6-times the
modern OC flux is necessary to simulate a C-isotope excursion of ~3.5%o (the approximate

average of all published OAE2 excursions, which range from 2 to 6%o, was used for all
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Figure 2.5: Modeling of the positive carbon- (black) and sulfur- (red) isotope excursion,
with the gray bar indicating OAE2 as delineated by the characteristic C-isotope profile.
In this model the initial marine sulfate concentrations was 7 mM, A*S was increased to
-40%o, pyrite burial was doubled, and OC burial was increased 1.6-fold during the OAE.
The burial of OC and pyrite were decreased progressively, and A*S was immediately
returned to -30%o for 300 ka after the OAE.
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models). A two-fold increase in the total pyrite buried is required to simulate a sulfur-
isotope excursion of 5%o. The duration of OAE2 has been shown to be ~0.5 Ma (Kuhnt et
al., 2005), a time interval that we adopt for all model runs. The magnitude of the excursions
can be dampened or amplified by changing the magnitude of OC and pyrite burial, the initial
sulfate concentration and the assumed A*S. It should be noted that these modeling results
are not unique solutions because of the high degrees of freedom in key assumptions; they
do, however, represent the most plausible circumstances for the generation of the observed

geochemical records based on sensitivity tests and observations from the geologic record.

Figure 2.4 shows the sensitivity of the model to transient changes in pyrite burial,
A**S and initial marine sulfate concentrations. The magnitude of pyrite burial has a large
influence on the magnitude of the sulfate isotope excursion captured by &*S_,. For
example, a 1.5-fold increase in pyrite produces an excursion of ~3%o, while a 3-fold increase
generates a 12%o excursion (Fig. 2.4A) using an initial sulfate concentration of 7 mM and
a A**S of -40%o during the OAE. We modeled a range of A**S values (-20%o to -60%o) with
a two-fold increase in pyrite burial and initial marine sulfate of 7 mM, which predicts a
range in the 8**S excursion of 2 to 10%o for seawater sulfate, respectively (Fig. 2.4B).
As expected, varying the initial marine sulfate reservoir has an effect on the magnitude
of the S-isotope excursion, with 3 mM and 12 mM yielding excursions of 12%o and 3%eo,

respectively, based on a two-fold increase in pyrite burial and a A*S of -40%o. (Fig. 2.4C).

We also used the model to simulate the observed offset in the C- and S-isotope
records. To replicate the observed trends most successfully, we adopt a doubling of pyrite
burial during the OAE, a A*S of -40%o and an initial marine sulfate concentration of 7 mM
as our boundary conditions. The value for A*'S was chosen based on the global mean A*S

defined by an average pre-OAE marine 8*S_

at

, of ~+20%o [from average CAS and the

barite values of Paytan et al. (Paytan et al., 2004)] and an adjusted average pyrite 6**S of
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-20%o. In fact, the average pyrite 8**S value during OAE2 is ~-30%o (Adams et al., 2010;
Hetzel et al., 2009), but this average is exclusively from euxinic localities. Pyrite formation
in euxinic settings generally has larger fractionations that have the potential to exaggerate
the global A**S average (Kurtz et al., 2003), and the inclusion of organic sulfur would also
reduce the global fractionation. Therefore, we use a value of -20%o for reduced sulfur or,
specifically, a A*S of ~-40%o, reflecting some balance between oxic and euxinic deposition
and the importance of organic-S burial during the OAE. The sulfate concentration was
chosen based on our model runs—specifically, the length of time for the isotope record to
recover to the pre-OAE baseline (see discussion below), and the amount of pyrite buried

was determined by reproducing a ~5%o excursion.

GLOBAL IMPLICATION FROM THE SULFUR CYCLE

We used a geochemical box model to simulate the observed C- and S-isotope
excursions, using sensitivity tests (Fig. 2.4) to inform the unconstrained variables in the
sulfur cycle. This exercise sheds light on the ocean redox evolution during OAE2. In the
modern ocean, euxinic settings cover only ~0.15% of the seafloor [similar to (Reinhard et
al., 2013)] and bury reduced sulfur at a rate of ~3.1x10' moles of sulfur/Ma—mostly in the
Black Sea (Neretin et al., 2001). For OAE2, the entire transient increase in pyrite burial is
attributed to increased euxinic deposition, which yields a burial rate of ~4.7x10'7 t0 9.3x10"
moles of sulfur/Ma during OAE2 (representing the observed 5**S _, ; excursions of 3 to 6%,
respectively, with all other parameters held constant as in Fig. 2.4A). These rates equate to
15 to 30 times the modern global flux of euxinic pyrite burial. Assuming conditions during
Cretaceous deposition were comparable to those of modern euxinic sites, including mass

accumulation rates and Fe availability, our model predicts that roughly 15 to 30 times more
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of the seafloor was overlain by euxinia during OAE2. Relative to the 0.15% of euxinic
seafloor today, this equates to ~2.5 to 5% euxinic deposition during OAE2. This prediction
assumes pyrite burial under oxic and/or oxygen-deficient but non-euxinic environments
remained constant throughout the event. In other words, we assume that the entire increase
in pyrite burial occurred only within euxinic settings. This assumption is undoubtedly an
oversimplification, and any concomitant increase in pyrite burial in oxic and other non-
euxinic environments would decrease the estimated extent of euxinia during OAE2, thus
our estimate represents a maximum. Consistent with the possibility of overestimating the
extent of euxinia, the negative S-isotope excursions seen in the Eastbourne profile and in
the Raia del Pedale profiles close to the onset of the positive carbon-isotope excursion
correspond in time with the Plenus Cold Event/Benthic Oxic Event (Gale and Christensen,
1996), which affected at least the northern hemisphere. This event would have oxidized
water-column sulfide where present and marine pyrite, transiently returning isotopically

light sulfur to the oceans (see Supplementary Information).

Observations have shown that the southern portion of the North Atlantic was euxinic
for much of the event, and the northern portion of the Atlantic appears to show a periodic
development of euxinia (as reviewed in Jenkyns, 2010). Although redox conditions in the
Pacific Ocean during the OAE are poorly known, three equatorial sites are documented
with increased OC burial (Schlanger et al., 1987). Overall, the possibility of transient global
expansion of oxygen minimum zones (OMZs) alone could account for the increased areal
extent of euxinia during OAE?2 and correlates well with observed OC burial patterns. While
our modeled estimate of area of euxinic deposition is much larger than that seen in the
modern ocean, the implication is that the majority of the ocean was either oxygen-deficient
(but not euxinic) or oxic. Our result, once we also consider the WIS, suggests that euxinia

in the Pacific may have been limited to equatorial regions characterized by high primary
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productivity and vigorous upwelling and perhaps other regions of coastal upwelling. This
reconstruction is much like the modern ocean but likely with overall lower levels of oxygen

and far more euxinia spread more broadly across productive regions during OAE2.

Various factors suggest that our estimate of the increased extent of euxinic deposition
might be somewhat conservative. Increases of continental weathering and runoff have been
invoked as a mechanism for the enhanced primary production that catalyzed the initiation
of OAE2 (Blittler et al., 2011; Jones and Jenkyns, 2001). Enhanced runoff would also
increase the flux of **S-depleted sulfate to the marine reservoir, and as our model sensitivity
test shows (Fig. 2.4c), would thus act to dampen the positive isotope shift caused by
increased burial of pyrite. For example, a doubling of continental weathering, while holding
all other parameters the same, would require a 2.5-fold increase of pyrite-S to replicate a
comparable ~6%o 6**S excursion. Using a similar calculation to the one above, such a shift
would require ~7% of the seafloor to have been euxinic, which is not substantially different

than our initial estimate of 2.5 to 5%.

The observed offset between the 6"°C and &S, positive excursions is a
pronounced feature of OAE2. Previously published sulfate-S data for OAE2 show a similar
pattern (Adams et al., 2010; Ohkouchi et al., 1999). On a related note, a more subtle offset
is also observed during the Toarcian OAE (Gill et al., 2011a). Only two variables in the
model that can reproduce this observation: [1] an increased in A*S fractionation during
pyrite burial post-OAE or [2] a slow, simultaneous decrease of OC and pyrite burial. There
is evidence, albeit scant, for a A*S change during the OAE (Adams et al., 2010; Hetzel
et al., 2009), but there is no evidence for a persistence of higher A**S post-OAE; a more
likely prediction would be a decrease in A*S in the face of lower amounts of euxinic pyrite
formation. Therefore, we prescribe a transient increase in A*S (-40%o) during the OAE

but an immediate return to pre-OAE baseline values following the event (-30%o). More
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importantly, however, even if A**S is held at the OAE value (-40%o) while decreasing OC
and pyrite burial (300 ka post-OAE), the model generates a slightly larger offset (~20 ka).
In order to reproduce the observed offset in the isotope records, the OC and pyrite sulfur
burial must be decreased slowly for ~300 ka after the OAE (from 1.5 to 1.8 Ma in the
model) (Fig. 2.5). The simultaneous waning of OC and pyrite burial has a more immediate
effect on the carbon cycle due to its shorter residence time compared with that of sulfur.
The starting reservoirs for each element are relatively similar, 3.3x10'® moles of inorganic
C and 3.16x10'® moles (7 mM sulfate) of S, but the input flux for C (25x10'® moles/Ma)
is an order of magnitude greater than sulfur’s (1.50x10' moles/Ma). Using our pre-OAE
fluxes and initial marine reservoir concentrations yields C and S residence times of ~150
ka and ~2 Ma, respectively. In other words, decreasing extents of euxinia continue to drive
the S-isotope excursion heavy, while the marine C-isotope compositions rebound faster
because the input-to-reservoir ratio is dramatically larger relative to sulfur. The model
predicts a small drawdown of sulfate during the OAE, namely a 1 mM decrease based on an
initial concentration of 7 mM and doubling of pyrite burial—and so the resulting effect on
the residence time of sulfate would be small (Fig. 2.S1). In sum, the most plausible driver
for the observed offset between carbon- and sulfur-isotope ratios are parallel, incremental
decreases in OC and pyrite burial after the OAE in the face of very different residence time

relationships (see Supplementary Information for more details).

Additionally, the time it takes the 6**S for sulfate to return to pre-OAE values is
strongly tied to the size of the sulfate reservoir. Figure 2.4C demonstrates that the lower
the sulfate concentration the more rapid the return to the pre-OAE baseline. The Raia del
Pedale section is the only location with enough stratigraphic coverage to record the full
return to the S -isotope baseline after the OAE, which appears to take ~3 to 5 Ma. Modeling

suggests that a protracted recovery of this duration demands an initial pre-OAE sulfate
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reservoir of ~7 mM. This concentration is at the lower limits estimated for marine sulfate
for the late Cretaceous based on fluid inclusions from marine halite (Lowenstein et al.,
2003) but is above the upper limit of 2.1-4mM suggested by Adams et al. (Adams et al.,
2010) for the WIS.

The model predicts a global mean C/S burial ratio of 5.7 (molar ratio) using the
1.6-fold increase in OC burial and two-fold increase in pyrite burial. The modern ‘normal’
(oxic) marine C/S ratio is ~7.5, while modern euxinic settings exhibit both very low [<2]
and high [>10] C/S ratios, where the high C/S ratio is indicative of euxinic settings where
pyrite formation is severely limited by the supply of reactive Fe in combination with high
organic-matter availability (Lyons and Berner, 1992). The average modeled C/S ratio of 5.7
is consistent with a global expansion of euxinic pyrite burial with comparatively significant
inputs of reactive Fe on a global scale. However, at the local/regional scale, there is
appreciable spatial variability in measured C/S ratios, suggesting heterogeneity in reactive
Fe inputs (euxinic pyrite formation, by definition, is Fe-limited, and so the amount of pyrite
largely reflects the delivery of Fe to the site of deposition). For example, Demerara Rise
in the western equatorial Atlantic records an average C/S ratio of ~12 (Hetzel et al., 2009;
Kraal et al., 2009), which suggests that pyrite-S burial was strongly limited by reactive Fe
inputs relative to high burial of OC. In contrast, the WIS records an average C/S ratio of
~2 (Dean and Arthur, 1989), suggesting, at least locally, somewhat low OC availability
and relatively high fluxes of reactive iron, possibly due to increased hydrothermal activity
(Meyers, 2007; Snow et al., 2005). Our calculated mean C/S ratio thus captures the balance
between these extremes across the spatial landscape of varying organic production and Fe

delivery.
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CONCLUSIONS

Paired C- and S-isotope records illuminate the timing of environmental change and
spatial expansion and contraction of euxinia during OAE2. Our measurements show that
the inter-site magnitude of the positive S-isotope excursion during OAE2 varies from 2 to
7%o, while the magnitude of the C-isotope excursion varies from 2 to 5%o. Modeling of the
isotope records suggests that the excursions were driven by increased burial of pyrite and
OC. Although generally coupled, these C- and S-isotope excursions show a pronounced
offset between peak magnitudes. The observed offset between these isotope signatures may
not be unique in the geologic record but is certainly a pronounced characteristic of OAE2.
Our modeling links this relationship to continued euxinic burial of OC and pyrite-S after
the OAE proper, but at decreasing rates, with carbon rebounding at a faster rate due to its
shorter residence time compared to that of sulfur. The spatial variability in the excursion
magnitudes could be due to local watermass differences and/or varying riverine fluxes to
an ocean with substantially lower than modern sulfate concentrations, an effect noted also

for the Toarcian OAE (Newton et al., 2011).

The spatial extent of euxinia predicted during OAE2 is also estimated through our
modeling. In order to reproduce the observed geochemical signatures, the model demands
a 15 to 30 fold increase in the area of euxinic deposition during the event: equivalent to
~2.5 to 5% of the seafloor. Importantly, this estimate is still relatively small and implies
that much of the ocean was devoid of hydrogen sulfide in the water column and was
predominantly anoxic (but non-sulfidic), suboxic and/or oxic. Parallel modeling of trace-
metal and isotopic geochemistry could help resolve the global extent of oxygen-deficient
settings with sulfide limited to the pore waters and sea-floor oxic deposition during the
event. Nevertheless, this spatial increase in euxinia during OAE2 would likely have

major implications for other biogeochemical elements, such as Fe and Mo, which could
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eventually limit primary production and thus trigger the termination of the OAE through

feedback processes.

METHODS

We used a CAS extraction method similar to traditional approaches. In summary, 20 g of
powdered sample were treated with NaCl and bleach solutions, followed by distilled water
rinses. The intent was to remove any sulfate and organic-sulfur compounds that might
otherwise be incorporated into the extracted CAS record. The samples were then dissolved
with 4 N HCI and filtered to isolate the CAS-bearing solute from the insoluble fraction
within one hour. Through addition of BaCl, the extracted sulfate precipitated as barite,
which was then analyzed through on-line combustion using a Thermo Finnigan Delta V
Plus continuous-flow stable isotope ratio mass spectrometer at the University of California,
Riverside. Further discussion on methods and samples is available in the supplementary

information.
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SUPPLEMENTAL INFORMATION

Materials and methods

We present results from four-localities in Europe spanning intervals before, during
and after OAE2. The sample locations were selected with an eye toward sites that had
direct connection to the open ocean and a spatial distribution that encompasses multiple
marine basins (Fig. 2.1). All sample sites have been previously documented to record the
OAE?2 interval by means of biostratigraphy, chemostratigraphy (Sr- and C-isotopes) or a
combination of both (Jarvis et al., 2006; Jenkyns et al., 2007; Parente et al., 2008; Schlanger
et al., 1987; Tsikos et al., 2004). A comprehensive discussion of the sedimentology, age
relationships and tectonic settings of the sampled localities is already available (Gale
et al., 1993; Parente et al., 2008; Schlanger et al., 1987; Wood et al., 1994). All of the
sections are dominated by carbonate lithologies with abundant microfossils, along with
some macrofossils and are characterized by low OC contents (Gale et al., 1993; Parente
et al., 2008; Schlanger et al., 1987; Wood et al., 1994), with one exception. The section
at South Ferriby contains a 10-cm-thick organic-rich interval deposited during OAE2
(Jenkyns et al., 2007; Schlanger et al., 1987), which was avoided for CAS analysis. We
chose these carbonate sites because they can capture evolving global seawater chemistry,
which tracks ocean-scale redox processes. Importantly, because organic-lean sites typically
provide lithologic uniformity before, during and after the OAE, they potentially represent
the best isotopic archives of global marine conditions. Briefly, three of the four localities
(Eastbourne cliff section, South Ferriby Quarry and the Trunch borehole: all UK) illustrate
poorly lithified pelagic foraminiferal-nannofossil-rich chalk facies with similar diagenetic
histories and consistently good carbonate preservation. The fourth sample site, Raia del
Pedale, is a — well-lithified platform-carbonate section in southern Italy, rich in rudist

fragments and benthic foraminifera and formerly located on the margin of the Tethys Ocean
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(Fig. 2.1). In figure 2.2, lithostratigraphic sections and carbon isotopes for South Ferriby
from Jenkyns et al. (Jenkyns et al., 2007), stratigraphy for Trunch borehole from Jarvis et
al. (Jarvis et al., 2006) (note 6"*C from bulk pelagic carbonate) and stratigraphic data and

carbon isotopes for the Eastbourne section from Tsikos et al. (Tsikos et al., 2004).

All samples analyzed for the 8*S ., were dominated by high carbonate contents
(60 to 80 wt%). We followed a standard procedure extracting CAS from the carbonate-
rich samples (Gill et al., 2011a; Gill et al., 2011b). Briefly, the samples were trimmed to
eliminate weathered surfaces, including surficial Fe oxidation. Then, 10-20 g of powdered
sample were treated with NaCl and NaOCl solutions and rinsed with multiple deionized
rinses to prevent the incorporation of any non-CAS sulfur-bearing phases. The samples
were then dissolved using 4 M HCI and vacuum-filtered less than 1 hour later to minimize
the pyrite oxidation, which was further limited in the samples by low pyrite and ferric iron

concentrations. A BaCl, solution was added to precipitate sulfate as BaSO,.

The precipitated and homogenized BaSO, from each sample was loaded into tin
capsules with excess V,0O, and analyzed for its **S/**S ratio at the University of California,
Riverside. Sulfur-isotope ratios were measured using a Thermo Delta V gas-source isotope-
ratio mass spectrometer coupled to a Costech 4010 ECS for on-line sample combustion and
analysis. All sulfur-isotope compositions are reported in standard delta notation as per mil
(%o0) deviation relative to Vienna Canyon Diablo Troilite (V-CDT) and were corrected to a
suite of international reference materials using a linear regression (e.g. Gill et al., 2011a;
Gill et al., 2011b) based on replicate analyses of international standards (IAEA SO-5 [0.49],
IAEA SO-6 [-34.05], and NBS 127 [21.1]) agreed to within 0.2%o of their published values.
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C and S modeling

The values used in the coupled carbon and sulfur model were based on the
combination of available geochemical data and on the sensitivity tests (Fig. 2.4) to
help constrain unknown parameters for the sulfur cycle. As previously stated, there
are several possibilities to replicate the observed trends by ‘mixing and matching’
unconstrained parameters but we have attempted to bracket a few of these factors using
data in combination with estimates for these values in the modern cycles. For instance,
the A*S used in the model during non-OAE intervals is close to the modern value and
was necessary to achieve steady state with the inputs, while the AS during the OAE itself
was chosen based on the known starting sulfate value (~+20%o; Paytan et al., 2004) and
an average pyrite value of -20%o [the average pyrite value during the OAE based on
the available data is ~-30%o0 (Adams et al., 2010; Bottcher et al., 2006; Gautier, 1987,
van Bentum et al., 2009) but this is exclusively from euxinic settings and we assume
a global average closer to -20%o], which provides a A*S of -40%.. Consequently, the
A*S is transiently shifted in the model from -30%o to -40%o and back to -30%o for the
intervals prior, during and after the OAE, respectively. The starting sulfate concentration
was based on the length of time it takes for the S-isotope profile of the Raia del Pedale
section to indicate recovery to the pre-OAE baseline and seems to fit best with values
between 5 to 9 mM and thus we used the average of 7 mM. The values for continental
weathering were held constant with the exception of the enhanced weathering scenario
(discussed previously), which would only dampen the positive excursion. Therefore, the
only parameter to further ‘adjust’ is the amount of pyrite burial, which can have dramatic

effects on the magnitude of the excursion.

To model the carbon isotope excursion in the modeling exercises all parameters

are held constant in the carbon cycle and the burial of organic carbon is increased to1.6-
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times the pre-excursion rate. For the sulfur cycle portion of the model, we used the values
discussed above and increased the pyrite burial rate to 2-times the starting rate because

it best replicated a 5 to 6%o excursion, however adjusting this value does not affect the
offset between the carbon and sulfur isotope excursions. Replicating this offset requires a
waning of the carbon and sulfur burial rates (shown in Fig. 2.S1). The longer the transient
decay back to the pre-OAE baseline burial rates, the larger the offset because of the
differences of sizes of DIC and sulfate reservoirs and relative magnitude of the fluxes

in the cycles as compared to this reservoir size. Consequently the peak carbon-isotope
values occur closer to the time of maximum organic-carbon burial (i.e. near the end of the
OAE), but the sulfur excursion continues to rise until the return to ‘normal’ pyrite burial

as seen in Figure 2.S1.

Eastbourne sulfur geochemical preservation

The 5S¢ at this site shows several negative shifts during the first half of the
OAE, although the overall trend of the data shows progressively more positive values.
This is the only documented site to clearly show these small negative excursions within
the OAE, although the Raia del Pedale section seems to indicate similar features. These
negative excursions in the Eastbourne section seem to be correlated with the most
positive 8"°C_, values prior to the slight decreases in carbon-isotope values. It is difficult
to pin-point the exact origin of the negative excursions at Eastbourne but there are three
possibilities to explain the observed phenomena: (1) later pyrite oxidation skewing
the primary CAS signal (2) enhanced delivery of sulfate or (3) a paleoceanographic

circulation change.
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Figure 2.S1: Sensitivity test for the modeled offset of the coupled carbon and sulfur
cycle by varying the amount of time it takes to return to pre-OAE values. This model
shows the sensitivity of a waning carbon burial with an increase in the offset of the
carbon and sulfur cycles. An increase in time allows for a greater offset and a larger
magnitude sulfur-isotope excursion (A) while having very little effect on the sulfate
concentration (B). The black lines represent all of the carbon models and blue represents
the sulfur models, and the dashes for A and B are shown in the legend on A. The models
use a 2-fold increase in pyrite burial, AS of -40 during the OAE and a starting marine
concentration of 7 mM.
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A concern for the validity of the data for CAS has been the oxidation of pyrite
either during the burial of the rock, outcrop weathering or during the chemical extraction
of CAS (Marenco et al., 2008; Mazumdar et al., 2008). Due to the slight decrease
in carbonate concentration leading into the OAE (on average 83 wt% in OAE chalk
sediment and ~91 wt%, in non-OAE chalk sediment) this could be a concern. With this
in mind, we measured the amount of pyrite in most samples post-filtration of the CAS
dissolution step and performed a standard chromium chloride extraction (Canfield et al.,
1986). The low amounts of pyrite measured for all sections (Fig. 2.S2) with Eastbourne
having the highest values, but relatively low when compared to previously published
CAS data sets (Fike and Grotzinger, 2008; Fike et al., 2006; Gill et al., 2011a; Gill et
al., 2011b; Loyd et al., 2012; Wotte et al., 2012) suggest this effect played a limited role
during the extraction procedure. In addition, cross-plots of sulfate isotopes and sulfate
concentrations against the pyrite concentration show no trends for individual sections
(Fig. 2.S2) or all samples combined. Also, CAS isotope vs. pyrite concentration for
Eastbourne shows no linear correlation or obvious trends. Linear correlations with pyrite
would imply a mixed signal of primary CAS and pyrite-contaminated sulfate (Gill et al.,
2011b; Marenco et al., 2008; Mazumdar et al., 2008); therefore, we believe this signal is

a primary 6*S_, ( signal.

Geochemical proxies suggest there was an increase of continental weathering
during the OAE (Blittler et al., 2011; Frijia and Parente, 2008; Pogge von Strandmann
et al., 2013) or increased volcanic activity (Adams et al., 2010), phenomena which
could have delivered isotopically depleted sulfur to the marine reservoir. This model
seems unlikely, because a simple mass-balance calculation would suggest that a massive

delivery of sulfate would have had to enter the system to account for the isotopic shift.
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Figure 2.S2: Cross-plots of geochemical data for Eastbourne (A and B) and all
four sections analyzed in this study (C and D). In A and B, pyrite concentrations vs
6**S_, (A) and carbonate contents (B) shows no correlatlon indicating that pyrite
concentrations have not systematically affected the 834SC s values at Eastbourne.
Similarly, figure C and D show no correlation for pyrite concentration and §*S _
(C) or sulfate concentration (D).

Furthermore, there is no evidence for increased marine sulfate concentrations during the

OAE that would necessarily have affected all localities equally.

The third possibility for the 6**S _, ( record that the negative excursions observed

at Eastbourne are changes in the paleoceanographic circulation patterns due to climatic
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processes. There is mounting evidence for a cooling episode during the early part of

the OAE, not only due to silicate weathering but also to the global burial of organic
carbon, thus decreasing atmospheric CO, (Arthur et al., 1988; Barclay et al., 2010; Jarvis
etal., 2011; van Bentum et al., 2012). The fall in temperature is documented by the
paleotemperature proxy TEX,  (Forster et al., 2007; Sinninghe Damsté et al., 2010) in
the Northern proto-Atlantic and by invasion of boreal faunas (the so-called Plenus Cold
Event) in the north European Chalk Sea (Gale and Christensen, 1996), both accompanied
by excursions in Nd-isotope ratios, suggesting introduction of watermasses of possible
Arctic derivation (MacLeod et al., 2008; Martin et al., 2012; Zheng et al., 2013). In

the proto-Atlantic region and the Western Interior Seaway the invasion of cooler more
oxygenated waters during the same time interval was characterized by population of the
seafloor by benthic foraminifera: the so-called Benthic Oxic Event (Friedrich et al., 2006;
Keller et al., 2004). Such oxygenated waters as these would have oxidized sub-sea-floor
surficial pyrite and introduced isotopically depleted sulfate into the water column and

thus lowered the S-isotope composition of ambient seawater.

Carbon Sulfur
Conconcentration 81C (%) Conconcentration 878 (%)
Sta?el;frv“;?rrme 33 +18 13510 5.4 +19
Weathering flux 25 -4 0.52* and 0.98° +5.5
Organic burial 5 -28 - -
Inorganic burial 20 - 0.67¢and 0.83¢  -11°and -¢

Table 2.S1: Initial parameters for the C and S model. All fluxes are in 10'® moles/Ma, while the
reservoir sizes are 10" moles. The ‘weathering flux’ for both cycles combines both the fluxes
from volcanic (a) and continental weathering (b). The isotopic composition of the ‘weathering
flux’ was calculated through isotopic mass balance. The inorganic flux for carbon is based on the
burial of carbonates, while the sulfur burial portion of the model includes pyrite (c) and evaporite
minerals (d). The dashes indicate phases that do not impart a major fractionation on the isotope
reservoirs (40), and the 3**S value for pyrite gives a A**S of -30%o.
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Table 2.S2: Geochemical data from Raia del Pedale.

Depth 8‘3Cmorg83“CC s Cioe ISt Depth 8‘3Cmorg83“CC a5 Cinore ¥Sr  Depth 8‘3Cmorg83“CC a5 Cinore 87Sr
(m) (%) (%0) (Wt%) St (m) (%) (%o) (Wt%) “Sr  (m) (%0) (%0) (Wt%) “Sr

318.00 -2.72 282.00 -1.84 246.00 0.71

317.00 -2.86 0.708 281.00 -2.77 245.00 1.85 0.707

316.00 -2.62 19.90 75.56 280.00 -1.76 19.23 72.42 244.00 -0.56

315.00 -1.67 279.00 -3.59 243.00 -0.66

314.00 -1.95 278.00 -3.54 242.00 -0.62 20.53 73.45

313.00 -2.37 277.00 -2.88 241.00 0.24

312.00 -2.68 276.00 -3.15 240.00 1.10

311.00 -2.47 275.00 -2.50 239.00 0.24

310.00 -2.58 274.00 -3.18 238.00 0.09

309.00 -1.98 273.00 -3.36 237.00 2.87 0.707

308.00 -1.71 272.00 -2.53 236.00 0.41 20.41 69.53

307.00 -2.55 271.00 1.85 20.07 74.720.708 235.00 0.82

306.00 -2.52 17.88 91.72 270.00 -1.22 233.00 0.20 0.707

305.00 -2.62 269.00 -2.30 18.39 79.540.707 232.00 1.20

304.00 -1.45 268.00 -1.95 231.00 2.29

303.00 1.22 0.708 267.00 -2.50 230.00 1.31

302.00 -3.52 266.00 -2.21 229.00 -0.99

301.00 1.21 0.707 265.00 1.28 0.707 228.00 0.69 21.31 47.28

300.00 -0.88 19.78 70.86 264.00 -2.11 227.00 2.83

299.00 -3.31 263.00 -2.51 226.00 1.57

298.00 1.15 262.00 -2.66 225.00 3.03

297.00 -2.38 261.00 0.89 0.707 224.00 2.40

295.00 -2.54 260.00 -1.33 20.19 78.13 223.00 1.19 21.16 51.350.707

294.00 -0.79 259.00 1.68 0.708 222.00 0.82

293.00 1.50 18.76 75.570.708 258.00 -0.59 221.00 1.47

292.00 -1.00 257.00 1.27 220.00 2.19

291.00 -2.57 256.00 -0.84 219.00 0.99

290.00 -2.61 255.00 2.12 21.12 79.86 218.00 0.64

289.00 -2.83 19.31 77.13 254.00 2.23 217.00 -1.31 20.19 70.490.707

288.00 -1.10 253.00 1.93 0.707 216.00 1.34

287.00 -3.42 0.708 252.00 -1.19 215.00 3.01

286.00 -0.67 251.00 0.74 214.00 0.55

285.00 -2.32 249.00 1.37 0.707 213.00 -0.01

284.00 -2.66 248.00 -0.07 19.82 76.28 212.00 0.82

283.00 -2.90 247.00 1.71 211.00 -0.57
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Table 2.S2: continued

Depth 813Cinorg834(:CAS Cinor @ Depth 613Cinm—g634(jCAS Cinorg ﬁ Depth 813Cinorg834(:CAS Cinorg @
(M) (%) (%o) (Wi%) St (m) (%s) (%) (Wi%) St (m) (%) (%) (wi%) “Sr
210.00 0.98 172.00 1.08 136.00 1.47 0.707
209.00 2.83 171.00 -3.14 135.00 -2.88

208.00 2.73 170.00 3.09 0.707 134.00 1.24

207.00 2.52 169.00 0.16 133.00 1.96

206.00 2.82 168.00 1.61 132.00 1.80 0.707
205.00 -2.20 21.66 72.790.707 167.00 0.30 131.00 -2.76

204.00 1.11 166.00 0.80 0.707 130.00 2.23

203.00 1.75 165.00 1.22 129.00 2.63

201.00 2.41 0.707 164.00 1.47 128.00 1.59

200.00 2.10 163.00 0.25 127.00 -1.68

199.00 0.50 0.707 162.00 1.59 126.00 3.88

198.00 1.94 20.85 75.94 161.00 0.15 125.00 2.02

197.00 2.53 160.00 1.17 124.00 1.45 0.707
196.00 1.99 159.00 0.94 21.68 83.51 123.00 -1.17

195.00 2.35 158.00 1.94 122.00 1.15

194.00 2.81 157.00 -1.80 121.00 0.13 22.62 82.58
193.00 2.04 156.00 1.04 120.00 1.52

192.00 2.58 155.00 0.79 119.00 0.39

191.00 3.00 154.00 1.19 118.00 1.09 22.99 94.68 0.707
190.00 2.06 21.28 73.46 153.00 1.55 22.43 77.23 117.00 1.48

189.00 1.92 0.707 152.00 2.12 116.00 0.54

187.00 2.98 151.00 0.68 115.00 -0.46

185.00 0.88 20.30 72.14 150.00 0.61 0.707 114.00 0.38

184.00 1.48 149.00 1.10 22.35 68.46 113.00 1.31 23.58 79.26
183.00 0.57 148.00 1.37 0.707 112.00 2.76 0.707
182.00 2.80 21.60 74.24 147.00 2.03 111.00 1.07

181.00 1.45 0.707 146.00 0.55 110.00 0.74

180.60 1.02 145.00 1.93 109.00 -0.22

180.00 2.23 20.48 99.56 144.00 1.07 108.00 1.02 0.707
179.00 -0.62 143.00 1.49 22.12 80.83 106.00 0.97 22.47 85.300.707
178.00 2.06 142.00 0.62 0.707 105.00 0.76

177.00 -2.63 21.58 70.56 141.00 -0.46 104.00 1.08

176.00 0.78 0.707 140.00 0.33 103.00 1.00

175.00 -3.06 139.00 2.48 102.00 0.36

174.00 1.49 138.00 1.58 101.00 0.90

173.00 1.05 137.00 2.08 21.59 69.67 99.00 0.23
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Table 2.S2: continued

Depth 6"°C, 6*C_. C, =~ ¥Sr

Depth 6"°C, 6*C_. C, =~ ¥Sr

Depth 8°C, | 6*C . C,

87Sr

M) o) (%o) (Wi%) ST (m)  (%e) (%) (WE%) FST  (m)  (%o) (%) (wWide) *Sr
98.00 -3.05 22.48 72.47 7825 -0.76 68.75 2.59

97.00 0.04 77.75 -1.07 68.50 2.50

96.00 -1.43 77.50 -0.33 6825 132 23.54 87.74
95.00 1.84 77.25 -0.75 68.00 2.37 0.707
93.00 3.20 77.00 -136 24.67 69.45 67.75 2.69

92.00 0.54 22.00 81.76 76.75 -1.82 67.50 2.98

91.50 021 76.50 -3.12 67.25 2.49

91.40 -0.81 2231 90.57 76.25 -1.81 67.00 2.43

91.00 0.50 76.00 -0.43 0.707 6675 1.79

90.00 -0.78 7575 1.82 66.50 1.99

89.00 -2.11 23.30 92.99 7550 2.18 66.25 1.83

88.00 -0.70 0.707 7525 -3.00 66.00 1.50 0.707
87.00 -1.27 75.00 0.03 65.75 1.85

86.00 0.57 25.66 8548 7475 -3.24 65.50 0.63

85.75 1.47 7450 -3.59 6525 0.72

85.50 -3.06 7425 337 65.00 0.50

8525 -3.52 7400 -0.95 2431 70.980.707 6475 0.55

85.00 -1.01 7375 0.77 64.50 0.73

84.75 -0.55 73.50 -1.58 6425 0.89

82.75 0.99 73.50 1.79 64.00 137 2330 73.92
82.50 -0.78 73.00 3.42 63.75 145

8225 -0.40 24.71 72.91 72.50 -1.02 63.50 2.13

82.00 -1.70 7225 -0.83 63.25 2.44

81.75 -0.10 72.00 -0.73 0.707 63.00 2.24

8125 0.73 7175 0.02 62.75 1.94

81.00 -2.17 7130 0.47 62.50 2.41

80.75 -0.61 7125 1.19 62.25 2.08

80.50 -0.31 71.00 0.94 62.00 3.02 22.99 74.83
80.25 -0.54 70.75 1.54 6175 1.92

80.00 -029 23.77 71.980.707 70.50 0.03 61.50 1.95

79.75 -0.75 7025 0.97 6125 2.95

79.50 -0.59 70.00 139 22.40 76.290.707 61.00 3.20 0.707
79.25 -0.66 69.75 1.92 60.75 3.89

79.00 -0.74 69.50 1.94 60.50 3.31

7875 0.53 69.25 1.96 60.25 3.29

78.50 -0.96 69.00 2.20 60.00 3.30 0.708

51



Table 2.S2: continued

Depth 8°C, | 6*C . C,

87Sr

Depth 8°C, | 6*C . C,

87Sr

Depth 8°C, | 6*C . C,

87Sr

m) (%) (%o) (Wt%) St (m) (%o) (%) (W%) ©ST  (m) (%0) (%o) (Wit%) *°Sr
59.75 3.62 5125 2.80 4225 3.17

59.50 3.41 51.00 4.02 42.00 326 20.87 88.88
5925 3.93 23.54 90.94 50.75 4.46 4175 3.47

59.00 3.28 0.707 5050 4.54 4150 2.95

5875 1.70 5025 434 4125 3.06

5850 3.29 50.00 4.55 0.707 41.00 2.72 0.707
5825 2.99 49.75 4.65 40.75 2.95

58.00 3.49 0.707 49.50 434 4050 2.72

57.75 3.71 4925 4.44 4025 3.14

57.50 3.12 49.00 3.84 0.707 40.00 3.34 21.48 83.49
5725 3.58 4875 3.77 39.75 2.67

57.00 4.22 4850 4.50 39.50 3.27

56.75 2.95 4825 3.8l 3925 0.07

56.50 1.92 48.00 3.03 0.707 39.00 2.75

56.25 4.86 4775 2.70 3850 2.92

56.00 3.84 22.40 96.15 4750 3.30 3825 2.98

55.75 2.44 4725 3.91 38.00 2.68 21.91 93.02
55.50 2.93 47.00 4.18 23.49 68.720.707 37.75 3.42

5525 3.68 46.75 4.49 37.50 2.59

55.00 2.96 0.707 4650 3.91 3725 2.59

5475 3.71 4625 3.99 37.00 2.02 0.708
5450 3.80 46.00 3.67 36.75 2.03

5425 3.43 45.75 3.4 3625 1.83

54.00 3.07 0.707 4550 4.25 36.00 2.19

53.75 4.86 4525 4.19 3525 136

53.50 4.69 45.00 3.59 0.707 35.00 121

5325 4.83 4475 3.94 3475 1.87

53.00 3.75 4450 451 3450 2.12

5275 3.83 4425 3.94 34.00 2.09

5250 3.74 44.00 3.74 21.49 91.09 33.75 236

5225 235 4375 4.15 33.50 2.21

5220 1.69 4350 327 33.00 2.04 0.707
5200 3.60 0.707 4325 3.25 3275 2.29

5175 3.92 43.00 3.42 0.707 32.50 2.64

51.65 331 24.64 88.02 4275 3.98 3200 2.67 20.49 93.40
5150 4.01 4250 3.57 3175 2.94

52



Table 2.S2: continued

Depth 613Cincrg634(jCAS Cinorg & Depth 613Cincrg634(jCAS Cinorg & Depth 613(:inorgaMC:CAS Cinorg m
M) (%) (%o) (Wt%) ST (m) (%) (%o) (Wt%) St (m) (%0) (%0) (wt%) *Sr
3125 2.73 2175 -0.72 3.00 -1.60 22.56 72.46
31.00 2.57 2125 0.10 2.00 -1.47
3075 2.64 21.00 0.27 0707 1.00 0.15
30.50 3.19 20.75 -0.81 0.00 -0.42
30.00 1.49 20.50 -0.83

29.75 1.77 20.25 -0.00

29.50 2.46 20.00 031 22.25 76.95

2925 3.16 19.75 -0.32

29.00 2.63 19.50 0.10

28.75 3.16 19.25 -1.05

28.50 1.97 19.00 -0.72 0.708

2825 2.38 18.75 -0.59

28.00 2.13 21.18 72.44 18.50 -0.37

2775 2.02 18.25 0.11

27.50 2.07 18.00 -0.68

2725 1.67 17.75 -0.26

27.00 1.27 0.708 17.50 -0.05

26.75 -0.29 17.25 -0.63

26.50 -0.21 17.00  0.94

2625 0.04 16.75 -0.04

2600 024 21.31 71.71 16.50 -0.06

2575 0.15 1625 0.65

2525 0.52 16.00 0.19 19.98 49.86

25.00 -0.26 0.708 15.00 -0.70

2475 0.84 14.00 -0.41

24.50 0.60 13.00 -0.58

2425 0.16 12.00 1.00

24.00 -0.20 11.00 020 20.48 51.35

2375 0.59 10.00 0.51 23.52 89.51

23.50 1.31 9.00 -1.21 20.00 56.03

2325 0.51 8.00 0.15 21.55 53.22

23.00 -0.15 0.707 7.00 0.85

2275 0.13 6.00 0.43 2040 51.55

22.50 -1.27 520 -2.38

2225 041 500 0.16

22.00 0.24 400 -3.57
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Table 2.S3: Geochemical data from Trunch.

Depth 813Cmg 3C g Crore
m) (%)  (%o) (Wt%)
481.50 2.50 97.24
48333 242  20.07 100.24
484.50 2.68  20.88 95.51
486.50 270  20.76 96.36
487.80 273 2092 96.94
489.50 3.04 2141 96.26
491.50 3.44 2157 96.05
493.50 3.60  21.43 97.06
495.64 3.51 21.80 93.58
496.50 3.41 21.25 97.54
498.55 3.45 2074 97.08
499.79 350  21.03 96.43
500.14 20.61
500.75 3.03 20.67 94.45
501.18 2.89  20.38 90.61
502.05 2.80 19.85 92.82
502.66 2.75  20.18 93.34
503.50 2.56 19.91 89.91
504.50 2.40 19.18 85.66
505.50 2.34 18.43 85.81
506.05 2.44 19.47 84.84
506.65 2.00 18.87  90.06
507.05 191 18.21 91.13
507.89 1.98 18.63  93.08
508.41 1.99 18.86 88.21
509.05 1.84 19.34  91.77
510.50 1.61 18.77 88.95
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Table 2.S4: Geochemical data from South Ferriby.

Depth 813Cinorg 834CCAS Cinorg Depth 813Cinorg 834CCAS Cinorg
(cm) (o)  (oo) (Wt%)  (em) (o) (o) (Wt%)
200 332 2149 56.23 -90  3.10  20.89 50.52
150 3.36 21.08 55.49 -95 3.08 20.51 5595
100 334  21.83 48.56 -100  3.16 2048 54.53
95 328  22.03 58.62
90 3.19 2157 6792
85 321 21.85 4325
80 323 21.54 43.66
75 320  21.63 4147
70 327 21777 50.11
65 3.17  21.86 39.70
60 324 2199 37.30
55 3.16 2195 4484
50 334 22.07 37.58
45 331 22.00 7547
40 331 2194 3748
35 340  21.65 42.08
30 334 2138 41.62
25 3.48  21.06 37.58
20 3.62 2129 28.71
-5 440  21.06 25.19
-10 451  20.82 29.53
-15 334 2096 46.88
-20 328 2090 48.49
-25 340  20.70 53.87
-30 326 21.02 46.18
-35 332 20.78 44.40
-40 324 2079 47.08
-45 322 20.86 50.56
-50 324 20.86 53.25
-55 326 2057 58.40
-60 325  20.74 55.00
-65  3.08 2056 50.85
-70 3.16 2047 54.70
=75 320 2045 43.23
-80  3.08 2091 49.39
-85 3.08 2066 543
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Table 2.S5: Geochemical data from Eastbourne.

Depth 613Cinorg 834C(:As Cinorg Depth 613Cinorg 834C(:As Cinorg Depth 613Cinorg 834C(:As Cinorg
(cm)  (%oo)  (%o) (Wt%)  (em) (%)  (%0) (Wt%)  (cm) (%)  (%0) (Wt%0)
2690 353  21.11 93.80 1990 455 2135 91.61 1360 496  17.26 88.92
2670  3.50  21.60 89.81 1970  4.61 1340 487 18.74 87.37
2650 3.51  21.83 92.22 1950  4.50 1320 478 1636 89.15
2630  3.58 1930 454  20.52 91.89 1300 470  18.81 89.41
2610 3.69 21.25 94.02 1910 4.61 1260 4.48  18.46

2590  3.76 1890 4.61 1240 454  20.38 89.10
2570  3.67 1870  4.66 1140 428  18.69 75.28
2550  3.67 2138 97.03 1850 476  21.53 92.10 1120 448  19.09 78.68
2530 3.42 1840 20.59 96.67 1100  4.63  19.97 80.24
2510 3.61 21.61 95.23 1830 4.73 1080 4.67 19.69 88.57
2490 3.87 1810 4.81 1040 477  20.01 85.19
2470 376  21.62 95.79 1790 492  20.76 89.70 1020 470  19.85

2450 3.78 1770  4.74 1000 474 1940 83.94
2430  3.78 1770 478  20.64 92.76 980  4.67

2410 3.73 2147 9231 1730 4.75 960 454  19.84 82.07
2390  3.79 1710 4.89 940 441 18.15 81.43
2370 3.66 2147 94.76 1670  4.86 930 19.31 84.96
2350  3.77 1650 4.67 2095 93.63 900 415 17.29 79.63
2330 3.72 1630 4.72 880 3.89 1825 72.94
2310 376  21.16 93.21 1610  4.70 860 3.87 17.61 81.80
2290 3.75 1590 4.63  20.56 88.99 840 345 17.79 7779
2270  3.74 1570  4.84 820  3.52

2250 3.82 1550  4.95 800  3.52  18.02 79.92
2230 390  21.57 93.69 1540 20.79 91.50 760  3.48  19.12 76.52
2210 411  21.40 93.94 1530  4.82 740 343 18.03 77.29
2190 391 21.35 93.39 1510 4.84 730 77.16
2170  3.71 1490 4.80  20.35 720 3.43  19.46

2150 377  21.35 94.50 1470  4.85 700 350 1935 76.66
2130 3.87 1450 4.98 680  3.31 18.49 76.10
2110  3.89 1440 494  19.65 91.66 660 324 1933 80.16
2090 3.87 21.56 9235 1430 5.16 640 322  19.41 82.83
2070  4.09 1410 5.38 600 274 1934 87.22
2050 420 21.25 9433 1400 534  20.04 92.70 580 273 20.18 89.13
2030  4.29 1390  5.18 560 2770 16.70 90.15
2010 433 2098 93.46 1380 5.07 19.09 83.26 540 264  20.11 89.94
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Table 2.S5: continued

Depth 6‘3Cinorg 3Ci\q inore
(cm) (%)  (%0) (Wt%)
520  2.67 2020 89.99
500 275 19.96
480  2.71 19.01 94.40
460  2.66  20.29
440  2.67 19.54 89.02
420 2.60 2049 93.73
400 2.68 1829 89.82
380 274 20.19 91.25
360 274 20.44 89.93
340 277 2020 85.91
320 2.81 19.96 84.14
300 278 2044 93.13
260 2.82 2045 9220
240  2.80 20.19 91.14
220 2.89 2035 89.28
200 2.84 19.60 92.08
180 2.83  20.10 89.33
160 279 2023 94.72
140 2.86 19.05
120 2.88  19.48 9237
100 2.89 2023 87.8l1
80 290 19.43 84.46
60 290 20.02 83.20
40 2.89
20 294 2021 88.23
0 295  21.00 90.46
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Chapter 3

Marine trace-metal drawdown during the Cenomanian-Turonian Boundary Event
(OAE2): implication for global redox and biological perturbation
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INTRODUCTION

Understanding the global redox state of the oceans and its cause-and-
effect relationship with periods of widespread organic-carbon deposition is vital
to understanding Earth’s climatic and biotic feedbacks during Mesozoic periods of
expanded oxygen deficiency and by extension analogous events throughout Earth’s
history. Among these ‘oceanic anoxic events’ [OAEs (Jenkyns, 2010)], the Cenomanian-
Turonian boundary event (OAE2, ~93.9 Ma) is the most well-documented episode of
widespread carbon burial in Earth history and is characterized by a large coeval positive
carbon isotope excursion (3 to 7%o). Here, we present a compilation of data from an
organic-rich locality within the proto-North Atlantic that shows a dramatic drawdown
of redox-sensitive trace elements. New iron geochemical data independently suggest
euxinic deposition (i.e., anoxic and sulfidic bottom waters) for the entire section, thus
confirming its potential as a global metal inventories archive. In particular, depleted
molybdenum (Mo; Reinhard et al., 2013; Scott et al., 2008) and vanadium (V; Algeo,
2004) concentrations effectively record the global expansion of euxinia and oxygen-
deficient but non-sulfidic waters, respectively. The V drawdown precedes the OAE, thus
fingerprinting an expansion of oxygen deficiency as a precursor to expanded euxinia.
Molybdenum drawdown coincides with the onset of OAE2. Parallel lipid biomarkers
analyses provide compelling evidence for significant and progressive reorganization
of marine microbial ecology through the OAE, with the contributions to total primary
production from eukaryotes compared to bacteria being lowest during metal depleted
intervals. Geochemical box modelling of Mo suggests euxinia was restricted to <11%
of the ocean. Because of their roles as micronutrients, the drawdown of Mo and V could
have had profound effects on the nitrogen cycle (Anbar and Knoll, 2002; Bellenger et

al., 2011; Glass et al., 2009; Glass et al., 2010). At the same time, the environmental
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challenge presented by low dissolved oxygen and euxinia coincide with increased
extinction rates of radiolarian and calcareous nannofossils, followed by planktonic
foraminifera (Leckie et al., 2002), suggesting that the temporal patterns of anoxia/euxinia

and associated nutrient limitations may explain the fabric of OAE2-related extinction.

MAIN ARTICLE

Despite the presence of a well-oxygenated atmosphere (Berner, 2006), multiple
geochemical proxies record anoxic and/or euxinic conditions during OAE2, a short-lived
event [~500 thousand years, ka (Jenkyns, 2010)], and on occasion, dissolved hydrogen
sulfide appears to have penetrated the photic zone (Jenkyns, 2010). However, despite the
apparent extremes in oxygen deficiency, marked also by the widespread deposition of
organic-rich shales, direct geochemical evidence for local bottom-water anoxia/euxinia
has been restricted to the Atlantic and Tethys Oceans, while redox conditions in the Pacific,
Indian and Arctic Oceans remain unconstrained. Nevertheless, despite recent estimates
of 40-50% (Monteiro et al., 2012; Montoya-Pino et al., 2010) ocean anoxia, and sulfur
isotope systematics suggesting ~7% euxinia (Owens et al., in review), further geochemical
estimates are needed that more specifically delineate the redox structure of the ocean and
its links to nutrient availability, with attendant consequences for life. OAE2 marks the
eighth largest extinction since the beginning of the Mesozoic (Raup and Sepkoski, 1986)
which has been causally linked to an expansion of anoxia and/or euxinia (Leckie et al.,
2002), with implications for the widespread oceanic oxygen deficiency that may lie in our

future (Falkowski et al., 2011).

Increased organic carbon burial during an OAE can, in principle, be attributed

to enhanced productivity and/or increased preservation (Jenkyns, 2010). However,
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the maintenance of enhanced productivity and export on a global scale would require
exceptional availability of major nutrients and bio-essential trace metals within the ocean.
Nutrient delivery and/or recycling mechanisms include increased hydrothermal activity
(Jenkyns, 2010), continental weathering (Blattler et al., 2011; Jenkyns, 2010) and recycling
of phosphorus from sediments due to more pervasive anoxia (Kraal et al., 2010; Van
Cappellen and Ingall, 1994). Marine trace elements are important micronutrients for a
range of catalytic metabolisms such as nitrogen fixation (Anbar and Knoll, 2002; Bellenger
et al., 2011; Glass et al., 2009), which may control globally integrated rates of primary
production. In this light, we combine trace element datasets (Hetzel et al., 2009; Owens
et al., 2012), lipid biomarkers and geochemical modelling to explore the spatiotemporal
distribution during and proximal to OAE2, with the specific goal of providing novel insight
into the extent and timing of ocean redox conditions and its possible impacts on marine

ecosystems.

We first explore the speciation of reactive iron minerals to independently constrain
the local depositional redox chemistry from a continuous organic-rich black shale sequence
from Ocean Drilling Program site 1258. Such independent constraint on local redox, which
does notrely on the systematics of redox-sensitive trace elements, is essential for the accurate
assessment of this setting as an archive for changes in global trace metal inventories. This
extraction method differentiates separate labile mineral phases of highly reactive iron
(Poulton and Canfield, 2009) (Fe,), which is traditionally defined as the sum of pyrite-Fe
(Fe ) and remaining Fe phases that are reactive to sulfide on short timescales. Such phases
include carbonates (Fe_,), ferric oxides (Fe ) and magnetite [Femag (see Supplemental
Information)]. Modern marine siliciclastic muds deposited beneath oxic waters record a
range of Fe  /Fe_(total Fe) values (0.06 to 0.38), where values above this oxic baseline

suggest Fe scavenging in an anoxic water column (Poulton and Canfield, 2009). High
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Fe . /Fe_ ratios, in combination with elevated Fepy/FeHR (>0.7) values, suggest deposition
under euxinic conditions because nearly all of the reactive Fe has been converted to pyrite
(Poulton and Canfield, 2009). In other words, sulfidic (euxinic) depositional settings are
Fe-limited (Raiswell and Berner, 1986). Importantly, site 1258 maintains relatively stable
and elevated Fe /Fe and Fepy/FeHR ratios throughout the section—with averages of
0.8240.12 and 0.76+0.09, respectively—consistent with local euxinia before, during and
following OAE2 (Fig. 3.1; see Supplemental Information) and is supported by persistently
laminated sediments throughout this interval. This independent environmental context
provides the ideal platform for using site 1258 as a window to the global marine redox and
nutrient landscape during OAE2 by minimizing the effect of local redox shifts as a driver
of trace element systematics, with stratigraphic trends in metal enrichment reflective of the

seawater inventory rather than local redox controls.

Trace-metal enrichments recorded in black shales are an effective tracer of local
redox conditions (Lyons et al., 2009) and often, such as site 1258, can track the size of the
marine reservoir and thus the global redox state of the ocean through the specific enrichment
magnitude for continuously euxinic environments (Emerson and Huested, 1991; Reinhard
et al., 2013; Scott et al., 2008). The relationship between sedimentary enrichments and
dissolved marine concentrations is well known for modern euxinic basins (Lyons et al.,
2009). Observed enrichments of Mo, V, and Zn are several orders of magnitude greater
than those observed in oxic environments, and their stratigraphic enrichment patterns are
explained by their different redox behaviors. Molybdenum is the most abundant transition
metal in the well-oxygenated modern ocean due to its high solubility as MoO,* [~107 nM
(Fischer et al., 2009)] and long residence time [~450 ka (Miller et al., 2011)]. The dominant
removal of Mo in the modern ocean is through Mn-oxide phases; however, Mo is most

efficiently buried in the presence of free sulfide, such as reducing and euxinic environments.
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The greatest Mo enrichments occur in euxinic environments (Scott and Lyons, 2012).
Importantly, reducing environments for Mo are defined as sulfidic pore fluids often beneath
low-O, bottom waters similar to modern oxygen minimum zones environments (Helz et
al., 1996). In the modern oxic ocean V exhibits a relatively short residence time [~50 to
100 ka (Algeo, 2004; Morford and Emerson, 1999)] due to a smaller dissolved marine
reservoir [35 to 45 nM (Emerson and Huested, 1991; Morford and Emerson, 1999)],
removal of vanadate oxyanions (HVO,*> and HVO,’) associated with Mn- and Fe-oxides,
with efficient burial in low oxygen settings. Sequestration of sedimentary V, in contrast,
starts in low oxygen environments and continues through euxinic conditions (Algeo, 2004;
Morford and Emerson, 1999). Therefore, reductive enrichment of V in marine sediments
can be independent of sulfide and we are using V as an indicator of low oxygen and anoxic

conditions, providing an important contrast to Mo.

The observed trace metal drawdown during OAE2 (Fig. 3.1) suggests a dramatic
and widespread perturbation to the marine geochemical redox system that impacted global
metal inventories. Again, the persistence of local euxinia throughout the section confirms
that shifting local redox is not controlling the observed metal enrichment pattern, and we
can think of no reasonable local inventory control that would assert itself differentially
over the entire interval of interest. The depletion of V enrichments precedes the OAE and
associated Mo depletion by ~0.65 m or ~100 ka assuming a linear sedimentation rate (Fig.
3.1 and 3.S3). Carbonate-free V concentrations prior to the OAE (including the decline)
and post-OAE2 are 2,407+1,008 and 1,757+1,140 ppm, respectively, while during OAE2
V concentrations drop to an average of 960+384 ppm. The non-OAE Mo average baseline
(carbonate-free) at this locality is 183+91 ppm, while the average Mo concentration during
the OAE drops to 5638 ppm. Significantly, a ~3 m mid-portion of the OAE [422.99 to

425.92 mcd] preserves very low enrichments of both elements. At the nadir [423.86 to
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423.26 mcd], Mo and V enrichments approach crustal averages [~2 ppm Mo and ~180 ppm
V (Taylor and McLennan, 1995)]—with values of 18+9 and 263+79 ppm, respectively.
The very rapid Mo decrease (~25 ka) despite its long residence time—starting at high
enrichments near the onset of the OAE (150 ppm at 426.08 mcd) followed by an abrupt
drop to concentrations below 50 ppm (425.88 mcd)—indicates that the ~100 ka offset
between the drawdown of V and Mo is unlikely to have been driven by residence time
differences. In addition, other trace metals with sensitivity to low oxygen conditions, such
as zinc (see supplemental information) and chromium (Hetzel et al., 2009), illustrate a
drawdown coincident with V despite very different residence times in the ocean. Thus,
this offset is most easily explained by dramatic increases in metal uptake via large-scale

expansion of anoxia, followed by subsequent expansion of euxinic conditions.

The relatively well constrained modern Mo mass balance (Emerson and Huested,
1991; Morford and Emerson, 1999; Reinhard et al., 2013) shows that reducing (sulfidic pore
waters) and euxinic environments effectively sequester 65% and 6.5% of the Mo delivered
annually to the ocean, respectively, but occupy relatively small areas of the modern seafloor
(Table 3.S1). It follows that the global burial of redox-sensitive trace elements during OAEs
should increase dramatically (Reinhard et al., 2013) and would likely reduce the seawater
inventories of many redox-sensitive elements. In general, muted Mo enrichments in shales
deposited under euxinic conditions suggest that the marine reservoir was diminished by
large-scale burial (Reinhard et al., 2013; Scott et al., 2008), thus providing a mechanism to
estimate the extent of those conditions and a window to overall Mo availability in the ocean
and its biological implications. To this end, a time-dependent forward first-order mass
balance model was constructed to replicate the observed stratigraphic Mo trends, which
simulates the geochemical cycle of Mo using modern fluxes and burial rates (Supplemental

Information) and thereby quantitatively predicts the global extents of euxinia and reducing
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environments. The model demands that all increases in euxinic and/or reducing burial occur
at the expense of oxic seafloor. It is important to note that we are modelling the oceanic Mo
reservoir concentration and not the sedimentary record, but the first-order model directly

correlates sedimentary enrichments to the dissolved marine reservoir.

Importantly, the model quantitatively estimates the global extent of euxinia and
reducing environments. Site 1258 shows 30% decrease from non-OAE to OAE average
carbonate corrected Mo enrichments—and at the extreme a ~90% decrease. Using a strictly
first-order approach, where a 90% sedimentary depletion equates to a 90% dissolved Mo
depletion (or a seawater Mo concentration of ~10.7 nM relative to ~107 nM in modern
seawater), this would require a ~100-fold increase (~10.8% seafloor area) of euxinic
deposition relative to the modern areal extent of such conditions. Alternatively, a ~20-fold
increase (~38.4% seafloor area) of reducing deposition would also result in the same ~10
nM seawater concentration (Fig. 3.2), and it may be reasonable to assume increases in
both euxinic and reducing deposition (Fig. 3.S7); therefore the maximum extent of euxinia
is ~11% but this would decrease with an increase in reducing deposition. Importantly,
currently available data indicate a pronounced change in growth status and nitrogen fixation
rates once ambient Mo concentrations drop below ~10nM (Glass et al., 2010). Using this
first-order model assumes a linear relationship between seawater concentration and burial
enrichment; however, this may be an oversimplification—thus allowing for lower predicted
Mo concentrations in seawater® which is consistent with the observed Mo-to-TOC ratios

(see Supplemental Information).

The geochemical, stratigraphic and modelling evidence for OAE2 suggest that
euxinia was restricted to <11% of the seafloor, and reducing conditions covered <20%,

but we could explain the data equally well with even less euxinia and a greater extent of
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Figure 3.2: Modeled sensitivity test for Mo reservoir drawdown. Part A demonstrates an
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respectively.
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reducing conditions. Based on these predictions, the major regions of oxygen deficiency
could have been restricted to the proto-North Atlantic, plus productive margins outside the
North Atlantic, epicontinental seaways and/or equatorial upwelling regions. Importantly,
widespread euxinia is not demanded for the Pacific. These estimates agree well with the
global distribution of known black shales during OAE2 (Jenkyns, 2010) and allow for
a mostly non-euxinic ocean. Consistent with the idea of widespread oxygen deficiency,
the observed pre-event decline in V enrichment suggests an expansion of low-oxygen/
anoxic conditions without sufficient sulfide accumulation prior to the initiation of OAE2.
Importantly, this pre-event decline in marine oxygen roughly correlates with increased
extinction rates for oxygen-demanding radiolarians (Leckie et al., 2002). Of equal
significance, the predicted increased seafloor expansion of reducing conditions, as defined
by Mo, at the onset of OAE2 correlates well with increased extinction rates for calcareous

nannofossils and benthic and planktonic foraminifera (Leckie et al., 2002).

An important and related observation coincident with the OAE and trace metal
drawdown is a systematic increase in hopane/sterane (H/St) biomarker ratio (Fig. 3.1;
Supplementary Information), and is driven by both an increase in hopanes and a sterane
decrease, most likely arising from diminishing eukaryotic contributions to sedimentary
organic matter during OAE (Table 3.S2). The local lipid biomarker record provides
compelling evidence for a significant and progressive reorganization of marine microbial
ecology that must be related to more pervasive environmental changes—since the local
setting was persistently productive and euxinic before, during and after the event. Subsequent
to the OAE, H/St ratios return immediately to near pre-OAE values locally (Fig. 3.1). Site
1258 was characterized by strong upwelling, delivering ammonium, phosphorus, and other
nutrients from the deep ocean thereby maintaining the high total organic carbon (TOC)

content observed which would reduce the local impact of nutrient- and trace metal-stress
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on eukaryotes such as microalgae (Higgins et al., 2012). Fixed nitrogen was unlikely to
be limiting due to delivery of ammonium but low Zn concentrations could preferentially
inhibit eukaryotic primary production (Scott et al., 2013). It is expected that open-ocean
H/St ratios could record higher values, reflecting oligotrophic growth conditions for
eukaryotes to depleted trace metal concentrations thus limiting the availability of fixed
nitrogen. Similar oceanographic H/St results have been recorded in the Late Ordovician
with high H/St ratios for nitrogen-limited epeiric seaways (Rohrssen et al., 2012). The
expansion of oxygen deficiency, including euxinia, may have challenged life and
perturbed the ecology in the ocean immediately before and during OAE2. This condition
was compounded by limitations in bioessential trace metals, such as Mo and V, which
are required by cyanobacteria enzymes and other N -fixing bacteria to replenish the fixed

nitrogen pool and sustain marine productivity.

The observed positive carbon-isotope excursion dictates an increased global carbon
burial during OAE2 demands either higher productivity or enhanced preservation. The
depleted trace metals during the event demands a shift to preservational controls on the
amount of TOC buried globally because global primary production would be hampered at
the onset of the event. Increased sedimentation rates and reducing/euxinic deposition likely
increased preservational controls as the dominate burial of OC during OAE2 is in marginal
marine settings. Low oxygen marine conditions in the Phanerozoic are often short lived
discrete events which are likely tied to high atmospheric O, which is the ultimate feedback
controlling bioessential metal cycles, primary production, preservation through redox and

sedimentation, and the extent and duration of OAEs.
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SUPPLEMENTAL INFORMATION
SAMPLE LOCALITY AND GEOLOGIC SETTING

We present high-resolution spliced data for Demerara Rise, Ocean Drilling Project
(ODP) site 1258, which includes holes 1258A, 1258B and 1258C. Site 1258 was drilled
at a water depth of 3192.2 meters, the deepest of all the holes drilled during the Demerara
Rise transect (Shipboard Scientific Party, 2004) which includes ODP 1257, 1259 and 1260,
located on the continental slope of Suriname (Fig. 3.S1). The core depths [specifically meter
core depth (mcd) below seafloor] for the new data presented here were adjusted to correlate
with the carbon isotope stratigraphy (Erbacher et al., 2005) as described previously (Hetzel
et al., 2009; MacLeod et al., 2008; Owens et al., 2012). Previously published data (Hetzel
etal., 2009; Owens et al., 2012) used in this compilation were corrected during publication;
consequently, no additional correction was applied to these samples. This unique section
is marked by a continuous record of finely laminated organic-rich sedimentary deposition
preceding and subsequent to the OAE, which is unique as there are only two other localities
with a similar sedimentary record. Site 1260, drilled near 1258, has a similar geochemical
record although this site has not been as extensively studied; therefore, it lacks the same data
resolution. Similarly, site 367, an organic-rich shale before and during the OAE (Owens et
al., 2012) from a similar latitude but off-shore from Cape Verde (Fig. 3.S1) but there was
significant core loss during the OAE (Kuypers et al., 2002). Ocean drilling program site
1258 is also marked by high carbonate contents throughout the analyzed portion of the
core. This 10 m compilation documents organic carbon contents ranging from 0.5 to 30
wt% and carbonate contents ranging from 0 to 95 wt%. [Fig. 3.S2 (Erbacher et al., 2005;
Hetzel et al., 2009; Owens et al., 2012)]. Interestingly, local TOC contents, on a carbonate-

free basis, show very small enrichments (Fig 3.S2) during the OAE. The recorded TOC

73



values on a carbonate free basis are 18.8 wt% for non-OAE intervals and 21.9 wt% during

the OAE which is only a 3 wt% increase during the OAE.

1258 highlighted in red. The dark blue indicates deep sea settings, the light blue represents
shallow-marine settings, and green and brown designate the continental land masses for 94 Ma
(Scotese, 2008).

INORGANIC GEOCHEMISTRY
Methods

All samples were examined for any possible signs of chemical oxidation prior to
analysis and were powdered in a ceramic trace metal clean ball mill. For trace element
analysis ~100 mg of dry powder was heated for ~12 hours at 450°C to volatilize organic
material, and was subsequently weighed after cooling to determine the loss on ignition
(LOI). Samples were weighed into trace metal clean vials and completely dissolved using
a standard sequential acid (HNO,/HCI/HF) protocol at ~150°C, then dried down and

reconstituted in 2% HNO, for major and trace element analysis. All acids used in this study
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Figure 3.S2: Stratigraphic geochemical trends with OAE2 marked by the grey box. The squares
() on the TOC plot are carbonate free TOC values. The circles (@) in Fe  /Fe and F epy/F €ir
plots denoting samples that were calculated with Fe_ and the squares () were calculated without
Fe phase. The dashed lines for Fe . /Fe_ represents the modern oxic marine average (0.38) and
the dashed line for F epy/F €, represents the low cutoff for euxinic deposition (0.7). The arrow
denotes there are additional data points above the axis not plotted for Mo and Zn.
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were Aristar/trace metal grade. Elemental concentrations (Al, Mo and V) were measured
through inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent 7500ce at
the University of California, Riverside. Standard reference materials (SDO-1 shales) were
digested along with samples and analyzed with each set of digestion extractions and in
all cases were within the accepted analytical error for all elements with procedural blanks

below detection limits.

Highly reactive iron (Fe,,) was calculated by summing Fe (Fepy), Fe

pyrite carbonate

(Fe_.), Fe ... (Fe ), and Fe (Femag), where Fe  was quantified by assuming a

magnitite
stoichiometry of FeS, from the pyrite sulfur content as measured through conventional
techniques (Canfield et al., 1986). Briefly, a 100 mg sample was weighed into a 15 ml
centrifuge tube to isolate Fe by a series of sequential chemical extractions (Poulton and
Canfield, 2005a). First, carbonate-associated iron (Fe ) was extracted using a sodium
acetate solution at pH of 4.5 for 24 hours with constant shaking. The extract was decanted,
and the sample was then treated with a buffered sodium dithionite solution (pH 4.8) for
2 hours while shaking to mobilized oxide iron (Fe ). Finally, magnetite iron (Femag) was
extracted from the remaining residue using an ammonium oxalate and oxalic acid solution
buffered to a pH of 3.2 for 6 hours. All solutions were then diluted in 2% HNO, and

analyzed for Fe concentrations using an ICP-MS as described above for trace and major

element analysis.

Determination of new data for total inorganic carbon (TIC) and total carbon (TC) was
performed on an Eltra CS-500 carbon-sulfur analyzer. Total carbon was combusted using
a high- temperature (1400°C) continuous O, flow furnace to CO, that was subsequently
analyzed by a series of infrared (IR) absorption cells. Total inorganic carbon was measured

using an acidification module that volatilizes inorganic carbon and combines with the
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continuous O, flow which is carried to the IR analyzer as CO.,. Total organic carbon (TOC)

is calculated by difference (TOC=TC-TIC).

Fe speciation discussion

We analyzed 43 samples that span the entire 10 m of section. Importantly, due to the
high carbonate and organic contents for this section, Fe speciation was only analyzed on
samples with total Fe values >0.5 wt%. We used this cutoff because the initial calibration
of the sequential Fe extraction method was performed on fine-grained marine siliciclastic
sediments which generally have a high abundance of total Fe [~4 wt% (Poulton and Raiswell,
2002; Poulton and Canfield, 2005b)]. Additionally, this method has a reproducibility of
~5% associated with each extraction (Poulton and Canfield, 2005b) on ‘typical’ siliciclastic
sediments, and as a result samples that contain lower amounts of detrital material, Fe or are

diluted by organic or inorganic carbon must be interpreted with caution.

Due to the considerable amount of time between drilling and Fe extraction analysis
(~10 years) we have also calculated the Fe ratios without Fe__because an initial but low
resolution dataset documents minimal amount of Fe_ (Bottcher et al., 2006). It is likely
that the samples have experienced some post-drilling pyrite oxidation. Post-drilling pyrite
oxidation would lead to “double counting” of pyrite in this calculation: (1) chromium
reduction analyses all reduced sulfur species which would extract elemental sulfur — the
oxidized form of pyrite where the Fe is then stoichiometrically calculated; (2) Fe_ is then
extracted via a dithionite solution which would extract any oxidized pyrite as ferric-oxides.
Therefore, we do not include the Fe_ portion in the calculations which accounts for nearly
all of the non-pyrite Fe (generally less than 0.2 wt%). The highest concentrations of Fe_

were found in sediments with low carbonate contents. These low carbonate samples lack
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the buffering capacity which would oxidize pyrite to Fe  during storage (Kraal et al.,
2009). Importantly, including Fe__ values affects only a few samples and requires negligible
modification of our interpretations. Including Fe_ values in the Fe . /Fe_ ratio increases the
highly reactive concentration which pushes the ratio to greater values or more enriched
than typical oxic marine sediments [0.38 (Poulton and Canfield, 2005b)] — the section
average with Fe_ was 0.82 + 0.12 compared to 0.71 & 0.14 without Fe_. Initially the Fepy/
Fe,, lower limit for euxinic deposition was considered to be 0.8 (Anderson and Raiswell,

2004) but, subsequently, has been suggested to be lower [0.7 (Poulton and Canfield, 2009)]
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Figure 3.S3: An in-depth view of the stratigraphic plots for Mo and V for site 1258 (grey box
represents OAE2). Note the drawdown of V prior to the OAE while the low value of Mo is
achieved until after the onset of the OAE. The lower dashed line indicates the initial drawdown
of V and the upper line delineates the start of the muted Mo enrichments which is separated by
~100 ka. Similar to Figure 1 there are 4 data points not included on the plot in-order to view the
temporal shifts succinctly.
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and the inclusion of Fe_does lower the average from 0.89 + 0.04 to 0.76 + 0.09 with a
range of 0.81 to 1.01 without Fe_ and 0.58 to 0.76 with Fe . Therefore, including Fe_
does decrease the Fepy/FeHR ratio but most of the samples (33 of 43) still remain above
0.7, therefore excluding Fe__does not alter our overall interpretation of the Fe systematics

throughout the studied interval (Fig. 3.S2).

Trace-metal results

The magnitude of the trace metal enrichments can be influenced by carbonate
dilution, so we plot both the carbonate normalized (denoted *) and non-normalized values
for Mo and V. Importantly, the stratigraphic drawdown trends for carbonate corrected Mo
and V content are only exacerbated because the overall carbonate contents decrease going
into the OAE which is comparable to the trace metal trends (Fig. 3.S2 and 3.S3). In other
words, Mo, V and carbonate values are greater outside the OAE while during the OAE the

values decrease nearly simultaneously; therefore, the carbonate correction has a greater
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Figure 3.S4: Iron geochemistry and trace-metal proxies vs. carbonate contents. These plots show
that the ratio [Fepy/F ¢, and Fe  /Fe_(not shown)] and concentration (Mo and V) is not dependent
on the carbonate contents and are recording changes in the global trace-metal inventory or the
local redox stability (Fe geochemistry).
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influence on non-OAE samples. It is important to note that there is no correlation between
carbonate content and Mo, V or Fepy/FeHR with or without Fe_ included (Fig. 3.S5) which

suggests that carbonate burial is not dictating the overall observed stratigraphic trends.

It has been previously noted that the trace element drawdown seen at site 1258
during the OAE is recorded at other sites including two other Demerara Rise sections
(1257 and 1260 (Hetzel et al., 2009; van Bentum et al., 2009)) and Deep Sea Drilling
Program site 367 which records similar depositional conditions before and during the onset
of the OAE. However, due to coring loss during the event it is impossible to fully resolve
the trace metal drawdown in the latter core. However, the data seem to suggest similar
trends (Owens et al., 2012) for both trace metals recording a drawdown during the event.
The observed stratigraphic enrichment trends at ODP 1258 for Mo and V show a significant
decrease in absolute and normalized concentrations nearly coincident with the onset of
the OAE. It is also important to point out that there is at least one site, ODP 641 [a deep
abyssal North-Atlantic site located near the modern Spanish continental shelf with high
TOC (Thurow, 1988)] that exhibits large enrichments in Mo (average of 1,700 ppm) during
the thin 30 cm thick OAE with decreasing concentrations within the OAE. This is primarily
due to the very slow sedimentation rates which allow for greater trace-metal enrichments
and might be indicative of a deep sea abyssal enrichment. However, the overall Mo mass
accumulation rate is lower here than at ODP 1258 due to the low sedimentation rate during

the OAE which are explored through sensitivity tests (discussed below).

Zinc is not well constrained but it exhibits a relatively short residence time [~51
ka (Bruland et al., 1994)] with a small dissolved marine reservoir [~5.4 nM (Bruland et
al., 1994)] as Zn** or ZnCl" (Calvert and Pedersen, 1993). Sequestration of sedimentary
Zn starts in low oxygen environments and continues through euxinic conditions (Algeo

and Maynard, 2004). Carbonate-free Zn concentrations prior to the OAE (including the
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Figure 3.S5: Molybdenum concentration vs. TOC contents during OAE2 (@) and non-OAE2
intervals (@). The black dashed line represents the modern Black Sea — a restricted euxinic basin
and the grey dashed line represents the modern Cariaco Basin — an open ocean euxinic site. Note
the relatively good correlation for non-OAE2 samples (similar to the Cariaco basin) and the poor
correlation for OAE2 samples. The OAE compilation includes some high concentration samples
from the beginning and end of the OAE.

decline) and post-OAE2 are 1,196+1,153 and 1,35342,480 ppm, respectively, while during
OAE2 Zn concentrations drop to near crustal values [~78 ppm (Taylor and McLennan,
1995)] with an average of 2114+321 ppm. Importantly, Zn has been documented to be
essential for eukaryotic evolution through protein-DNA interactions (Dupont et al., 2006).
The values during OAE2 are lower than the Precambrian which has been suggested to have
stifled eukaryotic evolution but Scott and Lyons (2012) demonstrated Zn values were high

enough to support eukaryotes during the Precambrian.
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Mo-TOC relationship

One of the intriguing findings is the similarity between modern euxinic basins and
OAE data with respect to Mo-TOC relationships (Algeo and Rowe, 2011). In the modern
ocean, it is well documented that Mo co-varies with TOC (Algeo and Lyons, 2006; Lyons
et al., 2009) where the modern euxinic Black Sea records low Mo vs. TOC values due to the
relatively low bottom water Mo concentration [5 nM (Lyons et al., 2009)] resulting from
its restricted circulation with the Mo replete open ocean, while the euxinic Cariaco Basin
[and other euxinic basins (Algeo and Lyons, 2006; Lyons et al., 2009)] records higher Mo
vs. TOC values because of the open connection with the ocean with high Mo concentrations
[107 nM (Fischer et al., 2009)]. Therefore, the Mo vs. TOC relationship in modern euxinic

basins is highly dependent on the Mo concentration in the water column.

ODP 1258 shows a similar Mo vs. TOC relationship (Fig. 3.S3) with two distinct
populations where the non-OAE (pre- and post-OAE) samples plot similarly to the Cariaco
Basin and samples from the OAE are similar to the Black Sea. The non-OAE samples have
a correlation similar to the Cariaco Basin [non-OAE R? of 0.59, Cariaco Basin R? of 0.58
and 0.62 (Lyons et al., 2009)]. However, the Black Sea exhibits a very good correlation
(R? 0f 0.92) and correlation between Mo and TOC burial at ODP 1258 during the OAE is
non-existent (R* 0f 0.07). The low Mo/TOC ratio recorded during the OAE (average of 2.8)
is lower than that of the modern Black Sea [average Mo/TOC of ~4.5 (Algeo and Lyons,
2006)] while the non-OAE average is much higher (9.5), more similar to modern open

ocean euxinia.
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Mo mass balance modeling

A geochemical Mo box model was constructed to quantitatively explore the
redox landscape of the ocean using a conventional mass balance formulation (Borchers
et al., 2005), where we treat the ocean as a well-mixed single reservoir (an assumption
traditionally used for elements with long marine residence times such as Mo). A similar
model was constructed to investigate the Precambrian (Reinhard et al., 2013), but the
scope and interpretational framework of this study was very different from that presented
here, and the short duration of this event made it necessary to implement a steady-state
analysis of a time-dependent model using STELLA™ software. We use a conventional
forward model, where we prescribe the initial boundary conditions and perturb the system

to recreate the observed stratigraphic trends.
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Figure 3.S6: Modeled sensitivity test for varying a for euxinic burial of 50 fold increase or 5.4%
seafloor area. An a of 1 for this model depletes the Mo reservoir to ~30 nM and an a of 0.50
reduces the Mo reservoir to ~10nM while holding all other parameters constant.
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Flux Burial rate Area Area
(moles/Ma) (ug/cm? - Ma) (km?) (%)

Input 30.0 - 10° - - -
Oxic burial 8.66 - 1013 2.75 - 10° 3.02 - 108 83.89
Reducing burial 19.4 - 108 0.27 - 10° 6.90 - 10° 1.92
Sulfidic burial 1.94 - 108 0.48 - 10° 3.87 - 10° 0.11
Neutral burial - - 5.07 - 107 14.08

Table 3.S1: Initial parameters for the Mo model with a starting Mo concentration of 107 nM.

Changes in the size of the Mo reservoir are due to imbalances in the input and
output (burial) fluxes over geologic time, where increased burial (F ) depletes the system
and increased delivery (F) enriches the reservoir. The general equation for the globally

averaged seawater concentration of Mo is given as:
d
EJ.[MO]dV =F,-F,, (Equation 3.S1)

where [Mo] represents the seawater concentration, integrated over ocean volume. The
input flux, which has recently been updated (Miller et al., 2011), is largely dominated by
riverine input through continental weathering of sulfides and organics hosted in shales

and igneous rocks which has recently been updated with more modern riverine fluxes for

dissolved MoO; (Miller et al., 2011). Importantly, we suggest that changes in the marine
reservoir of Mo are most likely to be controlled by variations in the burial fluxes, rather
than F, during the Phanerozoic, given relatively high pO, and the sensitivity of sulfide
weathering at relatively low O, levels (Anbar et al., 2007; Canfield et al., 2000; Reinhard
et al., 2009). We note, however, that significant changes in global uplift/denudation rates
or changes in the bulk composition of the weatherable shell at Earth’s surface (the balance
between igneous and sedimentary lithologies available for weathering, etc.) may well
lead to changes in redox sensitive trace element fluxes during Phanerozoic time, and that

exploring this possibility should be a priority of future research. The output flux includes
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three permanent removal mechanisms from the marine reservoir: burial in oxic sediments,
burial in reducing sediments and euxinic sedimentary removal. Therefore, we consider
it likely that any major perturbation to the Mo seawater reservoir will be dictated by the

redox structure of the ocean.

A simplified burial flux for a given environment is calculated as:
F =Ab {M} (Equation 3.S2)
[Mo],,

where A4, is seafloor area of the environment (oxic, reducing or euxinic), b, is the globally
averaged burial rate for the environment, [Mo], represents the average marine concentration
at a given time, [Mo],, is the modern marine Mo concentration and the term a = 1.0 for a
strictly first-order mass balance model. However, we explore the sensitivity of this term in
figure 3.S6. The basic idea behind this model formulation is that the burial of Mo generally
scales linearly with the overlying seawater concentration (Algeo and Lyons, 2006;
Rosenthal et al., 1995); therefore, the burial enrichments of Mo are dependent largely on
the ambient marine concentration (Emerson and Huested, 1991). In principle, this allows
for the magnitude of trace element burial to speak to the size of the marine reservoir because
it should scale in some fashion with the ambient reservoir size, a pattern which has been

documented for modern euxinic basins (Algeo and Lyons, 2006; Lyons et al., 2009).

The modern ocean is dominated by oxic bottom water conditions which are
generally ineffective at burying Mo — oxic environments constitute ~83.9% of seafloor area
but remove only ~28.9% of the Mo input to the ocean [Table 3.S1 (Reinhard et al., 2013)].
Euxinic conditions, which represent ~0.1 to 0.2% seafloor area but account for ~6.5%
of Mo burial on a global scale, and reducing sediments (sulfide limited to the centimeter
or less of the sediment column), which may represent ~1.9% of seafloor area and bury

~64.7% of the annual Mo flux to the ocean, make up the remainder of the removal flux. It
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is important to point out that the latter term has been solved for assuming a modern steady-
state Mo mass balance, and thus although the mass flux is reasonably well constrained the
seafloor area through which it is removed depends on the assumed globally averaged burial
rate. In addition, there is a non-trivial portion of the modern seafloor that is effectively
Mo neutral and therefore does not bury an appreciable amount of Mo (Anbar et al., 2005;
Morford and Emerson, 1999; Scott and Lyons, 2012) which is held constant throughout all

models.

Modeling results

As a result of the dependence of the seawater Mo budget on the marine redox
landscape, the burial of Mo should dramatically increase during periods of more prevalent
reducing conditions, particularly euxinia. A decrease in the Mo reservoir, expressed as a
decrease in the scale of enrichment within sedimentary rocks of the requisite depositional
redox as constrained by independent methods, can track the global expansion of reducing
sediments and/or euxinic conditions due to their effective Mo removal. In other words,
large Mo enrichments in a sedimentary rock deposited under euxinic conditions suggest
that the marine Mo reservoir was robust, in turn suggesting relatively limited removal into
those settings that efficiently bury Mo (reducing sediments and euxinic environments) on

a global scale.

The observed trend in Mo concentrations suggests a dramatic perturbation to
geochemical redox evolution of the ocean during OAE2. In our model, we prescribe the
initial boundary conditions (modern conditions and fluxes; table 3.S1) and instantaneously
perturb these fluxes to recreate the primary features of our observed stratigraphic Mo

trends. It is important to note that we are modelling the oceanic Mo reservoir concentration
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Figure 3.S7: Modeled sensitivity test of Mo reservoir drawdown using both euxinic and reducing
burial.

and not the sedimentary record but, notably, the size of the sedimentary enrichment to
some extent scales with the reservoir size (e.g. the Black Sea vs. Cariaco Basin). In other
words, the model indicates Mo reservoir changes that would be expected to directly affect

the sedimentary record.

We performed individual sensitivity test on several parameters, including increased
euxinia and reducing sediment burial, Mo accumulation rate, combined increases of euxinia
and reducing burial, and the linear scaling factor o (Fig. 3.3, 3.S6 and 3.S7). This time-
dependent model requires the system to be in steady state prior to any perturbation, so we
use modern burial rates including a global euxinic Mo burial of 0.48 pg-cm-y"'. However,
this area-weighted average is greatly biased toward the restricted Black Sea which is much
lower than the open ocean euxinic basins and the globally averaged non-Black Sea euxinic

burial rate is 1.53 pg-cm?-y! as discussed by Reinhard et al. (2013). Incorporating the
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Mo burial rate in the model which includes the Black Sea lowers the globally averaged
burial rate and consequently requires a greater amount of euxinic burial during the OAE
to achieve a given Mo drawdown. However, this value has no effect on the burial rate
of reducing settings. The average Mo burial rate for ODP site 1258 during the non-OAE
period is ~0.65 pg-cm?-y!. Also, the model demands that all increases in euxinic and/or
reducing burial are at the expense of oxic deposition while Mo-neutral deposition remains
constant throughout all model runs. This assumption thus requires a greater expansion of a
given environment than if it were expanding at the expense of Mo-neutral regions, because
it replaces a region of the ocean which is already burying Mo. Therefore, an expansion of
euxinic conditions at the expense of Mo-neutral environments would require less area than

that of oxic settings.

The burial rate of Mo depends on the sedimentary enrichment of Mo and the
sediment accumulation rate. The model explores several values for each environmental
condition, and these are shown to have a relatively minor effect. The upper dashed lines for
Figures 3.2A and 3.2B represents 0.75% and the lower dashed line represents 1.25% of the
modern Mo accumulation rate for each environment. Exploring a range of accumulation
rates for Mo burial is an important test because this incorporates sediment burial rates
along with Mo concentrations. Therefore, exploring Mo accumulation rates inherently
tests changes in the global bulk sediment mass accumulation rate and metal enrichments
although it does not test these parameters independently. Variation in Mo burial rates is
important for the mass balance of Mo but this does not alter the primary conclusions. Also,
a strictly first-order model uses an a of 1.0 but it has been shown that the modern euxinic
basins may not follow this trend (Reinhard et al., 2013). Changes in o have substantial

effects within the model where a lowering of a increases the overall burial of Mo (Reinhard
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et al., 2013), and thus ultimately the reservoir is decreased to much lower concentration for

a given perturbation (Fig. 3.S6).

Here we use 0.5 Ma for all runs due to the estimated duration of the OAE by
cyclostratigraphy (Kuhnt et al., 1997; Sageman et al., 2006; Veizer et al., 1999). The
magnitude of the Mo depletion can be amplified or dampened by changing the aerial extent
of reducing or euxinic burial (Fig. 3.2). Increasing both reducing and euxinic sinks may
not be mutually exclusive; therefore, we model the increase of settings simultaneously.
We modelled several but not all possible combinations with numerous combinations that
sufficiently deplete the Mo reservoir. Figure 3.S7 shows a range of combined euxinic and
reducing expansion scenarios which in combination require a smaller extent of each burial
to achieve the same drawdown. The model predicts a Mo drawdown to ~10 nM with a fifty-
fold increase (5.4% seafloor area) in euxinia combined with a ten-fold increase in reducing
(19.2% seafloor area) or a hundred-fold euxinic increase (9.8% seafloor area) with a five-
fold increase in reducing (9.6% seafloor area). However this does not include any changes
in a and incorporates the burial rate which incorporates the low values of the Black Sea,
so these estimates could be overestimating the extent of euxinia and/or reducing burial
environments. In this model we do not account for a large removal of Mo in environments
with slow bulk sediment flux (e.g. abyssal plains) which would require a greater portion of
the sediments deposited globally be exposed to reducing and/or euxinic conditions (Dahl et
al., 2011; Reinhard et al., 2013). The model predicts that the observed Mo drawdown can
be driven by less than ~20% of the seafloor being characterized by reducing and/or euxinic
sedimentation which we are assuming is restricted to marginal marine settings due to the
high TOC fluxes in the modern ocean (Dunne et al., 2007; Jahnke, 1996).With limited
mass balance constraints on other redox sensitive elements it is difficult to deconstruct

the distribution and extent of various bottom water conditions although this method does
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generally inform the maximum values for each bottom water condition. The use of an
informed mass balance model for V would be useful to distinguish the extent of low oxygen
conditions prior to the OAE, but the current knowledge of V fluxes is poorly constrained

and the construction of such a model would be have limited utility at present.

It should also be pointed out that this estimate of increased reducing deposition is
likely conservative. The model is run with static input fluxes while only manipulating the
seafloor redox condition but increases in continental weathering have also been documented
during OAE2 (Blattler et al., 2011; Jones and Jenkyns, 2001; Pogge von Strandmann et al.,
2013), which could also influence sedimentation rates and trace element input rates to the
ocean. An increased input flux from continental weathering, the dominant input mechanism
of Mo (Reinhard et al., 2013), could possibly increase the reservoir size and dampen the
Mo drawdown effect. Understanding how trace-metal fluxes increase with continental
weathering is relatively unexplored but here we are going to assume a linear correlation.
In other words, a doubling of continental weathering, while holding all other parameters
constant, would require a near doubling of the seafloor area for a given environment to

account for the same seawater Mo drawdown.

ORGANIC GEOCHEMISTRY

Methods

The outer surfaces of sediment core and larger cuttings fragments as available
were cleaned sequentially by ultrasonication in distilled water, then methanol, then
dichloromethane, and finally n-hexane for ~20 seconds per step prior to extraction. Cleaned
core fragments and cuttings were then crushed to a fine powder using an alumina ceramic

puck mill housed in a SPEX 8515 shatterbox. Between samples, the puck mill was cleaned
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by crushing annealed sand three times for 2-minute periods each followed by washing with

the same cleaning solvent sequence described above.

Powdered samples were extracted in a Microwave Accelerated Reaction System
(CEM corp.) with dichloromethane and methanol (9:1 v/v) at 100°C for 15 minutes.
Extracted sediments were impregnated with an aqueous methanol solution of ammonium
dioxydithiomolybdate [(NH,),M0O,S,] to give a give a nominal loading of 5 wt%
molybdenum after evaporation to dryness. Ammonium dioxydithiomolybdate reductively
decomposes in situ under catalytic hydropyrolysis (HyPy) conditions above 250°C to form
a catalytically-active molybdenum sulphide (MoS,) phase. HyPy was conducted using a
continuous flow catalytic hydropyrolysis rig as described previously (Love et al., 1995),
at 15.0 MPa H, pressure, with a H, flow rate of 6 dm’ min" and a temperature program
ramping from room temperature to 250°C at 100°C/min, followed by a ramp to 480°C
at 8°C/min, and final hold time of 1 minute. Products were trapped on dry ice-cooled
35-70 mesh silica and added directly to the top of a silica gel chromatography column.
Hydropyrolysis products and total lipid extracts were separated by sequential elution with
hexane, hexane:dichloromethane (1:1 v/v), and dichloromethane:methanol (3:1 v/v) to
yield aliphatic hydrocarbons, aromatic hydrocarbons, and polar (N, S, and O-containing)
compound fractions, respectively. Elemental sulfur was removed from the total lipid extract
and hydrocarbon fraction of hyropyrolysis products with HCl-activated, solvent washed

copper pellets.

Gas chromatography-mass spectrometry (GC-MS) analyses of saturated and
aromatic hydrocarbons were conducted with an Agilent 7890A, equipped with a DB-1MS
capillary column (60 m x 0.32 mm, 0.25um film) and run with He as carrier gas. The
temperature program for GC-MS full scan and selected ion monitoring (SIM) was 60°C

(2 min), heated to 250°C at 20°C/min, then to 325°C at 2°C/min, and held at 325°C for
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20 min. Hopane, hopene, sterane and sterene diastereoisomer compounds were identified
based on retention time of known compounds and their mass spectra, and quantified in
SIM mode. Quantification was accomplished by comparison with a deuterated C,, sterane
internal standard (d,-aao-24-ethylcholestane (20R), Chiron Laboratories, AS) which gives
a characteristic m/z 221 mass fragment, assuming equal response factors between sample
compounds and the internal standard. Hopane/sterane ratios were calculated as the sum of

C,. .. hopanes/enes (m/z 191) divided by the sum of C__ steranes (m/z 217) and sterenes

27-35 27-29

(m/z 215). Average uncertainties in the hopanoid/steroid ratios were estimated as within
+8% of the absolute values from multiple analysis of a saturated hydrocarbon fraction
from a standard oil (n = 30). Procedural blanks were conducted to ensure very low levels

of background biomarker compounds for both extractions and hydropyrolysis products.

Lipid biomarker discussion

In this investigation, we monitored the stratigraphic occurrence and total abundance
of the hopanes plus hopenes (C,,-C,,) relative to the steranes plus sterenes (C,-C,,) in 10
rock extracts and extracted sediment hydropyrolysates from sediments taken from the ODP
Site 1258 core to assess the relative source contributions from bacteria versus eukaryotes.
Hopanoids and steroids are polycyclic lipids, with similarly high preservation potentials for
survival in the geological record, synthesized by diverse groups of bacteria and eukaryotes,
respectively. Major shifts in hopanoid/steroid ratios largely record changes in the balance of
bacterial versus algal primary production. The sample coverage was chosen to capture the
interval characterized by a strong positive C isotopic excursion (here recorded as 613C0rg)
and variable Mo/V contents, as well as encompassing the pre- and post- OAE baselines for

the site.
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For immature sulphur-rich sedimentary rocks, the potential exists for lipid
biomarker signal bias (Kohnen et al., 1992) if only the extractable (free) hydrocarbon are
analyzed since a high proportion of the total biomarker pool is often found covalently-
linked into geomacromolecules in immature rocks, aided by natural vulcanization
processes during early diagenesis in the water column and shallow sediments in euxinic
depositional environments. Thus, we also analyzed the quantitatively important kerogen-
bound biomarker pool using the technique of continuous-flow catalytic hydropyrolysis or
HyPy (Love et al., 1995). HyPy is a proven analytical pyrolysis technique for generating
high yields of soluble products from kerogens whilst retaining the important structural and
stereochemical features in biomarker hydrocarbon products. Being covalently-bound, these
biomarker structures are also immobile and therefore are most assuredly genuine. Table
3.S2 indicates that for each sample >85% of the total hopanoid and steroid biomarkers
considered here were generated from cleaving covalent-linkages within the kerogen -- a
high proportion of the total signal as expected. The same stratigraphic trends are observed
for hopanoid/steroid for both the free hydrocarbons and the kerogen hydropyrolysates,
although absolute values are different due to selective biomarker partitioning in immature
Sorg—rich rocks (Kohnen et al., 1992), so we focus on the total (free plus bound) hopanoid/
steroid ratio to get the quantitatively most accurate picture of the magnitude of the changes

in this ratio observed through OAE?2 at site 1258.

A systematic increase in the balance of bacterial to eukaryotic primary production
is observed at Site 1258 during the peak of OAE2, coincident with the lowest sedimentary
Mo and V concentrations and hence the greatest oceanic drawdown of these metals. A
substantial, three-fold increase in the total hopanoid/steroid biomarker ratio (from 0.55 pre-
excursion up to 1.80 during peak excursion, see Table 3.S2) is observed for core sediments

from Site 1258 traversing through the positive carbon isotope excursion maximum.
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This increase in H/St is driven by both an increase in hopanoid yields and a decrease in
steroid biomarker yields, most likely arising from diminishing eukaryotic contributions
to sedimentary organic matter during OAE (see Table 3.S2), particularly during the peak
of the OAE when metal concentrations are lowest (Fig. 3.1). The total (free hydrocarbon
+ kerogen-bound) hopanoid/steroid ratios return again to lower values (0.77 and 0.79)
between 420 and 421 m depth, post-dating the positive carbon isotopic excursion (Fig.
3.1) and in the upper interval where Mo and V contents increase again. The Phanerozoic
average for hopane/sterane ratios for organic-rich source rocks and oils lies typically in
the range of 0.5-2.0 (Cao et al., 2009), so the highest values for total hopanoid/steroid
reported here (1.70 and 1.80) remain within this range though close to the upper limits. Site
1258 was characterized by strong upwelling, delivering ammonium, phosphorus, and other
nutrients from the deep ocean thereby maintaining the high total organic carbon (TOC)
content observed at the site. It is expected that, in locations unaffected by upwelling, similar
relative stratigraphic trends in hopanoid/steroid ratios would be observed across OAE2.
Absolute values of hopanoid/steroid, however, would be higher, reflecting oligotrophic

growth conditions for eukaryotes, particularly with respect to fixed nitrogen availability.

The aliphatic hydrocarbon products generated from HyPy of extracted sediments
yielded profiles as expected from thermally immature Cretaceous sediments on full scan
GC-MS analysis, with a noticeable even-over-odd carbon number preference of straight-
chain hydrocarbons extending up to C,, and beyond, abundant hopanoids and steroids with
immature stereochemical configurations [mainly17p,21B(H)- for hopanes/enes and a.ca20R
or BaaR for steranes/enes], as well as a strong hydrocarbon signal generated from lipids
produced by pelagic thaumarchaetoa as evidenced by abundant bi- and tricyclic biphytanes
(C,,1soprenoidal hydrocarbons) derived from kerogen-bound crenarchaeol (Pancost et al.,

2008).

94



REFERENCES

Algeo, T.J., Lyons, T.W., 2006. Mo—total organic carbon covariation in modern anoxic
marine environments: Implications for analysis of paleoredox and paleohydrographic
conditions. Paleoceanography 21, PA1016.

Algeo, T.J., Maynard, J.B., 2004. Trace-clement behavior and redox facies in core shales
of Upper Pennsylvanian Kansas-type cyclothems. Chemical Geology; Geochemistry
of Organic-Rich Shales: New Perspectives 206, 289-318.

Algeo, T.J., Rowe, H., 2011. Paleoceanographic applications of trace-metal concentration
data. Chemical Geology 324-325, 6-18.

Anbar, A.D., Arnold, G.L., Lyons, T.W., Barling, J., 2005. Response to Comment on
“Molybdenum Isotope Evidence for Widespread Anoxia in Mid-Proterozoic Oceans”.
Science 309, 1017.

Anbar, A.D., Duan, Y., Lyons, T.W., Arnold, G.L., Kendall, B., Creaser, R.A., Kaufman,
A.J., Gordon, G.W., Scott, C., Garvin, J., Buick, R., 2007. A Whiff of Oxygen Before
the Great Oxidation Event? Science 317, 1903—-1906.

Anderson, T.F., Raiswell, R., 2004. Sources and mechanisms for the enrichment of highly
reactive iron in euxinic Black Sea sediments. American Journal of Science 304,
203-233.

Blattler, C.L., Jenkyns, H.C., Reynard, L.M., Henderson, G.M., 2011. Significant
increases in global weathering during Oceanic Anoxic Events 1a and 2 indicated by
calcium isotopes. Earth and Planetary Science Letters 309, 77-88.

Borchers, S.L., Schnetger, B., Boning, P., Brumsack, H.J., 2005. Geochemical
signatures of the Namibian diatom belt: Perennial upwelling and intermittent anoxia.
Geochemistry, Geophysics, Geosystems 6, Q06006.

Bottcher, MLE., Hetzel, A., Brumsack, H.J., Schipper, A., 2006. Sulfur—iron—carbon
geochemistry in sediments of the Demerara Rise. In: Mosher, D.C., Erbacher, J.,
Malone, M.J. (Eds.), Proceedings of the Ocean Drilling Program. Scientific Results,
vol. 207. Ocean Drilling Program, College Station, TX, pp. 1-23.

Bruland, K.W., Orians, K.J., Cowen, J.P., 1994. Reactive trace metals in the stratified
central North Pacific. Geochimica et Cosmochimica Acta 58, 3171-3182.

Calvert, S.E., Pedersen, T.F., 1993. Geochemistry of Recent oxic and anoxic marine
sediments: Implications for the geological record. Marine Geology: Marine
Sediments, Burial, Pore Water Chemistry, Microbiology and Diagenesis 113, 67—88.

95



Canfield, D.E., Habicht, K.S., Thamdrup, B., 2000. The Archean sulfur cycle and the
early history of atmospheric oxygen. Science 288, 658—661.

Canfield, D.E., Raiswell, R., Westrich, J.T., Reaves, C.M., Berner, R.A., 1986. The use
of chromium reduction in the analysis of reduced inorganic sulfur in sediments and
shales. Chemical Geology 54, 149—155.

Cao, C., Love, G.D., Hays, L.E., Wang, W., Shen, S., Summons, R.E., 2009.
Biogeochemical evidence for euxinic oceans and ecological disturbance presaging
the end-Permian mass extinction event. Earth and Planetary Science Letters 281,
188-201.

Dahl, T.W., Canfield, D.E., Rosing, M.T., Frei, R.E., Gordon, G.W., Knoll, A.H., Anbar,
A.D., 2011. Molybdenum evidence for expansive sulfidic water masses in ~ 750 Ma
oceans. Earth and Planetary Science Letters 311, 264-274.

Dunne, J.P., Sarmiento, J.L., Gnanadesikan, A., 2007. A synthesis of global particle
export from the surface ocean and cycling through the ocean interior and on the
seafloor. Global Biogeochemical Cycles 21, GB4006.

Dupont, C.L., Yang, S., Palenik, B., Bourne, P.E., 2006. Modern proteomes contain
putative imprints of ancient shifts in trace metal geochemistry. Proceedings of the
National Academy of Sciences 103, 17822-17827.

Emerson, S.R., Huested, S.S., 1991. Ocean anoxia and the concentrations of molybdenum
and vanadium in seawater. Marine Chemistry 34, 177-196.

Erbacher, J., Friedrich, O., Wilson, P.A., Birch, H., Mutterlose, J., 2005. Stable organic
carbon isotope stratigraphy across Oceanic Anoxic Event 2 of Demerara Rise,
western tropical Atlantic. Geochemistry, Geophysics, Geosystems 6, Q06010.

Fischer, J.P., Ferdelman, T.G., D’Hondt, S., Rey, H., Wenzhofer, F., 2009. Oxygen
penetration deep into the sediment of the South Pacific gyre. Biogeosciences 6,
1467-1478.

Hetzel, A., Bottcher, M.E., Wortmann, U.G., Brumsack, H.-J., 2009. Paleo-redox
conditions during OAE 2 reflected in Demerara Rise sediment geochemistry (ODP
Leg 207). Palaeogeography, Palaeoclimatology, Palacoecology 273, 302—-328.

Jahnke, R.A., 1996. The global ocean flux of particulate organic carbon: Areal
distribution and magnitude. Global Biogeochemical Cycles 10, 71-88.

Jones, C.E., Jenkyns, H.C., 2001. Seawater Strontium Isotopes, Oceanic Anoxic Events,
and Seafloor Hydrothermal Activity in the Jurassic and Cretaceous. American Journal
of Science 301, 112-149.

96



Kohnen, M.E.L., Schouten, S., Damst¢, J.S.S., de Leeuw, J.W., Merritt, D.A., Hayes,
J.M., 1992. Recognition of Paleobiochemicals by a Combined Molecular Sulfur and
Isotope Geochemical Approach. Science 256, 358-362.

Kraal, P., Slomp, C.P., Forster, A., Kuypers, M.M.M., Sluijs, A., 2009. Pyrite oxidation
during sample storage determines phosphorus fractionation in carbonate-poor anoxic
sediments. Geochimica et Cosmochimica Acta 73, 3277-3290.

Kuhnt, W., Nederbragt, A., Leine, L., 1997. Cyclicity of Cenomanian-Turonian organic-
carbon-rich sediments in the Tarfaya Atlantic Coastal Basin (Morocco). Cretaceous
Research 18, 587-601.

Kuypers, M.M.M., Pancost, R.D., Nijenhuis, [.A., Sinninghe Damst¢, J.S., 2002.
Enhanced productivity led to increased organic carbon burial in the euxinic North
Atlantic basin during the late Cenomanian oceanic anoxic event. Paleoceanography
17.

Love, G.D., Snape, C.E., Carr, A.D., Houghton, R.C., 1995. Release of covalently-bound
alkane biomarkers in high yields from kerogen via catalytic hydropyrolysis. Organic
Geochemistry 23, 981-986.

Lyons, T.W., Anbar, A.D., Severmann, S., Scott, C., Gill, B.C., 2009. Tracking Euxinia
in the Ancient Ocean: A Multiproxy Perspective and Proterozoic Case Study. Annual
Review of Earth and Planetary Sciences 37.

MacLeod, K.G., Martin, E.E., Blair, S.W., 2008. Nd isotopic excursion across Cretaceous
ocean anoxic event 2 (Cenomanian-Turonian) in the tropical North Atlantic. Geology
36, 811-814.

Miller, C.A., Peucker-Ehrenbrink, B., Walker, B.D., Marcantonio, F., 2011. Re-assessing
the surface cycling of molybdenum and rhenium. Geochimica et Cosmochimica Acta
75, 7146-7179.

Morford, J.L., Emerson, S., 1999. The geochemistry of redox sensitive trace metals in
sediments. Geochimica et Cosmochimica Acta 63, 1735-1750.

Owens, J.D., Lyons, T.W., Li, X., Macleod, K.G., Gordon, G., Kuypers, M.M.M., Anbar,
A., Kuhnt, W., Severmann, S., 2012. Iron isotope and trace metal records of iron
cycling in the proto-North Atlantic during the Cenomanian-Turonian oceanic anoxic
event (OAE-2). Paleoceanography 27, PA3223.

Pancost, R.D., Coleman, J.M., Love, G.D., Chatzi, A., Bouloubassi, I., Snape, C.E.,
2008. Kerogen-bound glycerol dialkyl tetraether lipids released by hydropyrolysis of
marine sediments: A bias against incorporation of sedimentary organisms? Organic
Geochemistry 39, 1359-1371.

97



Pogge von Strandmann, P.A.E., Jenkyns, H.C., Woodfine, R.G., 2013. Lithium
isotope evidence for enhanced weathering during Oceanic Anoxic Event 2. Nature
Geoscience 6, 668—-672.

Poulton, S., Canfield, D., 2005a. Development of a sequential extraction procedure for
iron: implications for iron partitioning in continentally-derived particulates. Chem
Geol 214, 209-221.

Poulton, S., Raiswell, R., 2002. The low-temperature geochemical cycle of iron: from
continental fluxes to marine sediment deposition. Am J Sci 302, 774—-805.

Poulton, S.W., Canfield, D.E., 2005b. Development of a sequential extraction procedure
for iron: implications for iron partitioning in continentally derived particulates.
Chemical Geology 214, 209-221.

Poulton, S.W., Canfield, D.E., 2009. Ferruginous Conditions: A Dominant Feature of the
Ocean through Earth’s History. Elements 7, 107-112.

Reinhard, C.T., Planavsky, N.J., Robbins, L.J., Partin, C.A., Gill, B.C., Lalonde, S.V.,
Bekker, A., Konhauser, K.O., Lyons, T.W., 2013. Proterozoic ocean redox and
biogeochemical stasis. Proceedings of the National Academy of Sciences.

Reinhard, C.T., Raiswell, R., Scott, C., Anbar, A.D., Lyons, T.W., 2009. A Late Archean
Sulfidic Sea Stimulated by Early Oxidative Weathering of the Continents. Science
326, 713-716.

Rosenthal, Y., Boyle, E.A., Labeyrie, L., Oppo, D., 1995. Glacial enrichments of
authigenic Cd And U in subantarctic sediments: A climatic control on the elements’
oceanic budget? Paleoceanography 10, 395-413.

Sageman, B.B., Meyers, S.R., Arthur, M.A., 2006. Orbital time scale and new C-isotope
record for Cenomanian-Turonian boundary stratotype. Geology 34, 125-128.

Scott, C., Lyons, T.W., 2012. Contrasting molybdenum cycling and isotopic properties
in euxinic versus non-euxinic sediments and sedimentary rocks: Refining the
paleoproxies. Chemical Geology 324-325, 19-27.

Shipboard Scientific Party, 2004. Leg 207 summary, in Erbacher, J., Mosher, D.C.,
Malone, M.J., et al., Proc. ODP, Init. Repts., 207: College Station, TX (Ocean
Drilling Program). 1-89.

Taylor, S.R., McLennan, S.M., 1995. The Geochemical Evolution of the Continental
Crust. Reviews of Geophysics 33, 241-265.

Thurow, J., 1988. Cretaceous radiolarians of the North Atlantic Ocean: ODP Leg 103

98



(Sites 638, 640, and 641) and DSDP Legs 93 (Site 603) and 47B (Site 398), in
Boillot, G., Winterer, E.L., et al., Proc. ODP, Sci. Results, 103: College Station, TX
(Ocean Drilling Program), 379-418.

van Bentum, E.C., Hetzel, A., Brumsack, H.-J., Forster, A., Reichart, G.-J., Sinninghe
Damsté, J.S., 2009. Reconstruction of water column anoxia in the equatorial Atlantic
during the Cenomania-Turonian oceanic anoxic event using biomarker and trace
metal proxies. Palacogeography, Palaeoclimatology, Palacoecology 280, 489—498.

Veizer, J., Ala, D., Azmy, K., Bruckschen, P., Buhl, D., Bruhn, F., Carden, G.A.F.,
Diener, A., Ebneth, S., Godderis, Y., Jasper, T., Korte, C., Pawellek, F., Podlaha,
0.G., Strauss, H., 1999. ¥Sr/*Sr, 6'*C and 8'*0 evolution of Phanerozoic seawater.
Chemical Geology 161, 59-88.

99



0L SLO 69 L'vTT 6'0cC  0L°0 1°€9 ¢8I¢C cLel 881 9 ¥9 9'¢C 80l 6¥8Cy SLELTEVYV
et ¢so [4%3 8¢lS 6'66C TS0 gee 8°C9% ¢9¢C  €L°0 L1 08y v ey 81 Ovicy SV EALLID

LoT 901 8'TY €90T 0v9C 80’1 ¢'8¢ 6’181 08€C 160 (% A 44 0'9¢ 'L 0€9Ty €I-CI TULLD
8¢l T60 L'ty 9'66 8'TET  8LO 9'6¢ r'v6 Lv0T  $LT I's I's 8¢ VTl vLSTY 96756 T-dL1 D
I'v 081  ¢o0cl L'TILT ¢9ts  vL'T  ¥LIT 9891 686 697 8T 0¢ ¢'LT 0CC  90°STy 8T-LTI-YULID
eI oL'1 9vl1 S8 9891 651 I'11 L08 oSyl LI'E S¢ L'e 0°¢€C €LT  68°¢€Cy 101-001 L-TYV
'ty 8S'1 9L Sevl vLve €91 6'¢L €Ivl L8t LTV (4 €T L'81 60T SLTTY 6TI-LTI 9Th V
¥'C ol'1 8'8¢ L901 6'¢Ll  8I'1 S'LE €601 'e9l  0L'1 €l Sl 8 v9  S6Ity OV LY 9Tv V
'L LLO 7’96 L6l L'9tc  ¥vL0 L'98 S061 90T ST L6 L9 §'0T €Il 86'0C 18-08¢d-S¥d
$6 6L°0 9'89 L'86 0CET  ¥LO 979 L'T6 PSIT 0PI 6°S 09 991 Lyl 6l'0ty  Tled-svd

oL OL OL

I I T I P G U S

/9L] SOUQIO)S  SAUBIMG SOUQIOIS  SOURID)S SOUQIO)S  SAUBING S0l pdag oduneg
punog -+ 991,] (syonpouiq sisAjo1&doipAH) punog (poyoenxy) 991

“1°¢€ "S1q 10J pasn sem 1S/H (PUNog-udSoIdy-+u0qIed0IpAy

291]) PAUIQUIOD AY [, "SWRISOIBWOIYD UOL G| 7 Z/W PUB /7 Z/W JuIsn PazAeur d1om (SaUI)S+SaurIals) 0 apiym sweidoreworyd uor
161 z/w ur pagnuenb pue pazAeue a1om soud/souedoy ) ‘sjood I93IBWIOIG PUNOG-USS0IDY Y} PUB UOGIBIOIPAY 991) O} JOJ POIR[NI[Ed
onyel prooys/prouedoy] oY) SI 4 IS/H "SOUQ/SAUEBIDIS pue soud/souedoy Jo sp[aIL aynjosqe pue sonel Joxrewolq pidiy peidofes 7S € 91qeL

100



0CI 969C- Ly OCY [€-0€ S-Cv vV

081 PIT  €8IL LESY SvSP  IL8C  9¢€1 00Tt 89¢ STl 14447 SIv-1y sy d
061 0CI 860IT T00L 68Sy S68C ¥I'T 99C 69¢ 67Tl 14447 LT-S9T STy vV
€6l 9¢I <T6l0T 1999 TILy T80 OV'1 €C¢ 9ve T¢l e ocy Iv-6¢€ €-Sv d
9¢l ¥6  066L 0FSS IvpPE 98¢€C  S60 €1'C LOE 101 6¢°0CY STCTcstvv
'yl 89¢- 8€0CY 1¢-0C e-sv 4

S0l 8L LEOTY 10T S-Tv vV

€81 LIT 9ILIT 80SL 88LF 890¢ 0CT 06C 6t ¢l ey LI-S91 STy V
(4 0CI  98¢6 L8I9 SOy 099C ¢v'1  II't  TIve OVl €eocy 0e-s'6c e-sv d
LOT LOT  €0IS €0IS 8ISC 8IST 601 89T 6C°0CY SICIL S-Tv V
€Sl a1 ovv9  88cy  LCIv  8vLC  LTT 80¢ tvEe 6711 6C0CY CI-STI S Tv v
Se€l TE9C- 8TOTY I1-01 €-Sv 4

¢l 189¢- LTOTY I1-0I S-¢v Vv

ved 127! 8¢¢ €Cc  €9¢C  Tevl  8¥'1 80t I've  0°CI YT oy cocesrd
VLI I  SL9L 90CS 0€0vy veLd 9¢€1  SOE  TCE  0¢l ecocy 9-CCC-v vV
180 850 L90 0L0 €6l 9¢l  TL99 689F 0Oc6l LSET  S¥'1T  L6C L6T LVl 61°0¢y clresvd
ovl1 66 SCov 9LvE €LeE  I8EC  vEl  vI'E  veC  TII 61°0¢y SIS vV
['ST  8¢9¢- 8I'0TK -0 ¢-Svd

€Cl 689C LI0OTY [-0S¢cv v

8l o1 88IL Cleéy 86¢€ Ccec  s¢'1  S9C  L'Ie LTI L1°0CY WI-CSYI Vv v
[4% 0ov (124 834 9LL YL 9L0  S6'I I'y 09 croey SIPI-IvI v-Cv V
8¢ I'L¢- 11°0Ty IvI-0v1 ¥-cvr v

91 1C9¢- 01'0Cy [EI-0€T v-Cv V

tod - od Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguynum oW oW Uz uz WA\ A k| v J 0] D0 Wdeg ar o[dweg

", £ PAJOUIP SsoneA PIIALIOd JJeUOGIR)) APNIS SIY) WOIJ

BIEP MU PUE (ZT107) T8 19 SumMQ (6007) ‘T8 19 [9219H (S00T) 'T& 19 19ydeqlg woly eyep jo uonefidwo) (800¢) Te 10 PoaToeN
0} 3uIp1099e paisnipe sem (powr) Ydop 2100 I939W PAZIJI[BI] "YST[ NS JAO ISTY BIBIOWI(] J0J BIBP [BIIWAYD0L) €S°¢ d[qeL

101



65 SS 8 LIS ¥EIT 0SOI OLT €Tv  ¥L ¢l $6°0TH €6-16 €Sy €
L9 19  ¥S8  SLL L6IT L801 6¥'1 08€ T6 60l €6'0CH $06-06 €-St €
601  ¥€ 96  0€ LSL 9€T 690 OI'l 889 T8 60T $'9L-9L S-TH V
TEl T9T- 88°0TH 1L-08 €-St €
9  ¥S  €LS  ¥SS 8¢ 018 6I'l 06T €€ 06 L8°0TH $0L-0L S-TH V
LU'L TULT- L80Th IL-0L S-Th V
02C €01 0€E  SSI  ISET €011 660 10T 1€S 11 ¥8°02Y 18-5°08 €St €
68 9 S89T 898 I0LT 9.8 190 Lyl S8k §9 08°02¥ $'€9-€9 §-TH V
STl L9T- 8L0TY 19-09 €-S¥ €
971 €197-  LLOTH 19-09 §-TF V
161 TIl  L9%  €LT 8€€T 891 LIl L9T ST¥ 6Tl bL'0TY SIL-1L €St d
pIT  LO1  STE 791 8TZT TIIl  L60 20T 10S 6Tl €L0TH $'95-9S §-Th V
10c 911 9IS 86T <TT€T I¥El 9l  6ST  €Th  I€l €L0Th 1L-69 €-St €
€80 650 T90 080 981 0TI  SIF 89T L661 68T1 Tl €ST  §SE §9I 89°0CF €6-1S ST V
Pyl 98°97-  89°0TH 16-0S €-S¥ €
8Tl $T9T-  L90TH 15-0S S-T7 V
0T Tl ¥SP pLT  0TET  00¥I  OTT 89T  L6E  SEI L9°0TY 0S-S'6% STy V
€11 S6 €bTT 9881 07T L1981 9€T  6S€  6SI  tEl $9°0TF €9-19 €-St €
0L 101 €Il TL9 SE€¥T vyl STI  €SCT 80y  TTI 7902k SP-SPY S-Th V
9€l  L9Z- 8S°0TH 17-0% €-St €
6r 8¢ 9y I¥E  9€L  9zL  €L0 +v0T €1 SL LS0TY 0v-S'6€ S-Tv V
S61 0TI ¥S9I1 LLIL 00IS 1IvI€ 1T1 06T +8€ 8Tl S 0T 16-§°0S €-St €
76 6L 68ST  69€1 IS8T S6SI  8I'T It &€l €11 €5°0TH $'9€-9€ §-TH V
LET 06 6L6Y TSTE 6L8E LSST LUl 96T I'¥E  9%T 6t°0TY e 1€ STr V
0vT 9597- 8¥°0TH 1€-0€ €Sy €
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (6W) (M) (%) (9w (8STI-LOTFOD)
Fogmoynm  ogmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

102



90z 8¢ 76 LI OLS SOI 8€0 90 918 9% IT1ey  SSII-SLIT €-Sh &
$81 6T 68 ¥l 8€9 001 9€0 850 €¥8 L€ 0T1Ty  SLIT-S911 €-St d
$80 €L0 $90 S60 IvT 6 ISI  LE  S6L  ¥61 890 OI'l  9SL LS 61 1Y €01-201 $-TH V
10 6 €8 Tl 89 76 €€0 0S0 9S8  t’€ 6I'ITF  SOII-S'STI €-sp €
ST ¥9 6 €T 819 SSI 950 160 6¥L €9 8I'IZy  S'101-101 $-Th V
¥ 6Fve- SI'ITH 101-001 €-S% &
0z Te 101 91 L8 €6 9€0 950 THS  OF 8I'ITy  S'STI-SEIN €-sh &
L'S 98tz LUITh 101-001 S-T¥ V
6l € Pl 9T SIS 16 I¥F0  S90 €78 Tt OI'ITy  SEII-EIl €-sv €
60 1€ ¥6  ¥I €SS T8 90 0S0 TSS  6€ oI'ITy  €II-STII €-Sv &
9v1  €C  1TS T8 065 €6 8€0 650 €8  6€ SUITy  STI-SIII €St |
0T 61 €68 1€l 199 L6 ¥€0 090 €S8  S€ pI'TZy  STI-01T €Sy €
0cc O TL €1 TS  ¥OI  TWO LSO 818 IS cricy $'96-96 S-T¥ V
L€ €T 0f S 0LS 96 LEOD IS0 TES  8F 11ey 801-L01 €-S¥ €
911 81  €L1 LT 199 €01 #E€0 950 ¥¥S L€ 0r'1zy L01-901 €-S¥ €
IS ST 601 81 669 9T 140 190 +€8 6% 60°'12Y 901-S01 €-St €
6L1  S¢ 9§ Il €IS 00l €70 190 S08 €S 80° 1T $16716 ST V
0zl ST 101 1T 9¥9 Y€l LKO SLO €6L IS LOITH S01-€01 €S €
¥ZI 06 T8 0T 089 SO LSO 160 8SL L9 S0 1TH €01-101 €-St g
680 980 980 060 9SI  Th 901 8T LSS €1  ¥S0  6L0 €€L €9 Y0 1Th 88-L8 S-Tv V
911 0 S8 7T 8IL 981 850 €60 I¥L  OL €0 1T 101-66 €-S €
651 9 901  vT S9S 8Tl TS0 LLO €LL  §9 €0'1TH 98-8 §-TH V
IS 9 S6 9T 79 ILl 650 S60 ST  TL 66°0Ct 78-S 18 S-Tr V
€80 950 $90 1,0 LT 98 9l 69 #L81  €¥6 160 8LT L6y €11 1197 86°0TH 18-08 €-St €
VL SVYT-  L6'0TH 18-08 S-T7 V
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  ogmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

103



961 Sk 88L1  06S TSTT €¥L TS0 Tl 0L 6% 651Ty  STTI-TTL STHV
18T 9L 10k 891 +0TC  ¥T6 ¥80 161 1SS 9L 6 1Y 9€1-S€1 €-St &
8 LLYT- SE€TTH 121-021 €Sy €
8L1 8L €€C  TOI €0ST 659 SOT 16T T9S  ¥'8 8CITh  SEI-SPEI €Sy g
p81 08  STT 86 S9EI  S6S LIl S6T  ¥9S  LL LEITE  SHEI-SECT €-sv &
69 6V97- LEITH 121021 S-Tr V
161 6L 961 18 ISIl 88y <TI'l T8T L8 9L 9€TTy  SEEI-STET €S g
680 180 980 ¥80 9yl  S9  €bT 80T €001  9¥r 880 6K SSS 8 9 1Y 121-611 STy V
L61 IL  ¥IT  LL 61T 658 00T 89T 0F9 99 SCITF  STEI-SICI €-Sv g
S61  S9  pLT 8 €I TLE 680 I 999 99 peITy  SIEI-IEl €St |
981 99 Lyl TS 1.6  ¥FE 880 L¥I 99 99 pETTy  SLIIFLILS-Th V
p6T 0L TSI SS 9501 T8¢ T60 €ST  8€9  tL €C 1Ty 1€1-621 €Sy €
pEC  TOI 08  S€ 608  TSE LOT 89T S9S 01 1Ty 621-8T1 €Sy €
L6T €SI ¥S 8T S99 ¥ 6TT TLT  ¥8F 191 01Ty $TI-S'9TI €-St d
€ vTl 6T T 89L  SIE 001 €T 065 TTI 6T1TH  S9TI-S'STI €Sy €
6z SIL 9% 81 OvL 16T 60 LET  L09 101 8TITy  STII-III S-Th V
9¢ ¥rve- 8TITH IT1-011 €-S% &
P S9 69 61  L¥6 €T S90 90T €€L L9 LTITY  SHTI-S€TI €-sv €
$8 1St LTIy I11-011 =27 V
ST 08 Sy €1 LLL 9T 890 €01 60L 08 9Tty SETI-ETI €St d
9z €L 6TC 89 098  SST  8L0 4TI €0L 89 9TITy  €TI-STTI €Sy g
[z 89 oL Iz TEeL 6lz TLO I1TI  T0L 69 STITF  STTI-S'0TI €Sy &
ISC L9 09 91 €L 90T 990 SOT €€L  T9 VITE  L01-S'901 S-Th V
061 ST 901  ¥I SO 901 620 L¥O 898  6¢ €TITr  SOTI-S'6I1 €St g
1€ w89 Tl 1€9  TII I¥0 90 €78 9% Wity S6I1-S811 €Sy g
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

104



S91 08 oIS 8¢L s0LC vIel  S80 861 VIS S'L S9'Icy SIOI-91 9ty vV

8S1 I8 €Ic 601  Pivl oL 980 €T 88b €L So'Icy L-Sv-svd
00¢ v6 L8T el 8981 8.8 101 €0CT 0¢S 88 91y SvYi-svd
L1¢ 96 18¢ ycr o 8161 Ly 660 S6'1  8CSS 14 €91y sevsvd
€cC 801 (414 LTT  9¢€8l 688 601 60C 9IS 96 €91y vev-svd
€0¢C €6 0ce Ly1T 9981 LS8 CTO'T 961 TIPS 8 [CAY47 eCTrsr d
9¢¢ 801 c9¢ L91  TT0T gc6  €I'l 91T €S 98 19°'1¢y STlysrd
LET 09 ¥6¢ 6Cl  P¥SI 8L9 990 €T1T 19¢ 9¢ 19°1¢y CI-S' I 9tv v
8L1 LL ges T w6501 ¥6°0 LOC L9S '8 09°I¢y -0v-Sv 4
L €89C 6SITy [-0v-Sv d

9L €L9T 651ty I1-01 9-¢v Vv

6 €L 8SITY IvI-0v1 €S 4

4! LL 143 LT 0SPl 9L  ¥v80 891 TLy €L 9¢ Iy LS99ty V
€81 98 ¢8¢ I81 6061 L68 960 LOT 0¢S v'8 Is'1ey STToOvv
I8 I8 081 081 LY8 Ly  S6'0 LOC IS¢y Vo trv
L9 TSLT evIty [-09-¢tv VvV

69 68CC 8¥ITY [€1-0€1 €-Sv 4

69 1¢€LC LYty [€1-0€I S-Cv V

¥91 99  SCII 99 09¢C ¢s6 €80 091 L6S v'9 1Ty S6CI-6CI STV V
9L1 <L €L9 9LC 199C 160I 960 LOT 065 €L oY 1Ty evi-gevl e-sv d
851 €S L89 0€C  Peee 8L 690 ¥ET S99 9¢ Sy icy STrl-Ivl €-Sv 4
43! 144 1344 v1€ 8661 99 ¢¢0  COT 899 Sy eIy IvI-6€1 €-Sv 9
0¢CI ¢S 96¢SI CIL  68LC 9LTI T6O 10C €¥S 'L [44¥47 6€1-G8ET €-Sv d
el ¥9 79Tl VIL 08LC €LST  9I'l  €LCT +Vv'ep v'8 IVIcy  S8EI-CLETl €SV d
0s1 IS A L1y 60ST 6 690 TLT £€9 LS oy 1y SLET-9ET €-Sv d

tod o4 Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (onm) (%m) (%M) (%) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

105



€LT L6 19¢ 0T ¥891 evo  II'T €T O0vy €01 €81y SCicysvd

68 68 008 008 ¢o6cl  ¢ocl  vI'T  6v'C I8°1¢Y Pece v v
L81 LOT 8C¢ L81 20T ¥SIT 601 L9CT 6T S0l 18 1¢y CeCIE9 v vV
L6 6S Sly ¢sC 9Ll SLL  6L0 8LT ¢€6¢ 0L I8 1¢y cleysvd
60l 169C- 081cy 16706 €-Sv

6L 699C oLty 10T v-sv 4

901 L99C- 6L'1TY [€-0€9-¢v V

19 199 866 S68 6C6 €e8 L0 96T €01 9 8L 1Y 0¢8I ¥sv d
4] LS €Sye  88¢C G091  OIIT  +90 99T 80¢ 9 LLTCY S8I-LI Sy d
9¢1 L8 86¢ 00C SILI 656  SI'l e Iy 86 9L 1¢Y LTS9C 9Ty V
L9 & 00CC  90¥1  Pvovl ¢s6 €S0 6C1T 19¢ 0°¢ 9L 1Y L1911 v-Sv €
Sel 99 8LIY L€OT 96LT €9¢l  8L0O 881 €IS 0L SL 1Ty 9I-C ST ¥<Sv d
S91 €L 8SL cee  808C O¥cl 680 S6'1  8SS VL LIy SCI-€l¥svd
vLI 9L £6¢ ¢L1T 0ISC 8601 T80 161 €96 L'L IL1¢Y el-C I v-Sv d
0S1 <9 0¢ I€l  8L8I vI8  0L0 9%  L9S I'9 0L 1¢y STI-S0Iv-Sv d
€S SYe- oLley 16706 S-¢v V

6¢l 99 c0¢ Syl oIyl §L9 0L0 <CET  ¥TS €9 69 1Y Sor-orv-svd
9L S9C 691ty I1-0I ¥-Sv 4

78 v89C 691ty 1202 9-tv vV

L61 v6 9¢c 801  OILI 818 060 691 TCS 08 69°1¢Y 01-s'6 ¥-sv d
SL 199 144% Sce  L80I 96L  8LO0O 6LT 89T 0L 891y gol-619Tvr vV
8LI 98 ¥9¢ 9LT  ST8I 88  C60 T8I LIS 98 89°ICy S6-S8vSvd
61¢ 86 LST SIT  €20T L06 Y01  ¥6'1  TSS 8 L9TCY S8CLySvd
191 (4] 0LE 881 9891 LS8 T60 161 Tev 8 99°1¢y SL-LySvd
¢80 0L0 8L0 SLO ecl 8L 6V0F 9SST  699C  S891 160 SI'CT  69¢ 8L 99°1¢y 8I-L1 9TV V

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

106



L'6 LE9T- 66'1Th 15-0S 9-T V
L6 ¥L  L06 €69 0T6I LOYI OTT L9T 9€T 90l 86'ITr  S'6E-SSE St d
TS T S8 SLp €SIT 9€6  S60 16T 881 ¥9 L6'TTY $'8€-8€ -5 &
9L 65 808 979 8091 9vzl II'l €€T ST '8 L6'1TH 6€-LE St €
68  ¥8 €9 869 60ET I¥Tl 991 SI't TS 611 9612 8€-5'9€ -5 €
L8 T8 989  ¥¥9  SpEl  S9TI  IST  ¥8€  T9 Tl $6°1TH $'9¢-9¢ ¥t g
06 IS 768 €0S 961 L8OI 90 IST 9Eh  ¥9 $6°1TH 6b-Lt 9-Tr V
il 19 926 96 FL8T 00T 1.0 OFT  ¥9%  ¥9 S6°1TH $'9-9% 9-Th V
STl 06 €78T 8T0T TOST L6LI  S¥'T  S9€  TST €11 $6°1Th 9€-'SE sy €
SPI 08 88T ©6ST  16LT TSI OI'l 09T 8ty 86 Po'ITE  SSE-SPE Sy d
LLT 201 LLL  L¥b  STET LEET  9TT  vLT  STH Tl €6'1TF  SYESEChsyd
181 901 €8¢ vIT €TIT Trel  8€T T8T  SIF 601 W6y SEESTEYSr g
TLl 101 SS€ 80T 661 8911 ¥l vLT vy 011 16'12H $TETE Sy g
§91 001 L9 TTT 0861 861  S€T L8T S6E  SOI 16'12H e-SIE sy
6I1 89 999 08¢ SI6I S60I S60 L91 6TF €L 06'12Y SIH 1% 9-Th V
681  SIT  #¥E 60T L¥8T TTIl LET 08T €6£ STl 06127  SIE-S0Ev-Sv g
680 ¥S0 650 T80 6S1  ¥8  STS  SIE €491 H00T 8I'l  6€T 00F Ol 6797 68°1TH 1€-0€ v-St €
L'S 9897- 681 14-0t 9-Ty V
P81 LOI 69  I€€  OL61 9FIl  8€T €8T 81y 801 68'12h $'0€-67 -t g
€L1 66 8¥€ 661 8981 8901 9€T €LT 8T 101 88° 1T 62-8T b-St €
8L 86 8¢ 9yT SSLT  ¥96 €T 9T ISk TOl L81Th 8T-LT St g
$6 T6 LTL TOL TSI oLyl IST  €0v € 91l 9812 LE-S'9E 9-Th V
L61  LOT  S9T ¥l TTLl  ¥€6 ITI  ¥€T  8Sy S0l 9812 LT-9T Sy €
€1 96 LSS  80€ LI6I 1901 0TI 9vT Lty TOI S ke 9T-$'ST Sy
81 101 OIS €8T 0681 6¥01 +€1 8T  S¥r 101 P8 1Y $'ST-STH-sh &
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

107



88 IL €0¢ Y91 154 ay sy’ 81T g6l 9¢ Tty Ce9-¢ 9 v-¢svd

6 69 691 LTI 9¢¢ @y 81'C 60C 0SC 0¢¢C 1y STo-S19v-sv d
811 88 Cl 16 S99 L6y 90T vE€C £€SCT  6TC 0ccey SILIL9TYV
S6 SL LST €0¢C 879 L6y  0¢€cC 8I'C 60T TIC 0ccey S 19-¢°09 ¥-Sv d
LTC T6'lc- 61Ty 19-09 v-Sv 4

T8C 91T 61Ty [L-0L9CY V

08 YL L9 619 €06 8 S81 6SC 8L 6C 61y §09-6S v-Sv d
144! 99  vPLI  LOOT  OCELI 666 ITT 9¢C €Ty 66 L1y 65-SLS-Sv d
Lyl 69 ¢9¢ yer - 9851 &L LTT  yI'C  TES 98 orcey SLS-LS¥-S¥ d
01 vy 0CLE 9091 89¢T CCOl 890 LST 89S 69 vieey §69-999-tv vV
9¢l 89 068 96¢  8le6l @6  8I'l  8I'C 86¥ 6 vicey S9v9 9-tv vV
Lyl 98 65¢ 01¢ 8991 9L6  8¢1T SSC Sy Ol eIy 9-€9 9-tv V
Lyl 08 899 €9¢  €CLI 9¢6  SE€T1  8ET LSy TO0I creey €9-099-tv v
871 0L c0¢T L6  £SS1 SeL  ¥TT 90T LTS €8 60°CCY S09-S6S 9V V
9L 9L 86¢€ 86¢€ 18 g LOT 8ITC 60Ty 79709 9-tv V
¥91 ¢8 1433 €Ll ISCI Y08 8¢l 8CC T8p S'6 80°CCy S6S-S8S 9TV YV
SCl S9 0TSl 88L 8IIC 8601 S60 S6'T T8 08 LOCCY C8S-CLSO YV
06 123 08 6Ly  LSEl 18 8,0 05T ¢€0p €9 90°Ccy SLS-LS 9TV V
6¢Cl S9 soy  0ST LIl S8 980 VY9I Sob 9L 90y LS9S 9TV V
ecl 69 6v9 ¢9¢ €C0C 8EIl  C6'0 T8I 8¢y 08 €0y Sv-ev v-sv d
IC1 cL ¢e8 cor  €v6l 1911 10T 681 ¢€0v 98 c0cey errv-sv d
S6 9  vI01 199 LEL1 TEIT 980 981 81¢ 08 00y S0y v-sv d
061 76 0r¢ 91T  08LI 98 801 L6T 9IS 88 00y [6-6°0S9-Tv V
9L €S ¢88 029 0LST 00IT S80 €61 6'6C S'L 66'1CY Sor-Socv-Svd
980 160 I80 L60 ¥8 LS (4% ¥8S  89%¥1 900I 060 691 GS'I¢ 7’8 6S9C 661y I7-0v v-Sv 4

ol Sl ol 2l (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (9m) (6m) (M) () (%) (ow)  (85TI-LOZ3OT)

Sour 310 qIe

“ogmopm  ogyum O ON  UZ  uzZ A A ™IV o) O "oae wdaa ai srdures

panunuod ¢S ¢ dqeL,

108



L1T T8'1C- 68Ty 16706 9-Cv V

€¢ €C 69 8y LEE vee  v0Cc  S9C S0t 08I 6Ty 08-6L -5t d
6¢ [43 88 <L 1453 9¢¢  9S¢C TWE 98I I're 8¢y 6L-8LV-Sv d
[4% 133 €Ll 124! 80¢ 9¢¢ TSC S8C 89  60C 9 Cey 8L-S9L V=S¥ d
14% Iy 9.9 0€9 9¢ 8ee 01 8S¢ 89 1'CC 9Ty L8 LYYV
134 8¢ ITI L6 86¢C 19¢ 66¢ ¢€6C €Tl LT ceey S9L-9LV-Sv d
K3 6Cc 001 [ ¥8¢ IS SO T A 4 9L  ¥Sl secey 9L-SLYy-Sv d
93 [43 98 6L 8y Ie¢  16C I8¢ 98 LS 14447 SLYLy-Sv d
6¢ LE 669 0L9 10€ 88C  €9°¢  TEE o SLI eeTy vL-EL v-Sv d
V1% 133 861 8¢l 6v¢ c0c  C6C 6¢c 97l T8I [4N 447 eLTLy-Sv d
9y 144 09 LS we gce  8I't  LEE 6y  8YC [eeey T8I YV
160 IS0 IL0 $90 S9 49 Ly 8¢ 1433 8¢ 0T LvC ¥e6l 66l €Ty €8-C8 9 v V
9 ov 4] L 993 Ire s6C 9¢ec STl Vol [ecey CLILv-Sv d
Ly 0ov SL ¥9 €LE L1e 08T 1TE 0¢Sl  9%6l 0y [L-0L ¥-Sv €
I've 1¥'1Cc- 6TTy IL-0L ¥-Sv €

o6l 9¢TC- 6TTLY 18-08 9-¢v V

9 €S 88 SL SLY 90r st II'E  S¥l  L'EC 6CCCY 0L-69 v-Sv €
99 199 I8 L9 SLS oLy 1SC  L8C TLI  6VC 8Ty 69-¢89 ¥+ d
SL 09 Sel 801 0¥9 s yee €6 00T T1C LTTCY ¢89-¢L9V-Sv d
06 ¥9 Is¢ 8L1 68 6y 091 8¢ T6C  S6l 9Ty S'L9-G99v-S¥ d
6¥ 6y  0¢CI 0cI LSE Lse sTe  II't 9TTey 6L LLOTYV
99 LS LL 99 69S ey  L6°C 0€¢ 8¢Cl vEC STty S9L9L9 VYV
901 L STl 8L 665 Loy L8T L6T 0CE vTC Tty $99-¢°'S9v-sv d
811 LL 99 1374 €9¢ 89¢ 10T €91 9¥ve  ¢€¥C Yooy S Co-SYov-Sv d
86 <L €Cl 06 €LS ocy ¢cc vI'c 89T €T €Ty SY9-¢e9v-Sv d

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

109



8. 79 101 08 €IS SO 0€T 66T 01T S0T SSTTF  $96-S'S6-Sv g
S9 8 00z 6¥I  08F LSS TET T6T 9ST S8l PSTY  S'S6-SV6 b-St |
8 Oy 95 6§  ¥hP  LOS P61 65T 80 L8l €STY ST6SE6 TSk g
IS v€ 19 b LEF  ¥6T 981 9¥T  8TE 16l STy SE6STePsrd
S ¥S  v0E 96T S08 S8L €LT SIS ST 61l STy €01-$T01 9-Tr V
o 0€ 611 S8 8y €I€  L91  6LT 98T €8I STy ST6S16t-sh g
O 8T 68 €9 ¥Er  90€ SLT TLT S6T 88l 05Ty S1675°06 v-St €
v T€  SL ¥S Ty 86T 61 69T LLT LOT 6t 7Ty $06-06 -5 €

€1 8T 6vTey 16-06 St €

091 L9VT- 6¥'TTh 101-001 9-27 V
8  9¢ 0l 9L €Tr 9I€ 00T OLT €ST SIT 6t Ty 06-5'68 ¥-St €
9 Sy pL TS 16y S¥E  L6T  6LT L6T LI 85T $'66-66 9-TF V
W e SLT syl 90v  I€€ 8T 1TE  ¥81 01T SF'TTy  $'68-S'88 p-St €
1€ L8 S90S ¥8CT 61T 8T €ST 86l LFTTr  S'88-SL8tsv d
I 06 79 Sk 19¢ 19T 881 6ST LLT TIC Ty SL8-S98P-Sv d
w 1€ 66 €L 96 8¥T v0T 8T €97 60T STy $'98-98 -5 &
9  v€ I8 65 9€€  9pT  L6T 99T 89T 60T SPTTy 98-58 t-St €
IS s 00l 69 8t ¥6T vLT  v¥T  €1€ L6l b TTy $6-S'¥6 9-Th V
I 0¢ Tl 06 LIS ¥E€T  9LT  9ST €97 80T b TTh $8-¥8 ¥-St g
T v ¥S8  S89  Spe LT 81 L6T 861 TIT vTTh ¥8-5'€8 ¥-St €
Ir L€ 61T 961  9T€  T6T 90T L¥E SOl ¥IT Ty $'€8-€8 st &
9¢ €€ 8ST YT  90€  LLT vTT 8TE  ¥6 0T Ty €8-78 sy d
66 9¢ TSI Iyl 6l 96T v€T L€  TL T ey €8-78 ¥-St
€ 1T 60T 8€1 L€y 68T 8L1  6LT 8€E TSI 0r'zey 78-08 St

6LT L6TT- 6£TTH 18-08 ¥-St €

ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

110



L8 €8 S81  LLI Tyl OIL 9TE €TE  €F 61T wwry  pI-STIl sy g
06 98 0T 0TC 88L €SL 8¥'E  v¥E  ¥¥ T LTy ST =Sy g
69 L9 191  9ST €8S  ¥9S 9LT 89T €€ L9l 1Lty TS Iel 9tV
S6 06 9€I 8Tl LIL LLY SS€ TE 95 9T 0L'TTh 11-011 t-St €
081 9€€T- 69°TThH I11-011 =S¥ &
LL %L 0LT 6ST  S6L TOL ¥9T I8E€  TH 9Ll 69°Ccy  011-S'601 v-St €
€ TS L€ 6T€ 9L 8€L 16T 8TE  ¥T 1Yl 89°TTy  S'601-S'801 ¥-5 &
880 L60 980 660 IS 0S  ¥S€  L¥E vy 91y  OLT L8161 I'ST L9TTy 611-811 9-Th V
0L L9 8TT 61T S69 899 0€T 6TE &€ 09I L9TTy  S'801-LOI -sv €
01 66  ¥6l 681  LIL  60L 8TE 6IC ST LT L9TTy  SII-SLII9-ThV
8 Ly  v€T LT S99 S¥9  SL'T  80€  0€ Ol S9TTy  LOI-S'SOI +-St €
L80 €90 S90 980 19 09 TEC LTT €9 659 TIT HI'E 1T 9l $9°TTH LOT-90T #-St €
Ly 9% 9T ovz 89 199 8.1 SI'E ST Tl ¥OTTr  S'SOI-FH01 -S¥ €
9% Sk SOE 66T 0L €S8 061 L€ 61 Tl €9TTr  SHOI-€01 v-St g
SL €L 65T €ST  0SL  ¥EL 0ST L9E  TT S9I ey SEI-EI9Tr v
980 090 80 680 <L  IL LST ST ILL 9L 1¥T  SL'E 60 88l 9Ty PII-€11 9-Th V
pS TS 90€ 96T  90L 789 00T 9TE  FE€ 9Tl 9Ty €01-201 ¥-S¥ &
9% Sk ITT  SIz 1SS LES 09T IST ST ¥6 19°7ey 201-101 ¥-S¥ €
It OF 60T €0T IS 60S oY1 1TT 6T 98 097y 101-001 ¥-St €
$8 ISt 65Ty 101-001 #-St €
0€l 19T 6STTH I11-011 9-Th V
w b €97  9ST 6T 9IS 8TI €LT ST 98 65°TTh 001-66 St €
9§ 95 TS  8¥S LEII  6TII 80T €Y L0 €+l 85°TTh 66-86 v-St
LS 95 sze  6I€ 86  ¥96 10T It &1 6Tl LSTTr  $'801-801 9-Tv V
0L 89 0S¢ I¥E 9001 186 +9CT w¥v ST 991 95Ty 86-5'96 t-St
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

111



c6C 8Y'IT- 68Ty [€1-0€1 v-Sv

€0C 9L'1C- 68Ty -0 LtV V

143 144 99 12 159 ges 1€ II'e T8I ¥4 68°CCY 0€I-S'6C1 ¥-S¥ €
6S IS ¥8 €L 9¢¢ 8  C9C vI't 0¢Cl  TVC 88°Ccy  S6CI-S8CIv-Sv d
€9 199 €9 199 (127 L8¢ 9LCT 18C 0Cl TLT LTy  SBCI-S LTI v-Sv d
¥'9C 68°CC- LTV OVI-8€1 9-Cv V

6S IS 144 8¢ LSY 6 9L'CT  S8C Tyl 0S¢ 98'Ccy SLTI-LTI v-Sv 4
69 €9 97 v Ly 6cy 1€ 60°¢ I'e T'LC 98Cy SLET-LEL 9TV V
LS 87 8¢ (914 1214 90r 8T T6eC TI9l 9¢EC 98Ccy LTI-9CI =S¥ 4
199 0¢ 14744 (4014 608 9%  10¢ LT¢ e I¥C c8ey 9CI-SCl =S¥ 4
9 65 (433 SIe Y08 8Ly YOV 0€¢ ¢S 6T 8Ty ScI-verv-sv d
€L 89 01 S6 69¢ s 10y LTE g9 GtC €8Ty YCI-¢Cl ¥ 4
¥9 65 91 0ST veL L9 ¥9T  89¢ ¥'8 el (4 X447 eCcI-ccl v-sv d
09 vs 6CIl  CIOol LIS Yor  99C ggE €01 eve 18°Ccy CEI-CIET 9 Tv V
8¢ 199 691 191 89 0s9 18T LTC 8Yv  6°¢l 08Ccy cCI-0cl =S¥ 9
SYlI €eed- 6Lty IC1-0CI ¥-Sv 4

IL 89 8¢1 (43! L6S 0LS  L8T 9LC Sy T'LI 6LCCY 0cI-6ll ¥-Sv 4
L9 <9 eyl 8¢l v6S €Ls 081 69T 9¢ 0Ll 8Ly 611-811 v-Sv d
€L L9 14! SII 19 06 Lv'C SS¢E 6L 60T 8LCTY 6CI-LCI 9-Cv V
68 ¢8 1344 (444 SCL 69 VT 66C 9Y 07TC LLTTY 8II-LIT ¥-S¥ 4
S9 8¢ 9LI1 LST (32} vsL  €1'c  16c 901 TSI 9LTTY LTI-S'9CL 9TV V
76 88 8CC 14Y4 069 6v9 08T €0°¢ 09 &'t 9LCey LIT-91T v-Sv d
06 98 6¢£¢C 8CC €0L L9 LT LOE vy 6vC SLTTy 9II-S11 v-Sv d
001 c6 Ice Y0€ 8CL 689 CSE  €6¢C v'se  ¥9C LTy SII-vIT v-Sv d
16 ¢8 881 SLI 18L LeL  yre 8Tt 69 ¥TC LTty SIT-EIl ¥-S¥ 4

tod o4 Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (onm) (%m) (%M) (%) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

112



193 1€ 601 L6 CLE oee  vee 9¢c €I Tl voecy S SYI-Shrlv-Sv d

93 53 98 9L 6L¢ vee  voc  sge 811 14 €0y  SPYI-Sevl v-Sv d
6¢ 143 IL 9 S0¢ 89C L9T 0¢e T §'ee [\ R%47 SEI-ElLTvV
V1% 133 66 L8 8y 9LE  vv'C L¥E TTI §0¢ ey Sevl-Savl v-sv d
[4% LE v6 €8 99% 1301 AN N T N 10T 10°ecy  STiI-SIvl v-Sv d
6¢ 133 S0l S6 181 €y LST  LLE 66 061 00°€ey  SIYI-SOvI v-Sv d
143 (414 19 99 L6Y Ist 0S¢ 9S°¢ €6  8¢C 66'CCY SovI-ovl v-Sv 4
cye 81T 66Ty IvI-0v1 ¥-S¥ 4

060 €90 IL0 T80 6¢C 194 001 68 LTE ¢6c  yI'c ore 801  91C 6CCC 66Ty I1-01 L¢v V
€€ 8¢ el 96 09¢ coe STT vre TSI ¥8I 66'CCY 01-S'6 LTv V
€S 8y S6 L8 LE8 9L TST 91V 98 1'0C 66'CCY OvI-6€1 ¥-S¥ 4
06 LL 1343 S6¢C IL8 8L L0V 99t TV SoI1 86°CCy 6C1-8C1 V-5 €
86 LL 0T 651 SC8 89 81 10¢€ V¥ICT +0C L6'CCY EI-Lel v-Sv d
RS §3 08 08 €8¢ €8¢ 9I'c  Tee 96°CCY 6°LLTYV
133 53 €6 I8 18¢€ €ee veC  Lve 97l S6l 96'CCY LS9LTYV
0cI €01 €91 (U141 119 yes 1€ 9T vl L'LT 96Ty LET-9ET V=S¥ €
LTI €01 ¥0¢ 6L1 €29 8YS 6T 6LT 1Tl I'Le s6cey 9¢I-SEl VS €
88 4] eLI 191 SeS L6y  C9T  66C 'L 9%C v6'CCY SEl-vel v-Sv d
193 §3 06 6L 8¢ty y8E  8EC 6SE €Tl L6l €6’y SYv LTV
€L 0L SLI 691 ¥0S 98y 9T 9T¢ Le 1'Sc €6’y vel-eCl v-Sv 4
S9 19 €01 L6 SLY Lyy  se€C  Tl't 6  09¢ [y 447 cer-celv-sv d
6y 144 SL 89 681 ey LST  99°¢ €6 8¢ 16°Ccy CSILTrV
99 19 8¢ €S a8 vy 9SC  0I'¢ 6L 6LC 16°Ccy cel-1el vsv d
99 ¢€£9¢- 06°Ccy 19-09 9-¢v V

8L <L 89 €9 61S sy 18T 8LTC L T0¢ 06'Ccy [€1-0€l ¥~ €

tod o4 Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (onm) (%m) (%M) (%) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

113



¥Z 61 Ly LS IST 961 80T 18T SIT 8T I€€ey  STHS v LTh V
LT €T 9Tl 901 11 19T 1T € T9l L6l 6T€TY 0v-S'6€ L-Tr V
ST 1T €l €I 0I€ 79T 91T L¥'E  SST L6l 8TETY  S'6E-S'8ELTHV
0 ST 89 LS LE§ €8T TCT 0€E  6SI  FIT LTETY  S8E-SLELTHV
1€ LT €Tl LOT L9  0TE LET TLE 8T €0C 9TETY  SLESIELTHV
pS € Tal L6 TSSOy 9L  €€€  €0T 96l YT ETh SE-SYELTHV
8 Sy 661 9SI €99  6IS S8T 8€€  §IT  SLI €TETH SYEFE LTV
8 0L 0ST ¥IT 10 109 S8T OIS €Fl  €ST €TETH bE-€€ L-Th V
€ €5 9€T  9€I  09% 09% 99T SI'E sy SE-CE LTHV
6L 0L 0LTI STIT  ST6 618 €I'T  T's +II 01T 17sTy €E-S1E LTV
€SI I LT 00€ 661 S9T  9€T 8EE 6l 61€Ty 0€-6T L-Tv V
1T ¥ L€ ST €8T T6l €LT ITT 1TE 80T 81°€TH 62-8T L-Th V
Sl I 6L 09 697 €0z 061 LT tvve  S6l 91Ty 8C-$'97 L-TY V
1T 91 81 SOl 79T 00T 0T 8T L€T 66l P ETH ST-SYTLTHV
T 81 6 SL €97 €17 8TT 86T 681 ST CUETy  SYT-SETLTHV
€ 0T ¥9 SS 79T 9Tz  0€T  60€  9El  9TT sty SETSTTLT Y
61 ST 8 79 TT SIT 90T TS 01T €0 1sey  STCSITLThV
I€ 9T 8. 99 09T 1TC TET 90€ I'ST 8T 60°€TY $'0T-07 LTy V
€ 6 08 0L SIE 9. 99T I¥E €I ST 80°€TF  S6FI-6FI b-Sv g
€ 8T SLS9  LOE  L9T ¥E€T 8TE €l LOT 80°€TH 6v1-8%1 v-St €
060 9v'0 650 I1L0  ¥€ 0 T8 7L SI€ LT 8TT LIS 611 9l LOSTY 6v1-8%1 v-St €
pE 06 001 L8 6l 8LT €¥T S€E 6T 86l LOETY 8F1-LY1 v-St €
€ LT ¥S1 8Tl vl 8TT  LET SO 891  I'TC 90°€TH L1-S'91 L-T¥ V
1€ LT T8 TL  S¥E  €0€  ¥E€T wE TU  ¥0C SOETy  LPI-S'SPI St g
S€ 0 S8 €L ¥S€ O  ¥ET €€ I'¥l S0T S0°€TH Ly1-StT v-St €
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  ogmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

114



8 0l T€l  ¥L 90T SII  S9T 1TT Ity LI €9°€Th PL-EL L-THV
1T 11 65k ¥ET 981 66 €TT 88T 89y STl sy €L-STLL-THV
4l S 69 6T 1T €6 Tl 8LT 08 L8 196ty STUSILLTYY
2l 8§ 781 901 60T Tl 6€1 6vT L1y TEl 65 €T 0L-69 L-T¥ V
I 9 §§ 6T 68T ISI IST ovT LLy SOl 85" €T 69-89 L-T¥ V
L1 6 LST LET  6I€  OLL SOF S€T L9 938 LSETy 89-6'L9 L-TH V
€1 L 6LT 001 L9¢ SOCT 89€ T9CT Itk T6 95°€Ty $'L9LY L-THV
01 L TS S€  0LE LvT OI'T I€E  TEE 8T 95°€Ty L9599 LTy V
T SIE SIE TS TS LLE 609 00 611 6t €Ty 09-65 L-Tv V
9 97  ¥8¢  ¥8¢ €Ly €Ly LS 109 00 STl 85 €T 65-8S LY V
8¢ v 78  ¥L L9€ I€€  6TT 65t 86  I'LI L' STy 8S-S°LS LTy V
€€ 06 6L €L ¥8€  €S€  0ST L8t 08 6l o€y SLS-S9S LThV
8¢ 0T 9S  Ov 88T t0T €61 00€ 16T IVl b ey S-SV LTh V
€SI 9 vT 18T S81  OL1 TLT  TYE 9l ety SPS-¥S LTH V
b1 6 6 1€ S9T 191 9T 8ST  69¢ ¥l v ety S-€S L-TH V
60 650 0L0 LLO Sy 1€ €  0f LST 8L 6LT 60T 80f 98I sy S-€S L-Th V
61 €1 9¢  ¥T wbT  S91 9T 99T ¥TE 691 sy €6-TS L-Th V
61 €1 L9 9 9€T €91 8LT 65T 80€ LI 1€y IS-S'IS LTh V
91 11 06 Iz 8¢ 8SI  9LT L9T LOS 08I 6€°€TH 0S-6¥ L-T¥ V
81 €1 Lz 0T 8TCT 191 681 88T 89T 06l 8€°€TH 68 L-Th V
0c  ¥I 1€ TT 8€T  OLl €81 ST LST 16l LESTY 8t-S'Ly LTh V
81 €1 9yl +01  LET 691 ST TLT 98T 6l 9EETY  SLESOV LTHV
€ 61 €S € SST 80T 6yT ISE 81 88l bEETY S LT V
ST 0z Iy TE 79T 90T 0TT 8TE SIT 96l €CETH Y€t L-Th V
¥Z 81 0S 8¢ 99z 20T 90T €IS I¥C  T6l ey rSTH LTV
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

115



€C 81 9 9¢ L9T 90¢ 60C €LC T'eC 6'IC 09°v¢y SOI-STI-LTD

144 0¢ 124! 0cI 69¢ ¢¢cc  8¥CT LI'E VIl 10T Sevey STI-01 I-L1T D
79 T 66'Cty ITI-01T LTv V

0CC 1I'Cc- 06°¢cy 10T LTv V

160 8¥0 650 ¥L0O RS LT L1 ov1 68¢ 8ee  S6'1  95¢  0¢l €Ll 687TC 68¢Cy 101-001 L-Cv V
9¢ (44 081 43 €0¢ 9¢¢ 0S¢ oIy ¢SS 991 98¢y SL6G96 LYV
144 91 0ce Lyl (44 891 LT Tl gee el €8 ey S6-SE6 LTV V
L1 Il 06 65 1€¢ IsT 691 85T 8%t LIl [ R %47 SE6STOoL VY
Sl 8 €S 6C [4%4 SIT 601 SOCT L'SY 14 I8¢y SToSl6L vV
0¢C 0¢ ecl ecl ¥91 Yo1  vL'T  98°C I8¢y v6=C6 LTV V
v'Ic 18°1¢- 08°¢€cy 0sI-6v1 =S¥ 4

9 € 6C1 9 14¥4 €0r €T Wl %S 08 08¢y S16-C68 LYV
0 0 (914 91 a9¢ 8 690 II'T ¢SL9 9¢ 8L ECY 6888 LYV
€ I 99 0¢ 6¢¢ L8 80 9¢1T  9°¢9 9 LL €Ty 88-CL8 LYV
0 0 8¢ 14 LET L8 080 I€T €¢€9 v'9 9L €Ty SL8L8LTYV
S [4 L1 €L (4! LL1TT LT LLS 6°S 9L €Ty L8S98 LTV V
I S 10¢ S6 9L1 €8 L0C LSTT 8TS L'L L' ey C8-GE8 LTV V
01l S 9 133 €81 6 8L 16l I8 L6 L ey CE8CTELYV
6 4 66 9 661 ¢6 LTI 881 L€S 8 [L€Ty CT8CI8LTYY
L € 9 LT L1T v6  OI'l  LLT 89S L'L 69°¢Cy 08-6L LTV V
60 €90 S80 L90 91 L 8L 9¢ 991 LL Tl S¥1T S¢S v'8 89°¢Ty 08-6L LTV V
L € 901 Ly 161 ¢8 ST ILT 96§ 8 89°¢Cy 6L-8L LTV V
S 4 0L 6¢C I1C 88 LI'T 79T €8S '8 L9 €Ty 8L-LLLTYV
01l S 88 144 I1c 901 ¢ST  €0C 86v 6 99Ty LL=SOL LTV V
14! 8 €01 LS vol LOT  8S'T v6'l 8%y 17Tl 9 €Ty SLYLLTYV

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

116



0 6T ¥0T ¥61 60T 661 €L0 SI'l 6% L9 €8'STh P2 T-9v

9 €S ¥9¢  1I€  ISE 00€  6I'T 68T S¥L 0TI 8'STy 19rd

SO €9 86§ 6T 665  09€ 65T €0T 66E 1Tl 18°STh 1-0 2-9% 4

0ST 98'ST-  08'STH -02-9v €

L1l 6€- 6LSTty ST01-001 1-L1D

060 L90 LLO 6L0 S S ¥6E  F6E 69 69 10T €S€ 00 Tl bLSTh 96-56 1-L1 D

88 YT vLSTH 96756 1-L1 D

L'ST  T'€T- 69°STh $16-06 1-L1 D

$0l €T- YoSTY $'98-68 -L1 D

$60 0L0 S80 8L0 I 6T 9z TS 96v v S9r 0S¥l 65°STH 18-08 1-L1 D

Il €2 6S°STH $18-08 1-L1 D

091 €T~ ¥S'STH $9L-SLT-LTD

8 S 061 TOI 991 68 LLT 96T L9 901  TT¢ 6TSTY $1S-0S 1-L1 D

[T 0T Sy ¥€  LST Tl T0T 6T TST 80T 0T'STH s-€ 197 4

I'ST  8TT- 6I'STH STH-07 1-L1 D

061 SL'IT- 9I'STH 10 1-9% €

61 €1 SS  LE 8€T  8SI  6ST SYT S€E 891  1TC- vISTH $9€-S€ 1-L1 D

€ 61 SS Sk LST 11T ST s€€ 08l 00T L1T- 60°STH $IE-0€ 1-L1 D

€60 1L0 8L0 ¥80 8¢  €¢ S6 8L IST 90T 161 LLT 9Ll 0TT 90°STH 8T-LT1-L1D

0S T 7L 19 L8 9T€ TI'T SOE  §SI  8¥T T vO'STH $'9-ST1-L1D

961 17T 66Th $1T-0T 1-L1 D

€T LT verTy $OI-ST I-L1D

$ST Sl 68Ty $I1-01 1-L1D

€60 850 LLO 0L0 €€ 8 98  SL  6I€  6LT S¥T OFE 9Tl 80T R A4 9-§ 1-L1 D

1€ 8T LL 89 €I€  8LT 19T 6¥E Y1l 9T 61T ¥8¥TH §9-S 1-L1D

ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

117



16 99 ¥9 Ly 16¢ e 90 Iyl 8LC €01 ¥SC v09Ty SOCI-STI I-LT D

(43! LOT 574 CLT L99 69y 8V'1 CLC L6C 8Tl Y09y YecTov d
9¢1 ITI 6¢£¢C OLT 009 Ley IS v9C 88T 9Tl €09ty eceeoav d
9¢l 01 e S8l 61¢S 06¢ ov'l  S¥C 8¥C vl c09¢y clceov d
9¢l1 101 VLI 6C1 008 ILe Lyl e 8T LTI 10°9¢y 10T 97 4
980 L60 ¥80 660 68 89 L6T 9¢¢ SIe orc or'r €91 8¢¢ €7l 00°9¢y CCI-ICI T-L1 D
6'¢l  8¢C- 009Cy 1¢-0cco9v d

Gel S0l oyl 911 ocy 4T ) 2 S A N A | 00°9¢Y goc6l 9 d
6S 9 Sl 06 (433 LST 8¢l 0CC STCC 8Tl V(- 66°STY SICI-0CI I-LT D
vLI LTI ¢ll 78 9%9% Loe Tl e0Cc 97T 191 66'SCY 61-81C-9v d
66 6L 1494 L81 80¢ ov¢ ¢l LL'T 00T 87l 86°SCh 8I-L1T9v 4
011 I8 €01 9L 9¢¢ ¢ 9Tl s6'l €9T  T¢el L6'STY L1991 9% 4
SIT ¢8 €Ll 8C1 1484 90¢ Iv'lT  8¢C T9CT  SSI 96'SCY 9I-S1T-9v d
8¢C1 L6 eCl €6 Ly 8se 91 eLC Ty 18I S6'SCy SI-v1 T9v d
0 Sl €¥T ¥6'STy SOII-SITI-LTD

96 YL eel 01 (444 yee  LSTT 09C  ¢€¢€C 091 v6'STy vI-€1-9v 4
91 Il 101 69 8C1 88 v€0 8¥0 VIE 0°¢ [ 747 cI-S1rcovr d
8¢ 81 (43 L LO€ Syl 790 T80  8'CS v's 16°S¢y ST1-01 9% 4
Ly Svvec 06STY I1-01 9% 4

78 9L 861 6L1 1444 awr  91'c €0t 96 ¢IC TI9C- 685y STIT-0IT I-L1 D
99 9¢ 96 8¢ LTS 60C 960 Oov'1 €09 8 68°STY 01-8 29y d
8¢ 81 ell €S eee 9¢1 190 ¥80 I'€S 09 L8STY 8¢9 d
C el Ly 8¢ L61 LTI Iyo sS0  90¥ Lt c8'STy SOV T-or d
LT L€ 86Ty S901-SOT I-LT D

9¢ 143 90C ol 90¢ vl 9L0 oIl 09 L 128747 s-eTor d

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

118



89 99 0€T  vTT 659  I¥9  I1€T  8€v LT 1Yl 8T9Ty  61I-S'SII L-Th V
08 9L 69T LST TOL IL9 LST 9Y  ¥¥  §9I LTty S8II-S91T L-Th V
S€b  LT€ 60T  LST T60T  Te8 81T 99T 8¥T 191 9792y -t -9t €
L¥1 9 S9F 61 86l 18 L00 800 6S6 60 YT 9TH Sh-€v 79y
060 9,0 ¥80 780 Oy  Or 681 881 €59 Lv9 9LT T6E 80 €I €T9TH SU-v11 LTy V
'8 9z- 1T9TH SHE€TLID
61 L1 LT ST 9 8 €10 00 16 81 0292y 0t-6€ 9% €
pET LS 98T 6L T6L 61T €€0 L90 €TL 8¢ 61978 6€-8€ -9t €
b€l €9 ¥8T  ¥EI  SI9 06T 650 SI'l  8TS 99 81°97F 8¢-L€ 797 €
6t 1697- LI'9TH 8€-LE T-97
8T 8L 78T  6€1 619  OIE 990 LTI 80S L L1992y LE-9E T-9F 1
00T 650 L60 190 9 9 b€ L¥E  OF O OFI TEE 10 0T 91'9¥ SET-LET T-LT D
TIr s9 081 SOI 6Lk 6LT 190 SI'T  8IF 89 919z 9€-5€ 797
691 1TI 18T 10T S69 L6t 8F1 SLT S8T  FEl  69T- SI'9Ty  SLEI-9ET I-L1D
SO 89 €SI 66 I €T 90 STI  TSE 69 PI9TH Se-S'€ECTov d
€C1 L8 60T LYl S9F  8TE 080 19T S6T 06 €1'9Ty  SEE-STET9r d
LST €11 80€ TTT LIL 9IS LET 89T 08T CTTI 11928 1€-5°0€ T-97 €
$91 STl 66T 97T S99 €0S S8¥'I SLT tvT 6Tl 019CF  S0€-S6TT-9r €
8Tl SLT- 01'9Th 1€-0€ 9% €
681 871  0€€  €TC  SLL  ¥TS Syl OLT  ¥TE 8T 609Tr  S6T-S'STT9r 4
921 06 00T THI  SSS  ¥6€ LT v¥T 06T 0TI 897- 609TF  STEI-0ET 1-L1D
081  6C1 96T iz 6IL SIS IST  vLT €8T L€l 8097y  $'8T-S'LTTIv d
€91 LI S8T SO0T L¥9 SOy S¥'I 19T 18T 6Tl 80°9C 8T-LT T-9v €
P91 TZl  S€T ¥LI €29 9% ¥l 6ST  8ST L€l LO9Ty  SLT-S9TT-9v d
b1 901 €8T  $0T  0S9  69% LS LLT §LT LTI 09T STHTT-9v &
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

119



0s Ly 9101 ¥96 0rs els 670 790 'S 9¢ 148044 S¥9-¢09 -9v d

6 8LC £VITY S9C-SCTTLID

680 980 180 €S60 24! (4] ces cre  L18C  9¥91  L60 86T 91y Ol oty 9C-STTLLID
901 86 96¢ €LT 6L €L 060 £V L'L €9 [44°14% §To-¢19¢9v d

61 91 314 8y cocl  oolr  s¢€1  o¥c S¢S L0l 19ty S19-19C-9v d

80¢ 80¢ 99¢ 99¢ 0SCl  0sTl  6L1  LT'C 19Ty SEI-CEl L-Tv V

€LT 90¢ 629 SLy  L691 18CI  0S'1  L8C S¥YC vTCI 9ty 19-09 ¢-9v 4

SLT 01¢ LLY 91¢  €L91 9LTI IsT  68C 8¢C ¢TI 0¥'9¢y 19-66 T-9v 4

€60 9.0 ¢80 680 TSI 6L  TSTI LY9  SL6T  LESI 10T 661 €8y L6 0¥9cy €CTCTLL O
8¢Cl 9S°LT- 0¥V9Ty 19-09 T-9v 4

LEE 0¢€c 819 acy LT oIl 991 68C L1t vl 0¥'9cy 09-6°6S T-9v 4

79 LT 8E9TY S1C-0CCTLLD

L6L 865 ¥9¢ €LT L6l 868 L€CT Sv'C  0SCT  8VC LEITY SLSLS TIv d

L6L 9¢9 ¥0¢ €91 0¥0I 0e8 €€C LTC TOT 1'8C LEITY LS9S T-9v d

9 [4%14 Ive 6vc  09¢1 Ic6 10C +v9C 69T 8CC 9¢9¢Y 96-6¢ T-9v d

LES 98¢ 96¢ ¢8C ovSI  ¥IIT  8L'1T 08C I8 S6l ceoTy SS-vs 9 d

L9¢€ 68¢ 8¢S vey  L9S1  ¢secl TS ILT  TIT S9I 14047 ps-ecTov d

06 SLC €E9Ty SOI-STC-LTD

1233 96¢ Ley ¢9¢ 9celr  LOIT  Lv'I  9SC €91  T9I €e9ty €sesTor d

8Y¢ 16¢ 8¢€ €8¢  SeCl €0l LST  8ST €91 S91 [43°1474 ¢S-SIsTor d

60 €80 180 %60 IT1 6 9LE 01¢ SIL 886  L80 TSI L'LI 'L 0€9¢y (A ANA/ARG)
ST LLST- 08°9Cy 160897 d

€L 0L 1494 44 L99 w9 9¢T  0CY 8¢ 0OVl 6T 9y 0CI-611 LtV V

98C Ve 8TIY STI-0I CT-LTD

(44! LTI 9LI1 LST Sey 68¢ 680 SE€T L0l VL 8C9ty 6vV-Lv T9v 4

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

120



81 ¥8 YOSk LS61  €1Ty  S¥6l 660 01T  8€S S0l $9°9zF $8-¥8 79 4
VLT 08 OpLE  €TLL  €¥Ty  TS61  S60 90T  0FS  TOl ¥9'9Y ¥8-5'€8 79t €
181 6L SL8y €€1T TSP  F061  ¥60 96T €95 S6 €99TF  S'€8-ST8T-9v &
€6 61T €99 $'Op-S¥ TXLI O
191 9L SIIE 891 vL8E T8I ¥60 €0T 6TS 16 99tr  ST8-SISTor d
PSS 9€91 €791 €2 6IS  #F0 880 80 TSI 799y SI-¥1 1-€F V
LOT 69LT- 09°9TH 18-08 T-9% €
891 18 LTT€  LSST  6T0v  t¥6l 00T 1T SIS T6 09°92¥ 08-S'6L T-9% €
€81 08 S6Tv 6L81 €ITh  €¥81 160 681 €95 96 659Tr  S6L-S'SLT-9v €
L0T  8T- 8§°9TH STH-07 T-L1 D
981 98 9€IE €SI 0TI¥ 6061  L60 ¥OT LES L6 859Ty  S'SL-S'LLT9v 4
00c L8 9€Th 6€81  8TEY 6L81 960 €61 995  T6 LS9TY  SLL-S9LT9v g
6L1  S6 08I 8891 LS9E Iv6l LOT LTT 69F O11 $$°9Th SL-vL T9v
060 060 ¥80 960 LTI  LL 96LT 0891 0TT€ S€61 €60 88T 66§  t6 ¥S9TH $-¥ MODTH V
$81 86 6897 STyl SL8€  +SOT €Il 9€T  OLy SOl bS9TH bL-S€L T-9% €
981 96 8€LE STO6I  9I8E  S961  vO'T  1TT  S8F  F0I €5°9TF  SEL-STLTOV E
I'6  LLT- TS9TH $SEFETLI O
881 66 LS6E 80T 108€ 00T 801 LTT €Ly L0l w9ty STLSILT9vd
68 T8LT- 0S'9Th 1L-0L T-9% €
61 ¥6 8TET  6EIl LTOY OL6l  OTT T  I'IS 86 0S'92¥ 0L-S'69 T-9% €
181 68 S60€ 6IST  I9¥€ 6691 10T  SOCT 60S  T6 6V'9Tr  $69-5'89 79 €
901  8T- 8¥9TH $IE-0€ T-L1 D
¥61 L6 STIE 09SI  86E€ 9691 60T 81T 10S 66 89Tk $'89-L9 79t 4
95T 201 ¥E¥T  06ST  1¥8T 9S81  CTI 19T L¥E 611 Ly9Th L9-99 T-9¢ €
8¥1 96 9vpT T8ST  66ST 1891  6I'l  I¥T  €SE Tl S oTH 99-5'49 9% €
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  Togmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

121



89 PpeLT- 069TY IT1-011 ¢-9% 4

(453 S6 LOL SIc  §sSC LLL 890 ITT 969 9 68°9¢Y S'601-601 ¢-9v 4
8LT L6 896 861  11¢CC 0LL 990 LT'T TSS9 0L 68°9CY 601-801 T-9% 4
€6'0 080 L8O L8O  79¢C L9 018 80T  €¥9C 6L9 850 II'T  €V¥L Sy 88°9¢y [L-0LCTLTD
8v  C'LC- 889Tv SIL0LCTLTD

99¢ Y0l €89 L9T 9661 08 vLO 6I'T 609 08 L89TY 801-¢901 ¢-9v d
LE [43 0SI 6cC1 0re L9  LTO 8Y'0 6°¢l 6'C ¥8°9¢Y SOI-s'c0r 9% d
93 33 €0¢C 161 (34% 91y  1¥'0  S80 09 (34 €89y ¢eol-cor cov d
8% 8¢ 1413 ¥9¢ ¥9¢8 Ics €50 €I'1 9L 9¢ 1879y ¢01-6°001 ¢-9v 94
v'8 96°LC- 089TY 101-001 9% 4

<9 123 €59 9% 666 ye8 680 681  S91 6’8 08°9¢Y S'001-66 ¢-9v 4
99 LS YSL 1S9 1111 656 101 9I'Cc L€l 901 6L9CY 66-5'86 C9v
8¢ 87 8¢9 9¢s 986 el8 ¢80 8T  9LI 98 6L°9CY 66786 T-9v 4
6L L9 9L9 9LS 9SC1 ILOT 80T OFCT 8VI S1I 8L 9Ty ¢'86786 C9v d
0Tl 6'LC 8LI9TY S19-09C-L1 D

86 98 8801 ¢s6  TeLl  SISI I€r v6c  SCl 8¥I SL 9Ty $66-56 T d
€01 88 60F1 LOTI SO6l CT€91  9¢1  +v0€ ¢€¥l TVl SL 9Tty S6-v6 T d
eel 01 1681 Syl €evC 6881 <Vl 91’ 9¢€C  8¢I YL 9Ty v6-£6 T-9v 4
6¢l1 99 0L0v 6c6l ¥SPE S¥OI €60 00T  ¥'CS e 6L ELITY C96-SST-LID
8¢C1 ¥8 €6lC 8evl  6L9C LSLT  ¥CT1 6LT tvveE  0¢l €L’ 9ty €6-5C6 C9v d
¥91 LL 1SO0¥ L6881  €98¢ 6081 +60 +v0C T¢S 90l 0L9CY 1668 ¢-9v 4
VIl €L°LC 0L9TY 1606 ¢-9v 4

(43! SL 810¢ wovl  6ILE I¥81 660 ICC S0S 901 699y 68-88 T-9v 4
68 6LC 899TY SIS-0SCT-LTD

€Sl I8 vele 991  16S€  9L81  vO'I LTT TLY T'11 L99TY 88-698 T-9v 4

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

122



L L L18 LI8 0SOT 0sOI 20T  €¥C vI'LTY 89799 I-ev V

(44 €l 9001 ¢S 196¢ ¥81  SI1'0 600 8¥6 'l erLey  SEel-¢Tel Tor d
€Ce €l 908 Ly 9tcee vl S1°0 90 TVo6 I'l ULy STEl-SIel Tov d
ele 81 969 oy €IsE 0T S1'0 LTO €6 vl 1Ly SIEl-Ier ¢ovr d
¥0€ 61 798 vS  C6¢EE clc L1T'0 080 8¢6 Cl 1Ly [€1-0€1 T9¥ 4
§9¢ ST 9L0I 19 IpLE ¢l S10 8C0 €76 €1 or"Ley 0cI-6CI T9v 4
68¢ 61 998 LS 6£S¢ €eC 610 €€0  Pv'E6 91 60°LTY 6CI-8C1 797 4
1474 94 €9L L €91¢ Ire  $20 9¥'0 T06 0¢ LO'LTY 8CI-9CI T-9v 4
S6¢C Ly IvL 81T 9¥8¢C €Sy 8¢0  ¥LO  T'P8 (43 90°LCY 9CI-SCl 97 94
96¢ IS €9 ITT  TS8T v Iv'0 T80 8T8 8¢ co°LTy SCI-¥CI 97 4
10€ 9¢ 689 8Cl  ST8T ¢es  S¥0 980 VIS8 'y €0’LTy YCI-ccl 97 4
LLT 09 €29 el 68SC 19¢ 80 T60 €8L Sy LTy -1l 9% 94
143 <9 €CL vrl CT9LT 0SS Lv'0 L8O 108 9v 10°L¢Y IC1-0CI ¢-9v 94
9Yv ov'LC- 00°LTY IC1-0C1 ¢9v 9

96¢ 19 00L vrl  8C8T 8S  8Y0  T60 VoL Sy 00°LCY 0cr-611 ¢o9v d
L8T L9 9279 91 0T8T 8¢9 S0 LOT  L9L 9Y 66'9CY 611-811C-9v d
90¢ L9 919 el vI9C €LS  8¥0 880 I'8L s 869¢Y II-S'LIT 9% 4
LTE SL ¥09 eyl 80LC v9 €50 10T €9L I's L69CTY SLII-LITCT9% 4
980 8L0 €L0 160 SYe SL LLY  9F1  6ECC L89 090 90T €69 8¢ 969y v I-ev vV
LTE (4] 8¢9 091  1L9C 0L9 650 OI'T 6¥L 9¢ 69ty SCII-SIT 9% 4
X43 76 0L9 161  96SC oL L90 LTT SIL ¥9 69ty SII-vIT 9% 4
143 v6 (42 ¢8I 059¢ Y9L 690 ¢l TIL L9 €69y YII-SCIT 97 4
Oy L'LT €69TY S9L-SLTLTD

99¢ (4] 918 IS¢ 8LTC oL 290 II'T  T69 L 69y SCII-STIT 9% d
LTE €6 €€9 081  9LST L 090 Tt 9IL 69 16'9Cy STII-IIr 9% 4

tod o4 Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (onm) (%m) (%M) (%) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

123



86¢C Iy 08v 99  €£66C [s€  C¢€0 850 €98 8¢ YeLTY 9 v eovd

LTT 6¢C €5¢ Sy SpeC 66C  STO LYO  €L8 9°¢ eeLTY reeord
€81 14 ocy €¢  S¢€6¢C ¢cc 810 TEO €76 vl ceLTY eceard
SLI 8 0¢s €C  8LSE yor  CI'0  CC0  ¥°S6 'l 1eLey clreovd
€81 6 6¢CS 9C STLT ver  ¢ro 610 I's6 'l 0¢Ley -0¢-9v4d
€1 SELT 6TLTY -0¢-9v4d

L6 9 1443 0c 110C ver 010 610 8¢6 01 6C LY 6v1-S8Y1 T-9v 4
991 6 Sty € Slce 0cr ¥¢0 610  9¥6 80 8CLTY SYI-LY1 T-9v 4
€Sl L Sly 61  00vC orr  v1'o 910 %56 L0 LTLTY LY1-9v1 T-9v 4
X44 L 9cL €C  6LEE LOT €10 9I'0 896 90 9T LTy II-Sv1 T-9v 4
9L1 9 9¢¢ 61  868C 66 €10 SI'0 996 60 STLTY Svi-vv1 ¢-9v 4
961 8 6¢S C ovve 00I 610 910 656 S0 YT LTY Yri-evl 9% 4
S60 €80 L8O 060  6SI 65 99¢ 9¢l  Ccoe  vCIl  6L0 SSTT 879 6'¢ eCLY 901-S0T C-LT D
860 €L0 080 060 881 0¢ 994 ¢cl 8¢ol 0cs IS0 60 TEL Sy €LY SOL-SLI-EVV
Iel 9 ILE LT SEeT LOT  ST'0  SI'0 %56 01 €LY evi-crl ¢-ov 4
eel 9 8LE LT TTee 001 ¢C0 910 SS6 'l LY ri-1v1 9% 4
¥0¢ 6 99¢ S¢  +09¢ SIT 910 LI'O 966 60 1LY Iv1-0v1 9% 4
01¢ 6 els ¢ 0SLT I 910 6I'0 L'S6 Cl 0CLey OrI-6€1 T-9v 4
G81 8 €29 LT 806C 9¢1  LTO 0CT0 L'S6 80 61°'LTY OrI-8€1 T9¥ 4
961 8 989 8C 980¢ 9¢I  LTO IT0 6°S6 01 61°'LTY 6€1-68E1 T9¥ d
9¢¢ 4! 1SS 8C  ££8¢C vl S1°0  €C0 676 [ I'LTy  S8EI-SLETI TV d
1743 14 S8L ve  69¢€ vl €10 CTC0 L'S6 'l LU'LTYy  SLET-S9e1 T9v d
€ce el v€9 LE  PSSC 6vl €10 €0 Tv6 vl or'Ley  S9Ll-¢sel cov d
0€¢ cl o 8y vI0¢ LST €10 €T0 816 60 SULTYy  SSEI-SPel To9v d
I1C €l 0Ly 6C 119¢ 91 €10 €70 8¢6 I'l PI'LCY  SYEI-SEel T-9v d

tod - °d TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguyum oW oW Uz uz WA\ A k| v J o) D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

124



06 9L 789  €LS 6101 9S8 6TT 65T 091 66 65LTh  S0E-S'6T €-9v €
96 TST- 6SLTh 1€-0€ €-9¢ €
06 9L 826 S8L €9ST TTEl ILT o€ ¥SI vl 9S'LTY 8T-S'97 €9 g
01 8L €86 ISL 6¥81 €I¥l 791 TSE  9€T €Tl SSLTY  S9T-SSTEIr A
88  SL  0€6 €6L TISI 68T 99T Ov'E  8Fl 601 SS°LTh LT-ST €97 4
811 18 vv01  ¥IL  9L61 TSEI 8y’ TTE  9IE 9Tl bS'LTh $'ST-STE9r g
$91 L 8LZC  ¥6 TI0 610 6S6 SO bSLTY LOT-90T 1-€7 V
8TI S8 SEpl  TS6  991T L€yl 8€T  €0€  L€E LTI bSLTY $'ST-sETeor d
091 9L 900Z €56 96T 8O¥I 00T 91T ST 16 I1SLTy 1T eor d
€L1 89 1887 S8EII  €S¥E  19€1 €60 €61 909 L 0S'LTh 12-0T €9% &
€L 98'LT- 6LV 12-07 €9
T61  ¥L  T6ST 0001 69€E 00T 060 8T  FI9 08 6t LTy 02-61 €-9¢ €
01T  $9 €91€  8L6 LSEE L¥OI 990 I€T 169  T9 8y°LTH 61-$'81 €9
¥ZZ €L 8THE  LIIL I8TE 6901  S90 TET  ¥L9  I'L LVLTy  S'81-S91 €9y &
8% €8 1€l 9%k 10I€  6€01 9.0 9ST S99 89 b LTh $SI-S1 €-9¢ g
IST SL €¥0T  TIE SI0E  T06 890 LET TOL  S9 v LTY SI-¥1 €-9% &
65C TL 899 981 9SLT  L9L 990 0T TIL S yLTh PI-€1 €-9% €
11z 97 8LF 65 €SIT  ¥9T  €€0  L90 LL8 81 WLy S-v€L1D
ISC L9 619 S9I  ¥SST 189  $90 STI €€L S WLy €1-T1 €9 4
€T S9  I8S  6¥I  ¥ekT  O0¥9 650 €T €vL IS ILey  STI-STI €97 €
9§ LELT- 6€LTH 11-01 €-9% €
0C 09 ¥TL 191 L9¥T  6¥S 0S0 L60 SLL Lt 6€°LTY 01-6 €97 €
€L 09 S6S  IEl  89ST  S9S  ¥S0  SOT  08L  L¥ 8€°LTH 6-8 €9t 4
vEC IS 69%  T01  ¥6TT  66F  8¥0 960 €SL 9% LELTY 8-L €9 g
vLZ 8§ 8K L6 00vT  80S IS0 960 SSL 9% 9€'LTY L9 €-9% &
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  ogmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

125



T 99°LT 66'LTY IL-0L€9v 4

980 6L0 8L0 L80 991 S6 16 ¢S 0I8¢  9LIT  sO'T  OI'C  6CF 611 86°LTY €CO0 L1 D
6L1 14 99L 09 899¢ 60C 810 €£€0 CTC6 S'1 v6'LTY S9-¢v9 €9 d
91¢ 8¢ (494 9L S8¥C Ley 050 8L0 VT8 ¢e v8LCY ¢ee-ese9vd

¢6'0 LLO €80 €80 161 01 Sel ¢L TSIy 80T 860 661  89F 601 €8°LTY =S¥ €L1D

L80 €S0 0L0 L90 VLT €L 0v¢ ¥9  8ELT 0L €90 9I'T ¢€¢€L s 08°'LTY SYTevrv
vel 01 S601 €8  ¥8S1 cocl  ¢9°1 Is€ I¥C 97l 08°LTY [6-06 €-9v 4

CCl 61'8C- 6L°LTY [6-0S €-9v

9¢l1 LE 0PST 069 €LIE @98 990 Tl 8CL Sy SLLTY Ly=Sv €9V 4
vLI (423333 808  CCCE 9LL 850 6I'T 6°SL (47 eL’LTY S-Sev €9v d
S0¢T 9¢  CI0I 8L1T  0V6T LIS  8Y0 160 ¥T8 Ve CLLTY sger-sreov d
861 133 856 €6 808¢ 81 Iv0 6L0 €¢8 e ILLTY STy e9v d
90¢ §3 LSS ¥8  0L0¢ 9y  I¥0  6L0 618 8¢ 0Lty I7-0v €9 4
e I8°LT 69LTY I7-0v €9 4

0s¢ 143 968 I8 0L0¢ LIy s€0 990 ¥98 8¢ 69°LTY 0¥-6€ €-9v 4
61 [43 91¢ 98  8¥LT 8Sy  6€0 SLO  €¢€8 ve 89°LTY 6€-68¢ €9v d
01T 01 14914 9  9CII S0 8CTO CCO L06 e LYLTY 0CI-6I1 -V V
01¢ [4% Sa9 SCl  §96¢ ¢ls 050 260 008 Le oLty 9¢-¢see9rd
0¢ 1374 €5¢ 8IT  86¥C €es €60 TO'lT L'8L 6'¢ v9'LTY gee-Sreeord
10¢ 6¢ S0s 86 ¥IST 06t 870 680 908 8¢ oLy Sre-ceeeord

180 €¥'0 <L0 8¥0 IL1 S0l (123 vICc 6€8C CyLl 8Tl CL'C 98¢ LI 9Ly 9C-STELTID
161 6¢ €65 11 16S¢C 6CS 960 660 96L oY 9Ly gee-geeord
S6l 1374 LOS Il T16TC 90 790 660 6LL 134 19°LTY eTe-SIee9rd
Gel 197 129 LOT  8LSI 9¢¢ 190 €I'T  L99 0°¢ 09°LTY g1e-soceovd

tod - od TPd O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3oT)

\EOHM \EDHM \Eom \EOHM
Sour S0 qeo

Pogmoynm  oguynm oW oW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

126



1s¢ el 8ylvy  9¢0C  CO9% e6sTcc 10T LOCT 605 8T IL8CY Yyy-SCv v-9v 4

65¢ 9CI  €LLE  €€81 €98y LITC €60 961 VIS 9Tl 0L8¢Y v v-9v 4
€el 99C- 898y -0 +-9v 4

LeT 9T SO0LE €L6l  669v COST  LI'T  6¢€C 89F STl €98y SE-SYevord
943 S¢Sl SSL 09¢ cere  covl  LI'T  9I'C €TSS 9l 658¢Y 8E-LET8ID
LTT €TLT  8S8TY 1€-0€ ¥-9v 4

9¢¢ €Il 86S¢ ITLI I89% 6¢CC 660 90C CTCS VI €58y ST-SYeyord
€6l 66 LYCC 0911 LITY LLIT $6'0 LOT ¥8F LOI 6¥'8¢Y SO1-001 T-ev V
€Tl 6L°LC- 8¥V8TY 12-0C v-9v 4

881 66 S0€€ BELI €LTy LYIC 660 COT VLY YOI 144 4% 91-¢S1 v-9v d
L1 v'LT- 8E8TY I1-01 ¥9¥ 4

6¢CC 611 €Ise LT8T 6CLY e6SvC 101  €I'C 08y 97l ce8Ty 89v-9v d
[4¥4 901  PILE LS8T 06V S¥CC  C60 961 005 97Tl €8y v v-9rd
€Tl ¥6'9C- 8T8TY -0v-9v d

'S LS'LT- LT8CY 66786 €9V 4

€S IS 608 LLL  LYPIT  COIT  8LO  L9'1 6°¢ 88 T8y L6756 €9V
¢ L6  ¥¥91 8¥9  6¢0¢ 8611 860 €81 909 6 T8y € 1-81D
9 LS <09 ves €6l T6Il L8O  86'I 6L 98 YT 8¢y §C6°56 £9v d
vCl CLLT- 61°8CY 16706 €9 4

v6 v6  SSTI  SSTIL  9LLT  O9LLT  SI'T €97 81°8¢y Ywtr v v
€8 69 658 9IL veel  CIIT L60  CTI'T L9l 6'8 SI8cy L8-S8 €9V d
980 990 <CLO0 6L0 191 86 198 97 60I¢ 8681 601 OFC 68 67l SI'8cy -6 Cev vV
L80 650 9L0 L90 G81 el 48 ere  9¢I¢ L6l  SO'T 081 68 0OVl 11°8¢h 91-S1DO-LT D
¥9¢ ¥9 196 9¢l  S68C L ¥90 €T 8SL 0°¢ €0'8¢y VL-SEL €9V d
001 00T $90T ¥901 CE€91 TE91  €CT1  08C c0°8¢Y 89T TV vV

tod o4 Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (onm) (%m) (%M) (%) (%)  (pow)  (8STI-L0T 3T)

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar o[dweg

panunuod ¢S ¢ dqeL,

127



LLT ¢cl €96 O€Il  6S8¢  T0LT  SO'T  €I'T  6°SS 06 Sy ety 81911 ¥9¥ 4

0¢ LE Ol 0T 6¥8¢ 8¢S €€0  IL0 STI8 €e 6¢°6CY 6E-LEC VY
CLI 901 86¢C o6LYI 6VLC S691  SI'T  9v'C €8¢ 76 6¢°6CY ITI-S0IT ¥-9v 4
YOl ILLT- 8E6ly ITI-01T 9% 4

Y44 0cr  celc LO9IT Ssve  O¥8T  OI'l TvC  89F 101 0c6cy C01-S' 101 ¥-9¥ 4
66 ¢€69C 8TOCY 101-001 ¥-9¥ 4

1143 €51 VLL 0LE 9S6C VIV It soc <Tc¢s 801 [ XA Y4% €6-5C6 9 d
1743 S¢Sl SI8 ITe€ 1.8C 8Lel  +vO'T  S6'T 0TS LTI gL ecy 16768 -9 4
901 8L 6cy 16-06 -9 4

86 I8  CIO0Il 9¢8 SvL1  Ivvl 6L  16'C VLI 6°¢l srecy ¥6-€6 1-81 D
LL 8¢ 881 89¢ 0¥6 60L LLO  ¥9T 9T L9 orecy ¢T8 18V 9 d
6 6 0SS 0¢s T0Cr 10Cr  ov'l  6l't 90°6¢Y Lyeerv
¢80 vL0 CTLO ¥80 I8 0L Leel LIl LTT  89C €%l 0TI v0'6CY eTeerv
0cCI 0cI L06 L06  SSST  SSST vv'I  OI'¢ 00°6¢Y 9CI-VCl TEv V
G81 66  OvII 019 98yC 0cel  oI'l  €¥T S9F ) 66'8CY SILILYy 9% 4
GCl L6°LT- 86'8TY [L-0L V-9V 4

(174 €0l v8l ¢6L  sTce 98¢l S60  S61  0LS 6L S6'8¢Cy ITI-6I1 CT-Ev V
Sl 8¢~ 068¢Y 18-08 €-9v 4

80¢C 68  CLol 978 ¢€8C CICl 60T 00T  €LS L'L 06'8¢Y 9-S' 19 v-9v 4
78 LT 888TY 19-09 +-9¢v 4

Syl I8 9L61 €OIT I8LC €SST  LI'T  S¥T  CTvy  ¥01 £8'8Cy 2919 1-81 D
vl I pedl LL6 6861 SLST  vE€1 68C 80T SCI 18°8¢Y Y-S v-9v 4
TSl ILLT- 8LBTY 16-0S ¥-9v 4

€6'0 L80 T80 001 14¥4 611 8ICy vseC TSSy  Ovsc ITT  0¢CT Tvr  T'I1 9L'8¢Y SOI-00I C-ev vV

tod - od Tod O (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (om) (%m) (%M) (%m) (%)  (pow)  (8STI-L0T 3T

\EOHM \EDHM \Eom \EOHM
Siour S0 qeo

Pogmoynm  oguynm oW OW Uz uz WA\ A k| v J 0] D@ Wdeg ar a(dweg

panunuod ¢S ¢ dqeL,

128



L IS 6€9  0SF 956 €9 I€T 09T 96T 0l 86°6T LSt T-81 0
€80 LS80 TLO 660 ¥0T 96 STTT €HOI  96€€  €6ST  9L0 6¥1 1€ LS 16'62F 06-5'88 €-€v V
L'L €6'LT- 08°6Th 18-08 t-9t €
€81 86 ¥L8T OVSI 1€s€  T681  9I'l  9€T  ¥9F ST SL6TH €0-7CT-810D
780 180 SLO 680 L6  ¥L T8 I¥k  ¥96  0€L 8L0 LYl €+ €L 11628 0L-$'89 €-€v V
86 L6'LT- 8S6TY I€1-0€1 ¥-9% €
611 88 LSTI  6T6 T8l L€l SST  9€€ 197 €11 ¥S'6Tr  S'9T1-9TI 49y €
LTI 9L 8L61 08I 66LT OL9T #0'1 LI'T €0 601 0S'62f 0€1-621 1-81 D
$6 €8LT- 8Y6Th 121-021 ¥-9% €
¥9T 911  6SE€T  8€01  I#8€ 0691 80T SI'T 095 S8 9t'6Th 611-L11 9% &
ol 2L T 2 (wdd) (wdd) (wdd) (wdd) (wdd) (wdd) (o) (%) (W) (am) (%) (9w (8STI-LOTFOD)
Fogmoynm  ogmm  ON  ON Uz Uz A A v ™™y My e wdeg ai drdwes

panunuod ¢S ¢ dqeL,

129



Chapter 4

Observed global distributions of organic carbon burial versus carbon-isotope-based
model estimates during OAE2: Quantifying the missing sink
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ABSTRACT

The Cretaceous experienced numerous global and local perturbations to the
ocean-atmosphere system, especially during periods of widespread organic-carbon burial
known as oceanic anoxic events (OAEs). The best documented OAE in the geologic
record is the Cenomanian-Turonian boundary event (~93.9 Ma), or OAE2, which has
the widest global distribution known for an OAE—with reports from ~120 sections.
Despite the large number of locations, the majority are found within the proto-Atlantic
and Tethyan oceans and interior seaways. The pervasive increase in organic carbon (OC)
burial during OAE2 drove carbon isotope values more positive (2 to 7%o) due to the
low 8'*C values of the OC. Because these isotope data allow us to constrain the global
mass of OC burial, even for unstudied portions of the global ocean, we can solve for
any ‘missing’ OC sinks by comparing our model estimates with the known distribution
of OAE2 sediments and their organic contents. Specifically, we compared the known
spatial extent of OC burial with our results from a forward carbon-isotope box model.
Our mapping of OC burial requires knowledge of the average total organic carbon (TOC)
contents during the OAE and sedimentation rate for each locality in-order to calculate
OC mass accumulation rate (MAR). Importantly, localities with high TOC but relatively
slow sedimentation rates record low OC MAR and vice versa. Using the known OC
distribution and reasonably extrapolating to analogous settings lacking data allows us
to account for only ~13% of the total seafloor, mostly marginal marine settings. This
‘mapped’ distribution accounts for 4.04 x 10" g of C or an isotope excursion of ~2%o
using modern fluxes, which means that 13% of the OAE2 seafloor buried more OC than
the entire modern ocean combined. Additionally, conservatively adding the modern OC
MAR, for appropriate deposition settings, to the unknown portions of the OAE2 seafloor,

mostly deep abyssal plain, can minimally accounts 5.02 x 10" g of C or 4%o excursion
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using modern fluxes. Therefore, the OC MAR estimated using known localities and
estimated OC burial for unknown portions of the ocean can account for a 4%o excursion
using modern carbon fluxes, similar to the observed carbonate carbon isotope excursion.
This suggests the mapping distribution can account for nearly all of the OC buried during

OAE2 unless carbon fluxes were dramatically different during this event.

INTRODUCTION

Extensive deposition of organic-rich facies was common throughout the Mesozoic
era; highlighted in the Cretaceous, these time intervals have aptly been named oceanic
anoxic events (OAEs) (Schlanger and Jenkyns, 1976). The Cenomanian-Turonian
boundary event (93.9 million years: Ma), or OAE2, is the most extensively studied of
these events, with reports of elevated organic carbon (OC) deposition in multiple ocean
basins (Indian, Pacific, Atlantic and Tethys oceans) and under various paleo-water depths,
paleolatitudes and depositional conditions (Arthur et al., 1987; Jenkyns, 2010; Kuroda
and Ohkouchi, 2006; Schlanger et al., 1987; Takashima et al., 2006). Due to the enhanced
burial of organic matter, which preferentially buries isotopically light carbon during these
OAEs, there is a coeval positive carbon isotope excursion (Arthur et al., 1988; Schlanger
et al., 1987; Scholle and Arthur, 1980). Importantly, the positive carbon isotope excursion
is observed in all carbon phases: organic-C, carbonate-C and terrestrial OM (Hasegawa,
1997; Jarvis et al., 2006; Jenkyns, 2010; Scholle and Arthur, 1980). The magnitude of
this excursion ranges between 4 to 7%o, with the average carbonate hosts recording an
excursion of ~4%o, and organic-C records showing larger excursions (Erbacher et al.,
2005; Forster et al., 2007; Jarvis et al., 2006; Jenkyns et al., 1994; Kuypers et al., 2002;

Schlanger et al., 1987; Tsikos et al., 2004). The latter is interpreted to reflect a changing
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net fractionation between organic matter and inorganic C over the course of the event

due to declining atmospheric pCO?2, although varying this parameter only does not
perfectly reproduce the observed 6'°C trends (Kump and Arthur, 1999). Also, much of the
813Corganic variation recorded globally can be corrected for with paleolatitudinal sea surface
temperatures due to increased fractionation at lower latitudes (van Bentum et al., 2012).
This pervasive OC burial during OAE2 is thought to be the result of einither enhanced

productivity, increased anoxia or a combination of these two factors (Barron, 1983;

Kuypers et al., 2002; Schlanger et al., 1987; Schlanger and Jenkyns, 1976).

OAE?2 is characterized by an overall warm climate recorded in proxy records
for elevated temperatures (Huber et al., 1995; Jarvis et al., 2011; Jenkyns et al., 2004;
Jenkyns et al., 2012), as well as high pCO, (estimated to be 2-8 times higher) (Barclay
et al., 2010; Berner, 2006; Takashima et al., 2006) and increasing sea level (Haq et al.,
1987; Jarvis et al., 2001). However, the evidence points to some climatic cooling during
the OAE, which has been attributed to the widespread burial of OC and a concomitant
decrease in atmospheric pCO, (Arthur et al., 1988; Barclay et al., 2010; Jarvis et al.,
2011; van Bentum et al., 2012). Sustaining enhanced productivity, export and burial
of organic carbon throughout the ~500 thousand year (ka) event (Kuhnt et al., 2005;
Sageman et al., 2006; Voigt et al., 2008) requires increased delivery of nutrients (e.g.,
N and P) and bio-essential metals (e.g., Fe) to the surface ocean. Increased seafloor
spreading rates, increased weathering (Blattler et al., 2011; Blumenberg and Wiese, 2012;
Flogel et al., 2011; Jones and Jenkyns, 2001) and/or enhanced phosphorus regeneration
under oxygen-deficient marine conditions (Kraal et al., 2010; Mort et al., 2008;
Nederbragt and Fiorentino, 1999; Ozaki et al., 2011; Van Cappellen and Ingall, 1994)
have all been implicated to explain enhanced nutrient delivery. Estimates suggest that

the Cretaceous did experience elevated seafloor spreading rates and generally increased
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volcanism (e.g. Kerr, 1998; Snow et al., 2005; Turgeon and Creaser, 2008), which could
explain the evidence for high pCO2 concentrations (Barclay et al., 2010; Berner, 2006;
Takashima et al., 2006) and may have fostered high delivery of bio-essential metals to
seawater, such as iron. An important consideration, however, is the difficulty in moving
large amounts of dissolved and other bioreactive forms of iron under both oxic and
anoxic-sulfidic (euxinic) conditions (Owens et al., 2012). Modeling suggests increased
phosphorus delivery from rising sea level over the course of the Cretaceous and peaking
during OAE2, but this effect cannot account for the enhanced carbon burial during this

excursion (Bjerrum et al., 2006).

Traditionally, the widespread distribution of organic-rich sediments has been used
to infer regional and even global extents of anoxic deposition, which can enhance organic
preservation (Kuroda and Ohkouchi, 2006; Monteiro et al., 2012; Schlanger et al., 1987;
Takashima et al., 2006). Numerous geochemical proxies have also been applied to OAEs
to independently constrain local anoxia and/or euxinia, such as Mn/Ca and 1/Ca ratios and
trace metal geochemistry (Brumsack, 2006; Hetzel et al., 2011; Lu et al., 2010; Owens
et al., 2012; Pearce et al., 2009; Turgeon and Brumsack, 2006; van Bentum et al., 2009),
including evidence for photic zone euxinia based on organic biomarker data (Kuypers
et al., 2002; Pancost et al., 2004; Sinninghe Damsté and Koster, 1998; van Bentum et
al., 2009). Nevertheless, during OAE2 the documented global evidence for local redox
conditions remains poor—especially in the Pacific, Indian and Arctic oceans. Modeling
of OAE2 using available geochemical data suggests the global extent of anoxia was up to
~50% (by volume) of the ocean, which implies the maximum possible extent of euxinia
was ~50% by volume (Monteiro et al., 2012). Uranium isotopes suggest a 3-fold increase
(up to 40% of the seafloor) in reducing (anoxic/euxinic) environments (Montoya-Pino

et al., 2010), while S isotopes suggest ~5% of the seafloor was euxinic (Owens et al., in
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review-a). The global pervasiveness of reducing conditions has a dramatic effect on the
trace metals availability (Reinhard et al., 2013), with decreasing values documented at
several localities during OAE2 (Hetzel et al., 2009; Owens et al., in review-a; Owens et
al., 2012; Turgeon and Brumsack, 2006; van Bentum et al., 2009). These lower metal
concentrations may directly affect the nitrogen cycle (Anbar and Knoll, 2002; Bellenger
etal., 2011; Reinhard et al., 2013) and thus levels of primary production. Importantly,
organic carbon preservation is also tightly coupled to sedimentation rates (Henrichs and
Reeburgh, 1987). For example, the modern ocean buries ~90% of the organic carbon

on continental shelves, which have higher sedimentation rates yet represent only 17%
of the seafloor (Berner and Canfield, 1989; Burdige, 2007), although other factors also

contribute to this relationship.

Understanding the global extent of carbon burial throughout the Phanerozoic
has important implications for time-varying levels of atmospheric O, and CO, (Berner
and Canfield, (1989). While estimates are traditionally tied to C isotope trends for
seawater and associated modeling (Gill et al., 2011b; Kump and Arthur, 1999; Kuroda
and Ohkouchi, 2006; Kurtz et al., 2003; Owens et al., in review-a; Wortmann and
Chernyavsky, 2007), Berner and Canfield (1989) took a different approach, which is
similar to the method employed here. Specifically, they estimated carbon burial based
on average TOC contents and abundances for each sedimentary rock type for given time
interval (e.g. Ronov, 1976). This method allowed them to reproduce the results modeled
from the long-term carbon isotope curve. Because their focus was long-term estimates
for atmospheric composition, they ignored short-term episodes such as OAEs—our
emphasis. We have constructed a global map of known OC MAR during OAE2 based on
extensive literature reports of the sediments spanning this interval. We then extrapolate

these data across unknown portions of the ocean proximal to the available data and of
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similar depositional setting to estimate the carbon burial across this event contributed
from these settings (similar to the modern study of Jahnke, 1996). By comparing our
isotope model and the mapped distributions of TOC in OAE2 sediments we can predict
the magnitude of enhanced organic burial required elsewhere in the ocean to explain the

observed carbon isotope excursion.

METHODS
Estimating global carbon burial from known sediment distributions

To calculate the global carbon burial during a perturbation we must first calculate
the average OC mass accumulation rate (MAR; g/cm?*ka) for given locations. This
requires an understanding of the local sedimentation rate (cm/ka) and the rock density (g/
cm?), as well as average total organic carbon content (wt% TOC). Mean sedimentation
rate over the duration of the event was calculated from the reported thickness of the
section during the OAE and using an estimated duration of 500 ka for OAE2 (Kuhnt et
al., 2005; Sageman et al., 2006; Voigt et al., 2008). Any errors in our estimated duration
of the OAE will not change our conclusions because we use the same estimate in our
isotope modeling approach. For each section, the sediment thickness of the OAE was
determined using the positive 6'3C excursion expressed at each location in organic
and/or inorganic carbon (both data types are not always available). The initiation and
termination of the event are defined by the initial rise above pre-event baseline values
and the subsequent return, respectively. The calculation assumes a constant rock density
(g/cm?) of 2.4, rather than the ~2.7 value of common silicate and carbonate minerals, to
account for the generally high TOC contents of OAE2 sediments. This difference will

have a minimal effect on our final results. Unfortunately, numerous OAE2 sections were
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excluded from our compilation because they lacked either TOC data and/or the 6 '*C data
needed to determine the thickness of the interval. It is important to note the average TOC
values may include land-derived terrigenous OM. We did not discriminate among organic
types because of our overall goal to quantify the total amount of organic carbon burial

during the event and its relationship to the carbon isotope excursion.

To best reproduce the global distribution of sites documented to contain OAE2,
we used PaleoAtlas® for ArcGIS® and PointTracker® to reconstruct the most accurate
paleo-locations (latitude and longitude), which converts modern GPS locations (some
estimated using Google® Maps) to ancient locations through know plate movements
over 90 Ma (Scotese, 2008). The average TOC, sediment thickness for the OAE,
sedimentation rates and OC MARs for each polygon can be found in Table 4.1. Polygon
estimates are the average for a given area based on individual data within that area
extrapolated to define broader depositional areas around those points, as dictated by
similar paleo-water depths. Therefore, the polygons represent areas with inferred similar
depositional environments. For example, numerous sites located in marginal marine
settings with similar OC accumulation were lumped together to define a polygon average
and were then extrapolated to similar environments, but the extrapolations did not extend

to the deep ocean (with the exception of two polygons [discussed below]).

Carbon isotope model

A forward box model of the global carbon cycle was constructed to explore
the dynamics of the carbon isotope excursion and specifically to quantify the inferred
changes. Initial boundary conditions were prescribed, and individual parameters were

perturbed to recreate the observed isotopic trends.
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The following time-dependent expression was used to model the isotopic
composition (see Gill et al., 2011b; Kump and Arthur, 1999; Kurtz et al., 2003 for

additional details):
38, Fy(8y —8,)—F, AC

org

ot M, (Equation 4.1)

where M, is the initial concentration of carbon in the marine reservoir (DIC), and 6, is
the initial isotopic composition. The input to the ocean is the combined fluxes delivered
from continental weathering and volcanic emissions, F . These input fluxes can be
combined because their isotopic compositions are similar—defined as 3 . The output
flux, which isotopically fractionates carbon, is the burial of organic carbon (Forg), and AC
is the isotopic fractionation (isotopic difference between organic carbon and the starting

reservoir of dissolved inorganic carbon [DIC]).

The starting reservoir concentration, isotopic estimates and fluxes were based on
previously reported values and are relatively similar to modern values, which can be used
in modeling studies for the Cenozoic and Cretaceous (Kurtz et al., 2003; Wortmann and
Chernyavsky, 2007). We also explore the sensitivity of these assumptions by using an
increased DIC pool based on a CO,-rich Cretaceous world (similar to Kump and Arthur,
1999; Kuroda and Ohkouchi, 2006) shown in Table 4.2. In all the simulations, the models
start with a constant C reservoir (3.96 x 10" g of C), isotope value (1.8%o), weathering
flux of DIC (30.1 x 10" g of C per Ma), carbon isotope value for DIC (-4.0%o), OC
burial flux (6.02 x 10" g of C per Ma) and carbonate burial flux (24.0 x 10" g of C per
Ma), and the OC fractionation is held constant at -28%o (the estimated fraction for the
Cretaceous; Hayes et al., 1999). Using the model we tested the sensitivity of several
parameters to our assumptions: OC burial (Forg), starting marine concentration (M,), OC

fractionation (AC) and weathering flux (F ). For example, we transiently increased the
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PO hicknesn) TOCTHES) e (omka)  @emka b CoREHGME®
0 33.00 3.45 6.60 0.55 321832.39 0.09
1 265.00 1.25 53.00 1.59 828253.33 0.66
2 533 1.75 1.07 0.04 3456907.59 0.06
3 0.40 3.00 0.08 0.01 2343545.64 0.01
4 142.00 0.50 28.40 0.34 556974.70 0.09
5 12.00 5.40 2.40 0.31 578957.58 0.09
6 3.92 3.83 0.78 0.07 850267.65 0.03
7 0.85 7.04 0.17 0.03 738146.22 0.01
8 1.20 22.00 0.24 0.13 359953.07 0.02
9 0.60 1.60 0.12 0.00 599027.90 0.00
10 10.10 3.00 2.02 0.15 930590.49 0.03
11 2.50 1.00 0.50 0.01 1668936.37 0.01
12 0.40 9.00 0.08 0.02 627837.91 0.01
13 0.50 10.00 0.10 0.02 197177.14 0.00
14 21.00 1.13 4.20 0.11 415475.31 0.02
15 1.50 1.20 0.30 0.01 889736.40 0.00
16 1.67 6.37 0.33 0.05 658047.25 0.01
17 3.50 1.00 0.70 0.02 6876749.12 0.06
18 0.50 5.80 0.10 0.01 1125386.03 0.01
19 0.27 4.93 0.05 0.01 1985945.90 0.01
20 1.15 8.45 0.23 0.05 274292.96 0.01
21 2.43 24.37 0.49 0.28 631721.01 0.07
22 31.75 8.13 6.35 1.24 295526.35 0.18
23 4.95 5.44 0.99 0.13 247139.57 0.01
24 35.00 3.50 7.00 0.59 674864.42 0.20
25 7.00 1.25 1.40 0.04 2332860.87 0.05
26 15.00 0.50 3.00 0.04 935546.60 0.02
27 124.00 4.00 24.80 2.38 1708641.18 1.84
28 0.25 9.60 0.05 0.01 4161175.74 0.02
29 5.00 2.50 1.00 0.06 826139.47 0.02
30 2.85 14.75 0.57 0.20 649103.89 0.07
31 6.00 3.03 1.20 0.09 577676.89 0.03
32 40.00 1.00 8.00 0.19 241822.89 0.02
33 6.50 11.61 1.30 0.36 802059.90 0.15
34 0.15 10.50 0.03 0.01 3528997.29 0.01
35 4.10 438 0.82 0.09 1242232.36 0.05
36 30.00 0.40 6.00 0.06 1943409.14 0.06

Table 4.1: Relevant data for each polygon from Figure 4.4 which includes the literature
compiled thickness, average TOC. The calculated sedimentation rate and OC MAR
were calculated as discussed in the text. The Area for each polygon was calculated using
ArcGIS and amount of OC buried for each polygon was calculated by multiplying the
area and the OC MAR average for the polygon.

139



burial of OC for 0.5 Ma (representing the OAE) with an immediate return to pre-OAE

fluxes to generate an isotopic excursion, while holding all other variables constant.

REsuLTS

Global carbon burial estimates from sediment distributions

The global distribution of OAE2 sites (Fig. 4.1) is dominated by the Tethys
and proto-North Atlantic oceans, with most outcrop samples coming from Europe and
northern Africa complemented by many ocean drilling sites. Our map is similar to other
compilations (Kuroda et al., 2007; Takashima et al., 2006; Trabucho Alexandre et al.,
2010)—with the same intrinsic sample biases. Of these sites, there are 72 localities
with published TOC values and stratigraphic thicknesses for OAE2, which were used to
calculate average TOC and sedimentation rate. Nearly all of these localities (59 sections)
were deposited on the continental margins. The Pacific Ocean is constrained by only

five sections, with three of the sites located on the continental margins (Hasegawa et al.,

Figure 4.1: Site locali(‘)t ave been documented to contain éediments from
OAE2. This map from adapted from the PALEOMAP Project (Scotese, 2008).
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2013; Takashima et al., 2011; Wang et al., 2001) and two from the equatorial region on

bathymetric highs (Schlanger et al., 1987; Schlanger and Jenkyns, 1976).

Using ArcGIS® we estimated the total surface area of the ocean to be ~3.62 x 10?
km? during this interval, which is slightly greater than the modern ocean [3.61 x 10® km?
(Charette and Smith, 2010; Menard and Smith, 1966)]. The 36 polygons we generated
account for ~0.47 x 10® km? or 13.0% of the seafloor area. The bulk of the known and
estimated seafloor area occurs in marginal marine settings, which is estimated at ~ 0.42 x
10® km? or ~11.6% of the total area, but there are several sites from deep abyssal settings
that account for ~0.05 x 10® km? or 1.4% of the known OC burial area. Estimates from
mapping suggest there is still 0.38 x 10® km? of marginal marine settings without OC
MAR data. This unconstrained area amounts to ~10.5% of seafloor. Therefore, marginal

marine settings account for ~0.79 x 10® km? or 21.8% of the total ocean seafloor, but we

00 05 10 20 50 100 150 20.0 50.0

Figure 4.2: The global compilation of all sites with TOC values. This compilation
required that the individual sites also contain sedimentation rates. This map from adapted
from the PALEOMAP Project (Scotese, 2008).
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only have OAE2 OC MAR estimates for ~53% of this area. We have estimated only a
very small portion of the deep ocean seafloor due to relatively few locations/data from
deep settings. From our model, it is estimated that the deep ocean seafloor represents 2.81
x 10% km?or 78.2% of the total ocean, and only 0.05 x10% km? has been accounted for

using the global distribution of available OAE2 data.

As Figure 4.2 shows, 51 localities have average TOC values that are greater than
2 wt%. Average TOC values range from 0.1 wt% to 44 wt% in this compilation, with the
highest values coming from Italy, the deep ocean off the coast of Spain and the southern
portion of the proto-North Atlantic (Demerara Rise). Figure 4.3 shows calculated
sedimentation rates, with nearly all sites plotting within the typical range for modern
sedimentation (Sadler, 1981) for their particular depositional settings (e.g., continental
margin or abyssal plain localities). This compilation reveals a wide range for average

sedimentation rates across the OAE from 0.03 to 53 (cm/ka).

,r"’ ’ o i) .'m
alL =4 5 3
P - o y
- “" 2 3 ' ; 2
et = = ,“’:‘: - T
g N e

Sdimentation Rate (c/ka)

00 01 05 1.0 5.0 100 50.0 100.0

Figure 4.3: Sedimentation rate for the global compilation of all localities which also have TOC
values. This map from adapted from the PALEOMAP Project (Scotese, 2008).
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The calculated OC MAR values for each site range from 0.001 to 3.3 (g/cm?*ka),
with the abyssal plain sites showing some of the lowest values (Fig. 4.4), while other
low values are generally from dominantly carbonate-rich localities with very low TOC
contents. Nevertheless, there are several localities with low TOC values but relatively
high OC MAR due to high sedimentation rates and concomitant dilution. The colored
polygons in Figure 4.4 represent the average OC MAR for a given region, where each
polygon provides an area (km?) for that given depositional environment and an average
OC MAR. Generally, each polygon represents either marginal marine or deep abyssal
plain environments, with the notable exception of polygons 19 and 27 in the Atlantic
Ocean. These two represent transects that include both environments but are lumped
together due to the relatively similar OC MAR and the difficulty in accessing the
boundary for each environment. Therefore, these two polygons extend from marginal
marine and abyssal environments to the relatively close mid-ocean ridge, which could

yield a slight overestimation for the OC MAR in these two areas.

The amount of OC buried during the OAE for each polygon can be calculated
using the OC MAR, the area for each polygon and the estimated duration of the OAE
(~500 ka). The method accounts for a burial of 4.04 x 10" g of C during the OAE for
the known 13% of the seafloor. The unknown 87% of the ocean can conservatively be
assigned modern OC MAR (either margin or abyssal depending on the depositional
setting) in order to calculate approximate total OC burial during the OAE. This
calculation accounts for another ~1 x 10" g of C burial, which leads to a net total of 5.02
x 10" g of OC buried during the OAE or nearly 2 x 10" g of C more than modern burial
[Tables 4.2 and 4.3; (Burdige, 2007; Kump and Arthur, 1999; Kurtz et al., 2003)].
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Carbon isotope modeling

The observed carbon-isotope trends demand dramatic perturbations to the carbon

cycle during OAE2. To elucidate the magnitude of the carbon isotope excursion, we

constructed a forward box model as described above. In our model, we prescribed the

initial boundary conditions and perturbed the burial flux of organic carbon to recreate

the magnitude of the observed isotopic excursions (2 to 7%o; Fig. 4.5). The magnitude
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Figure 4.5: Modeled OC sensitivity test for a given positive carbon isotope excursion. Figure
4.5A demonstrates increased organic carbon burial with modern weathering fluxes, and Figure
4.5B represents a doubled weathering scenario which requires increased OC burial in order to
replicate similar isotopic magnitudes from Figure 4.5A. Dashed line represents a flux values and

DIC concentration from Kump and Arthur (1999) model for a high CO, world.
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of the excursion is dictated by (1) the amount of OC buried, (2) the OC fractionation

[difference between the inorganic carbon pool and the OC value] and to a lesser extent

(3) the starting reservoir size (Fig. 4.6). We do not model changes in carbonate burial,

as there is only a small fractionation associated with its burial (Gill et al., 2011b; Kump

and Arthur, 1999; Kurtz et al., 2003). It is important to note that altering carbonate burial

has a minimal affect on the isotope excursion (due to the small fractionation during

burial) but does affect the reservoir size and therefore impacts the response of the system
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Figure 4.6: Modeled
sensitivity simulations

for reservoir size, OC
fractionation, and
weathering flux variations.
Figure 4.6A documents the
relatively invariant changes
in carbon isotopes while
increasing the reservoir
size. A 4%o variation in OC
fractionation affects the
magnitude of the excursion
by ~1.4%o (Fig. 4.6B).
Figure 4.6C shows the
dramatic affects of varying
the weathering flux. Initial
parameters (Table 4.1) for
all simulations used modern
values unless the variable

2.0 was being tested.



through changing residence time, which can allow OC burial to have a larger impact

on the magnitude of the excursion. Therefore, the only variable directly controlling the

magnitude of the transient positive excursion is the amount of OC buried—because of

its large associated fractionation. In all models presented here the carbonate burial term

is held constant for all runs, and there is no fractionation assigned to its burial (similar to

Kurtz et al., 2003).

To reproduce the positive excursion with modern weathering input fluxes requires

enhanced OC burial. For example, a ~2%o excursion requires 1.35 times the modern OC

flux (3.01 x 10" g; Kurtz et 1., 2003), which equates to 4.07 x 10" g of carbon burial,

whereas as ~6%o excursion requires 6.17 x 10" g of carbon burial or 2.05 times the

modern OC flux (Fig. 4.5A). Figure 4.5B considers an increased weathering flux scenario

during the OAE. Specifically, the model incorporates a doubled weathering flux scenario

that coincides with the onset of the OAE. In this case, to reproduce a ~2%o excursion

varying only OC burial requires 2.70 times the modern OC flux, which is 8.13 x 10" g of

ocC Area OC burial Area ocC
MAR (10° k) during OAE %) burial
(g/m*ka) (10° g) RN 7))
Total 0.47 4.04 12.99 80.52
Margin | 0.030° 0.38 0.57 1041 11.27
Abyssal | 0.003* 2.78 0.41 76.80 8.21
Total 3.15 0.98 87.02 19.48
Total 3.62 5.02
Margin | 0.1716 0.38 3.23
Margin_ 0.030? 0.90 2.71 25.01 90.00
Abyssal | 0.003* 2.71 0.30 75.07 10.00
Total 3.61 3.01
*modern bQAEZ
average weighted
average
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Table 4.2: Chart
showing the area
(km? and %)
accounted for with
the amount of
unknown marginal
settings and
abyssal setting.
The statistical
data from the
distribution can be
compared to the
modern estimates
(Burdige, 2007)
which are fairly
similar in terms of
% OC burial and
area.



carbon burial, whereas a ~6%o excursion requires 12.3 x 10" g of carbon burial or 4.10
times the modern OC flux (Fig. 4.5B). This is due to the increased DIC pool and due to
the relatively depleted isotope value for weathering. However, doubling carbonate burial
would compensate for the increased DIC reservoir, thus keeping the system in steady-
state. However, due to the limited fraction during carbonate burial, these changes have
little effect on the carbon isotope excursion. We also ran a model using fluxes, doubled
inputs and outputs and starting DIC values of 4.56 x 10" g based on assumed very high
levels of atmospheric CO, following from Kump and Arthur (1999). To generate the
maximum carbonate-C isotope excursion of 4%o using these fluxes requires 10 x 10" g of

carbon burial, which is shown by the dashed line in Figure 4.5.

Sensitivity tests were performed to assess the impact of variations for given
parameter (reservoir size, fractionation and weathering flux) using our forward box-
model. For all sensitivity simulations, the initial parameters are shown in Table 4.3, with
the reservoir size increased at the onset of the simulations, but changes in fractionation
and weathering were ascribed to the onset of the OAE. To generate the maximum
carbonate-C isotope excursion of 4%o requires a 1.7-fold increase (5.12 x 10" g) of OC
burial at the onset of the OAE, while holding all other parameters steady throughout the
run. For all the following sensitivity tests we used a carbon burial value of 5.12 x 10"

g and a 1.7-fold increase in OC burial during the OAE; non-OAE intervals are assumed
to bury 3.01 x 10" g of carbon, equivalent to modern burial rates. Changing the initial
marine reservoir (Fig. 4.6A) has minimal effect on the magnitude of the marine carbon
isotope record but does change the shape of the curve. Varying the fractionation during
the onset of the OAE affects the magnitude of the excursion: a -26%o fractionation yields
a 3.2%o excursion, while a -30%o fractionation equates to a 4.6%o excursion (Fig 4.6B).

Changes in the weathering flux dramatically affects the magnitude and shape of the
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carbon isotope excursion, where a 2-fold increase in weathering can cause a 1%o negative
shift, even while burying increased OC during the event, and a decrease in weathering
can amplify the positive isotope excursion (Fig. 4.6C). However, if weathering rates
decrease to below 0.85 times the modern values, the burial of OC burial will completely

deplete the DIC reservoir.

Initial Marine ~ Weathering  Organic carbon  Inorganic carbon

Reservior flux burial flux burial flux
Coré‘l’f)?gtrga)“"n 3.96 (4.56)  30.1(60.2)  6.02(12.04)  24.08 (48.16)
83C (%o) +1.8 4.0 28 -

Table 4.3: Initial parameters for the C box-model. All flux values are for Ma. The
isotopic fraction imparted by inorganic carbon is negligible and is not included in this
model (similar to Gill et al., 2011b; Kump and Arthur, 1999; Kurtz et al., 2003) values in
parenthesis were used in the high CO, model for comparison (Kump and Arthur, 1999).

Discussion
Global carbon burial estimates from sediment distributions

The global distribution of TOC contents recorded during the event show a
wide range of values, with some of the highest concentrations recorded in the geologic
record [in excess of 45 wt% (Kuypers et al., 2002)], but the vast majority of the samples
have TOC contents less than 10 wt%. Generally, the highest TOC values are located
further offshore but in marginal marine settings, likely to be in upwelling areas. The
distribution of sedimentation rates recorded during OAE2 also shows a large range but is
consistent with estimates of modern and other ancient sedimentation (Sadler, 1981). Not
surprisingly, the sedimentation rates for OAE2 are generally higher in nearshore locations

and lower in deep-water abyssal plain settings far removed from riverine detrital sources.
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The calculated OC MAR during the OAE is the key parameter in our
investigation. Importantly, the rock density used, whether 2.4 or 2.7 g/cm?, has little
affect on the value of the OC MAR. Generally, the highest OC MARs follow the highest
sedimentation rates but often with relatively low TOC contents, which suggests that
these sites have not experienced low productivity and/or preservation. Instead, the
low TOC contents reflect rapid dilution by detrital siliciclastics and pelagic carbonate.
Conversely, the enriched TOC localities are generally sections characterized by relatively
slow sedimentation, yielding OAE2 intervals that are only a few tens of cm thick, and

therefore these sections preserve a relatively small amount of OC on a global scale.

OAE2 has the most extensive documented distribution of any major OC
perturbation in geologic history, yet large portions of the oceans are still unknown.
The majority of the data are from marginal marine settings, and even those are
insufficiently known (Figs 4.2-4.4). By analogy, the modern ocean buries nearly 85%
of its OC on continental margins, which are marked by high primary production and
rapid sedimentation (Burdige, 2007), as well as riverine inputs of terrigenous OC. This
relationship may hold true for OAE2. Importantly, our comparative approach allows us
to test this assumption. The estimated OC burial from the known global distribution of
OAE2 sediments and their OC contents, along with assumed OC burial using modern
values for the unknown marginal marine and deep abyssal settings, equates to 5.02 x 10"
g of OC buried, which is 1.66-fold greater than estimated modern OC burial (Burdige,
2007).
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Carbon isotope model

The magnitude of the carbon excursion is tied to the inputs and output. The most
important factor is the amount of OC buried, followed by the weathering flux and carbon
isotope fractionation linked to photosynthetic production of organic matter from DIC.
The sensitivity tests illustrated by Figure 4.6 demonstrate the relative importance of
the unconstrained parameters on the carbon isotope excursion—specifically, size of the
reservoir, fractionation and changes in weathering inputs. Increasing the starting carbon
reservoir size has little effect on the magnitude of the carbon excursion but does have a
minor effect on the shape of the curve and the timing of the excursion and its return to
pre-OAE values. However, these effects would be very difficult to resolve in the geologic
record due to limited sampling localities, chronologic age controls and analytical
resolution. The fractionation factor was held constant for Figure 4.4A in order to simplify
the model, although this might be an oversimplification. Limited data suggest that the
isotopic offset decreases during the event from -28%o to -26%o (Arthur et al., 1988; Hayes
et al., 1989; Kump and Arthur, 1999). Changes in the fractionation have an effect on the
magnitude of the carbon excursion and/or the amount of OC burial to achieve a given
magnitude for the excursion. For example, a fractionation of -28%o yields an excursion
of 3.9%o, and a -26%o fractionation produces a 3.2%o excursion—while holding all other
parameters equal. Any change in the isotope fractionation during the event could be
due to decreased atmospheric CO, linked to increased OC burial (Arthur et al., 1988) or
changes in ecological communities. Ecological shifts could change the global isotope
fractionation during the event (Hayes et al., 1989), but it is unclear if and how these
changes are expressed during OAE2. A decrease in the fractionation factor would require

an increase in OC burial to produce the same magnitude carbon isotope excursion.
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Comparison of methods

Our two methods both yield estimates for the amount of OC burial during OAE2.
The global estimates of the known/extrapolated OC burial coupled with estimated
OC burial for the unknown portions of the ocean can account for 5.02 x 10" g of C
during the OAE. To produce the observed ~4%o carbonate isotope excursion the model
requires 5.12 x 10" g of C using modern fluxes or 10.0 x 10" g of C for a high CO,
world. Therefore, either the ‘mapped’ distribution accounts for all the OC burial or there
could be a ‘missing” OC sink. Importantly, the estimated (known and assumed) OC
burial distribution may account for the total carbon excursion but depends highly on
the modeled fluxes. Increased weathering, changes in fractionation, an increased initial
DIC reservoir and increased fluxes (from Kump and Arthur, 1999) would require greater

amounts of carbon burial to account for the observed carbon isotopic excursion.

Based on the modeling and our understanding of the OAE localities, it is likely
that unknown portions of the OAE2 ocean will have high TOC and possibly high OC
MAR, but these environments could be mostly restricted to marginal marine settings and
equatorial upwelling regions. If the unknown marginal marine settings buried OC at a
similar rate to the known values during the OAE (the known weighted average MAR 1is
0.17 g/cm?-ka), then an additional 3.23 x 10" g of carbon would be buried. This would
allow for a total of 7.68 x 10" g of carbon. Therefore, to attain a 4%o carbonate-C isotope
excursion using the high CO, world values, the unknown marginal marine settings could
account for a portion of the needed OC burial increase—but cannot account for the entire
burial required under an enhanced weathering scenario (or generally high fluxes in a high
CO, world). If there was an increased DIC reservoir, enhanced weathering or high CO,,
either the abyssal plains would have to bury more OC (from the modern value of 0.003 g/

cm?-ka to 0.015 g/cm?-ka) or the unknown but highly productive marginal marine settings

152



would have to be nearly doubled in their area (0.38 x 10% km? to 0.70 x 10® km?) using the
known weighted MAR during the OAE. Increasing the marginal marine OC MAR seems
more plausible, as there is evidence for high TOC burial in the highly productive regions
of the equatorial upwelling zones which is not included in estimated unknown marginal
marine settings. An increase in OC MAR may not only be manifested as ‘organic-rich

shale’—as a function of bulk sedimentation rate.

CONCLUSIONS

Understanding the global distribution of OC burial during OAE2, the best
documented carbon burial event in Earth’s history, is important for many reasons,
including insight into the full redox landscape of a greenhouse ocean and associated
patterns of primary production in that ocean. Using two methods, sediment mapping and
forward box-modeling, has illuminated the known global distributions with reasonable
extrapolations and using modern OC burial fluxes for the unknown portion of the ocean
during OAE2 can account for most of the OC burial using modern carbon fluxes. While
the global distribution only accounts for a small portion of the ocean (~13% area), it can
account for 4.04 x10" g of carbon burial, and extrapolating the relatively low OC burial
rates of the modern ocean for the unknown portion (87% area) of the ocean can account
for another 0.98 x10'" g of carbon, which combined provides a 4%o excursion. Therefore
the ‘mapped’ distribution and estimated OC burial can account for most of the OC buried
during OAE2 provided the weathering fluxes were relatively similar to the modern value.
However, an increased weathering flux, which is likely as suggested by multiple proxy
data, would require a substantial increase in the OC burial flux to compensate for the

isotopic impact of the weathering flux. This consideration inherently includes increased
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volcanic CO, emissions due to increased seafloor spreading rates because weathering and
volcanic fluxes have been lumped together. It is likely that any increase in OC burial for
the unknown portions of the oceans was associated with continental margins and possibly
the equatorial Pacific, which are highly productive and bury substantial OC in the modern
ocean. The modern abyssal equatorial regions are highly productive but ineffective OC
sinks due to oxygen exposure time (Hartnett et al., 1998; Jahnke, 1996), but burial there

might have been enhanced in the past under lower oxygen conditions.

Our mapping exercise confirms the importance of sedimentation rate. There are
several localities with relatively low TOC contents during the OAE but because of their
high accumulation rates are burying large quantities of OC. Importantly, our map of high
OAE OC MAR roughly mimics the modern patterns of organic production and burial of
OC in the ocean, suggesting that OAE2 was an exacerbation of modern controls on these
parameters. In the face of enhanced weathering fluxes, our results predict other sites of

high OC MAR, such as marginal sites in the Pacific.

Understanding the global dynamics of the OC burial event during OAE2 is key
to interpreting the mechanisms that underlie the event, including the global redox state
of the ocean and associated nutrient cycles and feedback. For example, increased carbon
burial generally facilitates increased burial of reduced sulfur species (pyrite), which
has been documented using sulfur isotopes (Adams et al., 2010; Ohkouchi et al., 1999;
Owens et al., in review-a). lodine/calcium ratios show a decrease leading into and during
the OAE, which suggest a global increase of anoxic conditions and associated carbon
burial, consistent with the 8'*C data (Lu et al., 2010). Further, bio-essential trace-elements
(Mo, V, Cr and Zn) are drawn down during the event (Algeo and Rowe, 2011; Hetzel et
al., 2009). The spread of low-oxygen, anoxic and euxinic conditions in the ocean and

associated burial of organic matter can deplete the marine inventory in these metals, as
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has been proposed for OAE2, the Toarcian OAE and the Proterozoic (Algeo, 2004; Algeo
and Rowe, 2011; Anbar and Knoll, 2002; Gill et al., 2011a; Gill et al., 2011b; Hetzel

et al., 2009; Owens et al., in review-b; Reinhard et al., 2013; Sahoo et al., 2012; Scott

et al., 2008), with profound implications for ecological and extinction patterns in those

oceans—and possibly in our currently warming ocean.
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Chapter 5

Anoxia preceding euxinic condition during the Cenomanian-Turonian Boundary
Event (OAE2) in carbonates and shales in central Italy (Furlo)
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ABSTRACT

It is important to identify the interplay between climate and biotic feedbacks during
periods of widespread organic-carbon deposition by understanding local redox conditions
and their relationships with the global redox state of the ocean. We do this by using
multiple geochemical proxies distributed among diverse lithofacies. The Mesozoic Era is
characterized by numerous episodes of widespread organic-carbon deposition and coeval
carbon-isotope excursions, many regarded as oceanic anoxic events (OAEs) due to their
ocean-scale if not global extents. The Cenomanian-Turonian boundary event (~93.9 Ma,
OAE2) in the Marche-Umbria region of central Italy was the first of these events to be
described by Bonarelli (1891), and so it is referred to as ‘Livello Bonarelli.” Here we present
data from the type Italian locality, Furlo, which shows carbonates and organic-rich levels
prior to the organic deposition of the OAE, with carbonate deposition following the OAE.
Iron speciation for organic-rich intervals implies a redox shift going into the OAE, with
anoxia preceding the OAE leading to euxinia (i.e., anoxic and sulfidic bottom waters) at
the onset of the OAE, which is corroborated by the trace metal geochemistry. Enrichments
for chromium and vanadium are elevated prior to the OAE, suggesting anoxia, but decrease
during the OAE. We attribute the pre-event enrichments to initial expansion of reducing
conditions prior to the OAE as a precursor to the event. The greater expanse of anoxia and
euxinia during the OAE had the effect of drawing down the marine inventories for both
metals. Molybdenum, a reliable euxinic indicator, shows only small enrichments prior to
the OAE because of the lack of local euxina and enrichments of up to ~40 ppm during the
euxinic interval of the OAE. The Mo enrichments during the OAE are muted compared
to many modern and ancient euxinic settings, which is likely due to the enhanced global
burial of Mo in widespread euxinic settings during the event. Expanded euxinia during the

event is further supported by a ~6%o isotope excursion recorded in carbonate-associate-
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sulfate (CAS) driven by enhanced pyrite burial. However, the observed trend in I/Ca ratio
in carbonate lithologies were generally low proceeding the OAE and increase following the
OAE which reflects a local oxygen deficient surface ocean. Importantly, values prior to the
OAE suggest low but non-zero oxygen and increase post-OAE. Therefore, the geochemical

data suggest oscillating anoxic to suboxic conditions preceding the OAE at this locality.

INTRODUCTION

The Bonarelli Level or Cenomanian-Turonian boundary event (OAE2) is well
exposed at Furlo Gorge in central Italy (Fig. 5.1), with a nearly 20 m-thick succession
containing limestone and black shale, including a ~1 m-thick black shale representing
the local expression of the OAE. The Cretaceous was punctuated by severe global
climatic turbulence marked by numerous widespread episodes of organic-rich deposition
(Schlanger and Jenkyns, 1976). These global OAEs record large coeval positive carbon
isotope excursions attributed to enhanced burial of organic carbon (Arthur et al., 1988;
Schlanger et al., 1987; Scholle and Arthur, 1980). The largest and most widespread of
these events is OAE2 (Kuroda and Ohkouchi, 2006; Schlanger et al., 1987; Takashima
et al., 2006), marked by elevated temperatures (Huber et al., 1995; Jarvis et al., 2011;
Jenkyns et al., 2004; Jenkyns et al., 2012), elevated CO, (Berner, 2006; Takashima et
al., 2006), high sea level (Haq et al., 1987; Jarvis et al., 2001), enhanced phosphorus
regeneration/recycling (Kraal et al., 2010; Mort et al., 2008; Nederbragt and Fiorentino,
1999; Van Cappellen and Ingall, 1994), and high levels of hydrothermal activity (Jones
and Jenkyns, 2001; MacLeod et al., 2008; Snow et al., 2005) and continental weathering
(Blattler et al., 2011; Blumenberg and Wiese, 2012; Jones and Jenkyns, 2001; Pogge von

Strandmann et al., 2013).
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Understanding the initiation, duration, and termination mechanism(s) for these
short-lived events [500 thousand year; (Kuhnt et al., 2005; Sageman et al., 2006; Voigt
et al., 2008)] and similar organic-carbon burial events throughout Earth history has been
a major priority toward an understanding of climate forcing and biological feedbacks
during biotic extinction events (Raup and Sepkoski, 1986). There is increasing evidence
for anoxic and euxinic conditions during OAE2 based on multiple geochemical proxies
for local bottom water anoxia and euxinia (Brumsack, 2006; Hetzel et al., 2011; Lu et al.,
2010; Owens et al., 2012; Pearce et al., 2009; Turgeon and Brumsack, 2006; van Bentum
et al., 2009), as well as evidence for sulfide penetrating into the photic zone (Kuypers et
al., 2002; Pancost et al., 2004; Sinninghe Damsté and Koster, 1998; van Bentum et al.,
2009). By contrast, the global redox conditions proceeding and subsequent to the OAE
remains ambiguous, although the observed extinctions of radiolaria begin prior to the
OAE. Similarly, other genera decline during the OAE, which has been attributed to an
expansion of anoxic and sulfidic conditions toxic to life (Leckie et al., 2002; Snow et al.,

2005).

Recent model estimates suggest 50% (by volume) of the global ocean was anoxic
(Monteiro et al., 2012), and a recent sulfur isotope-based estimate places ~5% of the
seafloor under euxinic waters (Owens et al., in review-a). Most of the available direct
evidence for local bottom water redox conditions has been limited to the proto-Atlantic
and Tethys oceans, with the Pacific, Indian, Southern and Arctic Oceans remaining
largely unconstrained. Increased organic carbon burial during OAE?2 is attributed to
enhanced productivity and/or increased preservation under oxygen-deficient conditions
(Kuypers et al., 2002). To sustain high levels of productivity and export of organic carbon
requires enhanced delivery and/or efficient recycling of major nutrients (e.g., N and

P) and other bio-essential elements (Fe and other trace metals) with effective transport
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to the surface ocean. Possible delivery mechanisms include increased hydrothermal
activity, continental weathering, and phosphorus recycling due to increased anoxia. The
availability of marine trace metals are important for nitrogen fixation (Fe, Mo and V;
Bellenger et al., 2011) and thus play an integral role in controlling primary production.
The dataset presented here combines several geochemical redox proxies from both shales
and carbonates to provide insight into the local redox conditions prior to, during, and

subsequent to the OAE and to shed light on the global redox landscape during this event.

MATERIALS AND METHODS

Geologic Setting

This study focused on sediments from the Umbria region of Italy near the town
of Furlo (Fig. 5.1)—specifically, near a retired quarry located approximately 25 km SE
of Urbino. The Bonarelli or OAE2 is punctuated by a 110 cm-thick laminated organic-
rich intervals and thin radiolarian sands (Jenkyns et al., 2007; Lanci et al., 2010; Mort et
al., 2007; Turgeon and Brumsack, 2006). We sampled carbonates and organic-rich facies
extending ~12.5 m below the base of the OAE. Below the OAE, the section consists
of rhythmic layers or couplets of alternating light grey micritic limestone, black chert,
and black organic-rich shales (Lanci et al., 2010). The samples were collected in the
middle of a particular facies to avoid any gradational redox affect associated with the
neighboring lithology, but generally the boundaries were sharp and distinct. For this
study we avoided the chert-dominated layers, which are not well suited to our proxy
approaches. Five carbonate samples were collected above the upper most portion of the

organic-rich horizon over an interval of ~4 m organic rich interval. Weathered surfaces
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were avoided for all samples collected, especially the carbonate-lean intervals of shale

intervals to minimize any post-depositional weathering effects.

Figure 5.1: Global location of Furlo adapted from the PALEOMAP Project (Scotese, 2008) with
an inset photo of the outcrop.

Methods

Samples were collected for whole-rock geochemical analysis of both carbonates
and organic-rich shales. All samples were trimmed prior to powdering to ensure that
geochemical analyses were performed on the most pristine samples possible. All samples
were powdered using a trace metal-clean ball mill. For organic carbon isotopes (o 13C0rg),
all samples were de-carbonated using 4 M hydrochloric acid until effervescence stopped.
The samples were then rinsed several times using deionized water and were ultimately
combusted by elemental analyzer (EA) coupled, by continuous flow, to a Delta V Thermo
IRMS (Isotope Ratio Mass Spectrometer) in the FIRMS (Facility for Isotope Ratio Mass

Spectrometry) laboratory at the University of California, Riverside. The isotope ratio

(BC/*C) was calculated as:
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13 12

swcc%@={T§5ﬁ;—ﬁEﬂi-1}1000 (Equation 5.1)

standard
All values are presented in the standard delta notation as per mil (%o) deviation from
Vienna Pee Dee Belemnite (V-PDB) with replicate analyses yielding a standard deviation
of 0.05%o. Total carbon (TC) and total sulfur (TS) were measured by combustion of 100
mg of sample in an Eltra CS-500 carbon/sulfur analyzer with high-temperature furnace
(1400°C). Total inorganic carbon (TIC) is measured using an acidification module in
combination with the Eltra instrument, and total organic carbon (TOC) is calculated by

the difference between TC and TIC.

A standard chromium reduction method was used to quantify pyrite sulfur
concentrations (Canfield et al., 1986). Chromium reduction was performed on all bulk
samples of organic-rich shale, as well as the residue remaining following the carbonate

associated sulfate (CAS) extraction (see below). Specifically, S . was extracted using

pyrit
a 0.5 M hydrochloric acid and chromium chloride solution for 2 hours, which evolves
hydrogen sulfide gas. This sulfide is precipitated as zinc sulfide (ZnS) in a trap containing

a 1.48 M ammonium hydroxide and 0.03 M zinc acetate solution. The precipitate was

quantified by titration, yielding wt.% S_ . . For isotopic analysis of 6**S

py pyrite’

the hydrogen
sulfide is precipitated as silver sulfide using the same chromium chloride method but with a
trap containing a 1.48 M ammonium hydroxide and 30 mM silver nitrate solution (Canfield

et al., 1986).

All samples analyzed for 8**S_,, were dominantly carbonates, with carbonate

S
contents of greater than 65 wt% and up to 95 wt%. We followed a standard procedure for
extracting CAS (Gellatly and Lyons, 2005; Gill et al., 2011a; Gill et al., 2011b). Briefly,

approximately 10 to 20 g of powdered sample were treated with sodium chloride and

170



sodium hypochlorite solutions and and multiple deionized water rinses to prevent the
incorporation of any non-CAS sulfur-bearing phases. The samples were then dissolved
using 4 M hydrochloric acid and were then vacuum-filtered less than 1 hour later to
minimize any oxidation of pyrite. Pyrite oxidation was further limited by low ferric iron
concentrations and generally low pyrite contents. A barium chloride solution was added to

precipitate the extracted sulfate as barium sulfate.

The precipitated silver sulfide and barium sulfate was filtered, homogenized, and
weighed into pressed tin capsules with excess vanadium pentoxide. The samples were
combusted by EA coupled, by continuous flow, to a Delta V Thermo IRMS. The isotope

ratio (**S/**S) was calculated as:

34 32
8348(%0)=[MS32—”W-1]-1000 (Equation 5.2)

standard

All sulfur isotope compositions are reported in standard delta notation as %o deviation
from Vienna Canyon Diablo Troilite (V-CDT) (e.g. Gill et al., 2011a; Gill et al., 2011Db).
The data were corrected using a series of in-house standards (IAEA S-1, S-2, and S-3)
replicate analyses of samples and international standards (IAEA SO-5, IAEA SO-6, and
NBS 127) agree within 0.2%o or better in the Lyons’ stable isotope lab at the University of

California, Riverside.

Iron speciation data was performed on all of the organic-rich shales, which
operationally define highly reactive iron (Fe, ) as pyrite Fe (Fepy), Fe carbonate (Fe_ ),
Fe oxides (Fe ), magnetite Fe (Fe ). All these phases are assumed to be reactive toward
hydrogen sulfide on early diagenetic time scales (Poulton and Canfield, 2005; Raiswell
and Canfield, 1998). Highly reactive iron is thus calculated as Fe +Fe ,+Fe +Fe .
Pyrite-Fe concentrations are calculated using the CRS method described above and

calculating Fe  assuming a stoichiometry of FeS,. Un-pyritized reactive Fe (Fe_,, Fe_,

arb’
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and Femag) was analyzed using a three-step sequential extraction (Poulton and Canfield,
2005; Poulton and Raiswell, 2005). Briefly, ~100 mg of sample were weighed into a 15
ml centrifuge tube and extracted as follows: (1) 1 M sodium acetate extraction adjusted
to a pH of 4.5 with constant shaking for 24 hours to extract Fe_,, (2) the sample residue
was extracted for Fe_ using 50 g/L sodium dithionite buffered to a pH of 4.8 for 2 hours
with constant shaking, and (3) Fe .. was extracted from the remaining residue using an
ammonium oxalate/oxalic acid-buffered solution at a pH of 3.2 for 6 hours. All extracts
were analyzed using an inductively coupled plasma mass spectrometry (ICP-MS; see

below).

Trace element analysis was performed using ~100 mg of powder weighed into
ceramic vials and heated for ~12 hours at 450°C to volatilize all organic material. The
samples were subsequently weighed after cooling to determine the loss on ignition.
Samples were transferred into trace metal clean Savilex vials and completely dissolved
using a standard sequential acid protocol (nitric acid/hydrochloric acid/hydrofluoric acid)
at ~150°C. Subsequent to complete dissolution, the samples were dried down and then
brought up in 2% HNO, for major and trace element analysis. All acids used in this method
were Aristar/trace metal grade. Elemental concentrations (Al, Fe, Ti, Mo, V, Cr, and Zn)
were measured using the Agilent 7500ce ICP-MS housed in the Lyons’ lab at the University
of California, Riverside. Standard reference materials (SDO-1 shale) were digested along
with the samples and analyzed with each batch of digestions and in all cases were within
the accepted analytical error for all elements. Procedural blanks were below detection

limits, and sample reproducibility was better than 5% for all elements.

Iodine/calcium ratios (I/Ca) were determined by quadripole ICP-MS (Bruker
MO90) at Syracuse University. Specifically, measurements of iodine and calcium were

determined by dissolving ~1-5 mg of sample in trace metal-clean vials using 0.54 M
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nitric acid (Lu et al., 2010). Tetramethlamonium hydroxide was added to all samples
and standards to stabilize iodine, as it is volatilized in acidic solutions. The dissolved
solutions were analyzed the same day. Standard reference materials (JCP-1 coral) were
digested along with the samples and analyzed in parallel, which resulted in an average
iodine value of 5.59 = 0.11 ppm (n = 5), which is similar to previous results of 5.47 +
0.07 ppm (Lu et al., 2010) and 5.5 £ 0.2 ppm (Chai and Muramatsu, 2007). The sample

reproducibility for one sample was better than 5% for both I and Ca.
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Figure 5.2: Total organic carbon and carbonate data for both the organic-rich shales and
carbonates. Total organic carbon is low before the OAE (denoted with the dark grey bar) in both
lithologies and increases during the OAE (shales). Stratigraphic column was based on our field
campaign but is similar to previous studies (Jenkyns et al., 2007; Mort et al., 2007).
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REsuLTS
Carbon

The 813C0rg analyses at Furlo reveal a ~4%o excursion across the roughly 1 m
of organic-rich deposition, illustrating the vertical extent of the OAE at this locality.
Outside the OAE the values range between -28.1%o0 and -26.4%o, with an average of
-27.4%o, and during the OAE values range from -26.5%o and -23.4%o, with an average
of -24.8%o (Fig. 5.2). The TOC values before the OAE (shales and carbonates) and after
the OAE (carbonates) are all below 2.2 wt%, and a majority of the samples are near 0.5
wt%. In contrast, the TOC values increase to an average of 7.0 wt% during the OAE,
with a maximum value of 13.4 wt %. The TOC values after the OAE are much lower
than the average samples prior to the event; however, there are only carbonate lithologies
subsequent to the OAE; carbonates would tend to show lower TOC because of dilution
effects. The carbonate content in the shales was below 33 wt%, and the carbonates before
and after the OAE had averages of 90.7 and 78.7 wt%, respectively. Carbonate contents

for the shales during the event were below the detectable limit and are reported as zero.

Fe and trace metal geochemistry

Iron geochemistry was performed on all samples with carbonate contents below
35 wt%, which were all of the organic-rich shales. These samples all had total Fe (Fe,)
contents in excess of 0.5 wt%. Normalizing Fe_ to Al highlights enrichments beyond the
detrital average, which for Phanerozoic mudstones and shales is 0.51 (£0.1; Raiswell et
al., 2008). Shales from this study have an average ratio prior to the OAE of 0.55, with a
range from 0.49 to 0.63. During the OAE the shales have an average of 1.33 and range

from 0.63 to 1.83. The ratio of highly reactive Fe (Fe ) to Fe_ can delineate anoxic
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depositional conditions because of the comparatively large proportion of reactive Fe that
is typical of those settings (e.g. Poulton et al., 2004). Modern marine muds deposited
oxically have an average Fe, /Fe_ ratio of 0.28 £0.06 (Raiswell and Canfield, 1998).

Our samples prior to the OAE average 0.57, with all samples above 0.50, and during the
event average 0.68, with a range of 0.55 and 0.82. The ratio of pyrite Fe (Fepy) to Fe , is
a measure of the amount of the reactive Fe that has been pyritized through exposure to
hydrogen sulfide. Values above 0.8 convincingly point to deposition under euxinia, when
combined with elevated ratios of Fe . /Fe_, while values between 0.7 and 0.8 only suggest
euxinic deposition (Mirz et al., 2008). Sample before the onset of the OAE average 0.48,
with a range between 0.40 and 0.53, and during the OAE average 0.78, with all values
above 0.73 (Fig. 5.3). The average pyrite concentrations before the OAE are 0.33 wt%,

and during the OAE the average is 1.49 wt%, with a maximum value of 1.88 wt%.

Trace metal geochemisty at Furlo also assists in our investigation of the
depositional redox conditions (Fig. 5.3). Manganese concentrations prior to the OAE
(average of 190 ppm) are well below the average shale value of ~850 ppm (Morford and
Emerson, 1999; Turgeon and Brumsack, 2006) and drop to 33.5 ppm during the OAE.
Vanadium and Cr are both enriched prior to the OAE compared to continental crustal
material (125 and 180 ppm with large variability, respectively; Taylor and McLennan,
1995), with averages of 578 ppm and 139 ppm, respectively. Averages for V and Cr
during the OAE are 152 ppm and 66 ppm, respectively. Zinc shows enrichments ranging
from 314 ppm to 964 ppm (75 ppm; Taylor and McLennan, 1995), with an average of
613 ppm, and during the OAE averages 91 ppm, with a range of 48 ppm to 191 ppm. The
samples prior to the OAE have an average Mo value of 6 ppm, with the highest value
reaching 9 ppm, and during the OAE average 22 ppm, with a range from 14 ppm to 40

ppm. The average Al values are close to 1 wt% (average of 1.15 wt%) prior to the OAE
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and show a slight increase during the OAE (average of 1.61 wt%). Therefore, the ratios
of a given metal to Al ratio do not change the story significantly relative to the absolute

concentrations (see Fig. 5.3), although normalization does smooth the trends.

Pyrite isotope data were generated from both shales and carbonates (Fig. 5.4).
The carbonate samples yielded pyrite concentrations that were low enough to be within
our error and therefore cannot be reported, but we were able to determine isotope values

from these samples. Generally, the average 834Spyr.

i values for carbonate and shale are in

good agreement, but carbonates show greater variability. Average 83481Oyrite for non-OAE
samples is near -45.0%o, with a range from -34.2%o to -51.0%o, while the average E‘>3“Spyrite

increased during the OAE to -38. 8%o and exhibited a narrower range from -36.8%o to

-42.6%o.

Carbonate geochemistry

Again, S, were only generated on the carbonate-rich intervals. From the base
of the section to the onset of the OAE the 'S, (are stable with a narrow range from
15.8%o to 18.3%o but the two samples prior to the OAE start to trend to more positive
values. This trend of increasing 'S, ( continues in the carbonate facies following
the black shale interval, rising to values near 22%o 3.5 m above the OAE. The A*'S,
defined as the difference between 6*S , ; representing seawater sulfate, and 834Spyrite was
calculated for six samples where values for both 6*'S, and 8*S . were determined.
From these, a trend in A**S is observed, with values rising going into the OAE and falling
again after the OAE (Fig. 5.4). The I/Ca ratios showed some scatter, but overall the

results reveal a systematic trend most easily described in three stages. The I/Ca ratios

are stable at ~0.6 umol/mol for the first 5 m and decrease to an average of 0.25 pmol/
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mol from 5 m to the base of the black shales, and values steadily increase from near 0.25
pmol/mol to > 1 pmol/mol subsequent to the OAE (Fig. 5.4). No iodine data are available

for the OAE because of the absence of carbonate.
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Figure 5.4: Sulfur isotope and carbonate geochemical paleoredox data. The sulfur isotope data
shift to more positive values leading into the OAE and increase post OAE although the A*S
data actually declines after the OAE. The ratio of I/Ca shows significant scatter but generally
throughout the section shows low values indicating deposition in a low oxygen environment.

DiscussioN
Local geochemical conditions

The trace metal record for this section has been discussed previously but without an
independent measure of the local redox conditions (Turgeon and Brumsack, 2006). The Fe
speciation results provide an independent constraint on the local redox prior to and during
the OAE, allowing a better framework for interpreting the trace metal proxies. Overall, the

Fe speciation results—Fe /Al, Fe_ /Fe , and Fepy/FeHR—suggest a basin that transitioned
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from an anoxic-ferruginous water-column conditions with hydrogen sulfide likely limited
to the pore fluids and euxinic conditions persisting for the duration of the OAE. Highly
reactive Fe is enriched within anoxic sediments compared to the detrital flux due. One
possible explanation is active Fe redox cycling along the chemocline producing an “Fe-
shuttle”, which leads to preferential iron transport from oxic basin margins to the deeper
anoxic waters were it is captured through pyrite formation in the water column in the case
of euxinia (Anderson and Raiswell, 2004; Canfield et al., 1996; Lyons, 1997; Wijsman et
al., 2001). Hydrothermal inputs can also play a role (Owens et al., 2012). Elevated Fe ./
Fe_ values in the organic-rich levels suggest that these samples have a higher portion of
reactive Fe compared to typical oxic modern marine sediments as a result of reducing
bottom waters and deposition beneath an anoxic and/or sulfidic water column (Poulton
and Canfield, 2011; Raiswell and Canfield, 1998). The samples deposited during the OAE
exhibit elevated Fe  /Fe and Fe:py/FeHR (average of 0.78), indicating that a majority of
the reactive Fe is pyritized, suggesting at least locally euxinic deposition. Anoxic and
euxinc conditions typically enrich Fe relative to Al, but the samples prior to the OAE fall
within the crustal average, while the euxinic OAE samples are enriched. This relationship
suggests that either a more active “Fe-shuttle” or a larger hydrothermal signal during the

OAE proper (Jenkyns et al., 2007).

The previously reported trace metal averages and ranges for the pre-OAE organic-
rich bands and the Bonarelli level are similar to those reported here, with Zn being the
one exception. Our data are much lower during the OAE, although the trends are similar
(Turgeon and Brumsack, 2006). Manganese concentrations in the shales corroborate the
Fe speciation results which suggest anoxia prior to the OAE and euxinia during the OAE,
with values below the crustal average of 850 ppm (Taylor and McLennan, 1995) prior

to the OAE and decreasing during the OAE due to reduction of Mn-oxides under low
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oxygen conditions (Turgeon and Brumsack, 2006). Low oxygen, but non-sulfidic trace
metal proxies—Cr, V, and Zn (Algeo, 2004; Reinhard et al., 2013; Sahoo et al., 2012; Scott
et al., 2013)—show enriched values prior to the OAE, thus agreeing with the Mn and Fe
data. However, Cr, V, and Zn crash to near crustal values during the OAE, which should
be more reducing locally and should continue to enrich these trace metals. Molybdenum,
a reliable euxinic indicator, shows minimal enrichment prior to the OAE and enrichments
(< ~40 ppm) on the low end of those typical of euxinia during the OAE (Scott and Lyons,
2012). The Mo values prior to the OAE suggest limited or intermittent water column
sulfide prior to the OAE or sulfide limited to the upper few centimeters of sediment, and the
increased values during the OAE point to euxinia but with somewhat limited Mo uptake.
Therefore, all geochemical indicators preceding the OAE are in good agreement, but the
trace metal and Fe geochemistry during the OAE are more complicated. Specifically, the
Fe geochemistry records local signals, but the trace metal geochemistry can be influenced

by global marine inventory controls (see below for further discussion).

I/Ca ratios reflect concentrations of iodate (10; ) in the water column, as 10; is the

exclusive iodine species precipitated with carbonates (Lu et al., 2010). Therefore, the simple
presence of carbonate-associated iodine at Furlo implies 10; in the local water column, and

hence the presence of oxygen, sincelO; is limited to oxic water (e.g. Wong and Brewer,
1977). Overall, the I/Ca dataset shows low values throughout the section compared to those

presented previously from the Eastbourne, a shallow water locality, OAE2 section (Lu et
al., 2010). Lower 10; could be due to differing oceanographic controls at Furlo compared

to Eastbourne where increasing distance depth and distance from shore record lower 10;
values (Truesdale, 1978, 1994; Truesdale et al., 2000) which is likely lower dissolved

oxygen concentrations (Rue et al., 1997). Regardless, outside of generally low values,
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the decreasing trend in I/Ca ratios prior to and going into the OAE is likely an indication
of deoxygenation at Furlo prior to the carbon isotope excursion, a result also observed at

Eastbourne. This is corroborated by the sudden increase in I/Ca ratios post-OAE to values

higher than those prior to the OAE, implying increased 10 availability linked to increasing
oxygen coming out of the OAE. This may mean that carbonates stratigraphically above and
below our sampled section could have much higher I/Ca ratios, perhaps similar to those of
Eastbourne (> 2 umol/mol), and that Furlo captures early deoxygenation. When combined
with the Fe speciation and trace metal data in the intercalated shales, this implies that the
redox was teetering between low oxygen and anoxic conditions prior to the OAE, which

correlate with transitions between carbonate and black shale deposition.

Global implications

The Fe geochemistry suggests that this locality experienced euxinic deposition
during the OAE, but the trace metal values are muted. An analogous relationship
is observed at another OAE2 locality (Owens et al., in review-b), ODP site 1258 —
Demerara Rise, suggesting a global expansion of reducing condition, which depleted
the marine reservoir inventory during the OAE (Owens et al., in review-b; Reinhard
et al., 2013). Recall that the stratigraphic trend actually reveals an increase in Mo
concentrations going into the OAE, but it is subtle, and the Fe data tell us that it is best
explained by a local shift from anoxia (non-sulfidic) to euxinia. The euxinic values are
muted compared to typical euxinic deposition at times of more limited global extent
(Algeo and Lyons, 2006; Lyons et al., 2009) due to global drawdown of the marine Mo
reservior (Owens et al., in review-b; Reinhard et al., 2013), which could be mistaken for

non-euxinic conditions during the OAE (i.e. Turgeon and Brumsack, 2006).
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Additionally, the Mo/TOC ratio drops during the OAE, even when compared to
the non-euxinic deposition prior to the OAE, which suggests Mo burial under a highly
depleted marine reservoir (Algeo and Lyons, 2006; Lyons et al., 2009). This scenario
has been well documented in the modern ocean as TOC and Mo concentrations co-vary,
and the mean ratio then tracks the size of the Mo inventory (Algeo and Lyons, 2006) .
The non-OAE Mo/TOC values average ~9.8, which is nearly identical to another OAE2
record at IODP site 1258 (Algeo and Rowe, 2011; Hetzel et al., 2009; Owens et al., in
review-b), and during the OAE the Mo/TOC averages ~3.2 (slightly higher than the 2.8
observed at site 1258). The Mo/TOC values recorded during the OAE at both Furlo and
Demerara Rise are lower than those of the highly restricted, Mo-depleted, modern Black
Sea (average of ~4.5), while the more open, Mo-replete Cariaco Basin records Mo/TOC
values above ~20 (Algeo and Lyons, 2006), which again suggests that Mo was severely

drawn down during the event.

Trace metal limitations have been invoked as a mechanism for retarding the
evolution of life during the Proterozoic due to the prevailing redox state of the oceans
(Anbar and Knoll, 2002; Dupont et al., 2010; Planavsky et al., 2010; Scott et al., 2008),
and similar conditions may have existed for short periods in the Phanerozoic (Gill et
al., 2011b; Owens et al., in review-b). Due to widespread reducing conditions limiting
the availability of bioessential elements—Mo and V for example, which are linked to
the nitrogen cycle as enzymatic co-factors in nitrogen fixation (Bellenger et al., 2011;
Glass et al., 2009; Reinhard et al., 2013). Additionally, Zn has been documented to be
essential for eukaryotic evolution through protein-DNA interactions (Dupont et al.,
2006). Somewhat surprisingly, existing trends suggest that Zn was not limiting in the
widely anoxic and euxinic Proterozoic ocean (Scott et al., 2013). However, the values for

Zn/Al during the OAE at Furlo and Demerara Rise (Hetzel et al., 2009; Owens et al., in
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review-b) average 47 and 62, respectively, which is approaching the crustal average of
~10 (Scott et al., 2013). These values are on the low end of the Precambrian data and may
have played an important role ecologically during the OAE, as suggested by a decline

in eukaryote abundance relative to bacteria (Owens et al., in review-b). It is difficult to
unmix the relative importance of each bioessential trace element, but collectively they are
certain to have been important to the ecological and chemical evolution that marked this

event.

The sulfur isotope data for both CAS and pyrite show a positive excursion starting
at or just prior to the onset of the OAE and extending through and past the OAE. This
excursion suggests a global perturbation in the sulfur isotope composition of the ocean
due to an increase in pyrite burial, which leaves the marine sulfate reservoir heavy
(Owens et al., in review-a). The S, record has now been observed at seven sections
worldwide with a consistent presence of 6**S ., excursions but of varying magnitudes (2
to 7%o). The timing and lag following the carbon isotope excursion are nearly identical at
all localities (Adams et al., 2010; Ohkouchi et al., 1999; Owens et al., in review-a). Our

positive 6*S_
pyr

.. €xcursion of ~12%o has not been observed at other sites (Adams et al.,

2010; Bottcher et al., 2006; Gautier, 1987; Hetzel et al., 2009), and the A*S recorded in
this section is the largest known for OAE2, although it is similar to the Western Interior

Seaway (Adams et al., 2010) and decreases during and post-OAE (Fig. 5.4).

At both Furlo and Eastbourne, I/Ca ratios increase significantly following the

OAE, which suggests a rapid increase in oxygenated waters and less OC burial post-

OAE(Lu et al., 2010). The low but non-zero values preceding the OAE suggest low 10;
in the water column, consistent with small but limited oxygen concentrations. Organic

carbon cycling also plays a role in modulating I/Ca ratios, as iodine is a bioessential
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element whose reservoir size is most strongly linked to organic carbon burial and
remineralization. The similar trends in I/Ca at both sites provides evidence that a
shrinking iodine reservoir was linked to enhanced organic carbon burial during the OAE.
Therefore, the iodine data are best viewed in light of a global regulation of the iodine
inventory through organic burial in combination with local redox controls. Therefore,
the transition between the carbonates and shales preceding the OAE represents local
redox vacillations from anoxic-ferrruginous shales to low but present oxygen-containing

carbonates.

CONCLUSIONS

Paired lithofacies and geochemical proxies illuminate the local and global redox
landscape during OAE2. The Fe speciation data suggest the organic-rich facies at Furlo
were anoxic (Fe  /Fe_above 0.38) but lacked water column euxinia (Fepy/FeHR well
below 0.7) prior to the OAE; however, enriched Fe_ /Fe_and Fepy/FeHR suggests euxinia
during the OAE. The trace metal geochemistry of the black shale layers is consistent
with the Fe results. Low oxygen/anoxic indicators—V, Cr, and Zn—are enriched prior
to the OAE, while the euxinic proxy, Mo, shows very limited enrichment, suggesting
either intermittent euxinia or sulfide limited to pore fluids. During the OAE, Mo values
are enriched by up to ~40 ppm, which is similar to the enrichments seen at Demerara
Rise during the OAE (Hetzel et al., 2009; Owens et al., 2012). These values are relatively
subdued, suggesting deposition under a depleted marine reservoir due to a global
expansion of euxinia (Reinhard et al., 2013). Importantly, V, Cr, and Zn associated
with the euxinic OAE interval record values close to crustal averages, also suggesting a

drawdown of the trace metal marine inventory.
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The carbonate proxies show similarities to previous studies (Adams et al., 2010;
Lu et al., 2010; Ohkouchi et al., 1999; Owens et al., in review-a). The 534SC A data show
a ~6%o positive excursion starting slightly before the OAE and continuing post-OAE,
which suggest continued euxinic burial of pyrite (Owens et al., in review-a). The low I/
Ca ratios prior to the OAE point to burial under low oxygen, but not anoxic, surface
waters, suggesting oscillating redox conditions prior to the OAE. The data also suggest

increasing oxygenation post-OAE (Lu et al., 2010).

The multi-proxy lithofacies approach (carbonates and shales) shows good
consistency prior to the OAE, but no comparison can be made during the OAE due
to a lack of carbonate deposition—or after due to the lack of organic-rich shales. The
rhythmic deposition of sediments is likely tied to climatic and environmental changes
(Galeotti et al., 2009), which could also be driving the redox changes for each lithofacies
prior to the OAE. This dataset increases the global context for understanding areal extent
of euxinia, which was previously modeled to be less than ~10% of the seafloor (Owens
et al., in review-a; Owens et al., in review-b), and suggests that this locality experienced
low oxygen conditions and even anoxia prior to the OAE—perhaps as a first step toward

the more extreme conditions of the OAE.
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Chapter 6

Iron isotope and trace metal records of iron cycling in the proto-North Atlantic
during the Cenomanian-Turonian oceanic anoxic event (OAE-2)
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ABSTRACT

The global carbon cycle during the mid-Cretaceous (~125-88 million years
ago, Ma) experienced numerous major perturbations linked to increased organic carbon
burial under widespread, possibly basin-scale oxygen deficiency and episodes of
euxinia (anoxic and H,S-containing). The largest of these episodes, the Cenomanian-
Turonian boundary event (ca. 93.5 Ma), or oceanic anoxic event (OAE) 2, was marked
by pervasive deposition of organic-rich, laminated black shales in deep waters and in
some cases across continental shelves. This deposition is recorded in a pronounced
positive carbon isotope excursion seen ubiquitously in carbonates and organic matter.
Enrichments of redox-sensitive, often bioessential trace metals, including Fe and Mo,
indicate major shifts in their biogeochemical cycles under reducing conditions that
may be linked to changes in primary production. Iron enrichments and bulk Fe isotope
compositions track the sources and sinks of Fe in the proto-North Atlantic at seven
localities marked by diverse depositional conditions. Included are an ancestral mid-ocean
ridge and euxinic, intermittently euxinic, and oxic settings across varying paleodepths
throughout the basin. These data yield evidence for a reactive Fe shuttle that likely
delivered Fe from the shallow shelf to the deep ocean basin, as well as (1) hydrothermal
sources enhanced by accelerated seafloor spreading or emplacement of large igneous
province(s) and (2) local-scale Fe remobilization within the sediment column. This
study, the first to explore Fe cycling and enrichment patterns on an ocean scale using iron
isotope data, demonstrates the complex processes operating on this scale that can mask
simple source-sink relationships. The data imply that the proto-North Atlantic received
elevated Fe inputs from several sources (e.g., hydrothermal, shuttle and detrital inputs)

and that the redox state of the basin was not exclusively euxinic, suggesting previously
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unknown heterogeneity in depositional conditions and biogeochemical cycling within

those settings during OAE2.

INTRODUCTION

The Late Cretaceous greenhouse interval peaked during the late Cenomanian
and early Turonian, and the Cenomanian-Turonian boundary coincides with a major
perturbation of the global carbon cycle (Arthur et al., 1988; Schlanger et al., 1987,
Scholle and Arthur, 1980) reflected in extensive deposition of laminated black shales.
These perturbations resulted from either increased primary production (Schlanger
and Jenkyns, 1976), enhanced organic matter preservation under oxygen-deficient
depositional conditions (Barron, 1983; Schlanger et al., 1987), or some combination of
both. Associated with elevated temperatures (Huber et al., 1995) and thus lower oxygen
solubility, along with enhanced carbon delivery, the environmental conditions of the
basinal proto-North Atlantic became anoxic and euxinic (with free H,S in the water
column) at a scale large enough to be termed an oceanic anoxic event or OAE (Schlanger
and Jenkyns, 1976; Jiménez Berrocoso et al., 2008; Hetzel et al., 2009). The result was a
proliferation of organic-rich, laminated black shales in the deep basin and less commonly
across continental shelves, particularly at sites along the tropical Atlantic shelves—i.e.,
the southern part of the proto-North Atlantic Basin. A sharp increase in organic matter
burial is reflected in a global positive isotope excursion expressed in both organic and
inorganic carbon across the basin (Arthur et al., 1988; Schlanger and Jenkyns, 1976).
The prominent isotope excursion, particularly its expression in the organic record, is

especially useful for correlating basin-wide stratigraphy in the absence of biostratigraphic
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controls at paleodepths greater than the carbonate compensation depth (Kuhnt et al.,

2005).

A common model for the cause of OAE2 calls upon the expansion of
hydrothermal activity (Adams et al., 2010; Frijia and Parente, 2008; Jones and Jenkyns,
2001; Kuroda, 2007; MacLeod et al., 2008; Sinton and Duncan, 1997; Turgeon and
Creaser, 2008), resulting in increased concentrations of hydrothermal Fe in the photic
zone prior to the onset of the OAE and a concomitant increase in primary production
(Leckie et al., 2002; Snow et al., 2005). Studies of the modern ocean tell us that primary
production over vast regions can be limited by the availability of Fe, an essential
micronutrient (Martin and Fitzwater, 1988). By analogy, hydrothermal Fe is hypothesized
as a possible explanation for the increased organic carbon deposition that marks the
OAE. The coincidence of the emplacement of the Caribbean large igneous province (LIP)
with sedimentary trace metal enrichments (Snow et al., 2005) and marked radiogenic
isotope excursions for Nd (Frijia and Parente, 2008; Kuroda, 2007; MacLeod et al.,

2008) and non-radiogenic isotope excursions for Sr and Os isotopes (Jones and Jenkyns,
2001; Turgeon and Creaser, 2008) are consistent with a volcanogenic trigger for large-
scale ocean anoxia. However, recent work suggests there is also a significant increase in
continental weathering or detrital inputs during the event (Blittler et al., 2011; Jones and
Jenkyns, 2001) which may complicate these isotopic signals (as reviewed in Jenkyns,

2010).

Importantly, Fe enrichments do not necessarily imply enhanced hydrothermal
activity. Therefore, we need to investigate possible Fe sources in great detail. For
example, enhanced remobilization of Fe from coastal sediments is an alternative model
for the delivery of Fe to the open ocean during ocean-scale anoxia. Benthic Fe fluxes

correlate positively with rates of organic matter oxidation until the onset of bacterial
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sulfate reduction, and bottom-water oxygen concentrations are inversely proportional
(Elrod et al., 2004; Severmann et al., 2010) Consistent with a relationship to high
availability of organic matter, modern oxygen minimum zones (OMZ) demonstrate
elevated Fe concentrations in the water column (Blain et al., 2008; Bruland et al., 2005;
Moffett et al., 2007). The expansion of oceanic anoxia thus provides a positive feedback
for enhanced Fe supply from the continental shelf to the open ocean. The mechanistic
underpinnings of this model have emerged from careful studies of the Black Sea, the
modern world’s largest euxinic basin, wherein diverse evidence points to net transport
(shuttling) of reactive Fe from shallow oxic and suboxic shelf settings to deep euxinic
waters (as reviewed in Lyons and Severmann, 2006). Detailed measurements and models
have specifically fingerprinted and quantified net transport of reactive Fe from the shelf
to the basin where it is captured through pyrite formation in the water column (Anderson
and Raiswell, 2004; Canfield et al., 1996; Wijsman et al., 2001). The shallow, organic
carbon-lean, oxic-to-suboxic sites along the basin margin show correlative loss of Fe
from the sediment pore waters and thus from the bulk sediments through reductive

cycling in the absence of appreciable dissolved H.S.

Our goal is to evaluate the relative roles of basinal redox controls and increased
volcanic activity in the enhanced delivery of Fe during the OAE. To better understand
the origin of Fe enrichments we have investigated sections from seven different locations
(Fig. 6.1) representing continental shelf, continental rise, and deep abyssal plain settings
spanning the Cenomanian-Turonian boundary and associated with clear records of
OAE2. Most of the sites have previously been described to have enrichments in redox-
sensitive trace metals such as Fe, Cu, Mo, and V (Brumsack, 1980; Hetzel et al., 2009;
Jiménez Berrocoso et al., 2008; van Bentum et al., 2009), and several sites show organic

biomarker evidence for pervasive photic-zone euxinia prior to and throughout the OAE
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Trans
Saharan
Seaway

Figure 6.1: Sample location for the seven sections investigated within the proto-North Atlantic;
paleogeography adapted from Trabucho Alexandre et al. (2010). The blue gradient indicates
estimated water depths with the lighter colors indicating shallower depths and greater depths
marked with darker colors; the landmasses are shaded green and gridded.

(Kuypers et al., 2002; Pancost et al., 2004; Sinninghe Damsté and Koster, 1998). Here we
couple Mo concentration data to our Fe analyses as an independent constraint on the local
depositional redox conditions. We are using Fe concentrations and isotopes to understand

the basin-wide Fe geochemistry in the proto-North Atlantic and specifically the pathways

201



of Fe cycling, from source to sink. Included in this mix is the possible role of an iron
“shuttle” analogous to that operating today in the Black Sea but on the scale of a large
ocean basin. This is the first exploration of the shuttle model at such a scale and under
the likely strong influence of hydrothermal contributions. Hydrothermal inputs may mask
the shelf-to-basin shuttling of Fe that is perhaps best seen in marginal marine basins and

epicontinental seaways under a favorable source-to-sink mass balance.

BACKGROUND: IRON ISOTOPES AS A SOURCE TRACER

Elevated bulk iron (Fe_) to aluminum (Al) ratios are a simple indicator of
sedimentary Fe enrichment beyond the continental crustal average of ~0.5 (Taylor and
McLennan, 1995; Turekian and Wedepohl, 1961) and are among the most dependable
indicators of ancient redox conditions and Fe cycling in those settings (Lyons and
Severmann, 2006; Raiswell et al., 2008). The differentiation of multiple Fe sources
for the enrichment, however, requires additional proxies that can help refine our
understanding of environmental conditions and the associated enrichment mechanism(s).
Iron isotopes can be important tracers of Fe inputs in these studies because each
potential source, in this case hydrothermal fluids versus diagenetic Fe released from (and

remobilization within) sediments, should have distinct Fe isotope properties.

The majority of hydrothermal fluids measured to date show only minimal
deviation in their Fe isotope compositions (6°°Fe, see below for further explanation)
relative to average igneous rocks (~0.0%o to -0.5%o ) (Beard et al., 2003; Severmann et
al., 2004; Sharma et al., 2001). Deviations from this value are typically only observed
for low temperature fluids, which have much lower Fe concentrations; therefore it

would be difficult for this source to significantly alter the isotope geochemistry. In the
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modern oxic ocean the isotopic compositions of freshly precipitated Fe in hydrothermal
plumes suggest a more complex picture as different mineral phases, such as pyrite and
Fe oxides, form upon mixing of hot fluids with cold seawater. However, despite the
potential for isotopic fractionation during hydrothermal fluid entrainment into the bottom
water, Fe isotope compositions of distal hydrothermal plume particles have been shown
to span a relatively narrow range, with values approaching the fluid source (Bennett

et al., 2009; Severmann et al., 2004). The geologic record confirms that sediments
containing hydrothermally sourced Fe also span a narrow range in 6°°Fe values similar

to modern hydrothermal fluids, but show a large range in Fe /Al ratio (Czaja et al., 2010;
Halverson et al., 2011; Johnson et al., 2008). Consequently, the Fe isotope composition
of hydrothermally impacted sediments is relatively invariant, regardless of the degree of
Fe enrichment. It is difficult to distinguish detrital inputs from hydrothermal contributions
using Fe isotopes alone; however, the use of Fe /Al ratios helps us discern relative
contributions—with detrital Fe /Al values of ~0.5 and hydrothermal values typically
much greater than 0.5. An increase in detrital material via weathering patterns could add
an additional complication because hydrothermal isotopic and enrichment signatures in a

marginal environment can be diluted by enhanced continental delivery.

The iron shuttle initiates with preferential release of isotopically light Fe during
reduction of oxide phases coupled to diagenetic carbon remineralization beneath the
oxic/suboxic shelfal bottom waters of the source region (Severmann et al., 2006). As
a result, the residual bulk sedimentary Fe becomes preferentially depleted in total Fe
and isotopically enriched with a positive 6°Fe signature. The remobilized, shuttled
light Fe is subsequently captured through water-column pyrite formation in the euxinic
basin (Lyons, 1997). Iron capture in the sulfidic water column is near quantitative,

and the mass balance implies that the isotopic composition of the precipitated Fe
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remains indistinguishable from the dissolved source. As a consequence, the sediments
show increasingly light Fe isotope values with progressive Fe enrichments (Lyons

and Severmann, 2006; Severmann et al., 2008). This pattern, specifically the inverse
relationship between 6°°Fe_ and Fe /Al, can provide a robust fingerprint of Fe shuttling in
ancient basins (Czaja et al., 2010; Duan et al., 2010). However, the role and fingerprints
of the shuttle on the scale of a deep ocean OAE are not well studied—a gap that

motivated the approach taken here.

SAMPLING: SITES AND COLLECTION PROTOCOLS

Here we present data from seven sample localities deposited under variable redox
conditions. The sample locations were strategically selected with an eye toward wide
spatial distribution in the proto-North Atlantic (Fig. 6.1). Most of the samples used for
this study were obtained from DSDP and ODP sample archives. Our existing sample
collections (DSDP sites 105, 144, 367 and 603B and ODP site 1258 [Berger and von Rad,
1972; Hayes et al., 1972; Hollister et al., 1972; Shipboard Scientific Party, 2004; Thurow,
1988; van Hinte et al., 1987]) were complemented with additional samples obtained from
the core repository in Bremen, Germany, in 2008. Samples from Tarfaya core S75 were
collected as part of the oil shale campaign undertaken by Shell International Exploration
and Production (Kuhnt et al., 1997), and the Eastbourne outcrop section was logged and
sampled at the Gun Gardens locality in East Sussex, England. Three sites were located

in the northern region of the proto-North Atlantic and four from the southern region (Fig.

6.1).

The Eastbourne locality from the northern proto-North Atlantic represents a

shallow oxic shelf (Paul et al., 1999; Tsikos et al., 2004) with very low total organic
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carbon (TOC) content (Fig. 6.2; TOC of 0.1 to 0.2 wt. %) and lithologies (Fig. 6.2)
dominated by bioturbated nannofossil (coccolithophore) calcareous ooze and clay
(Gale, 1996; Keller et al., 2001). Despite fundamental differences in the depositional
environment of this oxic site relative to our other localities, carbonate-C and organic-C

isotope records of OAE2 are well correlated with those from the other sites (Fig. 6.2).

Two northern proto-North Atlantic sites, Deep Sea Drilling Project (DSDP) sites
603B and DSDP 105, have mixed lithologies that document fluctuating redox conditions.
Deposition during the OAE at both sites is marked by alternating organic-poor green
claystone (TOC ~1 wt. %) and organic-rich black shales (TOC up to 25 wt. %) (Fig. 6.2)
with consistently low carbonate abundance (<10 wt. %) (Herbin et al., 1987), suggesting
periodic anoxia/euxinia and possible orbital forcing of organic carbon deposition and
associated depositional redox (Kuypers et al., 2004). The main distinction between these
two sites is that 603B was under stronger influence of coastal oceanic processes, and the
sediments are therefore distinctly hemipelagic (Herbin et al., 1987). The intermittence
of the laminated, metal-enriched black shales, along with biomarker evidence (Kuypers
et al., 2004), suggests that this part of the North Atlantic was only periodically euxinic
during the OAE. Consistent with this inferred redox-oscillation, the green claystones
(Fig. 6.2) are bioturbated and do not show enrichments of redox-sensitive metals,
suggesting oxic conditions of deposition (Kuypers et al., 2004); this alternation occurs
at very regular intervals (0.11 - 0.13 m), and the lithologies before and after the OAE at
both sites are dominantly bioturbated organic-lean green claystones with some fine layers

of organic rich shales.

Black shale deposition was particularly prominent in the southern portion of the
proto-North Atlantic during the OAE (Trabucho Alexandre et al., 2010). Of the four

sites from the southern part of the basin (Fig. 6.1), DSDP site 367 near Cape Verde was

206



the deepest, with a paleodepth of ~3700 m located on the abyssal plain in the vicinity of
the ancestral mid-ocean ridge (Kuypers et al., 2002). Even before the onset of the OAE
(as marked by the positive C-isotope excursion, Fig. 6.2), sediments show pronounced
lamination (Fig. 6.2; (Herbin et al., 1986)) and high TOC that increases to exceptionally
high concentrations of up to 40 wt. % during the event. Previously noted at this site

was the appearance of isorenieratene and chlorobactene, sulfurbound molecular fossils,
produced by brown and green strains of phototrophic sulfur bacteria, indicating that
euxinic conditions extended at least episodically into the photic zone during the OAE

(Kuypers et al., 2002).

ODP site 1258 (all samples from 1258A) from the Demerara Rise is marked by
finely laminated black shales that extend before, during, and after OAE2, with TOC
contents reaching maximum values of 30 wt. % during the event. Previous records of
Fe enrichment, the S isotope compositions, and prevalent lamination indicate persistent
euxinia during the OAE at this site (Hetzel et al., 2009) while a positive Nd isotope
excursion (MacLeod et al., 2008) may hint at hydrothermal contributions to the local
bottom waters. The core depths [specifically meter core depth (MCD) below the seafloor]
for data presented here for Fe and Mo were adjusted to correlate with the carbon isotope
stratigraphy of Erbacher et al. (2005) using the method presented in the supplementary

material of MacLeod et al. (2008).

S75 from Tarfaya, Morocco, is a relatively shallow, shelfal site (<200 m paleo-
water depth; Kuhnt et al., 1997) with high sedimentation rates exceeding 10 cm/ky,
making its accumulation rates for organic matter the world’s highest known for the
C/T transition. Sediments are comprised of organic rich (TOC up to 15 wt. %) dark
laminated chalks and carbonate-diluted shales (Kolonic et al., 2005) intercalated with

non-laminated, lighter colored limestones (Fig. 6.2). Isorenieratane abundance increases
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dramatically up section in a nearby core (Tarfaya S13) during the OAE, indicating photic
zone euxinia, although there is a slight increase just before the OAE, and concentrations
remain high slightly after the OAE (Kuypers et al., 2002). Previously, a similar Tarfaya
site (section S57) was analyzed by Jenkyns et al., (2007) for Fe, C and N isotopes. Details

are discussed below.

Lastly, sediments at another open ocean site from the southern proto-North
Atlantic, DSDP 144, were deposited at a relatively shallow paleodepth of ~1300 m on the
ancestral mid-ocean ridge (Berger and von Rad, 1972) , supporting the likelihood of high
hydrothermal inputs at this site. Sediments consist of laminated carbonaceous limestone
and calcareous clay with TOC contents reaching 30 wt.% during the OAE. Isorenieratane
is present at this site, although the abundances are lower than those at site 367 (Kuypers

et al., 2002).

ANALYTICAL METHODS

Once inspected and cleaned, the samples were powdered using a trace metal-clean
ceramic ball mill and ashed for 12 hours at ~850°C to volatilize any organic material
and sulfides. The samples were then weighed to determine loss on ignition, and 50-75
mg of ashed sample were digested by a standard three-acid sequential protocol using
HNO3/HCI/HF at ~150°C. All acids used were Aristar/trace metal clean. Fully digested
samples were analyzed on an Agilent 7500ce ICP-MS (Inductively Coupled Plasma-Mass
Spectrometer) using H2 and He in the collision cell. Standard reference materials (SDO-
1 and SCO-1 shales) were digested and analyzed with each set of extractions, and in all
cases were within the accepted analytical error for all elements: Fe and Al had % errors

of less than £5, and Mo had an error of £8, which is better than the certified value. We
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emphasize total Fe in this study because most of the cores have oxidized since collection,
which precludes detailed speciation such as that of Poulton and Canfield (2005).
Fortunately, the depositional and diagenetic conditions of interest are well expressed in

the Fe properties of the bulk sediment (Lyons and Severmann, 2006).

Splits from the previously dissolved materials were used to measure the Fe
isotope composition of the bulk sample (6°°Fe,). To eliminate matrix effects, samples
were purified using anion exchange resin (0.5 ml of Biorad AGMP-1 M) and a standard
ion chromatography protocol for Fe separation (Arnold et al., 2004; Skulan et al., 2002).
Column yields were monitored before and after chromatographic purification using a
modified ferrozine colorimetric method (Stookey, 1970; Viollier et al., 2000) with UV-Vis
spectrophotmetry (A = 562nm). Samples with yields of 95% or better were dried down

and diluted with 0.32 M HNO3 for isotopic analysis.

Isotopic compositions were measured on a Neptune Thermo Scientific MC-ICP-
MS (Multiple Collector-Inductively Coupled Plasma-Mass Spectrometer) at Arizona
State University using the methods described in Arnold et al. (2004). The samples
were run in a 0.32 M HNO3 matrix at ~2-3 ppm Fe concentration and spiked with
equal proportion of Cu standard for mass bias correction. We measured the certified
international reference material IRMM-014 as a bracketing standard between each
sample as a further monitor for accurate mass bias correction. Corrected data are reported

relative to average igneous rock using the standard delta notation (Coplen, 2011):

**Fe/>*Fe
656Fe(%o){(( s }-1 (Equation 6.1)

((°Fe/ ™ Fe) yup,
The measured Fe isotope composition of IRMM-014 is §*°Fe_ -0.09%o on this scale

eard et al., with a long-term internal precision of +£0.08%o (2- .
Beard et al., 2003) with a 1 i 1 ision of £0.08%o (2-STD
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RESuULTS AND DISCUSSION

This study is the most comprehensive Fe isotope study to date of an OAE,
although not the first Fe isotope data set for OAE2 (Jenkyns et al., 2007) or Cretaceous
black shales (Clayton et al., 2007). The uniqueness of this study lies with our inclusion
of extensive data for Fe and Mo concentrations and samples from diverse settings and
depositional conditions spanning from before, during, and after the event (Fig. 6.3).

We begin our discussion by reconstructing paleoenvironmental conditions using Mo
concentrations. These data provide an essential framework for interpreting the Fe-isotope
and Fe /Al relationships and, specifically, for unraveling Fe sourcing during this time

period.

Paleoredox environment of the proto-North Atlantic: Mo and biomarker records

The redox conditions at each site are independently constrained by previous
studies (Brumsack, 1980; Hetzel et al., 2009; Kuhnt et al., 1997; Kuypers et al., 2004;
Kuypers et al., 2002; Tsikos et al., 2004) and through our use of Mo abundances.
Molybdenum provides an effective, independent constraint on the paleoredox conditions
of the local settings (Scott et al., 2008). Specifically, no enrichment (i.e., crustal values
of 1 to 2 ppm) is expected under oxic conditions compared to enrichments of 10 to 30
ppm in ‘suboxic’ settings (defined by low oxygen bottom waters but with H,S confined
to the pore waters) and the roughly 40 to hundreds of ppm levels that characterize
euxinia (Lyons et al., 2009). Molybdenum enrichments are controlled by ambient
redox conditions in the water column and sediment, in particular the availability of
hydrogen sulfide and organic carbon and the starting concentration of Mo in the basin

or ocean [e.g., (Algeo and Lyons, 2006; Helz et al., 1996; Lyons et al., 2009)]. Euxinic
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enrichments are diagnostically high and variable, principally tracking TOC availability

and the dissolved Mo inventory in the local and/or global setting.

Our Mo data (Fig. 6.3) confirm previous findings that euxinic conditions
were more pervasive in the southern part of the proto-North Atlantic than in the north
(Trabucho Alexandre et al., 2010). The highest concentrations were observed at site 367
(maximum value of 412 ppm), which is also the site with the highest TOC concentrations
and reported occurrences of the molecular fossils isorenieratane and chlorobactane,
suggesting that hydrogen sulfide was present in the water column and extended into the
photic zone (Kuypers et al., 2002). Although the maximum TOC concentrations and
biomarkers indicative of shallow euxinia are associated with the OAE proper, they initiate
before the onset of the OAE as delineated by the positive C-isotope excursion (Fig. 2
and Kuypers et al., 2002). Molybdenum enrichments consistent with euxinic conditions
are observed at all four southern sites even before the expansion of ocean anoxia that
defines the OAE, in contrast to the limited evidence for euxinia in the north. A notable
feature of the Demarara Rise (1258) and Tarfaya (S75) sites is a marked decrease in Mo
concentrations during the OAE, an observation that was also highlighted by Hetzel et al.
(2009) for other sites along the Demerara Rise shelf transect. The lack of a concurrent
decrease in TOC across these intervals suggests that—rather than waning euxinia or a
drop in TOC content—these muted Mo enrichments reflect a shift in the Mo inventory,
perhaps on a broad scale. If we are correct, this Mo pattern marks a transition from
dominantly local to regional/oceanic euxinia and back, with a corresponding depletion in
the seawater Mo reservoir during the period of expanded euxinia. Such expansion may
have extended across a wide part of the ocean. Site 367 shows concentrations as high as

200 ppm during the OAE, which is still a drop compared to the pre-OAE enrichments.
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The incomplete core recovery at this site, however, may preclude evidence for the full

drop in Mo enrichment we expect during the OAE.

At the northern sites 603B and 105, Mo enrichments are confined to the OAE
(Fig. 6.3). Frequent fluctuations in Mo concentrations at these sites during the OAE
generally match variations in lithology and TOC contents, suggesting varying redox
conditions rather than reservoir effects. At the Eastbourne locale, Mo shows uniformly
low values throughout the sampled interval, with concentrations typically below the 1
to 2 ppm crustal average. These data, along with the prevailing Fe relationships (see
below), indicate that this site was dominantly if not persistently oxic. In fact, the lowest
values for Mo fall below the crustal average and likely reflect average detrital inputs
with concentrations reduced by substantial carbonate dilution. However, a suite of
redox proxies that are sensitive to the early onset of ocean deoxygenation (specifically,
Ca-normalized I, Ce, and Mn concentrations) suggest that even the shallow waters at
Eastbourne experienced some degree of oxygen depletion before and during the OAE
(Lu et al., 2010), although there is no indication that bottom water ever became anoxic or
euxinic at this site. We can now view the Fe distributions and likely sources among these

sites within a paleoredox context informed by straightforward patterns of Mo enrichment.

Iron release from the oxic continental shelf

We begin our discussion of Fe with the most oxic site. The coastal Eastbourne
locale shows Fe /Al ratios typically at or below the continental crustal average of ca.
~0.5. This average is assumed to represent typical siliciclastic (detrital) input. The
Eastbourne samples are complicated by their high carbonate contents (mean ~85%);

but Fe /Al averages for carbonates are, if anything, typically elevated (~0.9) compared
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with average continental crust (Turekian and Wedepohl, 1961). In this light, the average
Fe /Al ratios of 0.46 over the ~20 meters are consistent with net loss of Fe from the
sediments. Loss of Fe, which should be isotopically light (Severmann et al., 2010), is
further indicated by the observation that the 6°°Fe_ data cluster slightly above 0%o with an
average of +0.08%o (Fig. 6.3 and 6.4). Sedimentary Fe reduction promoted Fe build up in
the pore fluids and, with pervasive bioturbation, transport from the sediment (Lyons and
Severmann, 2006; Severmann et al., 2010). These conditions were ultimately facilitated
by a lack of appreciable sulfate reduction due to the overall paucity of organic matter

at this site (average TOC contents are 0.12 wt%). The results at Eastbourne for Fe /Al
and 6°°Fe_ are invariant before, during, and after the OAE, defined by the 5"°C excursion
(Fig. 6.2). The lowest 6°°Fe_ value is from a sample that also shows slightly higher

Fe /Al ratios and could reflect transient euxinia. Overall, the Eastbourne data point to
dominantly oxic deposition, with robust signals that are not complicated by the very high

carbonate contents.
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Figure 6.4: Averages and ranges for the iron isotope data and Fe concentrations (relative to Al) at
each section before, during, and after OAE-2.
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Iron cycling in the southern basin: hydrothermal sources and euxinic sinks

Our highest Fe /Al ratios, with several samples exceeding values of 2, were
measured during the OAE at the southern site 367 and site 105 in the north (Fig. 6.3
and 6.4). Surface sediments representing the current euxinic stage in the Black Sea,
our best modern analog, have markedly elevated Fe /Al ratios when compared to
average continental crust. The magnitude of the enrichment as driven by the Fe shuttle
is constrained by sedimentation rates and the mass balance of the source-to-sink
relationship (Lyons and Severmann, 2006; Raiswell and Anderson, 2005). Nevertheless,
Fe /Al values exceeding 1.2, as we have observed during OAE2, are not recorded
in the Black Sea and are only rarely observed throughout the Phanerozoic. As such,
more extreme Fe enrichments, exceeding ~1.5, may be a flag signaling hydrothermal
augmentation (Cruse and Lyons, 2004) or secondary remobilization within the sediment

column. Broader tectonic and paleogeographic parameters must also be considered.

Due to its location on the ancestral mid-ocean ridge, DSDP site 144 is the best
candidate among our study sites for a strong hydrothermal signal from ridge-style
venting. This locale shows high Fe. /Al ratios before the OAE (average 0.83), with
smaller enrichments during the OAE (0.73) and marked variability in the magnitude
of enrichment. All the Fe isotope data are relatively uniform, including the data
corresponding with the Fe enrichments, with pre-OAE and syn-OAE 6*°Fe_ averages of
0.00%o. Because hydrothermal Fe and background detrital sources of Fe have similar
isotopic properties, variations in Fe enrichment without parallel isotopic variability may
be diagnostic of hydrothermal inputs. The pervasive euxinic conditions throughout the
southern part of the proto-North Atlantic, in combination with the pattern of oceanic
circulation, likely aided in the relatively short dispersal distance of hydrothermal Fe to

the nearby southern sites with little associated isotope fractionation during transport.
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The shelfal Fe shuttle has likely contributed to Fe inputs to at least one of our
southern sites, specifically the deepest site 367, which has some of the most negative
0*°Fe_ values among the four southern sites (minimum &*°Fe, = -0.50%o). That said,
the lack of a continuous negative shift in °°Fe_ that tracks the level of Fe enrichment
argues for a shuttle signal that, if present, was typically swamped by hydrothermal
Fe with a §°°Fe_ near 0%o. The data at site 1258 (Fig. 6.4) do not argue for significant
source variations based on the Fe isotope records before, during, and after the OAE
(with averages of 0.09, 0.04, 0.07%o., respectively) despite Fe /Al ratios that increase
significantly during the event (average pre-OAE: 0.50, during: 0.70, and post-OAE:
0.47). Clayton et al. (2007) analyzed Fe isotopes at another Demerara Rise site, ODP
1260, with low sample resolution that does not cover the OAE and methods that
focused on separate Fe minerals. It is difficult therefore to compare their data to ours.
The most reasonable interpretation is that the Fe delivered to this site is dominantly
from a hydrothermal source, although a subtle negative shift at the end of the OAE
may reflect input via the shuttle. The pronounced Mo enrichments suggest persistently
euxinic deposition at this site before, during, and after the OAE. Comparatively low Fe
enrichments before and after OAE2 likely mirror the inefficiency by which hydrothermal
and/or shuttled Fe is transported to a locally euxinic site via the surrounding oxic ocean.
In contrast, suppressed signals during the event reflect the ‘competition’ for hydrothermal
and shuttled Fe under the spatially extensive sulfidic conditions in the southern portion of

the proto-North Atlantic.

At the shallow Tarfaya shelf site S75, high sedimentation rates may have favored
dilution of the hydrothermal signal by detritally sourced Fe, consistent with relatively
smaller Fe enrichments compared to the other southern sites (Fig. 6.3 and 6.4). Despite

its location on the continental shelf—and in contrast to our northern shelf site from
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Eastbourne—there is no indication that site S75 acted as an iron source at any time
around OAE2. These Fe isotope data agree well with those generated for a different
Tarfaya shelf section, S57, by Jenkyns et al., (2007). They too show relatively small
isotopic variability with values near 0%o. In general, the details of the Fe mass balance,
the transport mechanisms, and the local/regional overprints, including spatially varying
hydrothermal inputs, remain incompletely defined pending additional analyses at other
sites and more general exploration of the mechanisms behind benthic Fe fluxes and
basin-ward transport. Nevertheless, the relatively stable 6°°Fe_ throughout the measured
section (overall average of 0.00%o) and only slightly elevated but consistent Fe /Al
(overall average of 0.60), our data are best explained by high terrigenous inputs against a
relatively small source of hydrothermal Fe, which mildly enriched the Fe without shifting

the isotopic composition appreciably.

Despite our claim above for possible inputs via the Fe shuttle, the narrow range in
6>°Fe_ between -0.5 and 0.0%o at site 367, despite a large range in Fe /Al (0.57 to 3.12), is
most consistent with a signal dominated by hydrothermal sources for the excess reactive
Fe during OAE2. The same hydrothermal dominance likely applies for the other southern
sites (DSDP 144, ODP 1258, and Tarfaya S75). All four sites show moderate (in the case
of S75) to intense (site 367) enrichments in reactive Fe (Fig. 6.3 and 6.4), coupled to
poor correlation between Fe /Al and *°Fe_ (Fig. 6.5) and Fe isotope compositions near
0%o. These relationships are even expressed by the samples with highly elevated Fe /

Al ratios. The source of the Fe might be linked to faster spreading rates and attendant
increased hydrothermal venting within the basin (Conrad and Lithgow-Bertelloni, 2007)
or emplacement of the Caribbean LIP in the equatorial Eastern Pacific (Sinton and
Duncan, 1997), which may have triggered OAE2, although long-distance Fe transport is

challenged by the low solubility of Fe in euxinic and, in particular, oxic waters. While
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crustal values. Note that DSDP 144 is proximal to a mid-ocean ridge, and S75 and ODP 1258 are
distal. Generally, sites 144, S75 and 1258 show variable Fe /Al enrichment without sympathetic
isotopic change suggesting hydrothermal sourcing, but with different magnitudes of enrichment
as a function of position relative to ridge.

sites 1258 and S75 show relatively small ranges in Fe /Al ratios (averaging 0.54 and
0.60, respectively) and isotope compositions (averaging 0.06 and 0.00%o, respectively)
throughout the entire sections, site 367 shows marked Fe /Al enrichment during the OAE
(average 1.58) with a relatively small negative 5*°Fe shift (average -0.11%o), perhaps,

pointing to locally sourced Fe tied to mid-ocean ridge venting.
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Iron cycling in the northern basin: diagenetic overprinting and the shuttle

In contrast to the southern sites, the two northern localities DSDP 603B and
DSDP 105, do not show Mo enrichments before the OAE, implying that conditions
remained largely oxic. However, despite the lack of Mo enrichments, site 105 shows
elevated Fe /Al ratios that coincide with intermittent periods of black shale deposition
even before the OAE (see lithostratigraphy in Fig. 6.2), which could mark anoxic
conditions that were only weakly sulfidic. The OAE yielded samples at both sites with
significantly elevated Fe /Al ratios, and black shales became more abundant, although
oxic conditions likely dominated based on the lithostratigraphy and only slightly elevated
Mo contents. Furthermore, both sites show high-low oscillations in Fe /Al roughly
similar to the variability observed in TOC contents and lithofacies patterns (Figs. 6.2
and 6.3). Although the northern site 105 and southern site 367 have similarly large Fe
enrichments, we infer based on the large negative shifts in 5*°Fe_ that site 105 received

very little, perhaps, no hydrothermally sourced Fe.

The distinctly negative Fe isotope values (min. $*°Fe = -1.43%o) measured at
site 105 are similar to values measured by Jenkyns et al. (2007) in the Scaglia Bianca at
Furlo, Italy (min. 6°°Fe = -1.7%o), and the sites share similar lithostratigraphic patterns
with relatively thin black shale units intercalated within dominantly bioturbated oxic
units. In the case of the Scaglia Bianca, shale units alternate with cherty limestones; at
site 105 the laminated shales alternate with green claystones. The pattern of seemingly
rapid §*°Fe_, variability suggests redox controls during the OAE that correlate to the
varying sedimentary facies, with positive 8°°Fe_ for the bioturbated sediments and
negative 5*°Fe_ for the laminated organic-rich black shales. Such a relationship could
reflect time-varying operation of the shuttle model over short, perhaps orbital, time

scales. More likely, however, is small-scale diagenetic remobilization of Fe within
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the sediment column, yielding Fe-poor to Fe-rich layers. Although the depositional
conditions may have been dominantly oxic, some elevated molybdenum concentrations
(in all lithologies) at sites 105 and 603B are consistent with transiently euxinic episodes
during the OAE at these sites as also recorded in the organic richness of the black
shales. However, the predominance of comparatively low Mo concentrations (OAE
averages at 105 and 603 of 16 and 18, respectively) argues against persistent euxinia and
suggests that the observed Fe patterns could be a secondary phenomenon tied mostly to
stratigraphic variability in TOC content. Specifically, we suggest that the data reflect Fe
mobilization within the sediments, whereby the organic- and sulfide-rich black shales
capture Fe that is released from adjacent layers lacking organic matter and thus favoring
bacterial iron reduction over sulfate reduction. Similar processes can be observed today
in the Black Sea where a sulfidization front is formed by the opposing gradient between
an organic-rich marine sapropel and an organic-lean but Fe-rich limnic unit (Neretin et
al., 2004). Our Fe paleoredox proxies must thus be used with caution when interpreting
juxtapositions (interlayering) of sediments with very different concentrations of TOC
and methane in the case of sulfate reduction driven by AOM (anaerobic oxidation of
methane). In a sense, though, the post-depositional remobilization and repartitioning of
Fe mirrors the processes of the Fe shuttle, which, by contrast, operates on a basin scale
rather than within the sediment column. In other words, isotopically light Fe migrates
from organic-poor layers dominated by reductive Fe mobilization to organic- and sulfide-
rich layers where the remobilized iron is recaptured quantitatively as pyrite. These two

facies reflect dominantly oxic deposition and at least transient euxinia, respectively.

Of all the sites investigated, site 603B shows the most convincing fingerprint of
enrichment via the Fe shuttle, with nearly all of the samples (11 out of 14) demonstrating

a systematic anti-correlation between 6*°Fe_ and Fe /Al (Fig. 6.5), as defined by the Black
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Sea trend. During the OAE, site 603B shows overall enrichments in Fe /Al (average:
0.92) and more negative 5*°Fe_ values (average: -0.36%o)—compared to pre- and post-
OAE Fe /Al values that fall close to crustal averages (0.56 and 0.61, respectively),

with 8°°Fe_ values that are shifted heavy compared to average crust (pre-OAE average:
0.17%o; post-OAE average: 0.12%o). Importantly, the high average Fe concentration and
negative average 6°°Fe, during the OAE were calculated using all the data, regardless
of the lithofacies, and the largest Mo concentrations (extending up to 64 ppm) generally
correlate with the more negative 6°°Fe . The data point to euxinic condition with signs
of redox variability. Unlike site 105, the Fe and Mo data point to a high frequency and
persistence of euxinia during the OAE at site 603B, making it a better candidate for Fe
inputs via the iron shuttle, despite lithologic observations from site 603B that indicate
marked redox-transitions similar to those of site 105. Of course, diagenetic remobilization
could overprint the primary shuttle signals. Most obvious is the challenge we face in
untangling the shuttle signal from possible diagenetic overprint in sediments marked by

alternating and thinly bedded organic-rich and organic-lean intervals.

Synthesis

Figures 6.4 and 6.5 provide us with a way to simplify a complex data set. For
example, although there are similarities in their Fe /Al ratios, we note a distinctly smaller
range in 8°°Fe_ values at site 367 compared to those at site 105 (Fig. 6.4), which likely
points to differences in the Fe sources and enrichment processes. Past work has revealed
a straightforward relationship between Fe /Al ratios and 5°°Fe, seen at diverse times
and places in the geologic record (e.g., Johnson et al., 2008). In the absence of strong

hydrothermal inputs, euxinic enrichments in reactive iron expressed as elevated Fe /Al
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ratios have consistently resulted in lower 6°°Fe_ values, mirroring corresponding Fe loss
at shallow, oxic source regions—i.e., our shuttle model. These benthic processes at oxic
sites leave a fingerprint of lowered Fe /Al with corresponding heavy 6°°Fe . A systematic
trend is observed between Fe /Al ratios and 6°°Fe_ in the modern, marginal marine Black
Sea (Severmann et al., 2008) and ancient epicontinental Devonian shales (Duan et al.,
2010). We assert that such processes likely operated during OAE2 (Fig. 6.5), although
the signals are far more complex because of the much larger scale spatial scale of Fe
cycling in the Cretaceous proto-Atlantic Ocean and the likelihood of large and pervasive

hydrothermal inputs associated with activity along mid-ocean ridges within that basin.

CONCLUSIONS

The Fe cycle in the proto-North Atlantic during the Cretaceous is, not surprisingly,
complex with multiple sources and sinks whose relative roles vary with position in the
basin. The highly productive and anoxic shelves of the southern equatorial portions
served as sinks, while the oxic shelves of the northern proto-North Atlantic seem to have
served as Fe sources. Our data show that the southern portion of the proto-North Atlantic
was influenced by hydrothermal Fe, but with a large portion of the northern basin lacking
evidence for significant hydrothermal inputs. This contrast might reflect the difficulty
of transporting Fe a significant distance in an oxic or sulfidic water column, since iron
oxides and pyrite quickly precipitate and settle. Although Fe is more soluble in a sulfidic
water column, pyrite precipitation poses a challenge to transporting Fe the great distances
needed to enrich all of the proto-North Atlantic, whether sourced by hydrothermal or
shuttle inputs. Our most enriched sites are restricted to the southern proto-North Atlantic

and, based on the combined Fe /Al and 6*°Fe_ data, argue for an iron cycle dominated
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by hydrothermal inputs, although site 367 likely bears the low-temperature impact of the

shuttle as well.

When the data from this study are plotted with those from the Black Sea (Fig.
6.5), the northern sites (Eastbourne, 603B, and 105) are consistent with the predictions
for shuttled Fe—i.e., Fe enrichments or depletions that vary systematically and
antithetically with the Fe isotope trend. On the other hand, the Fe trends at 105 and
603B could reasonably be tied to secondary remobilization during burial diagenesis.
We argue, particularly for site 603B, that both of these mechanisms are recorded. The
potential for diagenetic overprints offers a cautionary note, but it is our good fortunate
that such overprints can be independently anticipated by the often fine stratigraphic
scale of extreme geochemical variability they reflect (e.g., sapropel layers in an package
of oxic sediments). We can expect oxically deposited, organic-lean beds marked by Fe
loss and a residual, heavy isotopic signature in close proximity to organic-rich shales
with correspondingly high Fe concentrations and low isotopic compositions. Also, we
can expect fundamentally different sulfur isotope properties for pyrite formed via two
scenarios, with primary, water-column-formed euxinic pyrite often showing very light
and uniform 634S values (Lyons, 1997; Lyons et al., 2003) compared to secondary,
diagenetic pyrite tied to Fe remobilization, which can be marked by pronounced 634S
enrichments (Jorgensen et al., 2004). The organic biomarkers for photic euxinia also
provide independent insight. The hydrothermal signals, by contrast, should enrich Fe /Al

without appreciable parallel variability in the 5*°Fe..

Many authors have postulated that a major hydrothermal pulse predated the OAE
and may have catalyzed the large positive carbon isotope excursion of the anoxic event
through expanded primary production—perhaps linked to increased inputs of Fe and its

importance as a micronutrient (Jenkyns, 2010, and references therein). Our data support
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the presence of hydrothermal inputs, particularly in the southern proto-North Atlantic,
and it is probably not a coincidence that this is the same portion of the basin that shows
the strongest evidence for persistent and pervasive euxinia (see also Jenkyns, 2010).
Nevertheless, the hydrothermal signal is neither consistently strong nor basin-wide; its

global role as an essential OAE precursor awaits additional study.

Although complex, the Fe signals demonstrate that there were multiple Fe sources
operating in the proto-North Atlantic before, during, and after the OAE. Unlike most
pastapplications of the Fe proxies, our study captures processes operating on the scale
of an ocean basin with an active mid-ocean ridge, in contrast to the marginal basins and
epicontinental seas that have been emphasized in many past studies of Fe paleoproxies.
Not surprisingly, the signals are confounded by the challenges of transporting Fe long
distances under both oxic and anoxic-sulfidic conditions, given its insolubility in both
cases. Furthermore, the vast spatial extents of Fe sequestration under large-scale euxinia
place high demands on the end-member sources and specifically their abilities to
dominate the Fe archived in the sediments at any particular site. We should expect that
the elemental and isotopic signals are subtle in a system of this size, and they are. Our
most important take-home message may be that the proto-Atlantic received elevated
Fe inputs from several sources and that the redox state of the basin was not exclusively
euxinic during OAE2. Both results point to previously unknown heterogeneity in

depositional conditions and the associated biogeochemical cycling of iron.
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Table 6.1: Geochemical data for DSDP site 105.

Sample ID Depth A(} FeoT Mo SSZFeT Error I%?plicate
(mbsf)  (Wt%) (Wt%) (ppm) (%o) (2STD) &°Fe_ (n)

11 105 9-1 24-25 286.25  6.11 490 3 -0.08 0.05 2
11 105 9-1 79-80 286.79 5.87  7.08 5 -0.56 0.05 2
11 1059-1 133-134 28733  6.73  5.61 1 -0.05 0.13 2
11 1059-2 10-11 287.60 8.82 6.32 BSC -0.20 0.06 2
11 105 9-2 54-55 288.04 746 6.97 3 -0.28 0.16 2
11 105 9-2 57-58.5 288.07 6.10 1.78 4 0.15 0.09 4
11105 9-2 77-78 28827 583 675 1 -0.04 0.02 2
11 1059-2 101-102 288.51  6.00 7.38 2 -0.26 0.11 2
11 1059-2 115-116 288.65 423 1290 4 -1.36 0.10 3
11 1059-3 7-8 289.07 561 549 0 -0.05 0.07 3
11 105 9-3 57.5-58.5 289.57 534 586 2 0.15 0.09 3
11 1059-3 71-72 289.71  6.37 575 BSC -0.08 0.08 2
11 105 9-3 91-92 28991 5.01 7.16 3 0.14 0.16 3
11 105 9-3 109-110 290.09 579 7.18 BSC -0.97 0.16 2
11 1059-3 126-127 29026  3.11 242 51 -0.30 0.08 3
11 105 9-4 6-7 290.56 391 4.6l 67 -0.46 0.11 3
11 105 9-4 38-39.5 29088 647 3.75 46 -0.05 0.04 2
11 105 9-4 48-49 29098 3.53 290 77 -0.09 0.07 3
11 105 9-4 82-83 29132 350 11.60 33 -1.43 0.05 2
11 105 9-4 90-91 29140 3.63 5.58 1 -0.25 0.03 2
11 1059-4 101-103 29151  4.10 3.15 5 0.09 0.17 2
11 105 9-4 114-115 291.64 459 297 BSC -0.37 0.04 3
11 1059-4 132-133 291.82 502 3.16 13 -0.07 0.16 3
11 105 9-5 8-9 292.08 500 4.48 14 -0.55 0.09 2
11 1059-527-28 29227 571 478 3 -0.08 0.00 2
11 105 9-5 49-50 29249  6.11 443 2 -0.17 0.18 3
11 105 9-5 120-121 29320 528 474 0 0.00 0.03 2
11105 9-5131-132 29331 583 5.50 1 -0.18 0.10 2
11 105 9-5 141-142 29341  6.63  4.09 0 - - -
11 105 9-6 8.5-9.5 29359  6.06 4.37 0 0.05 0.08 4
11 105 9-6 24-25 293.74 644 555 2 0.03 0.09 3
11 105 9-6 75-76 29425 586 533 2 -0.04 0.03 2
11 105 9-6 100-101 29450 699 534 BSC -0.05 0.04 3
11 105 10-1 50-51 29550 5.07 5.61 2 0.42 0.07 2
11 105 10-1 94-95 29594 502 534 0 0.38 0.01 2
11 105 10-1 146-147 29646 4.82 4.54 2 - - -
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Table 6.1: continued

Depth Al Fe, Mo 6> Fe, Error  Replicate

Sample ID (mbsh)  (Wi%) (wt%) (ppm) (%)  (2STD) &%Fe_ (n)
11105102 12-13 29662 740 7.10 1 021 0.02 2
111051026566  297.15 579 413 BSC 009 007 2

11 105 10-2 79-80 29729 570  3.81 1 - - -
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Table 6.2: Geochemical data for DSDP site 144.

Depth Al Fe, Mo 0% Fe, Error  Replicate

Sample ID (mbsf) (Wt%) (Wt%) (ppm) (%)  (2STD) &Fe, (n)
1444-1 130-135 21433 027 023 21 003 0.05 2
144 42 7-10 21457 040 024 15 -003 0.0 2
144 4-2 78-80 21529 005 007 6 0.01 0.02 2
144 4-2 94-97 21545 106 069 59 i - i
14442 136-138 21587 072 066 77 002 008 1
144 4-3 77-78 20677 105 032 22 i ; i
14443 115-116  217.15 108 065 47  0.08 0.03 2
14443 137-138 21737 077 090 97 007  0.00 2
144 5-1 27-28 20777 313 237 3 i - i
144 5-1 7475 21824 237 211 3 =008 004 2
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Table 6.3: Geochemical data for DSDP site 367.

Depth Al Fe, Mo 6> Fe, Error Error

Sample ID (mbsf) (Wi%) (wi%) (ppm) (%)  (2STD) (2 STD)

36717-2102-107 61852 7.10 500 28 050 008 3
367 17-3 68-74 61970 634 498 29 000 002 2
367 17-4 74-80 62120 613 409 66 001 0.03 2
36718-1120-124 63720 289 900 98 009 003 2
367 18-2 6-9 63756 333 640 77 005 002 2
367 18-2 59-62 63809 342 776 226 -0.19 003 2
367182 121-125 63871 388 504 130 -0.04  0.04 2
367 18-3 39-42 63939 286 617 127 -0.12 006 4
367183 111-114 64011 387 387 90  -001 006 4
367 18-4 40-43 64090 257 342 197 -026  0.02 3
367 18-4 79-83 64129 410 434 111 -038 007 3
367184 121-125 64171 360 314 201 -0.16  0.06 3
367 18-5 24-30 64224 507 383 23 -003  0.00 2
36718-5100-106  643.00 385 282 412 020 005 2
36719-1143-147 64593 446 256 93 005 0.01 2
367 19-2 14-18 646.14 546 379 195  0.18 0.10 3
367 19-2 89-94 646.89 648 435 36 i ; i
367 19-3 43-47 647.93 488 310 93 0.5 0.05 3
367 19-4 62-66 649.62 438 283 84 0.5 0.07 2
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Table 6.4: Geochemical data for DSDP site 603B.

Depth Al Fe, Mo 6> Fe, Error  Replicate

Sample ID (mbsD) (Wi%) (wt%) (ppm) (%)  (2STD) &%Fe_ (n)

93 603B 32-138-41 110988 631 279 2 i - i
93 603B 32-198-100 111048 574 277 2 i ; i
93603B 32-1 117-119  1110.67 5.09 384 2 i ; i
03 603B 32-1 140-142 111090 542 346 3 i ; i
03 603B 32-240-43 111140 457 459 2 i ; i
93603B32-273-75 111173 6.16 416 2 i - i
03 603B 33-146-48 111896 5.60 444 3 014 004 3
03 603B 33-165-68 111915 451 301 2 i ; i
03 603B 33-182-83 111932 347 158 1 i ; i
93 603B 33-187-89 111937 5.4 250 2 i ; i
93 603B 33-1 136-138 111986 5.14 259 I 000 00l 2
03 603B 33-242-44 112042 444 264 3 i ; i
903 603B33-270-72 112070 433 250 1 i ; i
936038332 112-114 112112 444 259 1 i ; i
93603B33-321-23 112171 462 335 1 0.41 0.03 3
93 603B 33-350-52 112200 049 031 0 i ; i
93 603B 33-398-100 112248 443 221 1 0.21 0.02 3
03 603B 33-3 122.5-124 112273 359 184 8 i ; i
03 603B 34-142-43 112792 280 329 40 070  0.03 3
03 603B 34-170-71 112820 452 291 64 i ; i
93 603B 34-1 105-106  1128.55 442 355 24  -035 002 3
03 603B 34-1 121122 112871 291 420 30 i ; i
03 603B 34-236-37 112936 349 180 6 i ; i
93 603B 34-2 67-68.5  1129.67 289 355 17 040  0.03 2
03 603B 34-283-85 112983 327 266 25 i ; i
03 603B 34-2 121-122 113021 389 247 13 -005 003 3
03603B34-321-22 113071 2.05 248 14 i ; i
93603B34-351-52  1131.01 254 342 13 008 00l 3
903 603B34-377-78 113127 457 467 5 i - i
93603B 34-3 112-113  1131.62 385 271 2 i ; i
03 603B 34-3 147-148 113197 412 531 9  -024 003 2
03 603B 34-427-29 113227 282 165 4 i ; i
03 603B 34-4 67-68 113267 2.65 242 32 036  0.02 3
03 603B 34-481-83 113281 420 296 2 i ; i
03 603B 34-4 127-128 113327 245 314 24  -071 003 2

93 603B 34-5 18-22 1133.68 4.25 2.23 6 - - -
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Table 6.4: continued

Sample ID Depth A(} FeoT Mo SSZFeT Error Rs?plicate

(mbsf)  (Wt%) (Wt%) (ppm) (%o) (2STD) &°Fe_ (n)
93 603B 34-5 52-54 1134.02 570  3.96 3 - - -
93 603B 34-5 87-89 113437 3.63 221 8 - - -
93 603B 34-6 3-4 1135.03 558 2.86 1 0.12 0.04 2
93 603B 34-6 21-22 113521 476 281 1 - - -
93 603B 34-6 41-42 113541 584 330 1 - - -
93 603B 35-1 34-35 1136.84 540 290 1 - - -
93 603B 35-1 72-73 113722 429 2.04 3 0.21 0.03 3
93 603B 35-1 127-129  1137.77 4.53  2.69 1 - - -
93 603B 35-2 20-21 113820 4.41 228 4 - - -
93 603B 35-2 57-58 1138.57 0.52 0.34 0 - - -
93 603B 35-2 78.5-80  1138.79 455 247 1 - - -
93 603B 35-2 106-108  1139.06 528  2.63 1 - - -
93 603B 35-2 135-137 113935 422  2.19 1 - - -
93 603B 35-3 16-17 1139.66 497 246 1 - - -
93 603B 35-3 48-49 1139.98 498 251 BSC - - -
93 603B 35-3 87-89 114037 4.11 337 3 - - -
93 603B 35-3 125-127  1140.75 496 245 1 - - -
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Table 6.5: Geochemical data for ODP site 1258. Italicized meter core depth (mcd) was
adjusted according to MacLeod et al. (2008).

Depth Al Fe, Mo 6*Fe, Error  Replicate

Sample ID (med)  (Wi%) (wi%) (ppm) (%)  (2STD) &%Fe_ (n)
1258A42-252-55 41677 511 191 105 012 004 2
1258A42-360-62 41824 551 195 102 0.13 0.04 3

1258A42-477-78.5 41948 102 055 49 i ; i
1258A42-5 12-15 42029 2.68 109 107  0.03 0.03 3
1258A42-587-88 42104 079 054 42 012 008 3

1258A42-62-4 42151 207 095 81  -004 004 3
1258A42-6 17-18 42166 2.5 091 78 0.1 0.09 2
1258A42-632-34 42181 249 114 89 i ; i
1258A42-6 60-62 42209 2.18 107 76 i ; i
1258A42-677-79 42226 311 325 49 008  0.03 2
1258A42-6 113-115  422.62 359 244 73 007 003 3
1258A42-77-9 42296 332 216 31 009 002 3
1258A42-733-35 42322 315 166 53 0.0 0.02 3
1258A42-779-80 42368 144 130 7 012 005 3
1258A42-792-94 42381 286 174 20 004 004 2

1258A42-7 132-135 42641 317 179 308  0.05 0.03 3

1258A42-CCW 4-5 42654 188 093 77 009 004 2
1258A43-141-42 42696 106 060 75 009  0.02 2
1258A43-166-68  427.14 243 102 72 009 006 3

1258A 43-2 4-5 42780 116 065 73 008 0.04 3
1258A43-226-28 42802 280 123 100 i ; i
1258A43-242-44 42818 263 115 94 i ; i
1258A43-2100-105 42876 230 121 119 0.1 0.01 2
1258A43-2 124-126 42900 3.10 144 120 010 0.5 3
1258A43-34-7 42906 319 149 92 i ; i

1258A 43-3 88.5-90 429.91 139 0.73 100 -
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Table 6.6: Geochemical data for Eastbourne.

Height Al Fe, Mo 0% Fe, Error  Replicate

Sample ID (m)  (Wt%) (wi%) (ppm) (%)  (2STD) &Fe, (n)
WC £650 1890 063 050 - - - -
WC £600 1840 0.6 012 BSC  -0.13  0.00 2
WC 550 1790 163 075 - i - i
WC £500 1740 155 071 - i - i
WC +450 1690 043 021 - i - i
WC +400 1640 071 038 - ; - ;
WC £350 1590 093 035 BSC 0.8 0.01 2
WC +300 1540 076 030 BSC i - i
WC +250 1490 054 023 - i - i
WC 4200 1440 057 026 BSC ; - -
WC £160 1400 058 027 0.1 ; ; ;
WC £140 13.80 141 056 0.14 i - i
WC £120 13.60 082 043 007 007 0.02 2
PM £100 1340 090 047 BSC i - i
PM 480 1320 080 047 0.14 ; - ;
PM £60 1300 072 045 BSC ; - ;
PM 40 1280 291 136 BSC 029 0.02 2
PM £20 1260 076 042 BSC i - -
PM+640 1240 065 043 BSC ; - -
PM+620 1220 205 103 BSC 004 0.01 2
PM+600 1200 168 088 BSC - - i
PM+580 1180 176 091 BSC i - i
PM+560 1160 157 073 BSC 0.1 0.05 2
PM+540 1140 172 079 BSC ; - ;
PM+520 1120 157 069 0.12 ; - ;
PM+500 1100 142 063 BSC i - i
PM+480 1080 087 044 BSC  -003  0.03 2
PM+460 10.60 083 041 BSC ; - -
PM+440 1040 116 052 BSC ; ; ;
PM+420 1020 102 048 BSC i - -
PM+400 1000 111 050  0.00 i - i
PM+380 980 112 050 BSC - - -
PM+360 960 139 064 BSC 007 0.08 2
PM+340 940 144 065 BSC ; - ;
PM+320 920 211 101 BSC  0.10 0.05 2
PM+300 9.00 216 092 BSC i - i
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Table 6.6: continued

Height Al Fe, Mo 0" Fe, Error  Replicate

Sample ID (m)  (Wt%) (wi%) (ppm) (%)  (2STD) &Fe_(n)
PM+280 880 227 096 BSC - i -
PM+260 860 160 070 BSC 0.8 0.08 2
PM+240 840 187 072 BSC ; : ;
PM+220 820 161 062 BSC ; : ;
PM+200 800 169 062 BSC ; i ;
PM+180 780 181 078 BSC ; i .
PM+160 760 189 074 037 ; : ;
PM+140 740 192 073 BSC 009 002 2
PM+120 720 179 071 BSC ; i ;
PM+100 700 211 082 BSC ; i ;
PM+80 680 203 080 007 ; : ;
PM+60 660 174 065 BSC 012 0.00 2
PM+40 640 152 059 BSC ; : ;
PM+20 620 244 088 BSC ; i ;
GC-0 600 103 041 038 ; i ;
GC-20 580 087 035 027 ; : ;
GC-40 560 072 032 BSC 002  0.04 2
GC-60 540 063 028 BSC ; i ;
GC-80 520 071 031 085 ; i ;
GC-100 500 064 029 BSC ; : ;
GC-120 480 045 022 0.6 ; : ;
GC-140 460 041 020 BSC ; : .
GC-160 440 050 023 049  0.05 0.07 3
GC-180 420 044 022 BSC ; i .
GC-200 400 056 024 BSC ; : ;
GC-220 380 046 022 BSC ; : ;
GC-240 360 067 029 BSC 0.3 0.03 2
GC-260 340 106 041 BSC ; i ;
GC-280 320 LIl 043 020 ; : ;
GC-300 300 044 022 BSC ; i ;
GC-320 280 045 023 BSC ; : .
GC-340 260 043 022 007 000 00l 2
GC-360 240 052 025 BSC ; i .
GC-380 220 080 036 008 ; : ;
GC-400 200 083 034 BSC ; : ;
GC-410 190 0.66 029 04l ; i ;

241



Table 6.6: continued

Height Al Fe, Mo 0*Fe, Error  Replicate

Sample ID (m)  (Wt%) (wi%) (ppm) (%)  (2STD) &Fe, (n)
GC 420 180 075 031 BSC ; - }
GC-440 160 076 030 0.16 i - i
GC-480 140 051 026 040 i ; i
GC-500 120 077 034 026 0.1 0.04 3
GC-520 090 123 050 BSC i - i
GC-540 080 125 046 BSC 022 0.06 2
GC-560 060 085 035 BSC i ; i
GC-580 040 085 036 0.06 i ; i
GC-600 020 052 026 BSC i - i
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Table 6.6: Geochemical data for Tarfaya S75.

Sample ID Height Al Fe, Mo 6*Fe, Error  Replicate

(m)  (wWt%) (wt%) (ppm) (%o) (2STD) &°Fe, (n)
S7534 50.41  0.58 0.35 13 - - -
S 7536 5237 097 0.55 11 - - -
S 7540 5405 1.10 0.74 6 - - -
S 7543 5637 1.87 1.04 28 0.00 0.04 2
S 7545 58.14 035 0.21 8 - - -
S 7546 59.00 224 154 92 - - -
S 7548 5974  6.86 426 494 - - -
S 7554 6431 343 1.84 42 - - -
S 7559 6636 0.80 041 7 -0.05 0.06 3
S7564 70.55  1.09  0.57 12 -0.15 0.05 4
S 7565 Al 72.06  2.07 133 13 0.01 0.10 3
S 75 65 BE 74.00  2.02 1.69 15 0.15 0.09 4
S 7567 7594 055 0.26 3 -0.10 0.04 3
S7572 79.06  0.01  0.00 0 -0.03 0.05 3
S 75 76B 82.18  1.17 093 49 -0.01 0.03 2
S 75 76E 86.51 224 1.25 7 - - -
S 75770 8746 046 022 BSC -0.06 0.06 2
S75 77X 8790 038 0.21 0 -0.07 0.08 2
S7579 88.87 229 1.1 22 0.13 0.09 4
S 7581 90.60 036  0.20 5 0.26 0.15 4
S7584 92.09 054 0.29 11 -0.01 0.21 3
S75 85 93.48 231 131 65 - - -
S75 86 94.33 .11 0.71 42 -0.10 0.04 2
S 7590 9728 091 0.56 18 - - -
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Chapter 7

Final Synthesis
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CONCLUSIONS

It was widely thought that once oxygen rose to near modern values at the
Precambrian-Cambrian boundary that the Phanerozoic climate was relatively stable (with
the exception of the “big 5 extinctions) but the last several decades of research have
documented numerous natural and cyclic climate perturbations that have transformed the
Earth’s chemical and biological evolution. The most well documented of these events
during the Cretaceous had been hypothesized to have global anoxia and pervasive euxinia
that had global implications extinction record preserved in the geologic record. The data
presented in preceding chapters suggest that the extent of euxinia might be limited to
much smaller portion of the ocean than previously estimated based on two geochemical
proxies using several lithologies, it is nonetheless clear that the global redox state of
the ocean had profound effects on the climate and biological realms. However, our
understanding of the extent and timing of low oxygen and/or anoxia remains unclear and

will require additional redox proxy development for this frontier.

Even less is understood about the underpinning mechanisms behind the initiation
and termination of these events but it seems OAE2, and other OAEs, is likely tied to
numerous initiation mechanisms. For example, Fe isotopes suggest that only euxinic
portions of the ocean were influenced by hydrothermal activity delivering an important
biolimiting element to the ocean and increasing low oxygen/anoxia preceding the
OAE could enhance phosphorus regeneration from sediments thus increase primary
production. It is difficult to untangle the relative importance of these mechanisms but
both likely played a role in the magnitude of this event. Continuing to comprehend trace
metal availability during periods of low marine dissolved oxygen and understanding the
duration of the climatic and biological feedbacks during periods of high atmospheric

oxygen concentrations is important for past and future climate perturbations. A
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vast amount of information remains to be deciphered in the chemical archive of the
sedimentary record delving further into the integrated record with the intersection of

modeling, geochemistry, geobiology and computer simulations.
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