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ABSTRACT

The §*3C of marine carbonates is commonly used as a proxy for the global burial
fraction of carbonate vs. organic carbon. At the same time, carbonate §'*C is under-
stood to vary locally from the global ocean average due to coeval spatial variation in
seawater geochemistry, especially in shallow marine settings, and /or post-depositional
alteration of sediments. In Cretaceous-age shallow marine sections, Ocean Anoxic
Event 2 (OAE2) is identified by a positive §'°C excursion near the Cenomanian-
Turonian boundary (~93.9 Ma). However, there are currently no OAE2 6'*C records
from the Pacific basin, which at the time was ~65% of ocean area and included most
of the world’s deep ocean. Here I present new (n = 255) and previously published (n
= 13) bulk carbonate §'*C and 6'*0 data from 10 mid-Pacific sites, measured in sedi-
ments recovered by the Deep Sea Drilling Program, which I use to test the hypothesis
that there was a global change in the §'*Cpjc of seawater at the time of OAE2. I
use existing biostratigraphic data to target sediments of Cenomanian and Turonian
age. Between sites, I compare BCarbonate and 080 arbonate values associated with
the same planktonic foraminifera species. My Pacific §"*Cabonate Values range from
0.88%0 to 4.20%0 VPDB (excluding 3 samples within a 7-cm interval with -2.7%0 to
-2.5%0 VPDB). They are generally lower than shallow marine bulk carbonate §'*C
values where the OAE2 positive 6'*C excursion has been identified, e.g., the well-
known Eastbourne, UK section where Cenomanian and Turonian §'*C values range
from 2.6 to 5.4%0 VPDB. To explain §*Cearbonate values within the Pacific, I invoke
both factors local to the sites, such as proximity to a shallow semi-restricted carbonate
platform in the case of the site with the shallowest paleodepth, and changes in global
ocean 6 3Cpc over time. An OAE2 positive 6°Cearbonate €Xcursion is not observed at
most Pacific sites in this thesis, which has two possible explanations. One possible
explanation is that a global ocean OAE2 6'°C excursion did occur, but that some
process largely prevented its deposition, preservation, or recovery in the mid-Pacific.
Another possible explanation is that the OAE2 §'3C excursion occurred only in the
shallow epicontinental basins and continental slope environments where it is observed
(including the Atlantic, Western Tethys, Neotethys, and Western Interior Seaway of
North America) because organic carbon burial within these relatively restricted water
masses changed their §'3Cpics but did not affect §**Cpyc in the mid-Pacific.
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planktonic foraminifera species occurring at the examined sites,
see Appendix A.26. . . . . ...

Figure 4.186"°C arbonate distributions at sites in different basins (North At-
lantic, Western Tethys, Neotethys, Pacific) with combined § BC arbonate

Figure 5.1

distribution for Pacific sites from this thesis shown at bottom.
For histograms associated with all planktonic foraminifera species

occurring at the examined sites, see Appendix A.26. . . . . . .

(A) Sampling locations and (B) §"*Cpic vs. depth of modern
seawater samples taken by Schmittner et al. (2013). Samples
shown were taken above the Ontong-Java plateau (2°S - 4°S,
164°E - 165°E in the depth range 7 to 2197 mbsl over seafloor of
depth 2231- 3284 mbsl; shown in orange) and above the abyssal
plain (7°S - 7°N, 171°W - 168°W in the depth range 2 - 5497
mbsl over seafloor of depth 4791 to 5873 mbsl; shown in red).
Bathymetry from Natural Earth (vector and raster map data @

naturalearthdata.com). . . . . . .. .. ... .........
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Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

(A, B) Sampling locations and (C) histogram of ¢"*Cpyc values
of modern seawater samples taken by Swart et al. (2009) and
Geyman and Maloof (2021) in the Bahamas (bottom depth <
15 m; shown in green) and Pederson et al. (2021) in Abu Dhabi
(bottom depth < 10 m; shown in blue). Pacific 6"*Cpic values
from Figure 5.1 also appear on the histogram for comparison
(shown in red and orange). Bathymetry from Natural Earth
(vector and raster map data @ naturalearthdata.com), using
same colorbar as Figure 5.1. . . . . . .. .. ... 0.
Bulk, benthic foraminifera, and planktonic foraminifera and nan-
nofossil 63Cearbonate values plotted against depth for 62-463 and
32-305. Unweighted moving averages with a boxcar size of 1 m
of the bulk, benthic foraminifera, and planktonic foraminifera
and nannofossil 6" °Cearbonate values are shown. Where distance
between samples is more than 25 m, moving average connecting
lineisnot drawn. . . . . . . .. . ... Lo
Bulk, benthic foraminifera, and planktonic foraminifera and nan-
nofossil 6O carbonate plotted against depth for 62-463 and 32-305.
Unweighted moving averages with a boxcar size of 1 m of the
bulk, benthic foraminifera, and planktonic foraminifera and nan-
nofossil 80 arbonate values are shown. Where distance between
samples is more than 25 m, moving average connecting line is
not drawn. . . . . . ... Lo
Bulk 6'®Ocarbonate distributions at Pacific sites examined in this
thesis, plotted in order of increasing estimated paleodepth of site
at the Cenomanian-Turonian boundary. At the top are shown
the temperatures corresponding to these §'*Ocarbonate values if
temperature-controlled fractionation were the only control on
580 carbonate, Using the equation of Kim and O’Neil (1997) for
inorganically precipitated calcite (see Figure A.1). See Figure
A.8 for a version of this figure in which only samples from sedi-
ments that could have Cenomanian and/or Turonian age, based

on biostratigraphy, are included. . . . . . .. ... ... ....

XIX

86

89

91


naturalearthdata.com

Figure 5.6

Figure 5.7

(A) Histogram of ¢ BC arbonate values of bulk carbonate samples
from this thesis (outlined in black, n = 254) and of benthic
foraminifera samples of Cenomanian and Turonian age, compiled
by Cramer et al. (2009) and Friedrich et al. (2012) (in grey, n
= 228, omitting Cenomanian-Santonian samples from Demerara
Rise; Section 5.2.2). (B) Histogram of 6'®*Ocarbonate values of the
SAIME. . . v v e e e
SBC earbonate Values plotted against 80 carbonate values of ben-
thic foraminifera samples compiled by Cramer et al. (2009) and
Friedrich et al. (2012), indicated with triangle-shaped markers in
red (for benthic foraminifera samples from Cenomanian-Santonian
sediments on Demerara Rise, n = 914) or colored by age accord-
ing to the greyscale colorbar (all other Cenomanian-Turonian
benthic foraminifera samples, n = 31163). (Lighter grey sam-
ples are older, whereas darker grey samples are younger.) Also,
BCearbonate Values plotted against 6'*Ocabonate values of bulk
carbonate samples from this thesis (n = 254), indicated with

circle-shaped markers. . . . . . ... ... 0oL

Figure A.1 Temperatures corresponding to 6"®Ogarbonate values for the range

of bulk §¥0carbonate values measured in this thesis, per the exper-
imentally calibrated equations of Erez and Luz (1983) for plank-
tonic foraminifera, Bemis et al. (1998) for planktonic foraminifera,
Shackleton (1974) for benthic foraminifera, O’Neil et al. (1969)
for inorganically precipitated calcite, and Kim and O’Neil (1997)

for inorganically precipitated calcite. The Cretaceous ocean is

XX
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assumed to have a §'%0 of -1.2%o (Shackleton and Kennett, 1975).164
Figure A.2 Depth of old (>20 Myr) lithosphere as it approaches an asymp-

totic igneous basement depth of 5651 m, following the approx-
imation of Stein and Stein (1992) (Equation 2.2). When the
distance between the crust and its asymptotic depth is 5% of
the distance at crustal formation (in other words, 95% of the ap-
proach to the asymptote is complete), the distance between the

crust and the asymptotic depth is 225 m. . . . . .. ... ...
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Figure A.3 The distinctly colored zones of sample 17-167-60-2-41/42 viewed

under a mMicroscope. . . . . ... 166
Figure A.4 Histogram of the beam area / mass ratios of aliquots of UVIC-1

and UVIC-3 (n = 189), which are pure calcite standards. Also
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p and standard deviation o as this distribution (z = 3.16 x 1077

Cmg™!, ¢ = 0.54 x 107 C-mg™!), and the 20 range (2.07 x

107 C-mg! to 4.25 x 107 C-mg~!) associated with this normal

distribution. . . . . . . ..o 167
Figure A.5 From Jarvis et al. (2011), captioned “(b) Cenomanian paleogeog-
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Figure A.6 6"Cearbonate distributions at Pacific sites in this thesis, plot-
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Figure A.9 (A) Black manganese dendrites observed at 122-123 cm in the
layer of well cemented carbonate (122 - 150 cm) underlying hyalo-
clastite (base of hyaloclastite visible at 122 cm in photo) at 17-
171. (B) Dendrites observed at 122 cm in cross-sectional view of
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Figure A.1(Bites from the benthic foraminiferal §**Ceaponate a01d 02O carbonate
compilations of Cramer et al. (2009) and Friedrich et al. (2012)
with §Cearbonate data from samples of Cretaceous age (i.e. > 66
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Figure A.11(A) Piece of chert in the carbonate matrix of the sample 32-305-
28-2-133/134, under a microscope. (B) Dark flecks in the sample
89-585-32-2-17/18, under a microscope. (C) Fine layers in the
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Introduction

The long-term carbon cycle of the Earth, i.e. the system of transfers of carbon in and
out of the solid Earth (Section 1.1) that sets atmospheric CO,, is important to climate.
Because adding CO, to the atmosphere increases the surface temperature of the Earth
(Foote, 1856) via the greenhouse effect (Broecker, 1975), release of carbon from the
solid Earth warms global climate. For example, ongoing anthropogenic perturbation
of the carbon cycle via burning of fossil fuels has long been known to cause global
warming (Arrhenius, 1896). Research into variations in the carbon cycle over geologic
time may yield information relevant to this ongoing anthropogenic perturbation (e.g.
Keller et al., 2018; Hollis et al., 2019; McClymont et al., 2020). One past variation
in the carbon cycle, Ocean Anoxic Event 2, is studied here. In this thesis I test the
hypothesis that there was a global increase in organic carbon burial at the time of

this event.

1.1 Earth’s carbon cycle

In the long-term carbon cycle (on time scales of millions of years), carbon is trans-
ferred between the solid Earth and the surficial reservoir, consisting of the ocean,
atmosphere, and biosphere (e.g. Berner, 2004). The ocean holds most of the carbon
in the surficial reservoir. The transfer of carbon between the solid Earth and surficial
reservoir and its partitioning within the surficial reservoir impact climate because
carbon in the atmosphere as carbon dioxide (CO;) warms the surface of the Earth
via the greenhouse effect. Carbon is mixed between the ocean, atmosphere, and bio-
sphere on short time scales relative to transfer with the solid Earth, so I consider
the surficial reservoir as one reservoir when discussing the long-term carbon cycle.
Understanding the long-term carbon cycle, specifically the amount of carbon in the
ocean and atmosphere, can help us understand why Earth has remained in a habit-
able temperature range through much of its geologic past (Berner and Caldeira, 1997;
Kump et al., 2000).



In the long term, the amount of carbon in the surficial reservoir is set by a bal-
ance of inputs and outputs (Figure 1.1A). Carbon enters the surficial reservoir via
volcanoes, and exits the ocean and atmosphere via incorporation into sediments and
authigenic carbonate minerals in the upper ocean crust. Specifically, in sediments,
carbon may enter carbonate minerals or organic matter. The weathering of silicate
minerals is required to remove carbon from the ocean-atmosphere reservoir into car-
bonate sediments. A reaction from the work of Urey (1952) shows that the reactants
CO4 and calcium (or magnesium) silicate are consumed to produce calcium (or mag-

nesium) carbonate minerals and silica:

CaSi03 + 2 COQ + HQO e CaCO;; + SIOQ + COQ + HQO (11)

On long time scales, the weathering of carbonate minerals is thought to be largely bal-
anced by the precipitation of carbonate minerals in the oceans and therefore thought
not to change the amount of COs in the surficial reservoir. Carbon enters organic mat-
ter via photosynthesis and enters sediments when the organic matter becomes lithified
after the death of the organism. Before burial, carbon in sediments may return to
the ocean and atmosphere. For example, carbonate minerals may be weathered or
dissolved, or organic matter in sediments may be weathered or decomposed. (The
latter process is sometimes called “remineralization.”)

Carbonate minerals are more soluble under conditions of greater pressure and
lower temperature, and as a consequence dissolve at the “carbonate compensation
depth” (CCD) and below (Broecker, 2003). In the modern ocean, carbonate sedi-
ments accumulate on shallow areas of the ocean floor such as mid-ocean ridges and
continental shelves, but do not accumulate in the deep ocean (Taft, 1967; Broecker,
2003). Most of the carbonate sediments studied here were initially deposited in the
open ocean above the CCD (Section 3.2). I next introduce the framework under

which the isotopic composition of carbonate sediments is interpreted.

1.2 The §3C of carbonate sediments

The carbon isotopic composition of marine carbonate sediments has been used as
a proxy for the global burial fraction of carbonate vs. organic matter sediments at
the time of deposition of those carbonate sediments (e.g. Kump and Arthur, 1999).

For this proxy, it is conventional to describe carbon isotope composition using the



carbon isotope ratio ¢ '*C, which is a measure of the relative amounts of the two stable
isotopes of carbon (**C and "C) in a material. The quantity ¢ is calculated relative

to a standard reference material:

§ = (R—’”pl - 1) x 1000%o (1.2)
Rstandard

where R is the ratio of the heavier isotope to the lighter isotope (e.g. *C/'Q)
in either the sample or the standard. The quantity ¢ is reported in permil (%o).
The Vienna PeeDee Belemnite (VPDB) is the primary standard reference for stable
carbon and oxygen isotope measurements in carbonates (Brand et al., 2014; Hoffman
and Rasmussen, 2022). All §"°C and §'%0 values in this thesis are reported relative
to this standard (%0 VPDB).

To relate the 6'C of carbonate sediments to the long-term carbon cycle, it is
assumed that the influx and outflux of carbon from the ocean-atmosphere reservoir
are balanced in the long term (over millions of years). In other words, all of the carbon
that enters the ocean and atmosphere is eventually buried as carbonate sediment
or organic sediment. Similarly, the isotopic composition of the carbon that enters
the ocean and atmosphere must be equal to the combined isotopic composition of

carbonate and organic sediment. This mass balance can be expressed as an equation:

13 13 13
6 Ctotal - 6 Ccarbonatefcarbonate + 5 Corganicforganic (13)

where the term 63Ciopa is the §2C of the total influx from the surficial reservoir
(carbonate and organic matter sediments combined); the term OBC earbonate 18 the
§13C of carbonate sediments; the term & 13C0rganic is the §*3C of organic matter; and
fcarbonate and forganic are the fractions of the total outflux in carbonate and organic
matter sediments respectively. Importantly, these two fractions are assumed in this

simple model to equal 1:

fcarbonate + forganic =1 (14)

Also, the lighter isotope of carbon (*2C) is preferentially incorporated into organic
matter during photosynthesis, offsetting the §'*C of the organic matter to a lower

value:

6lgcorganic = 5lgccarbonate — & (15)



where ¢ is the difference between 6*Cearbonate annd 0 13corganic. In the simple carbon
cycle described by Equations 1.3 - 1.5, the 6'*C of carbonate is controlled by the rela-
tive outfluxes of carbon from the surficial reservoir in carbonate vs. organic sediments
(f carbonate VS. forganic), the average carbon isotopic fractionation of organic matter (¢),
and the isotopic composition of carbon entering the surficial reservoir (§ 13Ctota1). Gen-
erally, it is assumed that e and 6'3Cyoa play a smaller role than feabonate VS. f organic-
If this model broadly described nature, a time of globally increased organic carbon
burial would lead to higher 6**C values in carbonate sediments and in organic matter
deposited during that time (Figure 1.1B). If € is -28%q, a change of 0.1 in the global
burial fraction of organic carbon is required to produce an increase of 2.8%o in the
§13C of carbonate sediments.

Models like the one just described have been used to interpret marine & BC arbonate
values of both deep open-ocean (e.g. Scholle and Arthur, 1980; Berger and Vincent,
1986) and shallow (e.g. Ferreri et al., 1997) carbonate sediments. Some such inter-
pretations assume that the §**C of newly forming carbonate sediments (and the 6'*C
of newly forming organic matter) is the same everywhere in the ocean, i.e. that the
global ocean is well-mixed and precipitates carbonate sediments with §**C equal to the
§13C of dissolved inorganic carbon (DIC) in the water. Interpretation of ¢ BC arbonate
values in this thesis will involve dismantling this assumption. Therefore I introduce

a number of considerations that complicate this assumption:

1. 63Cpc varies with depth in the ocean.

2. The carbonate minerals calcite and aragonite have different carbon isotope frac-

tionation between the mineral and seawater.

3. Carbon isotope fractionation occurs during biogenic precipitation of carbonate
(“vital effects”).

4. It is possible that carbonate sediments formed from a restricted water mass.

5. Carbonate sediments may be altered by diagenesis.

In the following sections I explain each of these considerations, including their

implications for the interpretation of bulk 6"®Cearponate values.
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Figure 1.1: (A) A simple box model of Earth’s long-term carbon cycle, modified from
Figure 7.1 in Sharp (2017). The carbonate minerals and organic material reservoirs
pictured are both sedimentary reservoirs. (B) §'*C of carbonate sediments and organic
matter plotted against the fraction of organic matter that is buried, assuming that
the 6'°C of outflux from the surficial reservoir is -4%o (shown by the dotted line) and
there is a constant offset ¢ of -28%0 between carbonate carbon and organic matter
carbon.



1.2.1 Variation of 61*Cpic with depth in the ocean

The 6'*Cpjc varies with depth in the open ocean due to the “biologic pump”. In
the modern mid-Pacific 6'*Cpjc has its maximum of about 1.5%o at the surface and
decreases with depth to its minimum of about 0% between 1000 and 2000 mbsl
(Schmittner et al., 2013). Typically, §**Cpyc is highest in the surface ocean because
photosynthesizers living there preferentially take up >C into organic matter they
produce, leaving relatively more *C in the water. Respirators remineralize organic
matter everywhere in the ocean, returning '>C into the water, and circulation of
deepwater derived directly from the surface ocean slightly increases 6 *Cpic values at
depth, such that the 6'*Cpic minimum is at mid-depth. Therefore the 6'3C value of
carbonate sediment depends partially on where it formed in the water column. Much
carbonate sediment is biogenic, produced as the tests either of organisms dwelling in
the photic zone or of organisms dwelling upon or within seafloor sediments (Lowen-
stam and Epstein, 1954; Schlager, 2003). Carbonate can also be inorganically pre-
cipitated, including from pore water within seafloor sediments. Overall, in the open
ocean, carbonate minerals are produced throughout the entire water column and in
seafloor sediments, with the highest production rates at the top of the water column.
Open-ocean (“pelagic”’) bulk carbonate is likely to include components from surface
water (where §'°Cpyc is highest), from bottom water (where 6'°Cpyc is lower), and
from carbonate formed within seafloor sediments (where § BCpie is heterogeneous;
McCorkle and Emerson, 1988), and the proportions of these components may vary in

different locations and/or through time.

1.2.2 Carbon isotope fractionation of calcite vs. aragonite

with respect to seawater

The most common carbonate minerals are calcite and aragonite, and at equilibrium
these minerals have different §'3C values. When inorganic calcite is precipitated in
laboratory experiments, its 6'C is higher than that of dissolved bicarbonate (HCO;3
the dominant species of carbon in seawater) by about 1%, whereas the 6*3C of arag-
onite is higher by about 2.7%o (Rubinson and Clayton, 1969; Romanek et al., 1992).
The carbon isotope fractionation of these minerals relative to HCO3~ does not appear
to depend on precipitation rate or on temperature in the range 10-40°C (Romanek
et al., 1992). Differing proportions of calcite and aragonite are a possible source of

variation (up to 1.7%o) in the 6'°C of bulk carbonate samples.



Both calcite and aragonite are produced by many groups of marine organisms (in-
cluding foraminifera, bivalves, serpulid worms, molluscs, algae, gastropods, pteropods,
corals, etc.; Lowenstam and Epstein, 1954; Romanek et al., 1992; Conci et al., 2021).
In the modern open ocean, biogenically produced calcite dominates carbonate sed-
iments, while in shallow areas such as continental shelves, carbonate sediments are
largely composed of aragonite and metastable high-Mg calcite (Milliman and Droxler,
1996; Iglesias-Rodriguez et al., 2002). In the past the ocean has undergone periods in
which the deposition of aragonite was inhibited, and one such time period (a “calcite
sea”) occurred between about 175 and about 35 Ma (Stanley and Hardie, 1998). The
carbonate sediments studied here were deposited during this time.

As most carbonate sediment in this thesis was likely initially deposited in the open
ocean in a calcite sea, it was likely dominantly composed of calcite. Some carbonate
sediments studied here may have been initially deposited in shallow environments
(Sections 3.2 and 3.3). As these sediments were deposited in a calcite sea, they may

also have been dominated by calcite but could have included aragonite.

1.2.3 Variation in carbon isotope fractionation during bio-

genic precipitation of carbonate (“vital effects”)

Bulk carbonate sediments like those in this thesis generally include biogenic com-
ponents from calcifying organisms. Many such organisms precipitate carbonate out
of carbon isotope equilibrium with the water in which they form (Weiner and Dove,
2003). This “vital effect” (Urey et al., 1951), meaning here the extent to which the 6**C
value of biogenic carbonate material is out of equilibrium with the § BCpie of the wa-
ter in which it forms, varies between species and may even vary by specimen (Weiner
and Dove, 2003; Hoogakker et al., 2024). Generally, vital effects in coccolithophores
and foraminifera, the major biogenic components of open-ocean carbonate sediments,
may increase, decrease, or not change the §'C value of the biogenic carbonate test
(Anderson and Arthur, 1983; Sharp, 2017). In some foraminifera, especially plank-
tonic foraminifera, vital effects may differ depending on the growth stage of the or-
ganism (Friedrich et al., 2006; Hoogakker et al., 2024). As for benthic foraminifera,
although some species of benthic foraminifera are noted for having negligible vital
effects on 63Clarbonate, it is important to note that benthic foraminifera often have
non-negligible vital effects (Schmittner et al., 2017; Dubicka et al., 2018; Hoogakker

et al., 2024). In individual benthic foraminifera recovered alive from the modern con-



tinental margin of the Pacific Ocean, vital effects are found to lower ¢ B arbonate by
0-4%o for a majority of specimens and up to 10%o for some specimens, relative to the
§*Cpic of the water in which the tests form (Ishimura et al., 2012; Hoogakker et al.,
2024).

One category of vital effects is called “microhabitat” effects. Organisms’ § BC arbonate
values may record & 13Cpc differences between their habitats across short (centimeter-
scale) vertical distances (Corliss, 1985; Hoogakker et al., 2024). Microhabitat effects
are noted particularly for benthic foraminifera living just above the sediment-water
interface vs. living within the sediment, as the pore water within the sediments
may have lower ¢*Cpc than bottom water due to oxidation of organic carbon
(Friedrich et al., 2006; Hoogakker et al., 2024). The benthic foraminifera species
with 6"®Cearbonate Values reported in this thesis dwell in a range of sediment depths
from the sediment-water interface to centimeters below it (Appendix A.27). The
magnitude of benthic foraminiferal microhabitat effects is typically 0-2%o (Rathburn
et al., 1996; Mackensen and Licari, 2003).

As vital effects are imperfectly understood and are not known for all taxa, it is
difficult to control for their effect on §'*Cearbonate values, especially 6°C values of
bulk carbonate sediments like the majority of sediments examined in this thesis. At
the same time, vital effects may be negligible, or if vital effects are similar for all
carbonate sediments at one site, they may not be an important factor in explaining

83C carbonate variation.

1.2.4 Possibility that carbonate sediments formed from a re-

stricted water mass

A water mass that mixes more slowly with other water masses will be more affected by
local processes than a water mass that mixes more quickly with other water masses.
Local 6'3Cpic may differ from the global average in restricted basins that are not well
mixed with the rest of the ocean, particularly epicontinental seas (e.g. Immenhauser
et al., 2008). A distinct balance of carbon fluxes for such a basin, including a low-
§'*C flux derived from the oxidation of terrestrial plant organic matter (e.g. Panchuk
et al., 2005) or a high-6'°C flux from high productivity in shallow areas of the basin
(e.g. Fanton and Holmden, 2007), may contribute to a distinct ¢"*Cpyc of the basin.
Carbonate sediments from past restricted basins may have '2Ceabonate variations

that only occur there, not in carbonate sediments deposited in the global ocean at



the same time (e.g. Simo et al., 2003).

1.2.5 Diagenetic alteration of carbonate sediments

Post-depositional processes (“diagenesis”) may change the §'°C of carbonate sedi-
ments (Brand and Veizer, 1981; Banner and Hanson, 1990; Higgins et al., 2018; Ahm
et al., 2018). Carbonate minerals in sediments react with diagenetic fluids derived
from seawater, which themselves change chemically over time due to ongoing physical
mixing with seawater and reactions with sediments. Diagenesis occurs in the shallow
subsurface soon after initial deposition (“early marine diagenesis;” Bathurst, 1983;
Mullins et al., 1985; Higgins et al., 2018; Ahm et al., 2018), as well as deep below
the seafloor where new seawater is unlikely to reach sediments (“burial diagenesis;”
Scholle and Halley, 1985; Swart, 2015). If marine carbonates move out of the ocean,
they may react with diagenetic fluids derived from freshwater (“meteoric diagenesis”).
Meteoric diagenesis can occur along continental margins while the sediments are still
below sea level, at or near where they were deposited.

During diagenesis of carbonate sediments, metastable carbonate minerals such as
aragonite and high-Mg calcite convert to more stable replacive carbonate minerals
such as low-Mg calcite and dolomite. Cements also precipitate in pore spaces within
sediments. Generally, the amount of diagenetic carbonate minerals in sediments in-
creases with time and reduces pore space (Bathurst, 1972). If replacive carbonate
minerals or cements precipitate from diagenetic fluid that has a different 6**C than
the 6'3C of the initial carbonate minerals, the §'3C of the bulk carbonate sediment
changes. When the flow rate of the diagenetic fluid is higher and/or the diagenetic
fluid 63C is farther from the §*3C of the initial carbonate minerals, the 6'C of the
bulk carbonate sediment changes more (Brand and Veizer, 1981; Banner and Hanson,
1990; Higgins et al., 2018; Ahm et al., 2018).

Diagenesis is generally expected to lower 6'?Ceabonate because many sources of car-
bon in diagenetic fluid have §'3C lower than seawater, notably decomposing organic
matter (e.g. Malone et al., 2001). Meteoric fluids such as rainwater and groundwater
generally have low 6°C (e.g. Allan and Matthews, 1990) because they have interacted
with organic carbon. An exception would be diagenetic fluid with high §"**Cpc as a
result of methane production preferentially taking up '*C and leaving the fluid with
high §"*Cpyc values (Gautier and Claypool, 1984; Heuer et al., 2009; Meister and
Reyes, 2019). It is also possible for diagenesis to have negligible effect on ¢ BC arbonate
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values, e.g. in the absence of extensive organic matter oxidation during marine diage-
nesis, or if carbonate sediments do not have prolonged contact with freshwater during

meteoric diagenesis, or most simply if the fluid is unmodified seawater.

1.3 The 680 of carbonate sediments

There is a temperature-dependent equilibrium oxygen isotope fractionation between
water and carbonate minerals. Although most calcite formed on Earth’s surface is
subject to kinetic oxygen isotope effects and likely does not truly precipitate at equi-
librium (Daéron et al., 2019), marine 6**Ouponate values vary depending on temper-
ature under many conditions. Because of this temperature dependence and because
continental ice sheets remove low-01%0 water from the ocean, §¥Ocarbonate Values have
been used as a proxy for both planetary ice volume and temperature in the geologic
past (e.g. Shackleton, 1974; Chappell and Shackleton, 1986; Waelbroeck et al., 2002;
Westerhold et al., 2020). As Earth had no ice sheets during the Cretaceous (Shack-
leton and Kennett, 1975; MacLeod et al., 2013), Cretaceous ¢ 180 carbonate Values have
been used as a proxy for past temperatures in benthic and planktonic foraminifera
(e.g. Barron, 1983; Miller et al., 1999) as well as bulk carbonate sediments (e.g. Stoll
and Schrag, 1996, 2000).

Because the equilibrium §'®0 fractionation between water and carbonate miner-
als is higher at lower temperatures, higher o B0 carbonate values correspond to colder
paleotemperatures. Experimental calibrations have determined the temperatures cor-
responding to ¢ B0 carbonate values for calcite precipitated biogenically (e.g. Erez and
Luz, 1983; Shackleton, 1974) and inorganically (O’Neil et al., 1969; Kim and O’Neil,
1997). The equation of Kim and O’Neil (1997) for inorganically precipitated calcite
is:

~ 18.03 x 103

10001n () = ————— — 32.42 (1.6)

where « is the fractionation factor between calcite and water and 7T is the temperature
in Kelvin. For the temperature range and likely 6'®0 of seawater of the time examined
in this thesis, Equation 1.6 relates an increase of about 0.2%o in the §*®*Ocarbonate value
of calcite to a decrease in temperature of about 1 K (equivalent to 1°C), and other
experimental calibrations are similar (Figure A.1).

Vital effects on 6 '*Ocarbonate are conceptually similar to vital effects on §"*Carbonate,
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although organic carbon does not play a role in 880 carbonate vital effects. One example
of a microhabitat vital effect in the open ocean is that the ¢*Ocabonate Of benthic
foraminifera living just above the sediment-water interface is typically lower than
the 0" Ocarbonate Of benthic foraminifera living within the sediment (Theodor et al.,
2016). The mechanism for this effect is disputed (Hoogakker et al., 2024). Vital
effects on 680 carbonate are negligible in some species of benthic foraminifera and non-
negligible in others (Schmittner et al., 2017; Dubicka et al., 2018; Hoogakker et al.,
2024). One taxon of benthic foraminifera considered in this thesis (Praebulimina sp.)
has 60 carbonate found to be in near-equilibrium with bottom water (Dubicka et al.,
2018).

The §'®0 of carbonate minerals can also be altered by diagenesis. The diagenesis
of carbonate sediments is more prone to reset 6Oabonate values than §3Cearbonate
values, first because the ratio of oxygen in diagenetic fluid to oxygen in carbonate sed-
iments is high (as HyO contains high amounts of oxygen), and comparatively the ratio
of carbon in diagenetic fluid to carbon in carbonate sediments is low. Second, even if
the diagenetic fluid has an oxygen isotope composition similar to the fluid from which
the carbonate mineral formed, temperature-dependent oxygen isotope fractionation
lowers ¢80 carbonate Values when diagenesis takes place at high temperatures. Another
generally small effect is that silicate minerals contain much more oxygen than car-
bon, so in the case that silicate minerals are present, chemical reactions with those
minerals in the subsurface can change the §'%0 of diagenetic fluid. For example, the
weathering of basalts to clay minerals lowers the §'*0 of pore fluids during basalt

alteration (Lawrence et al., 1975).

1.4 Background on Ocean Anoxic Events and Ocean
Anoxic Event 2 (OAE2)

1.4.1 Ocean Anoxic Events (OAEs)

In the 1970s, it was observed that sediments of mid-Cretaceous age that are rich in
organic carbon are present in multiple ocean basins and outcrops worldwide (Lancelot
et al., 1972; Kaneps, 1976; Jackson and Schlanger, 1976; Schlanger and Jenkyns, 1976;
Ryan and Cita, 1977; Thiede and Van Andel, 1977). Schlanger and Jenkyns (1976)

hypothesized that these organic-rich sediments attest to the development of oxygen-
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minimum zones throughout the global ocean during episodes that they named Ocean
Anoxic Events (OAEs). Although it was recognized that events of deposition of
organic-rich sediments had occurred throughout the Cretaceous, initially two OAEs
were identified as “major” (i.e. suggested to be global in extent) in the Aptian and
Cenomanian-Turonian stages respectively (today usually called OAEla and OAE2;
Schlanger and Jenkyns, 1976; Jenkyns, 2010). OAE2 was studied as an exemplar
OAE with a large carbon isotope excursion (Figure 1.2; Arthur et al., 1990), and is
studied in this thesis.

Because black shale deposition may vary locally depending on availability of nutri-
ents and other factors affecting productivity, as well as sedimentation rates and other
factors affecting preservation, it is more likely to occur in some parts of the ocean,
such as continental shelves (Lowery et al., 2017). During an OAE, black shale de-
position would not be expected across the entire ocean floor (Okhouchi et al., 2015).
Therefore, OAEs are now identified by positive excursions in 6"*Cearbonate (Figure
1.2) and ¢ 13C0rgamc, on the grounds that ¢ BC arbonate Tecords relative change in global
burial flux of organic vs. carbonate carbon (Section 1.2; Figure 1.1; Jenkyns, 2010;
Lowery et al., 2017).

At least 9 OAEs are suggested in the Phanerozoic, with the earliest in the Toarcian
stage and the latest at the Paleocene-Eocene boundary (i.e. the Paleocene-Eocene
Thermal Maximum may be characterized as an OAE; Jenkyns, 2010). Most OAEs oc-
curred during the Cretaceous period between the Valanginian stage and the Santonian
stage (Figure 1.2). The durations of positive § BC arbonate €xcursions associated with
OAEs are usually estimated at hundreds of thousands of years based on cyclostratig-
raphy and biostratigraphy (e.g. Suan et al., 2008 for the Toarcian OAE; Jenkyns,
2010). For some OAEs, there is active debate regarding whether or not they were
global in extent (e.g. Reolid et al., 2021 regarding the Toarcian OAE, Westermann
et al., 2010 regarding the Late Valanginian OAE, Grasby et al., 2024 regarding OAE3).
Four “major” OAEs (OAEla, OAE1Db in the Aptian-Albian stages, OAE2, and a Pa-
leozoic OAE in the early Toarcian stage) have geographically widespread records of
positive §2Carbonate €xcursions and are consequently suggested to be global in extent
(Jenkyns, 2010).

Besides positive § BC carbonate excursions, other geochemical fingerprints have been
interpreted in conjunction with OAEs. Jenkyns (2010) reviews records interpreted as
proxies for paleotemperature (& 180, Mg/Ca, TEXgs), marine redox states (biomarker

compounds produced by sulfate-reducing bacteria, concentrations in marine sediments
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Figure 1.2: Bulk 6"Ceabonate values from the Cretaceous compiled by Cramer and
Jarvis (2020) and modified from their Figure 11.12, with positive 0"*Cearbonate €X-
cursions thought to correspond to Cretaceous OAEs labeled following the time scale
from Jenkyns (2010). The Late Turonian Event (Gale et al., 2020) is not thought to
correspond to an OAE.

of trace metals such as Mo that are thought to increase when there are euxinic con-
ditions below the seafloor or in the water column, isotope ratios in marine sediments
such as 6*'S that are likewise thought to be redox-sensitive), and continental weath-
ering (isotope ratios in marine sediments such as *’Sr/**Sr and '*"Os/'**Os for which
the radiogenic isotope is thought to be concentrated in continental crust). The lat-
ter is also interpreted as a proxy for volcanic activity (as the unradiogenic isotope
is concentrated in the mantle). Jenkyns (2010) concludes that OAEs are forced by
rising temperatures and that they are accompanied by oceanic anoxia and euxinia
(particularly in more restricted areas of the ocean) as well as increased continental
weathering.

Organic-rich sediments, positive S B3C earbonate €XCUTSIONS (and 51300rgam€ excur-
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sions), and other geochemical fingerprints have been incorporated into a general,
constantly refining hypothesis describing what occurs during an OAE. In this hy-
pothesis, an OAE occurs when marine deoxygenation limits the transfer of carbon
from organic matter to the ocean facilitated by respirating organisms, and/or en-
hanced productivity in the surface ocean increases rain rates of organic matter and
overwhelms respirating organisms, leading to anoxia or euxinia in some areas of the
ocean. Organic carbon is buried more efficiently, producing a sedimentary layer with
elevated organic carbon content and a positive ¢ BC arbonate €xcursion. A warming
climate is considered to be the trigger for marine deoxygenation (e.g. Schlanger and
Jenkyns, 1976; Jenkyns, 2003) as it is suggested to accelerate the hydrological cycle,
increasing continental weathering and therefore increasing nutrient fluxes to the ocean
(e.g. Hochuli et al., 1999). A warming climate in turn may be triggered by release
of COy during the emplacement of a large igneous province (LIP; Larson and Erba,
1999; Jenkyns, 2010).

1.4.2 Ocean Anoxic Event 2 (OAE2)

The focus of this thesis is Ocean Anoxic Event 2 (OAE2), a prominent mid-Cretaceous
OAE dated to the uppermost Cenomanian stage or Cenomanian-Turonian bound-
ary, at 93.9 Ma (Cramer and Jarvis, 2020; Gale et al., 2020). Consistent with the
general OAE hypothesis, OAE2 is associated with black shale deposition (Figure
1.3; Schlanger et al., 1987; Arthur et al., 1987; Okhouchi et al., 2015; Owens et al.,
2018) and positive §*Cearponate excursions (Figure 1.2). OAE2 is commonly identi-
fied as a positive excursion of the correct age, normally based on biostratigraphy, in
§'%Cearbonate (€.g. Falzoni et al., 2018) and /or 51300rganic (e.g. Arthur et al., 1988), in-
cluding occasionally in the §'C of terrestrial organic matter (Hasegawa et al., 2013).
Regarding the geographic distribution of evidence for OAE2, sites with elevated or-
ganic matter content (> 2 wt.%) in sediments of the correct age are located mostly
on continental margins or former shallow epicontinental seas such as the Western
Interior Seaway of North America (Figure 1.3).

The geographic distribution of sites with positive §**C excursions from around the
time of OAE2 is relevant to this thesis, as the new data in this thesis are §">Cearbonate
records from around the time of OAE2. Most, although not all, OAE2 §'3C records
are from sediments deposited on continental margins or in shallow basins (Figure 1.4;

Owens et al., 2018). Owens et al. (2018) compiled 40 sites worldwide where a positive
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Figure 1.3: Paleomaps at 93.9 Ma with central longitudes of (A) 0°(B) 103°E and (C)
140°W showing sites where organic-rich sediment (> 2 wt.%) of OAE2 age has been
identified, compiled by Owens et al. (2018). The mid-Pacific sites are DSDP 32-305
(north) and DSDP 89-585 (south). Paleogeography from Miiller et al. (2019).

§%Cearbonate and /or & 13C0rganic excursion is identified (Figure 1.4).

positive 613C
excursion
observed

example site

Figure 1.4: Paleomaps at 93.9 Ma with central longitudes of (A) 0°(B) 103°E and
(C) 140°W showing sites where 6"*Cearbonate and/or d 13Corganic has been measured in
sediments of OAE2 age and a positive excursion observed (Owens et al., 2018; Falzoni
et al., 2018). Five sites with positive ¢ BCearbonate €xcursions discussed in this thesis
are circled in red (2 of these sites in present-day France are so close to each other
they appear as one marker). At the site on the southern Pacific margin the §'°C
of terrestrial organic matter was measured in sediments by Hasegawa et al. (2013).
Paleogeography from Miiller et al. (2019).

Among records where an OAE2 positive §'3C excursion is present, excursions have
a range of magnitudes and sometimes have multiple peaks. Magnitudes range from
about 1.1%0 to about 6.25%0, most commonly 2-3%0 (Owens et al., 2018). Regarding
the number of peaks, in some sections, the positive o BC arbonate €XCUTSiON interpreted
as OAE2 has been described as having three peaks (Caron et al., 2006; Grosheny
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et al., 2006; Jarvis et al., 2006, 2011; Falzoni et al., 2016; Eldrett et al., 2015; Falzoni
et al., 2018) and a possible fourth peak (Voigt et al., 2007, 2008), or alternatively one
peak and one plateau separated by a trough (Pratt and Threlkeld, 1984; Gale et al.,
2020).

OAE2 has also been linked to many geochemical records interpreted as prox-
ies of environmental perturbation. For example, planktonic foraminiferal §'*0 and
TEXgs paleotemperature proxy records are interpreted to indicate warming of sea
surface temperatures during OAE2 and subsequently during the Turonian (Figure
1.5; Forster et al., 2007; MacLeod et al., 2013; O’Brien et al., 2017; Robinson et al.,
2019), although at some sites a period of cooling (the “Plenus Cold Event”) is indicated
during OAE2 (Jefferies, 1961; Sinninghe Damsté et al., 2010; Jenkyns et al., 2017;
O’Connor et al., 2020). Generally, Cretaceous sea surface paleotemperatures have a
wide range because temperature is highly correlated with paleolatitude (Figure 1.5),
because the planktonic foraminiferal 6'*0 and TEXgs proxies may record tempera-
tures at different depths in the water column, and because planktonic foraminiferal
§'®0 may also be affected by local salinity and carbonate ion concentration (O’Brien
et al., 2017). Decreases of 0.4 - 0.8 in *"0s/*®¥Os at the onset of OAE2 513Corganic
excursions have been attributed to an input of low-'*"Os/'¥*Os osmium from the
hydrothermal alteration of young ocean crust, and interpreted to indicate a pulse
of massive magmatic activity that may have triggered OAE2 (Turgeon and Creaser,
2008; Du Vivier et al., 2014; Percival et al., 2020; Jones et al., 2021). It has been sug-
gested that OAE2 was triggered by emplacement of LIPs with apparently coincident
timing including the Caribbean-Colombian Plateau, High Arctic LIP, Ontong-Java
Plateau, and Madagascar flood basalts (Kerr, 1998; Kuroda et al., 2007).

In this thesis, I compare newly collected Pacific bulk BC arbonate values to five
outcrop §3Cearbonate records with sediments dated to have formed during OAE2:
Eastbourne, England; Clot Chevalier, France; Pont d’Issole, France; wadi Bahloul,
Tunisia; and Gongzha, Tibet (Tsikos et al., 2004; Falzoni et al., 2016; Jarvis et al.,
2011; Caron et al., 2006; Bomou et al., 2013). These sites were selected because de-
tailed planktonic foraminiferal biostratigraphy and correlated §'*Carbonate data have
been published for each site (Falzoni et al., 2018). At these sites, the size of the OAE2
positive §3Ceabonate €xcursion is between about 1.5%0 and 3%o. At Eastbourne, Clot
Chevalier, Pont d’Issole, and possibly at Gongzha, the baseline 6 *Cearbonate Values af-
ter the excursion are about 0.5%o higher than the baseline d B arbonate values before

the excursion, while at wadi Bahloul the 63 Cearbonate values return to the original
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Figure 1.5: Cretaceous sea surface paleotemperatures based on planktonic
foraminiferal §'%0 and TEXgs data, compiled and interpreted as paleotempera-
ture proxies by O’Brien et al. (2017) following Bemis et al. (1998) for planktonic
foraminiferal §'*0 and the TEXgs" calibration of Kim et al. (2010) for TEXgs. Ages
are as reported by original authors, including some TEXgs with large age uncertainties
(horizontal bars). Following O’Brien et al. (2017), data are categorized by paleolat-
itude: low paleolatitude (£0-30°) data are red, lower mid-paleolatitudes (£30-48°)
data are purple, and higher mid-paleolatitudes (+ >48°) data are blue.

baseline (Table 1.1, Figure 1.6). At each site, three peaks have been identified, al-
though for some sections authors differ on the stratigraphic height of a peak (Figure
1.6).

In this thesis, the §Cearbonate Fecords from the aforementioned 5 sites will be com-

pared to 0"*Cearbonate records from Pacific sites (Section 5.2.1). Differences between
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513Ccarbonate Value ialgeca;‘t;onaézk Of 51300arbonate Value
Site before excursion excursionp after excursion

(%o VPDB) (%VPDB) (%0VPDB)
gizzrolgme’ about 3 5.4 about 3.5
g;tlihevaher, about 2.5 4.4 about 3
ES;IECS Issole, about 2.5 4.4 about 3
Wad? Bahloul, about 2 3.7 about 2
Tunisia

if section

Gongzha, Tibet about 1-2 3.6 includes return

to baseline,
about 2.5
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Table 1.1: For each of 5 outcrop sections with sediments biostratigraphically dated
to have formed during OAE2, all of which have positive 6'*Ceabonate €xcursions: the
813C carbonate Value before, at the peak of, and after the excursion.

813Carbonate Tecords between different sites may exist for many reasons, including

differences in paleogeography and ocean dynamics between sites. It is therefore im-

portant to understand the paleogeographic context of the Pacific and non-Pacific sites,

including the relative size and depth of the ocean basins where they were located at

the time of OAE2.
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Figure 1.6: Bulk §"*Carbonate values at outcrop sites in sediments dated to the Ceno-
manian and Turonian. The y-axis differs between plots. Sources of the ¢ BC carbonate
values from left to right are Tsikos et al. (2004); Falzoni et al. (2016); Jarvis et al.
(2011); Caron et al. (2006); Bomou et al. (2013). Peaks are labeled after the sources of
the 6"®Cearbonate Values, except Eastbourne A, B, and C are after Jarvis et al. (2006),

Eastbourne C* is after Voigt et al. (2008), and Pont d’Issole C* and wadi Bahloul B*
are after Falzoni et al. (2018).
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1.5 Paleogeography in OAE2 time

Figure 1.7 shows the names used in this thesis for the regions of the ocean at the
time of OAE2. In this thesis the focus will be on sites in the Pacific, and sites in the
Atlantic, Western Tethys, and Neotethys will also be considered. At the time of OAE2
the majority of the ocean by mass was the Pacific Ocean. The Pacific was deep, with
deepwater production likely occurring throughout the Cretaceous in the high-latitude
Northern Pacific as well as the high-latitude Southern Pacific at least up to the time
of OAE2 (Murphy and Thomas, 2012; Hague et al., 2012; Donnadieu et al., 2016).
Also, Pacific surface area was large: the Pacific Ocean accounted for more than 60%
of ocean area at the time of OAE2 (Takashima et al., 2011), as opposed to about 45%
today.

Western
Tethys

oEastbnume (Gun Gardens)
oCIot Chevalier & Pont d'Issole

oWvadi Bahloul

!

South
Atlantic

Figure 1.7: Paleomaps at 93.9 Ma with central longitudes of (A) 0°and (B) 115°E.
Ocean regions are labeled with the names used in this text: North Atlantic (dark
pink), South Atlantic (light pink), Western Tethys (light purple), Neotethys (dark
purple), and Pacific (blue). Paleogeography from Miiller et al. (2019). Five sites
discussed in this thesis with positive 6 *Cearbonate €xcursions are shown.

The Atlantic Ocean was much narrower and shallower at the time of OAE2. As the
connection between the North and South Atlantic only occurred several million years
before OAE2 (estimated at 112 Ma by Eagles, 2007 and Moulin et al., 2010; 103 Ma
by Heine et al., 2013; 95 Ma by Granot and Dyment, 2015), the Atlantic was likely not

well-connected to the global deep ocean at the time of OAE2. Even in models in which
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the North and South Atlantic become connected at 112 Ma, deepwater connection
between the North and South Atlantic is not thought to have started until 100 Ma at
the earliest (Eagles, 2007). It has been argued that the formation and circulation of
North Atlantic deepwater did not begin until much later, during the latest Cretaceous
(69 Ma; MacLeod et al., 2011; Voigt et al., 2013).

The ocean between Eurasia, India, and Australia, connecting the Atlantic and
Pacific (Dilek and Furnes, 2018) and bordered to the south by the passive continental
margin of the Indian continent (Willems et al., 1996), can be considered as two realms
at the time of OAE2, with the extent of the connection to the global ocean differing
between these realms. In this thesis, the western part of this ocean is called the
Western Tethys, while the rest of this ocean is called the Neotethys (Figure 1.7).
The Western Tethys at the time of OAE2 was likely poorly connected to the global
deep ocean as it was characterized by multiple small basins, whose formation was
enabled by the many microplates and continental fragments in that region (Schettino
and Turco, 2011; Dilek and Furnes, 2018). Shallow marine carbonate depositional
environments developed in these basins. For example, during Cenomanian-Turonian
time in present-day southern Jordan, a carbonate shelf formed (Powell and Moh'd,
2011) In Cenomanian time, in the present-day Apennines of Italy, basins formed
between shallow-water carbonate platforms (Carrannante et al., 2009). By contrast,
the Neotethys was likely much better connected to the global deep ocean, as it was not
divided into small basins: Neotethys crust was mostly produced by a single spreading
ridge, which is thought to have been subducted under Eurasia during the Cenomanian
at 100 Ma (Zhang et al., 2023). In the Cenomanian and Turonian, the Neotethys
was connected to the Pacific via the area of the ocean between Australia and Eurasia
(Hall, 2012).

It is possible that ¢'3C records from deeper, less restricted regions of the global
ocean such as the Pacific and potentially the Neotethys would better represent global
ocean 6'2C than 0"3C records from shallower, more restricted regions of the global
ocean. In this thesis, I consider this possibility when I compare bulk ¢ BC carbonate
records from the time of OAE2 at study sites in the Pacific to similar records at

study sites in other ocean basins, notably the Western Tethys and Neotethys.
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1.6 Motivation for this thesis

It is foundational to the current understanding of OAEs that positive ¢'*Cearbonate
excursions observed at the time of OAE2 are interpreted to represent a perturbation
to the global carbon cycle. The interpretation of OAE2 as a global event is suggested
by many authors (e.g. Tsikos et al., 2004; Caron et al., 2006; Li et al., 2006; Jarvis
et al., 2011; Bomou et al., 2013; Lowery et al., 2017; Percival et al., 2020; Falzoni
and Petrizzo, 2020), and the OAE2 positive § BC arbonate €xcursion has been used as
a chronostratigraphic tool to correlate sections at geographically distant sites (e.g.
Falzoni et al., 2018). However, the magnitude of the OAE2 positive ¢ B arbonate
excursion is not consistent between sites (Section 1.4), and most § BC arbonate TECOTAS
from OAE2 time are from the North Atlantic, Western Tethys, and North America
(which had an epicontinental sea in OAE2 time). Records from the Pacific are lacking,
which is important because the Pacific at the time of OAE2 accounted for the majority
of the mass of the ocean (Section 1.5) and therefore contained the majority of the
carbon in Earth’s ocean-atmosphere reservoir.

In this thesis I test the hypothesis that there was a global change in the §"*Cpc
of seawater at the time of OAE2, as is predicted by a model of a substantial increase
in organic carbon burial. I measured §"Cabonate Values of open-ocean Pacific sedi-
ments, recovered from the seafloor by drilling, that are dated to the Cenomanian and
Turonian stages using microfossil biostratigraphy. I also correlate these sediments to
sediments at selected non-Pacific sites using planktonic foraminiferal biostratigraphic
data. Finally, I discuss whether the Pacific § B arbonate Tecord is consistent with a
global positive excursion in ¢ BCpie at the time of OAE2. 1 argue that these Pacific
S13C carbonate values are consistent with either a global ocean OAE2 §'3C excursion
occurring alongside a process that largely prevented its deposition, preservation, or
recovery in the mid-Pacific, or that an excursion in 6'*C did not occur in the Pacific
at the time of OAE2 but did occur and is recorded outside it (Section 5.3).
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Methods

2.1 Scientific ocean drilling

Sediments and many other lithologies have been recovered from the seafloor by a series
of scientific ocean drilling programs: the Deep Sea Drilling Project (DSDP) from
1968-1983, the Ocean Drilling Program (ODP) from 1984-2003, the Integrated Ocean
Drilling Program (IODP) from 2003-2013, and since 2013 the International Ocean
Discovery Program (also IODP) (National Research Council, 2011). Conventions from
these programs are used for sample names, depth calculations, etc., as sedimentary
samples in this thesis were collected between 1971 and 1982 by the Deep Sea Drilling
Project (DSDP).

A scientific ocean drilling voyage is called a “leg” or “expedition.” During the expe-
dition drilling is conducted at several sites. Expeditions and sites are both numbered
beginning with DSDP’s Leg 1 Site 1 and continuing through the International Ocean
Discovery Program (IODP) Expedition 403 Site 1624 in August of 2024 (Lucchi et al.,
2024). Sites are referred to by their expedition and site numbers, e.g. Leg 89 Site 585
is 89-585. Per DSDP convention, the first hole drilled at the site has no suffix (e.g.
89-585), but if a second hole is drilled at a site, it receives the suffix A (e.g. 89-585A).
For this thesis, samples from 10 holes were collected (17-167, 17-169, 17-170, 17-171,
30-288A, 32-305, 32-310A, 62-463, 89-585, 89-585A), and two of those holes (89-585
and 89-585A) are from the same site. Table 2.1 shows the references corresponding
to the DSDP Initial Reports for each of these holes. Holes at the same site can be
up to 1800 meters away from each other (Thiede et al., 1981; Baltuck et al., 1986).
During Leg 89, successive holes were at least 100 meters away from each other (Bal-
tuck et al., 1986). In this thesis 89-585 and 89-585A are sometimes referred to as two
“sites” sensu lato.

The sediments sampled for this thesis were drilled using punch-core rotary drilling,
in which the drilling assembly penetrates the sediment or rock, rotating around a

barrel in which material is collected. Drilling fluid (seawater or mud slurry) is pumped
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Site and hole Reference

17-167 Shipboard Scientific Party (1973b)
17-169 Shipboard Scientific Party (1973c)
17-170 Shipboard Scientific Party (1973d)
17-171 Shipboard Scientific Party (1973e)
30-288A Shipboard Scientific Party (1975a)
32-305 Shipboard Scientific Party (1975c¢)
32-310A Shipboard Scientific Party (1975e)
62-463 Shipboard Scientific Party (1981b)
89-585 Shipboard Scientific Party (1986)
89-585A Shipboard Scientific Party (1986) (same as 89-585)

Table 2.1: References for the Deep Sea Drilling Project Initial Report corresponding
to each of the Pacific sites in this study.

through the drilling assembly and carries away the material cut by the drill bit, while
material from the center of the hole enters the barrel. If sediments are sufficiently
soft and scientists do not wish to retrieve them, they can be intentionally “washed” by
high-pressure drilling fluid that disaggregates them and carries them away (Moberly
et al., 1975). Material from the hole is retrieved in metal barrels 9.1-9.5 meters long,
lined with plastic (Winterer, 1973; Moberly et al., 1975; Thiede et al., 1981; Baltuck
et al., 1986). The material in one such barrel is called a “core” and while it is pulled up
to the drilling vessel, it is prevented from falling out of the barrel by a “core catcher,”
which may contain up to 20-25 cm of core (Leg 17 Introduction, Leg 32 Introduction,
Leg 62 Introduction, Leg 89 Introduction).

If the material recovered is equal in length to the depth interval cored (usually
~9.5 m but occasionally shorter; Thiede et al., 1981; Baltuck et al., 1986), “recovery”
is 100%. It is common for recovery to be less than 100%. Recovery is often poor
in cherty sections of carbonate like many of the Pacific cores sampled in this thesis.
Unpredictable alternation of hard chert with soft carbonate sediments makes it very
difficult to achieve the balance between downward speed of the drilling assembly, ro-
tation speed of the drilling assembly, and pressure of the drilling fluid that is required
for good recovery (Moberly et al., 1975). In this situation carbonate sediments are

often accidentally washed. The presence of chert in sediments is often cited as a



25

reason for poor recovery in the cores studied herein (e.g. Shipboard Scientific Party,
1973b,c,d e, 1975¢,e, 1981b, 1986)and the presence of other hard rocks (such as basalt)
in relatively soft sediments can have a similar effect (e.g. Shipboard Scientific Party,
1973d).

Once a core is on the deck of the drilling vessel, it is cut into 150-cm “sections,”
which are numbered beginning with the uppermost section in which there is core
material (Winterer, 1973). Material in the core catcher is retained separately. If
recovery is 100% there will be 7 sections, one <150 cm in length, in addition to the
core catcher. A sample is designated by the distance between the top of the section
and the sample in centimeters, usually to the top and bottom of the sample, e.g.
96-97 cm. The full designation for a sample also includes the associated expedition,
site, hole, core, and section, e.g. 89-585A-7-3-96/97. Samples from the core catcher
are designated with the abbreviation “CC,” e.g. 89-585A-8-CC-15/16. Some core
catchers studied herein are archived as loose material in plastic tubs, and in this case
there is no information about the distance to the top and bottom of the sample,
e.g. 17-171-29-CC (Figure 2.1). Also, cores are split longitudinally, into an “archive”
half (“A”) which is preserved and a “working” half (“W”) from which samples are
taken. The sample designation can be written to include information on the type of
coring (“rotary” for all samples collected in this thesis; see above) and the core half
(“working” for all samples collected in this thesis), e.g. 89-585A-7TR-3W-96/97.

2.2 Depths of samples

For all samples in this thesis, depth is calculated according to the CSF-A depth
convention and reported in meters below sea floor (mbsl). The CSF-A depth is the
sum of the depth to the top of the cored interval in the hole, the curated length(s)
of the section(s) above the section of the sample, and the distance from the top of
the section to the sample (IODP-MI, 2011; Baltuck et al., 1986). Curated lengths of
sections can be obtained from the Janus database (iodp.tamu.edu/database, Mithal
and Becker, 2006).1 CSF-A depths are used in this thesis at high precision to visualize
data (in stratigraphic columns, § BC carbonate VS. depth plots, etc.). The relative depths
of samples collected by the same author from the same section of core are known at

centimeter-level precision in most cases. However, the distances between samples from

!Depths reported in visual core descriptions (VCDs) generally agree with depths reported in
Janus except for 17-169. In this thesis CSF-A depths according to Janus are used for 17-169.


iodp.tamu.edu/database
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Figure 2.1: A plastic tub containing the core catcher of core 29 of hole 17-171 (17-171-
29-CC), which contains hyaloclastite (one large chunk) and carbonate (very friable
and broken into smaller pieces; Shipboard Scientific Party, 1973e). The footprint of
the tub is about 10 cm x 10 cm.

different sections and sometimes even the relative order of samples (superposition)
are uncertain for two main reasons.

First, the depth to the top of the cored interval in the hole is measured along the
“drill string” (the pipe connecting the vessel to the drilling assembly). The heave of
the drilling vessel and extension or compression of drill string joints may affect the
measurement of this depth (Winterer, 1973; Moberly et al., 1975). Also, generally
each core can be considered stratigraphically deeper than the core taken before it
because cores are retrieved sequentially from drilling deeper into the hole, but in
some cases “cavings” from the hole are retrieved in deeper cores. Caved material may
be identified by the recognition of younger fossils (e.g. few Neogene and Turonian
foraminifera found among many Cenomanian foraminifera in Core 17 of Hole 32-310A;
Shipboard Scientific Party, 1975e).

Second, in the CSF-A depth calculation, it is assumed that all the recovered mate-
rial came from the top of the cored interval (Winterer, 1973), but it is unknown where
in the depth interval the material originated. During core retrieval, the core material
slides to one end of the core and stacks there, except in rare cases where void is pre-
served within a section of the retrieved core barrel. If recovery of core material is less

than 100%, uncertainty up to the length of the void interval is added. Also, superpo-
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sition cannot always be assumed if sediment is disturbed by the drilling process, and
pieces are substantially smaller than the 6-cm width of the core and can move past
one another. In soft sediment, signs of mechanical disturbance include contortion of
layers that may originally have been flat (particularly if they are concave downward
across the width of the core), mixing of lumps of rock with different lithologies, and
sediments which were water-saturated when retrieved (Moberly et al., 1975; Baltuck
et al., 1986). (Sediments in archives do not remain water-saturated and become more
unconsolidated after they dry out.) Finally, the locations of samples can change over
time due to shifting of the core when it is handled (Winterer, 1973).

Of the 62-463 sediments sampled for this thesis, several core intervals were “soupy”
(water-saturated) when retrieved (Shipboard Scientific Party, 1981b), which is clas-
sified as the most extreme form of drilling disturbance as the original bedding has
been destroyed and material may be entirely mixed within soupy interval of the core
(Thiede et al., 1981). Superposition is unlikely in intervals like these. Within the
soupy interval it should not be assumed that change in depth is change in time.
Therefore, for some entirely soupy intervals I took only one sample (e.g. cores 31, 35,
44; see 262.2 mbsf, 300.3 mbsf, 386.3 mbsf on Figure 4.5), while for others I took a
few to test whether they had very similar bulk BCarbonate and 080 carbonate values
(e.g. core 38 section 1 26-58 cm; see 328.8-329.1 mbsf on Figure 4.5). From one
soupy interval (Core 43) I took 21 samples which I used as a set of replicates to assess

precision of 6"*Cearbonate and 0 *Oarbonate Measurements (Section 2.6.5).

2.3 Ages of samples

In this thesis, biostratigraphic zonation schemes for the mid-Cretaceous based on mi-
crofossils (e.g. Sliter, 1989; Bralower et al., 1995) are used. Pacific sediments examined
in this thesis have been assigned to geologic stages based on planktonic foraminiferal,
radiolarian, and nannofossil biostratigraphy (references in Table 2.1). In this thesis,
the shallowest (or deepest) depth I assign to a stage at a Pacific site is the depth at
the top of the youngest (or bottom of the oldest) core that is assigned to the stage
by shipboard scientists. Figures in this thesis (Figures 4.3 - 4.13) show the depth of
the base of the Cenomanian and the depth of the top of the Turonian according to
this rule. The Cenomanian-Turonian boundary depth at a Pacific site is determined
as the depth of the top of the Cenomanian and bottom of the Turonian, and other

geologic stage boundaries are determined in the same way. For some Pacific sites in
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this thesis, the Cenomanian-Turonian boundary has been assigned to a depth range

rather than a single depth because:

1. There are gaps between the depth ranges assigned to cores, so the depth of the
shallowest Cenomanian differs from the depth of the deepest Turonian. In these
cases these different depths are the bottom and top of the depth range assigned

to the Cenomanian-Turonian boundary.

2. A core of uncertain stage (e.g. labeled “?”) is between cores assigned to different
stages, or a core was labeled as belonging to more than one stage without
specifying a boundary. In these cases the core was treated as though it could
have belonged to either of the stages of the cores immediately adjacent (i.e.
either the Cenomanian or the Turonian, so the entire core would be included in

the depth range assigned to the Cenomanian-Turonian boundary).

These circumstances did not arise for any other geologic stage boundaries noted on
figures in this thesis (Figures 4.3 - 4.13). Note that when the Cenomanian-Turonian
boundary depth is used in estimating the paleodepth of deposition of sediments (Sec-
tion 2.4), the depth of the Cenomanian-Turonian boundary is assumed to be the
average of the range.

To compare sediments at non-Pacific sites to the Pacific sediments studied (Section
5.2), I used planktonic foraminifera. Biostratigraphy based on planktonic foraminifera
is used because abundant planktonic foraminifera occurrence data are available in
these sediments. Also, planktonic foraminifera are generally good biostratigraphic
tools because they are abundant, widely geographically distributed, and usually well
preserved, and they have high rates of species turnover (Kimoto, 2015; Huber et al.,
2016). Existing planktonic foraminiferal biostratigraphic zonation schemes are widely
used for the Mesozoic (Huber et al., 2016), including the Cenomanian and Turonian
specifically (Caron et al., 2006). Previous workers have logged planktonic foraminifera
occurrences at the species level in samples throughout the cores I sampled (Table
2.2; Douglas, 1973; Caron, 1975; Michael, 1975; Boersma, 1981; Premoli Silva and
Sliter, 1986; Sliter, 1992). Previous workers have also logged species-level planktonic
foraminifera occurrences in other sections outside of the Pacific, including selected
sites considered in this thesis (Table 2.2; Section 3.3 and Section 5.2). Only positive
species-level identifications were used (e.g. “ Whiteinella sp. aff. W. aprica” indicates
the specimen varies from the species description and was therefore not treated as an

identification of Whiteinella aprica).
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Work on taxonomic organization of Cretaceous planktonic foraminifera is ongo-
ing and made available through online databases such as pforams@mikrotax (www.
mikrotax.org/pforams/, Huber et al., 2016; Young et al., 2019) and the World
Register of Marine Species (WoRMS; www.marinespecies.org, WoRMS Editorial
Board, 2024). When complete, the Neptune Sandbox Berlin (NSB) database project
will standardize and digitize existing biostratigraphic data from the DSDP through
the IODP (Lazarus, 1994; Spencer-Cervato, 1999; Renaudie et al., 2020). Because
taxon names and identification criteria are continuously revised, an important part of
standardizing biostratigraphic data is ensuring that the same taxon names are used
to refer to the same species, a process which I here call “resolving” species names.
For some of the DSDP sites in this thesis (17-170, 17-171, 32-305, and 62-463), all
DSDP planktonic foraminifera occurrence data has already been entered into the
NSB database and the taxon names have been resolved. For other sites in this thesis
(17-169, 30-288A, 32-310A, 89-585, 89-585A), I digitized the planktonic foraminifera
occurrence data and resolved the taxon names. Although 17-167 is present in the NSB
database, planktonic foraminiferal occurrence data are only available in the cores I
studied from a non-DSDP publication (Sliter, 1992), so I resolved the taxon names
for 17-167 also. The NSB database retains the original and the resolved taxon name
for all planktonic foraminifera occurrence data, so for any names that matched NSB
original names, I used the same resolved names as the NSB database. Where a name
was used that was not already in the NSB database, I used the aforementioned tax-
onomic organization databases such as pforams@mikrotax to determine whether the
name could be resolved to an NSB resolved name (Table A.1) or if the name could
be treated as resolved name (Table A.2).


www.mikrotax.org/pforams/
www.mikrotax.org/pforams/
www.marinespecies.org

30

Table 2.2: The sources of species-level planktonic foraminifera occurrence data con-
sulted in this thesis. If synonymous names of taxa were resolved by NSB, then the
database contained all planktonic foraminifera occurrence data with both original and
updated taxon names. If synonymous names of taxa were resolved by this thesis, the
NSB database did not contain the planktonic foraminifera occurrence data for the
site, and I used the NSB database along with pforams@mikrotax to determine which
species names would be treated as synonymous. See Table A.1.

Source(s) for

i Synonymous
] planktonic Source for bulk
Site o names of taxa 13
foraminiferal 0 °Cearbonate values
) ] resolved by
biostratigraphy
this thesis; Douglas
_ _ _ and Savin (1973);
17-167 Sliter (1992) this thesis

Coplen and
Schlanger (1973)

Douglas (1973),

17-169 this thesis this thesis
Table 8
D 1 1973
17-170 ouglas (1973), | \apues this thesis
Table 9
D 1 1973),
17-171 ouglas ( ) NSB** this thesis
Table 12
30-288A Michael (1975) this thesis this thesis
Caron (1975), this thesis; Price
32-305 ) NSB**
Figure 1 et al. (1998)
Caron (1975), . , : :
32-310A ) this thesis this thesis
Figure 2
Boersma (1981), this thesis; Price
62-463 NSB**

Figure 3 et al. (1998)




Source(s) for

i Synonymous
. planktonic Source for bulk
Site o names of taxa 13
foraminiferal 0 °Cearbonate values
) . resolved by
biostratigraphy
Premoli Silva
89-585 and Sliter (1986), | this thesis this thesis
Figure 3
Premoli Silva
89-585A and Sliter (1986), | this thesis this thesis
Figure 3
Eastbourne Falzoni and )
] ] ) Tsikos et al. (2004),
(Gun Petrizzo (2020), this thesis _
) Figure 2
Gardens)* Appendix A

Clot Chevalier*

Falzoni et al.
(2016), Figure 3

this thesis

Falzoni et al. (2016),
Figure 2

Pont d’Issole*

Grosheny et al.
(2006), Figure 3

this thesis

Jarvis et al. (2011),
via Falzoni et al.
(2018)
supplementary

Figure B

wadi Bahloul*

Caron et al.
(2006), Figure 8

this thesis

Caron et al. (2006),
Figure 9

Gongzha*

Bomou et al.
(2013), Figure 3

this thesis

Bomou et al. (2013),
Figure 5

* These sites are compiled in Falzoni et al. (2018).

** Accessed the NSB database prior to 14 March 2022.
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2.4 Paleodepth estimation

To estimate the depth of deposition of the sediments studied, I follow Stein and Stein
(1992). Stein and Stein (1992) model the subsidence of old lithosphere (>20 Myr)
using a standard plate model. Conceptually, the lithosphere is modeled to have an
isothermal boundary at its base, and therefore its depth approaches an asymptote,
increasing more slowly with age. Stein and Stein (1992) publish an approximation

which accurately reproduces the results of their model:

d = 2600 + 365v/% if t < 20Myr (2.1)

d=d, +d;x (1 — 5 0028 if ¢ > 20Myr (2.2)

where ¢ is age (in Myr), d is depth of igneous basement (in mbsl), d, is the depth of
the ridge axis (in mbsl), and d, is the asymptotic igneous basement depth approached
by old lithosphere (in mbsl). For their approximation, Stein and Stein (1992) use d,
of about 2500 m and d, of 5651 mbsl in Equation 2.2. In my approach:

1. T calculate the asymptotic igneous basement depth dg approached by old litho-
sphere as the present-day igneous basement depth below sea level of each Pacific
site. Specifically, I add together the present-day seafloor depth and the present-
day igneous basement depth below the seafloor to get the present-day igneous
basement depth below the sea surface (in mbsl). I do this because at all Pacific
sites examined in this thesis the crust is sufficiently old that its depth is more
than 95% of the way to the asymptotic igneous basement depth (Table 2.3).
This approach may underestimate ds by a few hundred meters (e.g. for a d; of
5651 mbsl, there is a difference of 225 m between the igneous basement depth
and the asymptotic depth at the 95% mark; Figure A.2).

2. I shift the subsidence curve for crust >20 Myr (generated by Equation 2.2) so
that the curve intersects present-day igneous basement depth. (Mathematically,
this is the same as changing d,). I then shift the subsidence curve for crust
<20 Myr (generated by Equation 2.1) so that the overall subsidence curve is

continuous.

Because Stein and Stein (1992) empirically fitted their model using data from

crust loaded by sediment, I do not account separately for the effect of sediment



33

accumulation on igneous basement depth. My modifications yield the equation:

d= (dsf + di) % <1 — %eow?gte) (2.3)
where t. is the time elapsed since igneous basement formation (in Myr), d is the
igneous basement depth at time ¢, (in mbsl), d is the present-day seafloor depth (in
mbsl) and d;;, is present-day igneous basement depth below the seafloor (in mbsf). ¢,
is different than ¢ in Equations 2.1 and 2.2 because t is measured from the present and
t. is measured from the time of crustal formation. To determine the igneous basement
depth d at the time of sediment deposition, I input the time elapsed between the time
of igneous basement formation (¢y in Ma) and the time of sediment deposition (¢s.q

in Ma) as t. into Equation 2.3.

Pite and hol o nsymtotic ervstal depth? ()
17-167 97.9

17-169 08.7

17-170 08.7

17-171 95.6

30-288A 97.5

32-305 08.2

32-310A 95.7

62-463 08 .4

89-585 08.9

89-585A 98.9 (same as 89-585)

Table 2.3: Closeness of the present-day crustal depth to the asymptotic crustal depth,
expressed as a percentage of the depth between the crust at the time of crustal
formation and the asymptotic depth, at each Pacific site in this thesis.

To determine the depth of the sediment at the time of deposition, I subtract? the
thickness of sediment at the time of deposition from the depth of igneous basement
at the time of deposition. The thickness of the sediment at the time of deposition

is calculated as the distance between the sediment being deposited and the igneous

2because depth is a positive quantity
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basement (dj, — dseq), which T assume to be the same in the present-day as at the
time of deposition (i.e. I neglect compaction). Therefore, in summary, I calculate the

depth of deposition of the sediments studied (dgep, in mbsl) using the equation:

daep = (dsp + dip) X (1 - %6_0‘0278(t°_t“d)) — (dip — dea) (24)

™

where dge, is the depth of deposition of the sediment (in mbsl),
dsy is the present-day seafloor depth below sea level (in mbsl),
d;p is present-day igneous basement depth below the seafloor (in mbsf),
to is the time elapsed since the formation of the igneous basement (in Myr),
tseq 18 the time elapsed since the deposition of the sediment (in Myr), and

dseq 1s the present-day depth of the sediment below the seafloor (in mbsf).

The present-day seafloor depth below sea level (ds, in mbsl) are from GeoMapApp
(www.geomapapp.org). The ages of the crust underlying the sites (¢y, in Myr) are
also from GeoMapApp.

Present-day igneous basement depth (dy,, in mbsf) is treated as synonymous with
modern sediment thickness, i.e. it is the depth below the seafloor where the top of the
basement is reached. For this value, measurements are available at 4 sites (17-167,
17-169, 17-170, and 17-171) where the holes reached basement. For holes that did not
reach basement, I used the reanalysis dataset CRUST1.0, which incorporates drilling
and surface wave velocity data to produce sediment thickness estimates on a global
1°x 1°grid (accessed through GeoMapApp, described at igppweb.ucsd.edu/ gabi/
crustl.html and in Laske et al., 2013). At 3 sites (30-288A, 32-305, and 32-310A)
the CRUST1.0 grid point nearest the site gave a sediment thickness greater than
the maximum penetration depth of the DSDP expedition at that site, so I used this
sediment thickness as the present-day crustal depth for that site.

For the remaining sites (62-463, 89-585, and 89-585A), an estimate of present-
day igneous basement depth was unavailable. The CRUST1.0 sediment thickness
was less than the thickness of sediment penetrated by the DSDP expedition at
that site. Sediment thicknesses nearest these sites from another reanalysis dataset,
GlobSed, were also unphysically shallow (accessed through GeoMapApp, described
at www.ngdc.noaa.gov/mgg/sedthick and in Divins, 2003; Straume et al., 2019).
Therefore at 62-463, 89-585, and 89-585A, the depth of maximum drilling penetra-

tion is used as the present-day igneous basement depth for the calculation of the


www.geomapapp.org
igppweb.ucsd.edu/~gabi/crust1.html
igppweb.ucsd.edu/~gabi/crust1.html
www.ngdc.noaa.gov/mgg/sedthick
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depositional depth. As the subsidence curve is constrained to intersect present-day
igneous basement depth in my paleodepth estimation approach, a deeper present-day
igneous basement depth input yields a deeper depositional paleodepth. The present-
day igneous basement depth may be deeper at 62-463, 89-585, and 89-585A: across
the globe, the sediment thickness in mid-basinal open ocean areas is generally less
than 2 km (igppweb.ucsd.edu/"gabi/crustl.html, Laske et al., 2013), which is
1 km deeper than the present-day igneous basement depth inputs used for 62-463,
89-585, and 89-585A, and therefore lowers depositional depth estimates by ~1 km.
The calculated paleodepth at 62-463, 89-585, and 89-585A is treated as a minimum
depth for the Cenomanian-Turonian (Table 3.1, Figure 3.2).

For the age and depth of the sediment in question (fseq, in Myr; dgeq, in mbsl),
I determined the depth of the oldest Cenomanian, Cenomanian-Turonian boundary,
and youngest Turonian sediments using biostratigraphic stage assignments in the vi-
sual core descriptions of the DSDP Initial Reports (Section 2.3), as these are the
best available. I then assigned ages corresponding to the beginning of the Cenoma-
nian (100.5 Ma), the Cenomanian-Turonian boundary (93.9 Ma), and the end of the
Turonian (89.8 Ma) as determined by the International Commission on Stratigraphy

(Cohen et al., 2024).

2.5 Sampling procedure

Samples (n = 305) including powder residues of samples prepared by previous workers
(n = 44) were collected from the International Ocean Discovery Program Gulf Coast
Repository (IODP-GCR). First, I selected intervals of core to be sampled using color
photographs of cores from the Janus database (iodp.tamu.edu/database, Mithal
and Becker, 2006) and Visual Core Descriptions (VCDs; references in Table 2.1). 1
prioritized intervals of core that looked likely to preserve superposition, specifically
continuous pieces of core that spanned the width of the core and/or were longer than
the width of the core and were therefore unlikely to have rotated within the core
liner. I also prioritized intervals of core likely to have high carbonate content, based
on smear slide measurements and measurements of the gas generated when a sediment
sample is reacted with hydrochloric acid in a “carbonate bomb” apparatus (references
in Table 2.1).

[ remotely requested some samples from 89-585 and 89-585A (n = 36), and visited
the IODP-GCR with an assistant in order to observe the cores firsthand and take the


igppweb.ucsd.edu/~gabi/crust1.html
iodp.tamu.edu/database
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rest of the samples (n = 269; Table 2.4). I directly observed and described the core
sections from which most samples (n = 242) were taken, except for powder residues
(Table 2.4) and some of the samples taken by IODP-GCR staff (n = 25 from 89-
585 and 89-585A). Sample volumes were 3-5 cc. Samples were examined under a

microscope and described (Appendix A.21).
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Core Cores and Total # 7# of
length Depth range . powder
Hole sections of .
sampled | sampled (mbsl) residue
observed samples
(m) samples
Core 60 section
17-167 12.04 841.9 - 853.94 1 — core 61 18 0
section 2
17-169 72.5 154.5 - 227.0 Core 7 section 1 | 21 8
17-170 | 176.9 10.1 - 187.0 Core 12 core 33 32
catcher
Core 24 section
17-171 100.98 307.37 - 408.35 1 — core 32 core | 62 2
catcher
Core 19 section
30-288A | 96.14 818.35 - 914.49 1 — core 26 core | 57 0
catcher
Core 28 section
32-305 186.71 252.4 - 439.11 1 — core 43 9 2
section 2
Core 4 core
32-310A | 147.0 198.0 - 345.0 catcher — core 18 | 9 0
core catcher
Core 29 section
62-463 161.47 243.54 - 405.01 1 — core 47 core | 48 0
catcher
Core 32 section
89-585 46.49 513.18 - 559.67 3 (archive half 21 0
observed)
89-585A | 48.72 504.56 - 553.28 Core 7 section 3 | 27 0

Table 2.4: From each hole, the core length and depth range sampled, the cores and
sections I observed and described, and the number of samples including the number
of powder residues. Core catchers that were not found in the repository were not
among the cores and sections that were observed.



38

2.6 0C and 60 measurements

2.6.1 Procedure to measure 6°C, §%0, and beam area

Newly taken samples were powdered either by grinding in an agate mortar and pestle,
if the sample crumbled when handled, or by micro-drilling with a carbide burr, if
the sample was indurated enough not to crumble when handled. Visually identifiable
indications of alteration such as veins and manganese dendrites were avoided. Powder
residues of samples taken by previous workers were ground in an agate mortar and
pestle to ensure they were as fine as the newly produced powders. About 0.1 to
1.8 cc of homogenized powder was produced from each sample, and aliquots of these
powders were weighed on a microbalance and used for carbon and oxygen isotope
analyses. In one sample (17-167-60-2-41/42), different powders collected deliberately
from two visually distinct zones of the same sample were analyzed (Section 4.2). A
total of 357 analyses of natural samples were performed.

First analyses of all powders used aliquots of 0.752 mg to 1.888 mg. For each anal-
ysis, the aliquot was placed into a borosilicate glass vial and heated to 90°C for >12
hours in order to eliminate adsorbed water and other highly volatile contaminants.
Vials were then placed in a GasBox II preparation device at 85°C and flushed with he-
lium. Phosphoric acid (8-15 drops of 100% H3PO,) was injected into all vials, and the
reaction was allowed to proceed for >40 minutes to produce CO2 from the carbon in
the samples. Analyses were then conducted on a Sercon 20-22 continuous flow isotope
ratio mass spectrometer (CF-IRMS) at the University of Victoria. In each aliquot, iso-
topologues of COy (**O'C'%0 with mass 44 amu; *0'*C*°0, "O2C'°0, 0*2C!0
with mass 45 amu; "O*C'0, %0BC0, "02C0, B02C0, Y02CB0 with
mass 46 amu) were ionized, imparting a different mass-to-charge ratio to each mass
such that they separated when accelerated through a magnetic field. The abundances
of the isotopologues were measured simultaneously as voltages in a Faraday-cup col-
lector array (Systems Engineer, 2018), and 6"*C and §'®0 were calculated from the
abundances following Craig (1957) (Skrzypek and Dunn, 2020). During each mass
spectrometer run, the samples were measured out of stratigraphic order so that in-
strumental drift could not be mistaken for monotonic change over time. Replicate
analyses of aliquots of standards were conducted bracketing analyses of natural sam-
ples (Table 2.5; Figure 2.2).

Because the mass spectrometer measures beams of ionized particles formed from
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Number of
analyses of | Accepted Accepted
natural §13C of 5180 of
Name of Material powders standard + | standard +
standard between uncertainty | uncertainty
replicate if available if available
analyses of | (% VPDB) | (%0VPDB)
the standard
[ARA-Go3 | Matural 22 - 55 2.46 & 0.01 | -2.37 + 0.04
marble
natural -5.764 +
IAEA-COS carbonatite 22 - 55 0.032 =227+ 0.2
VTS natural 2-5 -1.48 -8.54
marble
UVIC-1 pure calcite | 2-5 0.63 -9.80
UVIC-3 pure calcite | 2-5 -4.90 -25.00

Table 2.5: Standard reference materials analyzed during mass spectrometer runs.
IAEA standards are international standards supplied by the International Atomic
Energy Agency. The uncertainty associated with TAEA-603 is the combined standard
uncertainty from multiple independently assessed components of uncertainty (1o-level
combined standard uncertainty using a coverage factor k = 1; Fajgelj and Assonov,
2016; Working Group 1 of the Joint Committee for Guides in Metrology, 2008), and
the uncertainty associated with IAEA-COS is the standard deviation (n = 12 for §'°C
and n = 13 for 6'®0; Stichler, 2008). UVIC-1 and UVIC-3 are standards developed
at the University of Victoria and only used there. VTS was developed at Princeton
University and is used there as well as at the University of Victoria.

the ionization of sample material (Harvey, 2005), the “beam area” associated with a
measurement is proportional to the amount of carbonate in the aliquot that has been
converted to CO,. Beam areas in this thesis are reported as calculated by the Sercon
HS20-22 Callisto software (Systems Engineer, 2018). The ratio of the beam area
to the total mass of the aliquot before dissolution (beam area / sample mass ratio,
in units of Coulombs per milligram or C-mg™~!) is used as a proxy for the sample’s
carbonate content.

Values of 612C and §'®0 were corrected for drift using the Sercon HS20-22 Callisto
software (Systems Engineer, 2018) with UVIC-1 as the reference standard. Then val-

ues of §'*C and §'®0 were normalized to the VPDB scale using a two-point calibration
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(Coplen et al., 2006; Paul and Skrzypek, 2007), which requires two standards. UVIC-
1 was used as the first standard and UVIC-3 was used as the second. Specifically,

each isotope ratio was calculated following Equation 17 in Paul et al. (2007):
Tt
~ M g
where §7 and 61 are the accepted values of the first and second standard (Table 2.5),

oM and 621 are the average measured values of the first and second standard for the

5T X (6M — 5MY 4 67 (2.5)

mass spectrometer run, 6™ is the measured value of the aliquot being analyzed, and
07 is the accepted value of the aliquot being analyzed. To validate this two-point
calibration, values of VTS, TAEA-603, and TAEA-COS8 were calculated as unknowns
67 using Equation 2.5 and compared to accepted values (Section 2.6.3). All §'°C and
6'80 values measured in this thesis are reported herein as 67 determined according

to Equation 2.5.

2.6.2 Exclusion of certain 6°C and §'®0 analyses

During initial setup of the mass spectrometer, a range of differently sized aliquots of
TAEA-603 were measured repeatedly. At beam areas < 2.5 x 10® C-mg~!, a clear
drop-off in precision and accuracy (relative to the accepted §'*C and §'*0 values of
TAEA-603; Table 2.5) was noted. Low beam area (i.e. below this “cutoff” of 2.5 x 107
C-mg~') may indicate low carbonate content or a leaky vial. In this thesis, analyses
of standards with beam areas below this cutoff were not used to calculate or monitor
§1%C and §'%0 values. Analyses of natural samples with low beam area (n = 61) were
excluded from consideration in this thesis. Larger aliquots were used for reanalysis
of the sample in cases when the beam area / mass ratio of the first analysis indicated
the powder had a low carbonate content, and in some cases the reanalysis had a beam
area above the cutoff (n = 26).

Three analyses were excluded even though they had beam areas > 2.5 x 1078
C-mg™!, two because of concern about instrument stability immediately following
analysis of a sample very rich in labile organic carbon, and one because the §**C
and 0'%0 values of the monitoring standard (VTS) at the end of the run diverged
noticeably from the accepted values, so the final block of samples was excluded. This
one sample was the only sample in the final block with a beam area above the cutoff
(Appendix A.22). Standards associated with these two incidents were also not used

to calculate or monitor §**C and §'®0 values of natural samples.
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2.6.3 Accuracy and precision assessed using monitoring stan-
dards

Measurements of the monitoring standards VTS, ITAEA-603, and TAEA-COS as un-
knowns (Figure 2.2) are compared to the accepted §'*C and 6'%0 values to assess data
accuracy and precision. I also compare measured and accepted values of UVIC-3, al-
though as UVIC-3 is the second standard used in the two-point calibration (Equation
2.5), its measured values will differ from its accepted value only as far as they dif-
fered from the average measured mean UVIC-3 value for the mass spectrometer run.
Therefore UVIC-3 can be used to assess precision but not accuracy. 3 Each mass
spectrometer run began with an analysis of V'S but these are excluded because they
were run before the drift monitor and therefore are not corrected for drift.

Across the monitoring standards, all measured §*C values are within 0.72%o of the
accepted value, and all measured 680 values are within 1.25%o of the accepted value
(Figure 2.2). Most measured 6°C and §'°0 values are much closer to the accepted
value than this. Standard deviations of the measured §'3C values are < 0.20%o for
all standards, and for each standard, the accepted §*2C value is within one standard
deviation of the mean measured §'*C value (Table 2.6). As for §'%0 values, measured
§'80 values are less precise than measured §*C values with standard deviations of the
measured 0'%0 values between 0.20%o and 0.41%o (Table 2.6). However, the accuracy
of measured §'%0 values is similar to the accuracy of measured §'2C values in that
for each standard, the accepted §'%0 value is within one standard deviation of the

mean measured §'°0 value (Table 2.6).

3As UVIC-1 was the first primary standard used to correct for drift and calculate 6'3C and 620
values, its “measured” value always exactly matched its accepted value.
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Figure 2.2: (A) Measured §*C values plotted against beam area / mass ratios of
standards, with accepted 6'*C value of each standard plotted as a dotted line. Values
of UVIC-1 are not shown because UVIC-1 was the first primary standard used to
correct for drift and calculate 6'°C (and 6'*0) values, so its value was assumed to be
its accepted value (see text). (B) Same for §'°0.
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Mean Accepted | Mean Accepted
measured | 613C + measured | 6%0 +

Monitori Number oB3C + uncer- 5180 + uncer-

¢ n(li Eng of mea- standard | tainty if standard | tainty if

standat surements | deviation | available deviation | available
(%0 (Yoo (%0 (Yoo
VPDB) VPDB) VPDB) VPDB)
-4.90 + -24.99 +

UVIC-3 95 0.08 -4.90 0.23 -25.00
-1.41 + -8.57 +

VTS 103 011 -1.48 0.20 -8.54
2.46 &+ 2.46 &+ -2.25 + -2.37 £

TAEA-603 17 0.20 0.01 0.41 0.04
-5.72 + -5.764 + -22.80 + =227 +

TAEA-CO8 | 17 0.09 0.032 0.32 0.2

Table 2.6: Measured 6'°C and 6'®0 across all mass spectrometer runs in this thesis
compared to accepted 6°C and §'°0, for UVIC-3 (the second standard used in the
two-point calibration) and for monitoring standards VTS, IAEA-603, and IAEA-COS.
The uncertainty associated with IAEA-603 is the combined standard uncertainty from
multiple independently assessed components of uncertainty (lo-level combined stan-
dard uncertainty using a coverage factor k = 1; Fajgelj and Assonov, 2016; Working
Group 1 of the Joint Committee for Guides in Metrology, 2008), and the uncertainty
associated with TAEA-COS is the standard deviation (n = 12 for §"°C and n = 13 for
§'%0; Stichler, 2008).
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Of the monitoring standards, VI'S was measured most frequently during each
mass spectrometer run. Its measured mean §'3C value is about 0.1%o higher than the
accepted §'3C value for all runs except the 12 June 2023 run, for which the measured
§'°C value is about 0.2%o lower than the accepted 6'°C value (Figure 2.3). As for §'°0
values, the measured mean 6'®0 value of VTS is within 0.2%0 of the accepted §'*0
value for all runs except the 12 June 2023 run (Figure 2.3). The anomalous 12 June

2023 only generated 15 natural samples measurements, all from 89-585 (Appendix
A.23).
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Figure 2.3: (A) For monitoring standard VTS, mean 6'*C value for each mass spec-
trometer run, with error bars showing one and two standard deviations. Dotted line
shows accepted 6'°C value of VTS. (B) Same for §'°0.
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2.6.4 Precision assessed using repeated measurements of sam-

ples

Repeated measurements of natural samples were also assessed for precision. 16 natu-
ral samples were analyzed in duplicate and 1 natural sample (89-585A-7-3-96/97) was
analyzed in triplicate. Here I compare 19 pairs of replicate measurements, accounting
for 3 pairs from the sample with three replicates (Figure 2.4). Of the 19 pairs of
replicate measurements, 17 are aliquots measured during different mass spectrometer
runs, and 2 of the pairs are aliquots measured during the same mass spectrometer
run as each other (17-171-29-CC, and 89-585A-7-3-96/97). Comparison of these repli-
cates allows precision to be assessed for measurements of materials that are not pure
carbonate, unlike the standards UVIC-1 and UVIC-3 (Section 2.6.2).

7 7
A B n=19
6 6
di 0.07 di 0.14 — all replicate pairs
median = 0. median = 0. )
|
> mean = 0.11 5 mean = 0.26 glaf:;erlltnruns
E 4 -E 4
3 3
S <]
Y3 O3
2 2
1 I 1
0 0
0 1 0 1
ho 13Ccarbonate (%o VPDB) A6180::,3rbonate (%0 VPDB)

Figure 2.4: Distribution, median, and mean of differences between pairs of replicate
measurements of (A) 6°C (A" Cearbonate) and (B) 620 (A6™*Ocarbonate) for all natu-
ral samples with replicate analyses. For the sample with three replicates, each of the
three possible pairs is compared.

Overall, powders analyzed on different mass spectrometer runs yield larger dif-
ferences in isotopic composition than those run on the same day. The mean differ-
ence between replicate analyses of the same natural sample for § BC arbonate 18 0.07%0
and for 6"®Ocarbonate 15 0.14%o0. The median difference between replicate analyses of
the same natural sample for 6*Ceubonate 15 0.11%0 and for 6™®Osabonate s 0.26%o.
The maximum difference between replicate analyses of the same natural sample for
3Carbonate 18 0.63%0 and for 680 carbonate 18 0.70%0. To calculate a standard devia-

tion characteristic of replicate analyses for §"*Cabonate and 0 °Ocarbonate, 1 take the
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difference between the mean value and the individual replicate value for each analy-
sis, then take the standard deviation of these normalized replicate 6*Cearbonate a01d
580 carbonate vValues. The standard deviation of replicate analyses of natural samples
for 62Cearbonate 18 0.07%0 and for 680 carbonate 1S 0.11%o0.

2.6.5 Precision assessed using measurements from core 43 of
62-463

Material in Core 43 from 62-463 was well mixed by drilling disturbance, s0 6 *Cearbonate
and 680 carbonate Values from this core can be considered as a set of replicates and used
to assess precision. Core 43 was entirely soupy when recovered (Shipboard Scientific
Party, 1981b), and its archived sediment is unconsolidated and homogeneous. Sub-
centimeter angular fragments of chert throughout this core also indicate a high level of
drilling disturbance. I took 21 samples from Core 43 which was made possible by its
high recovery (68%; Figure 4.5). The 6"*Ceabonate values range from 1.75%0 to 2.03%o
with a standard deviation of 0.07%o, and the §'®*Ocarbonate values range from -1.92%o
to -1.21%0 with a standard deviation of 0.15%0 (see 376.2-382.1 mbsf on Figure 4.5).
The standard deviations are similar to those noted for replicate analyses in Section
2.6.4, 0.07%o0 for 63Cearbonate and for 0.11%o for 6'*0carbonate-

2.6.6 Summary of accuracy and precision assessments

In summary, the accuracy of §*Cearbonate a11d 6 2O carbonate Measurements in this thesis,
as characterized by standards, is within 0.20%o for most 6'*Ceabonate Measurements
and within 0.41%0 for most 6% Ocabonate Measurements. At its worst, accuracy is
within 0.72%o for 0"*Cearbonate and within 1.25%o for 6O carbonate (Section 2.6.3).
The precision of 6*Cearbonate and 6 Ogarbonate Measurements in this thesis is
considered in terms of standard deviations of replicate measurements. Replicate
013C carbonate Measurements have standard deviations of 0.08 - 0.20% among stan-
dards, depending on the standard (Section 2.6.3), 0.07%0 among normalized repli-
cates of samples (Section 2.6.4), and 0.07%0 among samples from Core 43 of 62-463
(Section 2.6.5). Replicate 50 carbonate Measurements have standard deviations of
0.20 - 0.41%0 for the standards (Section 2.6.3), 0.11%0 for samples (Section 2.6.4),
and 0.15% for Core 43 of 62-463 (Section 2.6.5). If the SBCearbonate and 080 carbonate

measurements in all these populations are normalized to the mean of the sample from
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which they were taken (as in Section 2.6.4), the aggregate population (n = 288) has
a 03Cearbonate Standard deviation of 0.08%o and a 6'®Oarbonate Standard deviation of
0.16%o.
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Study sites

3.1 Selection of sites

Carbonaceous sediments of OAE2 age, deposited in the open-ocean Pacific, can be
used to test the hypothesis that there was a global change in the §'3*Cp;c of seawater
at OAE2 time (Section 1.6). Of all scientific ocean drilling holes through I0ODP
Expedition 312, 283 holes drilled in the Pacific are located on crust estimated to be
near OAE2 age (compilation accessed through GeoMapApp; www.geomapapp.org).
Although OAE2 occurred at ~93.9 Ma (Cramer and Jarvis, 2020; Gale et al., 2020),
I investigated all holes on crust of estimated age 93 Ma or older in case of uncertainty
in the crustal age model used in GeoMapApp. Of these 283 holes, 29 have sediments
dated to the Cenomanian and/or Turonian. I decided not to consider sampling 9 of
these 29 holes due to uncertain biostratigraphy and/or a low proportion or absence
of carbonate content (Table A.3).

The remaining 19 holes were ranked based on recovery rate, carbonate content, de-
tail of the biostratigraphy, reports of black shale at or near the Cenomanian-Turonian
boundary, and/or inclusion in previous literature on OAE2 (Thiede et al., 1982;
Schlanger et al., 1987; Owens et al., 2018). I sampled sediments from the 10 top
holes from this ranking and they are the focus of this thesis (Figure 3.1).


www.geomapapp.org
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Figure 3.1: Paleomap of the Pacific Ocean at 93.9 Ma with central longitude of
140°W, showing the locations of the 10 DSDP holes that are the focus of this thesis.
Paleogeography from Miiller et al. (2019).
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3.2 Paleodepth and depositional setting of Pacific

sites in this thesis

I sort the Pacific sites in this thesis into three groups based on their paleodepth. The
term “paleodepth” is used in the remainder of the text to mean “Cenomanian-Turonian
estimated paleodepth.” Paleodepths of sites were estimated as described in Section
2.4 (Appendix A.24; Table 3.1, Figure 3.2). It is important to consider whether a site
was above or below the carbonate compensation depth (CCD; Section 1.1) around
the time of OAE2, as the presence of carbonate at sites thought to be below the
CCD requires explanation. Reconstruction of the global CCD during the Cretaceous
period suggests it was about ~3500 mbsl (Tyrrell and Zeebe, 2004; Zeebe and Tyrrell,
2019), while reconstruction specific to the equatorial Pacific region suggests it was
shallower, about ~3000 mbsl (Pélike et al., 2012; Zeebe and Tyrrell, 2019). I also
consider the role of depositional setting of the sites (e.g. location on a structural
high) when describing each paleodepth group. Seismic profiles and bathymetric maps
(Appendix A.25) were used to determine the depositional setting of each site (Table
3.2, Figure 3.3).
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Figure 3.2: Estimated paleodepths for all Pacific sites in this thesis during the Ceno-
manian and Turonian. For each site the estimated Cenomanian-Turonian paleodepth
range (colored block) is shown. At sites where the estimated paleodepth range is a
minimum an extended colored block in a lighter color indicates that the site may have
been deeper if the crustal depth is deeper (with results shown for crustal depth as
deep as 2000 mbsf; see Section 2.4).
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Group Hole(s) Present- Estimated Estimated
day  depth | pale- paleodepth
(mbsl) odepth  of | during the
Cenomanian-| Cenomanian-
Turonian Turonian
boundary (mbsl)
(mbsl)
shallow 17-171 2295 1380 1075 - 1489
(<1500
mbsl)
32-310A 3516 2093 1841 - 2179
termediate | 62-463 2525 2334 2273 - 2334*
(1500 - 3500 | 32-305 2903 2540 2423 - 2540
mbsl) 30-288A 3000 2850 2663 - 2904
17-167 3176 3102 2920 - 3199
17-169 5415 4835 4712 - 4891
deep (> 17-170 5792 5145 4988 - 5232
4500 mbsl) | g9 585 6109 5835+ 5695 - 5906*
89-585A 6109 5845%* 5675 - 5905*

* Neither a measurement of crustal depth nor a model estimate consistent with
penetration depth of drilling is available for this site. The paleodepth estimates are
therefore a minimum and the actual Cenomanian-Turonian paleodepth range for

this site may have been deeper (Section 2.4).

Table 3.1: The present-day depth, estimated depth of the Cenomanian-Turonian
boundary, estimated paleodepth range during the Cenomanian, and estimated pale-
odepth for the Turonian for all Pacific sites included in this thesis.




Hole(s) Present-day depositional setting

17-171 “Horizon Guyot, on a saddle between eastern and
western summits”

32-310A atop Hess Rise

62-463 “Mid-Pacific Mountains along the western arm”
south side of Shatsky Rise, “where the basement
and sea floor begin to slope off the south side of

29,305 the rise” (“just beyond the south edge” of “a
channel-like feature about 150 meters deep and
15-20 km wide that is not apparent on other
profiles”)
“on the southeastern flank of the Ontong-Java

30-2884 Plateau”

17-167 atop Magellan Rise
west area of Central Pacific basin, on the basin

17-169 floor (“about 300 km east of Mejit Island in the
Marshall Island Chain”)

17-170 northwest area of Central Pacific basin, on the
basin floor

89585 and “in the East Mariana Basin surrounded on three

80-535A sides by numerous seamounts,” on the basin floor
(“abyssal plain of the Mariana Basin”)

93

Table 3.2: Summary of the depositional settings (i.e. locations on topographic highs
or in basins) of Pacific sites in this thesis. Quotations are from the DSDP Initial
Report corresponding to the site (Table 2.1).



54

shallow site

2000

depth (mbsl)

4000

intermediate site

deep site/

Figure 3.3: Cartoon giving examples of the paleodepths and depositional settings of
the shallow, intermediate, and deep groups into which Pacific sites have been sorted.
Sea surface (blue), seafloor (black), and example site locations (red) are shown.
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The first group (the “shallow” group) has estimated Cenomanian-Turonian pale-
odepths of < 1500 mbsl and includes only 17-171. Aside from being the shallowest
site, 17-171 is placed in its own group because it has shallow-water mollusc molds
and/or algae fragments in cores indicated by biostratigraphy to be from the Ceno-
manian or Turonian (334 to 479 mbsl; Shipboard Scientific Party, 1973e). These
materials are interpreted to indicate shallow-water carbonate formation in a lagoon
on a nearby island, followed by transportation of the carbonate to the site in a de-
bris flow downslope (Shipboard Scientific Party, 1973e). Therefore 17-171 sediment
may originate from a very shallow, semi-restricted environment such as a carbon-
ate platform. In support of this interpretation, 17-171 lies between two summits of
the topographic high Horizon Guyot, and in the present-day these summits are ~
1100 m above the sediments at 17-171 that contain shallow-water material (Table
3.2; Shipboard Scientific Party, 1973e). The possibility that these summits may have
been very shallow or above water in Cenomanian-Turonian time is consistent with
the paleodepth range of 1075 - 1489 mbsl estimated for 17-171 (Table 3.1).

The second group (the “intermediate” group) has estimated Cenomanian-Turonian
paleodepths of 1800 - 3200 mbsl (32-310A, 62-463, 32-305, 30-288A, 17-167; Table
3.1, Figure 3.2). The sites in this group lie on the tops and flanks of mid-basinal
topographic highs (Hess Rise, Mid-Pacific Mountains, Shatsky Rise, Ontong-Java
Plateau; Table 3.2). They were likely located above the CCD, thought to have been
3000 - 4000 mbsl during the Cretaceous (Tyrrell and Zeebe, 2004; Zeebe and Tyrrell,
2019), and carbonate sediments accumulated during the Cenomanian-Turonian at the
sites are consistent with an intermediate paleodepth above the CCD. For example,
carbonate sediments accumulated during the Cenomanian-Turonian at 62-463 include
abundant calcareous nannoplankton and well-preserved foraminifera shells and no
more than 5-10% clay content (Shipboard Scientific Party, 1981b; Timofeev et al.,
1981). 32-310A, which has an estimated Cenomanian-Turonian paleodepth lying
between the ranges of the other sites in the “intermediate group” and the “shallow”
range of 17-171, is placed in the “intermediate” group because of its depositional
setting on the flank of the Hess Rise (Shipboard Scientific Party, 1975¢). Also, 32-
310A sediments lack material apparently derived from very shallow areas like the
material observed at 17-171.

The third group (the “deep” group) has estimated Cenomanian-Turonian pale-
odepths of > 4500 mbsl (17-169, 17-170, 89-585 and 89-585A; Table 3.1, Figure 3.2).

The sites in this group lie on the abyssal plains of ocean basins (Table 3.2). Because
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these sites are likely below the carbonate compensation depth (Tyrrell and Zeebe,
2004; Zeebe and Tyrrell, 2019), the presence of carbonate sediments at these sites re-
quires explanation. In this thesis their carbonate sediments are assumed to be sourced
from adjacent topographic highs and subsequently buried before the carbonate could
completely dissolve. Relatively high mid-Cretaceous sediment accumulation rates of
~4 m/Myr at 17-169 and 17-170 (Shipboard Scientific Party, 1973c,d) are consistent
with this scenario. At 89-585 and 89-585A, a “pulse” of sedimentation with a rate of 5-
10 m/Myr is thought to have occurred in the middle Cenomanian to Turonian, with
an unconformity noted below and a period of reduced sedimentation above (Ship-
board Scientific Party, 1986). Also at 89-585 and 89-585A, turbidites are noted in
middle Albian to Campanian sediments, corroborating the expectation that the sed-
iments are redeposited (Shipboard Scientific Party, 1986). 89-585 and 89-585A are
adjacent to topographic highs on three sides (Table 3.2; Shipboard Scientific Party,
1986). These highs have flat tops ~4000 m above 89-585 and 89-585A and are within
50-100 km of 89-585 and 89-585A (Ryan et al., 2009). Beginning in the Cenomanian,
the sediments at 89-585 and 89-585A lack coarse-grained shallow-water debris that
is present in older sediments, and contain foraminifera species thought to live at in-
termediate depths (1000-4000 mbsl), so intermediate-depth topographic highs 50-100
km away are the likely source of Cenomanian and Turonian sediments at 89-585 and
89-585A (Shipboard Scientific Party, 1986).

At 17-169 and 17-170, the source of carbonate must have been more distant.
There is no area of seafloor more than 500 m above the present-day site depth within
a 100 km radius around either 17-169 or 17-170, i.e. neither site is adjacent to any
notable topographic highs (Ryan et al., 2009). The nearest topographic highs to
17-169 and 17-170 are ~160 and ~120 km away respectively (Ryan et al., 2009),
as opposed to 50-100 km away at 89-585 and 89-585A. Carbonate sediment could
have reached 17-169 and 17-170 from these highs via turbidites, which can travel
hundreds of kilometers in the deep ocean (Leeder, 2011). In Campanian sediments
at 17-170, some reworked older foraminifera are noted, corroborating the expectation
that redeposited sediments reached the site in mid-late Cretaceous time (Shipboard
Scientific Party, 1973d). Therefore intermediate-depth topographic highs (~4000 m
above 17-169 and 17-170) are the likely source of carbonate sediments at 17-169 and

17-170 during Cenomanian and Turonian time.
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3.3 Paleogeography and paleoenvironment of selected

sites outside the Pacific

Compared to Pacific sites, non-Pacific sites discussed in this thesis (Figure 1.7) were
located in shallower and potentially more restricted areas of the world ocean. Ac-
cording to paleogeographic reconstructions, Eastbourne, Clot Chevalier, and Pont
d’Issole (North Atlantic and Western Tethys sites) were located within ~1000 km
of each other in connected, relatively shallow epicontinental basins. Eastbourne was
located in the epicontinental Anglo-Paris Basin, connected to a young, narrow North
Atlantic via the present-day English Channel (Figure A.5; Roth, 1986; Leary and
Peryt, 1991). Clot Chevalier and Pont d’Issole were in the epicontinental Vocontian
Basin (Grosheny et al., 2006; Jarvis et al., 2011), adjacent to the channels connecting
the Western Tethys to the North Atlantic (Figure A.5; Philip et al., 2000b; Falzoni
et al., 2016). Eastbourne was ~1000 km northwest of Clot Chevalier and Pont d’Issole,
with a shallow marine seaway between (Figure A.5; Philip et al., 2000b; Jarvis et al.,
2011). Accumulation of turbiditic marine sediments in this seaway from the late
Cenomanian supports the interpretation that Eastbourne was well connected to the
Western Tethys (Philip et al., 2000a), as it attests that a seaway deep enough to
produce turbidites existed between Eastbourne and Western Tethys sites. Further to
the south, paleogeographic reconstructions locate wadi Bahloul on a wide continental
shelf (the Saharian Platform) on the margin of Africa (Caron et al., 2006; Gabtni
et al., 2013), with a deep marine channel lying between this site and Eastbourne,
Clot Chevalier, and Pont d’Issole (Philip et al., 2000b). Gongzha in the Neotethys
was located in a different region of the world ocean altogether (Figure 1.7), on the
margin of the Indian continent (Willems et al., 1996).

Paleogeographic reconstructions of the depositional settings of these non-Pacific
sites are corroborated by observations of the sections. Sediments at these sites have
pelagic biogenic components (e.g. foraminifera) as well as components derived from
shallow and terrestrial environments (e.g. detrital quartz; Table A.4 and references
therein). This combination is typical for marine sediments that accumulate near land,
along the margins of continents. Also, some carbonaceous sediments at certain sites
are interpreted to be sourced from shallow shelf or platform areas. For example, a
shallow marine platform (~50-70 m deep) to the east of Eastbourne (~100 km away)
is thought to have contributed sediment to the site in Turonian time (Gale, 1996;
Philip et al., 2000b; Jarvis et al., 2011).
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As they were deposited close to land or shallow shelf or platform areas, the non-
Pacific sediments examined in this thesis were likely deposited at much shallower
depths than the depositional depth of the Pacific sites estimated in Section 3.2. The
same quantitative approach to paleodepth estimation (Section 2.4) cannot be used
because it assumes that the only process changing the depth of the site since sediment
deposition has been subsidence of ocean crust, and the non-Pacific sites are on conti-
nental crust. Because the non-Pacific sections were deposited in marine environments
at ~93.9 Ma but are today found as subaerial outcrops, they must have undergone
tectonic uplift or sea level must have fallen. Paleodepth estimates made with other
methods are not available for most of the sites. The basin where Clot Chevalier
and Pont d’Issole are located (the Vocontian Basin) was likely no more than a few
hundred meters deep during the early Cretaceous, based on dinoflagellate cyst distri-
bution (Wilpshaar and Leereveld, 1994). At wadi Bahloul and Gongzha, sediments
are interpreted by past authors to have been deposited in marine continental slope
environments (Maamouri et al., 1994; Willems et al., 1996; Li et al., 2006; Bomou
et al., 2013). In the modern ocean, the depth of continental slopes is between ~100
and ~3000 mbsl (Scarselli, 2020), and wadi Bahloul and Gongzha may have been in
this depth range.
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Results

4.1 Overview of beam area / mass ratios, J 13C arbonate

In this thesis I measured the §3Ceabonate and 0¥ Ocarbonate values of 274 samples
successfully (i.e. analyses of these samples were not excluded for low beam area or
another reason; Section 2.6.2). Samples with very low carbonate content (n = 16, 6%
of successfully measured samples from this thesis) are not considered together with
the majority of the data. Specifically, these samples required aliquots of 9.762 - 47.892
mg of powder to yield a beam area above the cutoff (Section 2.6.2; Figure A.4), much
larger than the aliquot sizes for which the mass spectrometer was calibrated. The
5 3C carbonate A 6O arbonate distributions of these low-carbonate samples are broadly
similar to the §Cearbonate a0d 020 carbonate distributions of the rest of the data, except
that the low-carbonate samples account for 6 outlier § BC arbonate values and 4 outlier
6O carbonate (Figure 4.1). The following discussion concerns the remaining samples
(n = 258), which were measured using aliquots of 0.767 - 1.888 mg.

Among the samples with aliquot sizes 0.767 - 1.888 mg, there are 3 samples with
negative 6 *Cearbonate Values, noticeably lower than the rest of the 6®Ceabonate Values
(Figure 4.1). These samples appear in the same core within a 7-cm interval (89-
585A-7-3 96-97cm, 97-98 cm, and 102-103 cm) and have 6"*Ceaponate values -2.70%,
-2.49%0, and -2.47%o respectively. It is unlikely that these 6"®Ceaponate values are
explained by the same processes controlling the 6*Ceabonate values of the rest of the
samples. Therefore, I do not consider these samples in the discussion that follows.
(They are discussed in Appendix A.22).

Bulk 63Cearbonate and 0 O carbonate values from Pacific sites are similar to §2Cpjc
and 0¥ Ouawater values measured in the modern ocean. The bulk 6*3Ceabonate and
80 carbonate values considered here include those measured in this thesis (n = 255)
as well as some (n = 13) measured by previous authors from the same Pacific sites
(Table A.5; Coplen and Schlanger, 1973; Douglas and Savin, 1973; Price et al., 1998).
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Figure 4.1: Histograms of the 6'*C and 6O values of Pacific bulk carbonate data
collected in this thesis.

In this dataset, Pacific bulk 6'*Cearbonate values have a minimum value of 0.88% (this
thesis) and a maximum value of 4.20%0 (Coplen and Schlanger, 1973) for a range

of 3.32%¢. Pacific bulk §*¥0carbonate values have a minimum value of -3.08%¢ and a



maximum value of -0.22%o (both from this thesis) for a range of 2.86%o.
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values of each Pacific site in this thesis

Table 4.1 summarizes the §"Ceabonate Values at each Pacific site in this thesis.

6" Cearbonate 6" Cearbonate 6 Cearbonate
Hole minimum maximum range

(%VPDB) (%0 VPDB) (% VPDB)
17-171 0.88 3.66 2.78
32-310A 1.82 2.91 1.09
62-463 1.41 3.19 1.78
32-305 1.61 2.94 1.33
30-288A 2.28 3.54 1.26
17-167 2.53 4.20 1.67
17-169 3.07 3.55 0.48
17-170 1.97 3.16 1.19
89-585 1.31 2.61 1.30
89-585A 1.59 2.93 1.34

Table 4.1: The 6"3Ceabonate Minimum, maximum, and range for all Pacific holes
included in this thesis, excluding the 16 samples with oversize aliquots and the 3
samples with 6*Ceabonate Values between -2.5 and -2.7%o at 89-585A (see text). Holes
are in order of estimated paleodepth from shallowest to deepest.

In one sample (17-167-60-2-41/42), two visually distinct zones were micro-drilled
and analyzed separately (Section 2.6.1). The zones of the sample have distinct shades
(light vs. dark, Figure A.3) and very different beam area / mass ratios of 3.1 x 107
Cmg ! vs. 0.6 x 107 C-mg™!, suggesting that the carbonate content of the light
zone is substantially higher than the carbonate content of the dark zone. The two
zones also have slightly different §'*C values of 3.26%0 (light) vs. 3.79%0 (dark).

Figure 4.2 is a legend for the stratigraphic columns showing the lithologies at all
Pacific sites in this thesis (Figures 4.3 - 4.12). The calcareous lithologies carbonate

ooze, chalk, and limestone are distinguished by their degree of induration when they
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are brought shipboard. A carbonate ooze can be deformed by a finger or the flat of a
spatula, a chalk is more indurated than an ooze but can be deformed by a fingernail
or spatula edge, and a limestone is more indurated than an ooze or chalk (Winterer,
1973).

In Figure 4.3 through Figure 4.12, geologic stage names are noted on the left-
most panels of the figures (determined as described in Section 2.4). Note that if I
examine only sediments that could have Cenomanian and/or Turonian age based on
biostratigraphy, some samples are excluded (2 samples at 32-310A, 9 samples at 32-
305, 3 samples at 17-167, 1 sample at 17-169, 23 samples at 17-170, and 1 sample at
89-585A), but interpretations are not affected.
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legend for stratigraphic columns
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Figure 4.2: Stratigraphic column legend showing the lithologies depicted in strati-
graphic columns of Figures 4.3 - 4.12. Generally, chert lithologies are purple; carbon-
ate lithologies are blue; siliciclastic lithologies are yellow; volcanic lithologies are red.
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Figure 4.7: Stratigraphic column of 30-288A, including geologic stage assignments based on biostratigraphy, lithologies
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Figure 4.10: Stratigraphic column of 17-170, including geologic stage assignments based on biostratigraphy, lithologies
of recovered sediments, proportion of sediment recovered relative to depth cored, 63Cearbonate and 8O carbonate values of
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Figure 4.11: Stratigraphic column of 89-585, including geologic stage assignments based on biostratigraphy, lithologies
of recovered sediments, proportion of sediment recovered relative to depth cored, 63Cearbonate and 0O carbonate values of
samples, and beam area / mass ratios of samples.
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Figure 4.12: Stratigraphic column of 89-585A, including geologic stage assignments based on biostratigraphy, lithologies
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4.3 Paleodepth (and paleolatitude), 6'*Ccarbonate Val-

ues, and carbonate content

Generally sites with shallower Cenomanian-Turonian paleodepth ranges have larger
variability in 0"*Cearponate values (Figure 4.14). Notably, the “shallow” paleodepth
site 17-171 has 61 samples falling into a bimodal 6**Carbonate distribution, with low
§'%Cearbonate values (including the overall minimum 6'*Cearponate value 0.88%o) around
1-2%0 in the Turonian and high § B arbonate values (including the overall second-
highest §'*C carbonate value 3.66%0) around 3-4%o in the Cenomanian. In the “interme-
diate” paleodepth group, the sites have 7-55 samples each and similar standard devia-
tions between 0.34%0 and 0.46%q. Of the sites in the “deep” paleodepth group, 17-169
and 17-170 have 11 and 26 samples, respectively, and both have small ¢ BC arbonate
standard deviations of 0.12%0 and 0.23%o respectively. The only exception to the
overall trend of greater 6"*Ceaponate Variability at shallower depositional depth are
the “deep”paleodepth holes 89-585 and 89-585A, which have §'2Ceabonate Standard
deviations of 0.39%0 and 0.36%0 respectively, comparable to the 3C carbonate Stan-
dard deviation of sites in the “intermediate” depth group rather than the other sites
in the “deep” group.

Among the “intermediate” paleodepth and “deep” paleodepth sites, it is also ap-
parent that some sites have high (> 3%0) 6"°Cearbonate Values and others do not.
Most of the “intermediate” paleodepth and “deep” paleodepth sites with high (> 3%u0)
§'3C arbonate Values, namely 30-288A, 17-167, 17-169, and 17-170, were located to the
south and east of “intermediate” paleodepth and “deep” paleodepth sites that lack
such values, namely 32-310A, 32-305, 89-585, and 89-585A (Figure 3.1).

Using beam area / mass ratio as a proxy for carbonate content (Section 2.6.1), car-
bonate content is generally higher in carbonate lithologies and lower in non-carbonate
lithologies at Pacific sites in this thesis (Figures 4.3 - 4.12). For example, at the
“shallow” paleodepth site 17-171, the beam area / mass ratios of samples from non-
carbonate lithologies range from 2.7 x 10® C-mg~! to 2.7 x 107 C-mg~!, while the
beam area / mass ratios of samples from carbonate lithologies range from 2.3 x 1077
Cmg! to 45 x 107 C-mg~!. Secondarily, “deep” paleodepth sites have a greater
number of samples with beam area / mass ratios lower than 8 x 10® C-mg~! than
“intermediate” paleodepth sites. “Deep” paleodepth sites have 49 such samples, while

“intermediate” paleodepth sites have only 3 such samples.
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Figure 4.14: 9 BC arbonate distributions at Pacific sites in this thesis, plotted in order
of increasing estimated paleodepth of site at the Cenomanian-Turonian boundary.
Sites are categorized as either “shallow” < 1500 mbsl (17-171), “intermediate” 1500
- 3500 mbsl (32-310A, 62-463, 32-305, 30-288A, 17-167), or “deep” > 4500 mbsl (17-
169, 17-170, 89-585 and 89-585A) during the Cenomanian-Turonian. For each site the
standard deviation (o) is calculated (which assumes a Gaussian distribution). For a
version of this figure including only sediments that could have Cenomanian and/or
Turonian age based on biostratigraphy see Figure A.6.
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4.4 Comparison of 6Cearbonate values between Pa-

cific sites and selected sites outside the Pacific

In this thesis, planktonic foraminiferal biostratigraphy is used to compare sediments
at selected sites in non-Pacific basins to the Pacific sediments studied, because abun-
dant planktonic foraminifera occurrence data are available at all sites and planktonic
foraminifera are generally good biostratigraphic tools (Section 2.3). 65 species of
planktonic foraminifera occur across all Pacific sites examined in this thesis (Fig-
ure A.7). Each non-Pacific site examined in this thesis has planktonic foraminifera
present in its sediments that are present at 5 or more of the Pacific sites examined in
this thesis (Figure 4.15).! Herein I call the interval between the lowest and highest
occurrence of a given species at a given site the “fossil occurrence interval” of that
species at that site (Figure 4.16). When I compare 6"°Ceabonate and 6"*Ocarbonate
values between sites, I compare §">Cearbonate a1d 0 °Ogarbonate Values from the fossil
occurrence interval for the same species. In other words, I associate a given species
with a given §Cearbonate O 0 Oarbonate Value if the species was logged both strati-
graphically above and stratigraphically below the sample that yielded the §**Cearbonate

or 80 carbonate value.

LAt some of the Pacific sites examined in this thesis (e.g. 62-463), many planktonic foraminifera
species are present that are also present at the 5 non-Pacific sites examined in this thesis. At other
Pacific sites few or no such species are present (e.g. 17-169, 17-170, and 89-585). It is possible
that this variation records a difference in planktonic foraminiferal species between sites due e.g. to
differences in local productivity. It is also possible that the sediments at some sites have yielded
more planktonic foraminiferal identifications than others because they have better recovery or better
preserved microfossils.
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Figure 4.15: For each possible pair of one Pacific site examined in this thesis and
one non-Pacific site examined in this thesis, the number of planktonic foraminiferal
species present in the sediments studied at both sites.
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Figure 4.16: Conceptual diagram of a fossil occurrence interval for a fossil that is
present in the sediments at two sites, pictured on plots of 6*Cearbonate vs. depth for

both sites.
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In a given fossil occurrence interval, B arbonate values from Eastbourne, Clot
Chevalier, and Pont d’Issole are higher than ¢ BC arbonate values from Gongzha and
the Pacific sites in this thesis. As for §"Cabonate values from wadi Bahloul, depend-
ing on the fossil occurrence interval, they may be closer to ¢*Cearbonate Values from
Eastbourne, Clot Chevalier, and Pont d’Issole (e.g. Dicarinella algeriana, Whiteinella
inornata) or to & BC arbonate Values from Gongzha and the Pacific (e.g. Whiteinella ar-
chaeocretacea, Whiteinella prachelvetica), or in between (e.g. Rotalipora greenhornen-
sis, Whiteinella brittonensis; see Figure 4.17). The overall ranges and distributions of
the 013Cearbonate Values from Eastbourne, Clot Chevalier, Pont d’Issole, wadi Bahloul,
Gongzha, and the Pacific basin (not broken down by fossil occurrence interval) are
also consistent with these observations (Table 4.2; Figure 4.18). (See Appendix A.26
for histograms of 6 **Cearbonate Values from the fossil occurrence interval of every species

considered.)
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Figure 4.17: Histograms of 6"®Cearbonate values in the fossil occurrence intervals of
selected species. In left panel, Dicarinella algeriana and Whiteinella inornata his-
tograms show wadi Bahloul 6"®Ceaponate Values are closer to those from Eastbourne,
Clot Chevalier, and Pont d’Issole; in middle panel, Whiteinella archaeocretacea and
Whiteinella praehelvetica histograms show wadi Bahloul ¢ BC carbonate Values are closer
to those from Gongzha and the Pacific; in right panel, Rotalipora greenhornensis and
Whiteinella brittonensis histograms show wadi Bahloul § BC arbonate values in between
those from Eastbourne, Clot Chevalier, and Pont d’Issole vs. Gongzha and the Pa-
cific. For histograms associated with all planktonic foraminifera species occurring at
the examined sites, see Appendix A.26.
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Shares
Ocean region planktonic 13
. .. ) Ccarbonate
. during the foraminifera
Site . . . range
Cenomanian- species with (% VPDB)
Turonian these Pacific o
sites:
Eastbourne 62-463, 89-585A,
(Gun Gardens), | North Atlantic 32-305, 32-310A, 2.61 - 5.41
UK 17-167, 17-171
Clot Chevalier, 62-463, 89-585A,
Vocontian Western Tethys | 32-305, 32-310A, 2.55 - 4.41
Basin, France* 17-167, 17-171
Pont d’Issole, 62-463, 89-585A,
Vocontian Western Tethys | 32-305, 32-310A, 2.28 - 4.40
Basin, France* 17-167, 17-171
wadi Bahloul, 62-463, 89-H85A,
Tunisia Western Tethys 32305, 17-171 1.08 - 3.74
62-463, 89-585A,
Gongzha, Tibet | Neotethys 32-305, 32-310A, 0.89 - 3.61
17-167
All Pacific sites .
i1t this thesis Pacific all 0.88 - 4.20

* In the present day Clot Chevalier and Pont d’Issole are about 15 km apart. Both
are located in the Vocontian Basin, “a relatively deep subtropical basin (estimated
mid-Cretaceous palaeolatitude of ~30°N)” (Falzoni et al., 2016 and citations
therein).

Table 4.2: The Cenomanian-Turonian ocean region, Pacific sections which have
planktonic foraminiferal species that were also noted in this section by biostratigra-
phers, and §"*Cgarbonate range of shallow marine sections where Cenomanian-Turonian
813C carbonate Values have been measured by other authors (the Gun Gardens section
at Eastbourne, UK; Clot Chevalier, Vocontian Basin, France; Pont d’Issole, Vocon-
tian Basin, France; wadi Bahloul, Tunisia; Gongzha, Tibet). For detailed informa-
tion about planktonic foraminifera species occurring at each site and their associated
83C carbonate values, see Appendix A.26.
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Figure 4.18: 6"Carbonate distributions at sites in different basins (North Atlantic,
Western Tethys, Neotethys, Pacific) with combined & BC carbonate distribution for Pa-
cific sites from this thesis shown at bottom. For histograms associated with all plank-
tonic foraminifera species occurring at the examined sites, see Appendix A.26.
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Discussion

5.1 Explaining Pacific bulk §*C . ponate values

In this section I argue that differences in bulk ¢ B arbonate Values between and within

Pacific sites in this thesis are best explained by the following:

1. factors local to individual sites, such as variation in paleoenvironment of depo-

sition and/or sediment source
2. change in global ocean 6'*Cpjc over time

I first consider 6¥Cpic and §3Ceabonate it the modern ocean. I argue that
813Cearbonate values of the Pacific sites in this thesis at least partially record coeval
water column 6'*Cpic, and then consider that 6®Cpic differences in depositional
environments of different depth can help explain why the Pacific site with the shal-
lowest Cenomanian-Turonian paleodepth range has a wider BC arbonate range than

sites with deeper Cenomanian-Turonian paleodepths (Figure 4.14).

5.1.1 Factors local to individual sites

In the following, I examine modern analogues of “intermediate”™paleodepth and “shallow”-
paleodepth Pacific sites in this thesis, to help establish expectations for §">Cabonate
values at these sites (Section 5.1.1.1). I then examine the § BC arbonate A0d 6 O carbonate
values of coincident samples of bulk carbonate, benthic foraminifera, and planktonic
foraminifera at 62-463 and 32-305 (Section 5.1.1.2), and consider the origin of bulk
§'3Cearbonate values at all Pacific sites in this thesis (Section 5.1.1.3). Building on these
sections, I present the argument that high ¢ B arbonate variability, including high (>
3%o0) S 13C carbonate values, occurs in sediments derived from shallow semi-restricted
settings (Section 5.1.1.4) and expound that argument for 17-171 (Section 5.1.1.5).
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5.1.1.1 Modern analogues

Modern observations provide a starting point for considering the past. The Pacific
sites in this thesis can be compared to modern ocean sites with similar paleodepth and
depositional setting, including both open-ocean and shallow semi-restricted carbonate-
platform sites. In the modern open ocean, the shallowest part of the water column has
the highest o BCpic and the highest o BCp1c variance (Gruber et al., 1999; Schmittner
et al., 2013; Figure 5.1), driven by high surface productivity (Section 1.2.1). In the
modern mid-Pacific open ocean, §*Cpjc has its maximum at the surface, decreases
rapidly with depth between 0 and 300 m and reaches its minimum between 1000 and
2000 m (Schmittner et al., 2013; Figure 5.1). In the modern mid-Pacific open ocean,
these features of the water column §3Cpjc profile are the same whether ¢ BCpic is
measured over a mid-basin topographic high like the Ontong-Java Plateau, where the
seafloor is 2.2 - 3.2 km deep, or the abyssal plain, where the seafloor is 4.7 - 5.9 km
deep (Figure 5.1). In this thesis, Pacific sites in the “intermediate” and “deep” pale-
odepth groups are both open-ocean sites, with the “intermediate” sites on mid-basinal
topographic highs and the “deep” sites on the abyssal plain.

Compared to open-ocean 6 *Cpyc values, 6 "*Cpic values in shallow, more restricted
parts of the modern ocean are more variable (Swart et al., 2009; Geyman and Maloof,
2019, 2021; Pederson et al., 2021). Over carbonate platforms, water does not exchange
frequently with the open ocean, as illustrated by the residence time of 250 days for
water on the Bahama Banks (Broecker and Takahashi, 1966). A restricted DIC pool
allows local factors to drive 6'*Cpjc values higher or lower compared to the global
open ocean. For example, also in the Bahamas, 6'*Cpic values are elevated by up
to ~1%o relative to the open ocean average of ~1%q (Swart et al., 2009; Geyman
and Maloof, 2019; Figure 5.2), presumably driven by photosynthesis. Other §**Cpc
values measured in the Bahamas are as much as ~7%¢ lower than the open ocean
average of ~1%o (Geyman and Maloof, 2021; Figure 5.2). The §"*Cpic values in
shallow environments can be driven lower by the discharge of meteoric water in which
terrestrial organic matter has been oxidized, as in Florida Bay (Patterson and Walter,
1994) and Hawai’i (Richardson et al., 2017), or by the in situ decomposition of organic
carbon during early marine diagenesis, as in Abu Dhabi (Pederson et al., 2021; Figure
5.2). In this thesis, the “shallow” paleodepth site 17-171 may have been adjacent to
a carbonate platform, where the processes described here may have been occurring
(see Section 3.2).
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Figure 5.1: (A) Sampling locations and (B) 6"*Cpj¢ vs. depth of modern seawater
samples taken by Schmittner et al. (2013). Samples shown were taken above the
Ontong-Java plateau (2°S - 4°S, 164°E - 165°E in the depth range 7 to 2197 mbsl over
seafloor of depth 2231- 3284 mbsl; shown in orange) and above the abyssal plain (7°S
- 7°N, 171°W - 168°W in the depth range 2 - 5497 mbsl over seafloor of depth 4791 to
5873 mbsl; shown in red). Bathymetry from Natural Earth (vector and raster map

data @ naturalearthdata.com).
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Figure 5.2: (A, B) Sampling locations and (C) histogram of §'*Cpyc values of modern
seawater samples taken by Swart et al. (2009) and Geyman and Maloof (2021) in the
Bahamas (bottom depth < 15 m; shown in green) and Pederson et al. (2021) in Abu
Dhabi (bottom depth < 10 m; shown in blue). Pacific §"*Cpc values from Figure 5.1
also appear on the histogram for comparison (shown in red and orange). Bathymetry
from Natural Earth (vector and raster map data @ naturalearthdata.com), using
same colorbar as Figure 5.1.
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To understand Pacific sites in this thesis, 6'*Cpc is important because the & BCpic
of the water in which carbonate formed is one factor that sets the §'2Cearbonate Value of
sediments. Variations in local processes affecting 6'*Cpic may be responsible for vari-
ations in these 6®Cearbonate Values. At a given site, this thesis reports the 6 '*Cearbonate
values of sediments assumed to be deposited on top of each other over a period of time.
At shallow sites, including the “shallow”-paleodepth Pacific site 17-171 in this thesis,
§3Cpic changes may be caused by changes in the processes described above, e.g.
changes in the amount of meteoric discharge on a carbonate platform or changes in
the degree of restriction of a shallow lagoonal area. At open-ocean sites, including the
“intermediate”™paleodepth Pacific sites in this thesis, 6*Cpic changes may be caused
by local changes in productivity. Finally, regarding “deep”paleodepth sites below
the CCD, carbonate at these sites must have been redeposited from “intermediate’-
paleodepth and/or “shallow”™paleodepth locations above the CCD. Therefore under-
standing “intermediate”paleodepth and “shallow”-paleodepth §'*Carbonate Values is
the starting point for understanding “deep”-paleodepth ¢ BC arbonate values.

In summary, 6*Cpic values in the modern ocean range from about 0%o to about
1.8%o in the open ocean (Figure 5.1) and from about -2.0%0 to about 2.3%o in shallow
settings (Figure 5.2). The §'*C of carbonate sediments that form from these waters
may record §3Cpc or may be altered by other fluids after formation. To interpret
the 0"*Cearbonate values in this thesis I consider the effects of various factors (carbonate
source, vital effects, diagenesis) on ¢ B arbonate at Pacific sites in this thesis, begin-
ning by focusing on two sites (62-463 and 32-305) where some benthic foraminiferal,

planktonic foraminiferal, and nannofossil 6"*Cearponate vValues are also available.

5.1.1.2 Benthic vs. planktonic vs. bulk §3Ccabonate and 0¥Ocarbonate

values at 62-463 and 32-305

At 62-463 and 32-305, there are consistent §'>Carbonate Offsets between samples of bulk
carbonate, planktonic foraminifera or nannofossils, and benthic foraminifera from the
same depths in the same cores (Figure 5.3). Planktonic foraminifera (n = 36) and
nannofossils (n = 4) are grouped together because they both originate at the top of
the water column, while benthic foraminifera grow in bottom water and pore water.!

In the following, I argue that the observed differences in o BC arbonate a0d 00 carbonate

LAlthough it is possible that planktonic foraminiferal and nannofossil vital effects differ (e.g.
Anderson and Arthur, 1983; Ziveri et al., 2003), I do not analyze them separately here because there
are many more planktonic foraminiferal samples than nannofossil samples.
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values between these three types of carbonate sample suggest that bulk B arbonate
values record the 63Cearbonate Of sediment at its initial deposition, not diagenetic
processes.

Evaluated via moving average (unweighted boxcar size of 1 m), § BC arbonate values
from planktonic foraminifera and nannofossils and bulk carbonate ¢ *Cearbonate Values
are similar, and both are consistently higher than benthic foraminiferal ¢ BC arbonate
values by ~1%o (Figure 5.3). The difference between a bulk § 13C carbonate value and the
nearest planktonic foraminiferal or nannofossil § BC arbonate value within 1 m ranges
from -0.42%0 to 0.59%0 with an average difference (i.e. A" Chunearcstplanktonic) Of
0.12%0. As typically §'*Cpic is highest in the surface ocean and decreases with depth
(Sections 1.2.1 and 5.1.1.1), planktonic foraminifera and nannofossils, which originate
in the photic zone, would be expected to have §3Cearbonate Values higher than bulk
513C carbonate values, unless the bulk carbonate was 100% planktonic foraminifera and
nannofossils. Therefore, the similarity between planktonic foraminifera and nanno-
fossil and bulk 63Cearbonate values may indicate that bulk carbonate samples contain
a very high proportion of planktonic foraminifera and/or nannofossil material.

By contrast, the average difference between each planktonic foraminiferal or nan-
nofossil 63Cearbonate value and the nearest benthic foraminiferal 63Ceaponate value
within 1 m (i.e. A§"Cpjanktonic-nearestbenthic) 15 0.93%0, while A§™Chulnearestbenthic 1S
1.00%o0. This observation is consistent with the expectation that benthic foraminiferal
613C arbonate Values recording the 6'*Cpic of bottom water and pore water would be
lower than bulk 63Cabonate values (unless the bulk carbonate was 100% benthic
foraminifera). The modern “intermediate”™depth water column shows an offset of
~1%o between the top and bottom (Figure 5.1), suggesting that ¢'*Cpic differences
can entirely explain the offset between planktonic foraminiferal and nannofossil vs.
benthic foraminiferal ¢'*Cearbonate values, and can also explain the bulk vs. benthic
foraminiferal 6 *Carbonate Values if the fraction of bulk carbonate consisting of benthic
foraminifera is close to 0%. Also, the §'Cearbonate Values of benthic foraminifera do
not vary with the depth of their habitat in the sediment, so microhabitat vital effects
are not evident (Appendix A.27).

Overall, it is likely that bulk § B arbonate Values at 62-463 and 32-305 are at least in
part controlled by the 6'*Cpc of the water column, as the specific direction and mag-
nitude of the 6"®Cearponate Offset between components originating from bottom water
(benthic foraminifera) vs. the rest of the water column (planktonic foraminifera, nan-

nofossils, and bulk carbonate sediment) is consistent with these components recording
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Figure 5.3: Bulk, benthic foraminifera, and planktonic foraminifera and nannofossil
03C carbonate values plotted against depth for 62-463 and 32-305. Unweighted moving
averages with a boxcar size of 1 m of the bulk, benthic foraminifera, and planktonic
foraminifera and nannofossil §*3Cearbonate values are shown. Where distance between
samples is more than 25 m, moving average connecting line is not drawn.
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the expected §'*Cpyc of the water in which they formed. It is also unlikely that dif-
fering proportions of aragonite vs. calcite in samples or documented vital effects are
responsible for the §'3Cabonate Offsets between bulk and benthic foraminiferal sam-
ples (Appendix A.28). I next demonstrate that observations of 6"*Ocarbonate values
are consistent with the suggestion that these BCarbonate and 080 carbonate values of
these sediments are not altered by diagenesis.

The 6"®Oarbonate values of planktonic foraminifera and nannofossils are slightly
lower than bulk §**Ocarbonate values from the same depths in the same cores, which in
turn are lower than benthic foraminiferal §'®Ocabonate Values from the same depths
in the same cores (Figure 5.4). A bulk 6"®*Ocarbonate value is on average 0.79%o higher
than the nearest planktonic foraminiferal or nannofossil 680 cabonate value and on av-
erage 0.73%o lower than the nearest benthic foraminiferal ¢ 80 carbonate value. (These
averages are largely controlled by the 50 carbonate Values between 377 and 387 mbsl at
62-463, where sampling is notably dense.)?> Assuming no ice sheets on Earth during
the mid-Cretaceous Shackleton and Kennett (1975); MacLeod et al. (2013), and using
the paleotemperature equation of Bemis et al. (1998) for planktonic foraminifera, the
planktonic foraminiferal §"®Ocubonate Values reported here yield sea surface paleotem-
peratures of 20.6°C to 30.1°C with an average of 23.6°C, consistent with previous
reconstructions of low- and mid-latitude sea surface temperature for the Cretaceous
(O’Brien et al., 2017). Using the paleotemperature equation of Shackleton (1974)
for benthic foraminifera (Figure A.1), the benthic foraminiferal §"®*Ocubonate values
reported here yield bottom water temperatures of 7.7°C to 21.6°C with an average of
12.9°C, broadly consistent with previous reconstructions of bottom water temperature
for the Cretaceous (Huber et al., 2002).

All else being equal, diagenetic processes would be expected to act to homogenize
B3C carbonate a0d 8O carbonate Values, erasing offsets between planktonic foraminiferal
and nannofossil, bulk, and benthic foraminiferal samples. The expectation of ho-
mogenization is stronger for 80 carbonate Values because water contains much more
oxygen than carbon, so 50 carbonate values will be reset much more quickly than

513C carbonate Values when the same amount of solid material is exposed to the same

2There are a few exceptions. At 62-463 at 284 mbsl, a planktonic foraminiferal sample has the
same 0'%0carbonate value within uncertainty as two bulk carbonate samples within 1 meter (Figure
5.4). In 62-463 at two depths (255 and 283 mbsl), a benthic foraminiferal sample has § 180 carbonate
at least 0.58%o lower than other benthic foraminiferal 6'®Ocarbonate values within 2 meters (Figure
5.4). Other than these anomalously low-8 "0 carbonate benthic foraminiferal samples, every bulk
80 carbonate value is lower than the nearest benthic foraminiferal 580 carbonate value.
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Figure 5.4: Bulk, benthic foraminifera, and planktonic foraminifera and nannofossil
880 carbonate plotted against depth for 62-463 and 32-305. Unweighted moving av-
erages with a boxcar size of 1 m of the bulk, benthic foraminifera, and planktonic
foraminifera and nannofossil 6%0cabonate values are shown. Where distance between
samples is more than 25 m, moving average connecting line is not drawn.
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post-depositional fluid flow (e.g. Allan and Matthews, 1990). The consistent o B arbonate
(Figure 5.3) and 6"®Ocarbonate (Figure 5.4) offsets between coincident samples of the
three types (bulk, planktonic foraminiferal or nannofossil, benthic foraminiferal) demon-
strate that these samples are not wholly reset by post-depositional alteration. Instead,

it is likely that 880 carbonate Values are at least in part controlled by water column tem-
peratures, with higher ¢ B0 carbonate values corresponding to colder paleotemperatures
(Section 1.3). The observed high benthic foraminiferal § 180 carbonate vValues and low
planktonic foraminiferal and nannofossil §*¥0carbonate values are consistent with the
reasonable expectation that bottom water temperatures will be colder than surface
water temperatures.

In summary, based on observations of 6 B3Carbonate and 080 arbonate values of
planktonic foraminifera, nannofossils, benthic foraminifera, and bulk samples, it is
likely the §™Carbonate Values at 62-463 and 32-305 record mainly the ¢*Cearbonate OF
sediment at its initial deposition, controlled mainly by the 6'*Cpic of the seawater
from which the carbonate sediment formed. Some benthic foraminiferal §**Cearbonate
values may record pore water in upper sediments. If §'3Carbonate values from plank-
tonic foraminifera and nannofossils are controlled by ¢*Cpic values at the top of
the water column and 63Clabonate values from benthic foraminifera are controlled by
§'3Cpic values at the bottom of the water column, material from the upper water col-
umn is likely the dominant component of bulk carbonate, so bulk 6"*Cearbonate Values
may largely record upper ocean 6*Cpic at 62-463 and 32-305.

Importantly, diagenesis would be expected to homogenize ¢§ BC arbonate values and
especially 6 O¢arbonate Values, so the observed differences in ¢ *Cearbonate and 6O carbonate
between different components (planktonic foraminifera, nannofossils, and benthic
foraminifera) are evidence against extensive diagenetic alteration of the samples stud-
ied. Also, bulk §"®Ocurbonate values may record the temperatures in which the car-
bonate formed. Therefore it is unlikely that diagenesis systematically controls the
observed 63Clarbonate a0d 0 O carbonate values at 62-463 and 32-305. In the next sec-
tion, I consider bulk §3Cearbonate and 0 Ocarbonate values at other Pacific sites in
this thesis, and compare them to compiled benthic foraminiferal §'*Cabonate and

880 carbonate values of Cenomanian and Turonian age from the whole ocean.
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5.1.1.3 Benthic vs. bulk 6¥Cearbonate and 6 O0carbonate Values at all Pacific

sites

Bulk carbonate 6'®0 values at other Pacific sites in this thesis are similar to those
at 62-463 and 32-305 (Figure 5.5). Using the equation of Kim and O’Neil (1997)
for inorganically precipitated calcite, the bulk 880 carbonate values at all sites yield
temperatures consistent with previous paleotemperature reconstructions for the Cre-
taceous ocean (Figure 5.5; O’Brien et al., 2017; Huber et al., 2002). If 50 carbonate
values at a given site had been extensively altered by diagenesis, they might be ho-
mogenized and have a narrower range than the range of 80 carbonate values at sites
where alteration had not taken place. If diagenesis had taken place at high tem-
peratures, §Ocarbonate-based paleotemperatures would be expected to record those
temperatures (Section 1.3). That other Pacific sites in this thesis lack these diage-
netic signatures indicates it is possible that o B0 carbonate values are unaltered, or at
least in part controlled by 6"®Ogeawater a1d Water column temperatures at these sites.
Generally, if § 80 carbonate Values are diagenetically unaltered, then it is likely but not
certain that 6Cearbonate Values are as well. A possible exception is the 23.1-meter-
thick unit at 17-171 in which the lowest ¢*Cearbonate Values of any Pacific site in this
thesis were measured (Section 5.1.1.5).

I also compare the bulk §"3Ceabonate and 6 Oarbonate values from Pacific sites in
this thesis to benthic foraminiferal ¢ *Cearbonate a0d 8 O carbonate values of Cenomanian
and Turonian age from the whole ocean compiled by Cramer et al. (2009) and Friedrich
et al. (2012). I omit from this comparison anomalous ¢"*Ceabonate a0d 3 *Ocarbonate
values from Demerara Rise in the equatorial Atlantic (Section 5.2.2; Figure 5.7). Bulk
carbonate samples from this thesis have §"*Cearbonate 00 average 1.31%o higher, and
680 sarbonate ON average 0.95%o lower, than compiled benthic foraminiferal samples
of Cenomanian and Turonian age (omitting Cenomanian-Santonian Demerara Rise
samples; Section 5.2.2), although the distributions have considerable overlap (Figure
5.6). In both direction and magnitude, these differences are very similar to the differ-
ences between bulk carbonate and benthic foraminiferal §*Cearbonate a1d 020 carbonate
values from the same depth in the same cores that were discussed for 62-463 and 32-
305 (0.03%o to 1.38%0 for 6*Cearbonate and -1.21%0 to 0.24%o for 6'®*Ocarbonate; Section
5.1.1.2). Therefore, the differences in § BCarbonate and 080 carbonate values between
bulk carbonate samples from this thesis and benthic foraminiferal samples are most

simply explained as the expected differences between bulk carbonate and benthic
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Figure 5.5: Bulk 80 ¢carbonate distributions at Pacific sites examined in this the-
sis, plotted in order of increasing estimated paleodepth of site at the Cenomanian-
Turonian boundary. At the top are shown the temperatures corresponding to these
580 carbonate Values if temperature-controlled fractionation were the only control on
880 carbonate, Using the equation of Kim and O’Neil (1997) for inorganically precipi-
tated calcite (see Figure A.1). See Figure A.8 for a version of this figure in which only
samples from sediments that could have Cenomanian and/or Turonian age, based on
biostratigraphy, are included.
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foraminiferal samples largely recording §**Cpic and 6'®Ogeawater- This explanation
is strongest if the global ocean is assumed to be largely homogeneous with respect
to 0B3Cpic and §¥O0geawater during the Cenomanian-Turonian, and I later posit that
it may not have been (Sections 5.2.1 and 5.3.1). In the benthic foraminiferal com-
pilation differences in 6*Cearbonate a0d 0¥ Ocarbonate between basins are not evident,
but data are sparse (Appendix A.29). Site-specific benthic foraminiferal 6'*Ceabonate
and 6"®Ogarbonate values are needed to conclusively evaluate whether §2Coabonate and
80 carbonate Are mainly controlled by BCpic and 6¥0geawater at Pacific sites in this
thesis other than 62-463 and 32-305.

benthic foraminifera (Cramer A B
Il et al. 2009, Friedrich et al.
60 1 2012; n = 228)
bulk carbonate (this thesis;
n = 254)
50 1
40
o
c
3
S
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613Ccarbunate (%0 VPDB) 6150carbonate (%0 VPDB)

Figure 5.6: (A) Histogram of § 13C arbonate Values of bulk carbonate samples from this
thesis (outlined in black, n = 254) and of benthic foraminifera samples of Cenomanian
and Turonian age, compiled by Cramer et al. (2009) and Friedrich et al. (2012) (in
grey, n = 228, omitting Cenomanian-Santonian samples from Demerara Rise; Section
5.2.2). (B) Histogram of §'®Ouponate values of the same.

In summary, Pacific bulk 6'®Ocaubonate Values from this thesis are consistent with
paleotemperature reconstructions for the Cretaceous ocean (Figure 5.5; O’Brien et al.,
2017; Huber et al., 2002), and 0 BC arbonate ad 0¥ O¢arbonate Values are apparently con-
sistent with expected bulk §**Cearbonate and 65O carbonate values for the Cenomanian-
Turonian based on global benthic foraminiferal compilations (Cramer et al., 2009;
Friedrich et al., 2012). These differences in ¢ BCearbonate and 020 carbonate values be-

tween bulk carbonate samples from this thesis and benthic foraminiferal samples are
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consistent with the explanation that Pacific sites in this thesis do not have 6 *Cearbonate
and §*®0carbonate values systematically controlled by diagenesis. I largely focus on
other possible explanations in my interpretation of ¢'*Cearbonate Values at Pacific sites
in this thesis. I will next address the wide distribution of §*Cearbonate values at
17-171, which may be explained by the site’s proximity to a shallow semi-restricted

environment.

5.1.1.4 Possible explanation that high 13C carbonate variability, including
high 6'3Carbonate Values, occurs in sediments derived from shallow

semi-restricted settings

The site with the shallowest paleodepth (17-171) has the highest bulk §*Cearbonate
variability of all Pacific sites in this thesis, including high (> 3%0) bulk § BC arbonate
values (Figure 4.14). Sediment at 17-171 is possibly derived from a very shallow,
semi-restricted environment where §*Cearponate Values might be expected to be signif-
icantly higher or lower than those in the open ocean (Section 3.2), consistent with the
observation that modern bulk 63Caponate values in shallow semi-restricted settings
are wide-ranging and have the potential to be especially elevated relative to ¢ *Cpic
(Section 5.1.1.1).

The explanation that highly variable bulk ¢ BC arbonate Values, including high (>
3%o) bulk ¢ BC arbonate values, are derived from shallow semi-restricted settings, can
be extended to most bulk 6®Ceubonate values at other Pacific sites in this thesis.
By comparison to 17-171, sites in the “intermediate” paleodepth group have nar-
rower bulk 6"®Ceaponate distributions, with similar 6*Ceaponate Standard deviations
(between 0.34%0 and 0.46%0), consistent with an open-ocean source of the carbonate
sediments at those sites (Section 3.2). Also consistent with the explanation that high
813C carbonate values are derived from shallow semi-restricted settings, most o BC arbonate
values at “intermediate”paleodepth sites are not high (> 3%o). The exceptions (high
bulk 6"®Cearbonate values at observed at 30-288A and 17-167; Figure 4.14) will be
addressed in Section 5.1.2.

For “deep”paleodepth sites to have similar o BC arbonate vValues to “intermediate’-
paleodepth sites would also be consistent with this explanation that high §**Cabonate
values are derived from shallow semi-restricted settings. Observations of modern
bathymetry imply that intermediate-depth topographic highs were the source of Ceno-
manian and Turonian sediments at all “deep™paleodepth sites (17-169, 17-170, 89-585,
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and 89-585A; Section 3.2). Accordingly, 89-585 and 89-585A have bulk ¢ B arbonate
distributions comparable to those of “intermediate”paleodepth sites (Section 4.3),
with standard deviations 0.39%0 and 0.36%q respectively (Figure 4.14). Another
“deep’-paleodepth site 17-170 has bulk §**Ceabonate Values generally within the range
observed at “intermediate”™paleodepth sites, and also below the high values at the
“shallow”™paleodepth site 17-171 (Figure 4.14; Table 4.1), again consistent with an
“intermediate”™depth carbonate source. However, the remaining “deep”-paleodepth
site 17-169 has high bulk § BC arbonate values (around 3-4%0) which are not consis-
tent with an “intermediate’-depth carbonate source, and are instead comparable to
the high values at the “shallow”-paleodepth site 17-171 (Figure 4.14). These high
S B3C carbonate Values at 17-169 are therefore not consistent with the explanation that
high ¢ BC arbonate Values are derived from shallow semi-restricted settings, and I will
address them in Section 5.1.2.

The explanation that high ¢'*Carbonate variability, including high 6"*Cearbonate vVal-
ues, occurs in sediments derived from shallow semi-restricted settings is an explana-
tion that concerns variations in depositional setting between sites. In other words,
the setting in which carbonate sediments were initially deposited (not the depth in
the water column from which they derive) is proposed to explain high ¢ BC arbonate
values. If the bulk carbonate samples at all Pacific sites in this thesis are largely made
up of material derived from the upper water column (Sections 5.1.1.2 and 5.1.1.3),
the explanation still applies because open-ocean planktonic carbonate sediments are
expected to have different §'3Cearponate values than shallow-platform-derived plank-
tonic carbonate sediment. Importantly, however, the §'3Cearbonate values at a site can
be affected by changes in the source of carbonate to that site which are not related
to the depositional setting. For example, a change in the source of carbonate to a
site could occur due to shifts in local bathymetry and currents, or in productivity in
the surface ocean above affecting the strength of the biologic pump. Such changes
might not manifest as changes in the local depositional environment, and might not
be recorded as changes in the lithology of the sediments. I do not elaborate on them
in this thesis as they are incompletely constrained, but do note that they could help
explain the 6'3Ceabonate Values observed, or provide an alternative explanation to the
one presented here. In the next section, I consider closely how the bulk BC carbonate
values at 17-171 may be explained by local variations that do affect estimates of

paleodepth and observations of depositional setting and lithology.
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5.1.1.5 Explaining bulk 6'*C arbonate values at 17-171 vs. other Pacific

sites

The shallowest of the Pacific sites studied in this thesis (17-171) has sediment pos-
sibly derived from a very shallow, semi-restricted environment where 63Cearbonate
values might be expected to be significantly higher or lower than those in the open
ocean (Section 3.2). Changes in bulk 03C arbonate values across 3 lithologic units
of Cenomanian-Turonian stratigraphy at 17-171 (Figure 4.3; Table 5.1) can be at-
tributed to local changes in the depositional setting of the sediment, interpreted from

observations of the lithology.

Bulk
# of samples Depth (mbsf) Lithology S BC carbonate
range (%o)
0.88 - 1.73,
claystone, except one
32 < 329.5 siltstone, and pL on
dst sample with
sandstone 5 9%
basalt,
hyaloclastite,
0 329.5 - 345.7 and -
limestone-basalt
conglomerate
firmly cemented
1 345.8 carbonate rich 2.10
in volcanic
components
carbonate and
28 > 352.3 chert cuttings 2.91 - 3.66
from the drill bit

* There is one sample in this lithologic unit with a higher bulk & BC arbonate value of
2.72%0 (17-171-26-3-41/42). The sample is second in a series of 7 samples taken from
a layer of friable, mottled brown claystone about 2.8 m thick; all 6 other samples
from the layer have bulk §"Ceabonate values of < 1.70%q. No distinguishing features
were noted in sample 17-171-26-3-41/42 when it was examined under a microscope.

Table 5.1: The number of samples, depth below seafloor, lithology, and bulk
0 BC carbonate range for each of 4 lithologic units noted in sediments at 17-171.

The lowermost lithological unit studied at 17-171 consists of carbonate sediment
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and chert cuttings from the drill bit and yields high bulk & B arbonate values (2.91 -
3.66%0 from 28 samples; Figure 4.3; Table 5.1). Moldic porosity (i.e. empty spaces
from the dissolution of rock components) and dolomitization occur in this lithologic
unit, suggesting that post-depositional alteration of the carbonate occurred (Ship-
board Scientific Party, 1973e), but ¢ B0 carbonate values at 17-171 are similar to those
at other sites, suggesting that this alteration did not affect the bulk rock oxygen iso-
topic composition very much (Section 5.1.1.3). Although diagenesis may have affected
SBC earbonate values, it does not offer a likely explanation for these high ¢ BC arbonate
values because it is generally expected to lower §"*Cearponate values (Section 1.2.5).
The high bulk 6"®Ceabonate Values in this unit could be explained if the carbonate
was deposited in a shallow setting where S BC earbonate values were elevated by the
mechanisms discussed in Section 5.1.1.1, such as photosynthesis occurring in a semi-
restricted DIC pool. 17-171 is adjacent to summits of the topographic high Horizon
Guyot (Section 3.2) which may have been very shallow or above sea level and may
have contributed carbonate to the site. Unless the Horizon Guyot summits were over-
coming subsidence and building closer to the sea surface during the Cenomanian, the
summits may no longer have been restricted when later sediments were deposited at
17-171.

Immediately above the lithologic unit described in the previous paragraph, there
is a 38-cm-thick layer of zeolitic, volcanic-rich limestone (Shipboard Scientific Party,
1973e). Within this layer, black manganese dendrites and sparry calcite were observed
(Figure A.9; Shipboard Scientific Party, 1973e) and one bulk 3C arbonate value of
2.10%0, lower than the ¢ Ciubonate Values from the underlying unit, was measured.
One possible explanation for this bulk 6"®Ceaponate value is that the sediment was
initially deposited in a shallow lagoonal or platform-top environment (like the under-
lying unit) before its transport to its final depositional environment at 17-171, and the
83C carbonate Value was initially higher but was lowered by diagenesis. This explana-
tion is supported by the zeolites, which are the product of post-depositional alteration
of volcanic material (Deffeyes, 1959); by the dendrites, which form when manganese-
rich fluids mix with oxygen-rich pore water and indicate that the geochemistry of the
sediment may have been significantly altered by fluid flow (Hou et al., 2023); and
by the sparry calcite, which is another indication of post-depositional fluid flow and
cementation (Folk, 1965, 1974).

Above the layer of volcanic-rich limestone is a 16.2-m-thick unit consisting largely

of basalt and hyaloclastite (Figure 4.3; Table 5.1) in which no 6"*Cearponate values
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were measured. Within the basalt and hyaloclastite unit, a conglomerate of lime-
stone and basalt pebbles is interpreted as the result of a debris flow from a nearby
island that could have occurred during a volcanic episode (Shipboard Scientific Party,
1973e). If we accept the interpretation that the sediments in the oldest lithologic unit
were initially deposited in a shallow lagoonal or platform-top environment and then
transported to 17-171, the limestone and basalt conglomerate may indicate shallowly
derived sediment continued to arrive at 17-171 through the episode of volcanism rep-
resented by this volcanic unit.

Above this volcanic unit lie 23.1 m of siliciclastic sediments including claystone,
siltstone, and sandstone, with a low proportion of carbonate including foraminifera,
nannofossils, and calcite cement (Shipboard Scientific Party, 1973e). Compared to
stratigraphically lower units, these sediments have lower bulk OB3Cearbonate values
(0.88%0 - 1.73%0 from 31 samples, and one sample with 2.72%q). There are two

possible explanations for these §"*Carbonate Values:

1. Sediment derived from the Horizon Guyot semi-restricted shallow environment
continued to be supplied to 17-171 during the deposition of this unit, includ-
ing siliciclastic sediment such as sand and carbonate sediment with elevated
83Cearbonate values. The elevated §3Cearbonate values were later lowered by di-
agenesis. In this case, the volcanic unit below may have acted as a barrier to
fluid flow, explaining why these 6'>Ceabonate Values were diagenetically lowered

but §Cearbonate values from the lowermost lithologic unit were not.

2. Alternatively, the water depth of Horizon Guyot and 17-171 was deeper during
the deposition of this unit. Paleodepth calculations that take into account the
accumulation and subsidence between the lower units and this uppermost unit
suggest that the deposition of this uppermost unit occurred in water about 200
m deeper (Section 3.2; Appendix A.24). In this case, as the site deepened,
the adjacent topographic highs of Horizon Guyot may no longer have been a
lagoonal or platform-top environment and therefore may have ceased to con-
tribute sediments with elevated 63Cearbonate values to 17-171. This unit is dated
to the Turonian (Shipboard Scientific Party, 1973e). Therefore, the lower bulk
53C carbonate Value of the youngest lithologic unit at 17-171 may record a shift

towards open-ocean o BCpio values during the Turonian.

In summary, at 17-171, most samples fall into two groups with different bulk
13Cearbonate Values, depths, and lithologies (Figure 4.3; Table 5.1). The ranges of
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SB3C carbonate values in these two units do not overlap, and the standard deviation
of 6"®Cearbonate values in each unit is small (0.14%o and 0.30%o, respectively). High
bulk 6"*Cearbonate values (2.91 - 3.66%o) are associated with the oldest lithologic unit
and may record lagoonal or platform-top ¢'*Cearbonate values elevated by the mecha-
nisms discussed in Section 5.1.1.1. One bulk 63Clarbonate value of 2.10%¢ in the unit
immediately above the oldest lithologic unit may have originally been elevated but
lowered by diagenesis. Low bulk 6*>Ceabonate values (0.88 - 1.73%0, except one sample
with 2.72%) are associated with the youngest lithologic unit and may record either
diagenesis or a shift towards an open-ocean depositional setting. In Section 5.1.2 I
will address the hypothesis that 6 *Cearbonate variation can be explained by changes in
global ocean 6*Cpyc value over time, considering specifically 30-288A, 17-167, 17-169,
17-171, and 62-463.

5.1.2 Changes in global ocean 13Cprc over time

Changes in the global carbon cycle during the Cenomanian and Turonian could change
the average global ocean 6"*Cpic value over time. Such changes in global ocean

§3Cpic may help explain

1. elevated bulk §Cearponate values at some “intermediate”-paleodepth and “deep’-
paleodepth sites (30-288A, 17-167, and 17-169), and

2. changes in bulk 63 Cearbonate Values over time at individual sites (the decrease

between units already noted at 17-171, and monotonic increases and decreases

at 30-288A and 62-463).

There is reason to believe that global §'*Cabonate Values may have changed in
the Cenomanian and Turonian. OAE2 is commonly understood as a global positive
S13C carbonate €Xcursion occurring in the latest Cenomanian to Cenomanian-Turonian
boundary, and the magnitude of the excursion is different at different geographic
locations (Section 1.4). Some of the discussion below describes high 6"*Cearbonate
values with biostratigraphic ages too young to be consistent with OAE2. It is therefore
relevant that previous authors have described a second major positive §>Carbonate
excursion in Cenomanian-Turonian time: the “Late Turonian Event,” also called the
Hitch Wood event after the Hitch Wood fossil bed, which has a distinctive faunal
assemblage and has been used for correlation of sections in southern England (Figure
1.2; Gale, 1996; Cramer and Jarvis, 2020; Gale et al., 2020). The Late Turonian event
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has been observed in Europe, Japan, and the U.S. western interior (Gale et al., 2020;
Wiese, 1999; Stoll and Schrag, 2000; Takashima et al., 2019; Joo and Sageman, 2014),
with different magnitudes in these locations (most about 1%, with the greatest being
6.5%0 at Demerara Rise; Jones, 2018). In this section, I consider sites with elevated (>
3%0) bulk 6*Cearbonate values (30-288A, 17-167, 17-169, 17-171) that may be related to
OAE2 or the Late Turonian Event. I then consider a site that does not have elevated

bulk §3Cearbonate Values but does have changes over time in bulk 6'>Ceabonate values

(62-463).

5.1.2.1 Explaining elevated bulk ¢**Cearbonate values

While high (> 3%0) bulk 6™ Ceuponate values at the “shallow’-paleodepth site 17-
171 may be elevated because they are derived from carbonates deposited in a semi-
restricted shallow setting, similarly high values at “intermediate”- and “deep”-paleodepth
sites cannot be explained in this way (Section 5.1.1.4). Such values are observed at
30-288A and 17-167, “intermediate”™paleodepth sites both about 2 km deeper than
17-171 (Table 3.1; Figure 3.2), and 17-169, a “deep”-paleodepth site whose sediments
are taken to be sourced from an “intermediate”paleodepth setting because there are
no “shallow”-paleodepth topographic highs near enough to the site to have contributed
sediments (Section 3.2). Here I consider the possibility that the high (> 3%0) bulk
513C carbonate Values record changes in the average global ocean §'*Cpic value over
time.

At the “intermediate”-paleodepth site 30-288 A, a monotonic increase in 6 *Cearbonate
values (2.61%0 to 3.42%¢) is followed by a decrease (3.53%0 to 2.78%o; Figure 4.7).
These sediments are tentatively dated to the Turonian based on biostratigraphy
(Shipboard Scientific Party, 1975a). This feature includes all the high (> 3%0) bulk
SB3C carbonate Values at 30-288A and I will refer to it as the 30-288A positive excursion.
The 30-288A positive excursion may record a positive excursion in average global
ocean 6®Cpjc. Its tentative biostratigraphic age is inconsistent with the timing of
OAE2 but could correspond to the Late Turonian Event (Figure 1.2).

At another “intermediate’-paleodepth site 17-167, high bulk §'*Cabonate Values
are clustered in one 70-cm-thick layer dated to the Turonian, while lower 6 *Cearbonate
values and one §*3Cearbonate value > 3% are measured below in a 179-cm-thick layer
dated to the Cenomanian (Shipboard Scientific Party, 1973b). In the Turonian sed-
iments at 17-167, the high bulk 6'Ceabonate values are between 3.25%0 and 3.52%q
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(Figure 4.8), falling within the range of the § BC arbonate values that are part of the
30-288A positive excursion (2.61%o to 3.53%0). As the ages of these 17-167 high bulk
S13C carbonate Values and the 30-288A positive excursion both fall in the Turonian based
on biostratigraphy, they may both record the same global high-6"*Ceabonate €vent,
again potentially the Late Turonian Event. Consistent with this explanation, the
“baseline” (lower) bulk §'*Ceaponate Values are comparable between 30-288A (2.28%o
to 2.97%0) and 17-167 (2.53%0 to 2.77%o; Figures 4.7 and 4.8). In the Cenomanian
sediments at 17-167, the single high ¢ BC arbonate value of 3.15%o may correspond to
another positive excursion, such as OAE2.

Finally, the “deep™paleodepth site 17-169 only has high (> 3%0) bulk 6"*Cearbonate
values (3.07%o to 3.55%o; Table 4.1), with 1 sample dated to the Cenomanian, 9
samples dated to the Turonian, and 1 sample dated to the Albian based on bios-
tratigraphy (Shipboard Scientific Party, 1973c). The high 6**Cearponate values at this
site could be from multiple positive 6"®Cearponate €xcursions,® although it is unlikely
that similar 63Ceabonate values within the narrow range of 0.48%0 would be recorded
from different positive excursions. The explanation for elevated ¢'*Cearbonate Values
at 17-169 is not evident. It may be due to an aspect of the local environment such as
ongoing high productivity in the surface ocean above elevating the 6'*C of the source
of carbonate at the site (Section 5.1.1.4).

In sum, change in global ocean §'*Cpyc is a possible explanation for high (> 3%q)
bulk 6'3Cearbonate values at Pacific sites in this thesis. At 17-171, 30-288A, and 17-
167, high ¢ BC arbonate Values are part of changes in bulk o BC arbonate Values over time
at the individual sites. Changes in bulk 6"®Ceabonate values over time, although not
including high (> 3%o) ¢ B arbonate Values, can also be observed at 62-463 (Figures
4.5 and 4.13).

5.1.2.2 Explaining changes in bulk §*3Ccarbonate Values over time at 62-463

At the “intermediate’™paleodepth site 62-463, there is a largely monotonic increase,

decrease, and increase in bulk 63Cearbonate Values through time within a unit of uni-

3By biostratigraphic age, the Cenomanian and Turonian & 13C carbonate values could correspond
to OAE2, and the Albian-dated § B0 carbonate value of 3.19% might correspond to another positive
excursion. Positive 63Cearbonate excursions dated to the Albian include OAEs 1b, 1c, and 1d,
although the geographic extent of these excursions may have been regional rather than global (Herrle
et al., 2004, 2015; Gale et al., 2011; Jenkyns, 2010).
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form carbonate (Figure 4.5).% Based on biostratigraphy, the first increase occurs
across the Cenomanian-Turonian boundary (32 samples dated to the Cenomanian
and 4 dated to the Turonian), and the rest of the changes are dated to the Turonian
(Shipboard Scientific Party, 1981b). These bulk 83C earbonate Changes may record
changes in global ocean 6'*Cpc over time. By biostratigraphic age, the Cenomanian-
Turonian bulk §'Cabonate increase could correspond to OAE2, and the Turonian
increase could correspond to the Late Turonian Event.

At 62-463, change in the average global ocean 0"*Cpic value is more likely to
explain observations of bulk ¢3Ciurbonate values than change in the paleodepth of
initial deposition of sediments. The unit of uniform carbonate containing ¢ *Cearbonate
changes at 62-463 has no indications of changes in depositional setting before, during,
or after the Cenomanian and Turonian (Figure 4.5; Shipboard Scientific Party, 1981b)
suggesting variation in ¢ BC carbonate 18 N0t due to changes in paleodepth of deposition
(Section 5.1.1.4).

In summary, change in global ocean 6**Cpyc is a possible explanation for high (>
3%o) bulk § BC arbonate Values, as well as change in §"Coabonate values over time, at
Pacific sites in this thesis. Biostratigraphic age constraints put a positive ¢ *Cearbonate
excursion at 30-288A and high o B arbonate Values at 17-167 in the Turonian, so these
§13C carbonate vValues may record the Late Turonian Event, but not OAE2. Meanwhile,
age constraints on certain high (> 3%o) bulk 6"®Cearbonate values at “intermediate’
paleodepth site 17-167 do not rule out the possibility that these & B arbonate Values
record a global OAE2 positive O13C arbonate €xcursion of at least 1%o magnitude,
perhaps comparable to the magnitude of the 30-288A positive excursion. This pos-
sibility also applies at “shallow”-paleodepth site 17-171, where high (> 3%¢) bulk
6"Cearbonate values are dated to the Cenomanian by biostratigraphy (Section 5.1.1.4)
and may represent an excursion of magnitude ~2%o or greater. Finally, a monotonic
increase in 0°Cearbonate values over time at “intermediate”paleodepth site 62-463 like-
wise could be attributed to OAE2. To further evaluate the possibility that OAE2 may
be recorded at Pacific sites in this thesis, I next compare all Pacific bulk ¢ BC carbonate
values from this thesis to the bulk carbonate §*Ceabonate values from samples of

Cenomanian-Turonian age in other basins.

4The first increase includes 36 samples with bulk §3Cearbonate 1.75%0 to 3.19%o0, 309.7 - 405
mbsf, then the decrease includes 11 samples (counting the one overlapping) with bulk § B30 carbonate
1.41%0 to 3.19%0, 262.2 - 309.7 mbsf, then the second increase includes 9 samples (counting the one
overlapping) with bulk 6'*Cearbonate 1.41%0 to 2.72%o, 243.6 - 262.2 mbsf.



105

5.2 Pacific bulk carbonate 6*C..honate Values in the
context of 0%Cearbonate aNd 020 carbonate Values

from the rest of the ocean

Pacific bulk 63 Cearbonate Values from this thesis are compared to shallow marine bulk
carbonate samples from other basins dated to the Cenomanian-Turonian (i.e. con-
taining a number of planktonic foraminifera species also found in the Pacific sediments
sampled for this thesis; Section 4.4). Bulk ¢ B3C carbonate Values are generally lower from
Cenomanian-Turonian sediments in the Pacific (this thesis) as well as the margin of
the Neotethys which is connected to the Pacific (Bomou et al., 2013), relative to
03C carbonate values from marginal North Atlantic and Western Tethys sites (Caron
et al., 2006; Falzoni et al., 2016; Jarvis et al., 2011). These observations are consistent
with the hypothesis that during the Cenomanian-Turonian the North Atlantic and
Western Tethys were shallower and more restricted than the Neotethys and Pacific
and maintained higher average §*Cpyc.

Pacific bulk carbonate samples from this thesis also have higher §"*Cabonate Val-
ues and lower 680 abonate values than late Cretaceous benthic foraminifera samples
compiled by Cramer et al. (2009) and Friedrich et al. (2012). For the majority of the
samples, the differences are as expected for bulk carbonate vs. benthic foraminifera.
I first compare the Pacific bulk carbonate §*3Cearbonate values from this thesis to the
bulk carbonate 3Ceabonate values from samples of Cenomanian-Turonian age in other

basins.

5.2.1 Bulk carbonate §*Cabonate sections from the Cenomanian-

Turonian outside the Pacific

Bulk samples from Cenomanian-Turonian sediments (compared within the same fossil
occurrence intervals) have generally lower § B arbonate vValues at sites in the Neotethys
and Pacific Oceans than the North Atlantic and Western Tethys (Figure 4.18; Section
4.4). One site in the Western Tethys, wadi Bahloul, has 8 3Carbonate values that
generally fall between these lower and higher groups of §*Cearbonate Values (Figures
4.17 and 4.18). In this section I argue that these observations can be explained by
differences in the degree of restriction of the water masses whence carbonate sediments

are sourced. My argument has three parts:
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1. At all non-Pacific sites examined in this thesis, semi-restricted shelf or plat-
form areas were close by and may have provided high-6'*C carbonate sediment,
as 0Carbonate Values may be systematically elevated in such areas (Section
5.1.1.1).

2. It is possible that more restricted, shallower basins (North Atlantic and smaller
basins within the Western Tethys) had overall higher §*Cpic than better-
connected, wider basins (Neotethys and Pacific) during the Cenomanian and

Turonian.

3. Meteoric diagenesis may also play a role in setting o BC arbonate values at wadi
Bahloul, but cannot explain the overall differences between the North Atlantic

and Western Tethys versus the Neotethys and Pacific.

Regarding (1), one possible shortcoming of this explanation is that it may not
account for Pacific site 17-171, where sourcing of carbonate sediment from a shallow
semi-restricted setting was proposed as a possible way to explain high 6'*Ceabonate Val-
ues in the lowermost lithologic unit (Section 5.1.1.5). At non-Pacific sites, the highest
SBC carbonate Values are part of the positive 6 Cearbonate €xcursions noted there (Table
1.1; Figure 1.6). Therefore, I propose that a positive 6*Cpy¢ excursion not recorded
at 17-171 accounts for the §*Ceubonate values at non-Pacific sites that are higher
than the highest OB3Cearbonate values at 17-171. The highest o BC arbonate values at
17-171 are comparable to “baseline” values from non-Pacific sites Eastbourne, Clot
Chevalier, and Pont d’Issole, consistent with the explanation that all record elevated
013C carbonate values from shallow semi-restricted settings and that no ¢ BC arbonate €X-
cursion is recorded at 17-171 (Section 5.1.1.5).

Regarding (2), paleogeographic reconstructions indicate both the North Atlantic
and the Western Tethys were relatively shallow and restricted in Cenomanian-Turonian
time (Figure 1.7; Section 1.5). Therefore, the water in the North Atlantic and the
Western Tethys may not have been well mixed with the rest of the ocean and could
have retained a different 6'*Cpc. Moreover, because Eastbourne and the Vocontian
Basin (where Clot Chevalier and Pont d’Issole were located) were connected by a
shallow seaway (Section 3.3; Figure A.5), similar ¢ 1Cpie values at Eastbourne, Clot
Chevalier, and Pont d’Issole would be expected. For the time of OAE2, past workers
have remarked that 6*Cearponate curves and planktonic foraminiferal bioevents can be
precisely correlated between Eastbourne and Pont d’Issole (Jarvis et al., 2011; Fal-

zoni et al., 2016), consistent with these sites being in the same water mass. Also, in
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the compilation of Owens et al. (2018), the estimated maximum OAE2 positive § 3O
excursion in this region of the North Atlantic and Western Tethys ranges from 1-3%o,
in contrast to some higher estimated maximum excursion magnitudes occuring else-
where, which could also be consistent with similar §'*Cpjc between Eastbourne, Clot
Chevalier, and Pont d’Issole. If §'3Ceiarbonate values at Eastbourne, Clot Chevalier,
and Pont d’Issole at least partially reflect §'Cpic values from the same water mass,
they might be high relative to Pacific §"*Cearbonate Values because basinal §*Cpic was
higher in the North Atlantic and the Western Tethys than the Pacific during the
Cenomanian and Turonian. Also, the Neotethys was relatively well-connected to the
Pacific during Cenomanian-Turonian time (Figure 1.7; Section 1.5). If ¢ BC arbonate
values at Gongzha at least partially reflect 6'*Cpic values, they would be expected
to be similar to Pacific 63Cabonate values as observed.

As wadi Bahloul was located in the Western Tethys, the observation that wadi
Bahloul 6"?Ceabonate Values are lower on average than the other Western Tethys sites
(Clot Chevalier, Pont d’Issole) suggests that wadi Bahloul may have been better
connected to the Neotethys. Paleogeographic maps (Figure 1.7) show wadi Bahloul
was not as close to Eastbourne, Clot Chevalier, and Pont d’Issole as those sites were to
each other, and that it was located in a different epicontinental basin of the Western
Tethys which was closer to the Neotethys and therefore potentially better connected
to it. It is therefore plausible that the 6'®Ceabonate Values at wadi Bahloul record
§BCpic of water better-mixed with Neotethys water than the water at Eastbourne,
Clot Chevalier, and Pont d’Issole. It would be expected for such water to have a
§Cpic in between the higher 6'*Cpc of North Atlantic and the Western Tethys
water and the lower §*Cpc of Neotethys and Pacific water.

Finally, regarding (3), meteoric diagenesis likely does not explain why 6'*Cearbonate
values at North Atlantic and Western Tethys sites (Eastbourne, Clot Chevalier, and
Pont d’Issole) are generally higher than 33Coarbonate Values at Neotethys and Pa-
cific sites (Gongzha, sites in this thesis). Diagenesis is generally expected to lower
SB3C carbonate values, including meteoric diagenesis (e.g. Allan and Matthews, 1990;
Section 1.2.5), which might affect outcrop sections such as the non-Pacific sections
examined here. Pacific bulk 6"*Cuponate values (especially at 62-463 and 32-305) are
likely not extensively reset by diagenesis (Sections 5.1.1.2 and 5.1.1.3). Eastbourne
513C carbonate Values are thought to be relatively unaffected by diagenesis across the
27-meter section, although sub-meter variations in ¢ BC arbonate are correlated with

lithologic changes and attributed to diagenesis (Paul et al., 1999). If diagenesis has
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systematically lowered & B arbonate values at Eastbourne, Clot Chevalier, and Pont
d’Issole, then they would have been originally even higher than Pacific § BC arbonate
values. As for Gongzha, Bomou et al. (2013) invoke diagenetic alteration to explain
880 carbonate values of -11.9%o to -6.2%o they observed in that section, and acknowl-
edge that 0 BC arbonate values there may be diagenetically altered as well. If diagenesis
has systematically lowered 6'3Ceabonate vValues at Gongzha, the systematically lower
Pacific "0 carbonate values relative to sites from other basins would still have to be
explained. Finally, regarding the wadi Bahloul section examined in this thesis, Caron
et al. (2006) acknowledge diagenetic alteration could have affected its § BC carbonate
values, noting covariance in §*Cearbonate and 0 °Ocarbonate Values in the unit above.
It is possible that mild meteoric diagenesis at wadi Bahloul does help explain the
S BC carbonate Values there, if those 63 Cearbonate Values were originally similar to higher
03Carbonate Values at other Western Tethys sites but were diagenetically lowered.

In summary, it is possible that the North Atlantic and Western Tethys had higher
§3Cpic than the Neotethys and Pacific during Cenomanian-Turonian time. Although
compiled benthic foraminiferal 6®Ceaponate and 32 Ocarbonate values do not seem to
support a large (e.g., > 1%o) interbasinal difference in §'*Cpic between the North
Atlantic and the Pacific, these data are relatively sparse (Appendix A.29; Cramer
et al., 2009; Friedrich et al., 2012). Differences in § BC carbonate Values between sections
may be best explained by basin-scale differences in §'Cpic between shallow, semi-
restricted basins such as the North Atlantic and Western Tethys vs. deeper, better-
circulated basins such as the Neotethys and Pacific (Section 1.5). A complementary
possibility is that high-8"*Carbonate sSediment from nearby semi-restricted shelf or plat-
form areas arrived at individual sites in different proportions. Information about the
paleoenvironments of non-Pacific sites examined in this thesis is insufficiently detailed
to deconvolve this possibility and the possibility that interbasinal 6'*Cpc differences
explain 6 Ciabonate differences. In the following section, I place §**Cearbonate and
880 carbonate Values from Pacific sites in this thesis in an even broader spatial and
temporal context, comparing them to compiled benthic foraminiferal B3Cearbonate and

880 carbonate Values from across the globe of ages 115 Ma - present.
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5.2.2 Benthic foraminifera §'3Ccarbonate and 920 carbonate COM-

pilation from the late Cretaceous and Cenozoic

From the late Cretaceous through the present, benthic foraminiferal o B arbonate Val-
ues generally become lower and benthic foraminiferal §'®Ocabonate values generally
become higher (Figure 5.7). The overall increase in benthic foraminiferal 0 B0 carbonate
values over the Cenozoic is largely monotonic and is understood to reflect long-term
cooling of global climate and growth of ice sheets (Zachos et al., 2001, 2008). The
overall decrease in benthic foraminiferal ¢ **Carponate values is not as monotonic. Com-
pilers of 6?Cearbonate data typically do not describe a decrease across the Cenozoic but
instead note 62Cearbonate decreases from roughly the beginning of the Neogene through
the present (e.g. Hayes et al., 1999; Zachos et al., 2001; Cramer et al., 2009). It is
widely accepted that baseline global ocean §"*Cpyc, reflected by benthic foraminiferal
6"Cearbonate Values, changes in the long term (e.g. over millions of years). Explana-
tions for the decreasing trend from the Neogene through the present either invoke a
decrease in the proportion of carbon buried as organic matter vs. carbonate sedi-
ments (Lasaga et al., 1985; Shackleton, 1987), or an increase in the average § BC of
buried organic matter (Arthur et al., 1985; Hayes et al., 1999).

Cenomanian and Santonian sediments from Demerara Rise, a submarine plateau
off the coast of northeastern South America, do not have §*Cearbonate 211d 620 carbonate
values consistent with the trends described above. The benthic foraminiferal samples
considered here include a subset from Demerara Rise (n = 914) measured by Friedrich
et al. (2012) that have on average lower ¢§ BC arbonate a0d 080 carbonate Values than all
other compiled benthic foraminiferal samples as well as the bulk carbonate samples
measured for this thesis (Figure 5.7). Because the Cenomanian and Santonian Demer-
ara Rise data are anomalous, possibly derived from a unique water mass (MacLeod
et al., 2008; Jiménez Berrocoso et al., 2010), I omit them from consideration. Cramer
et al. (2009) and Friedrich et al. (2012) measured other benthic foraminiferal samples
from the Cenomanian through the Santonian (n = 323), including samples collected
from the Atlantic (n = 207), and these data do not share the especially low §'*C and
§'%0 of the Demerara Rise data. The anomalous values all came from a sedimentary
sequence notable for its very high proportion of black shale (organic carbon content
of 6-8wt.%) (Shipboard Scientific Party, 2004) and the exceptional preservation of
glassy foraminiferal tests (Friedrich et al., 2012). Explaining the anomaly is beyond

the scope of this thesis, but previous authors have suggested that a regional water
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Figure 5.7: S13C arbonate  values plotted against 50 carbonate  values of benthic
foraminifera samples compiled by Cramer et al. (2009) and Friedrich et al. (2012),
indicated with triangle-shaped markers in red (for benthic foraminifera samples
from Cenomanian-Santonian sediments on Demerara Rise, n = 914) or colored by
age according to the greyscale colorbar (all other Cenomanian-Turonian benthic
foraminifera samples, n = 31163). (Lighter grey samples are older, whereas darker
grey samples are younger.) Also, § 13C arbonate Values plotted against §'®Ocarbonate Val-

ues of bulk carbonate samples from this thesis (n = 254), indicated with circle-shaped
markers.
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mass with high temperature and salinity (“Demerara Bottom Water”) was trapped
on Demerara Rise during the deposition of this sequence (MacLeod et al., 2008;
Jiménez Berrocoso et al., 2010).

The §Coarbonate aNd 3 *Ocarbonate values of Pacific bulk carbonate samples from
this thesis are consistent with the trends discussed here, in that they have higher
SB3C carbonate Values and lower 6®Ocubonate Values than benthic foraminifera samples
of the same age (Figure 5.7) to the extent expected for bulk carbonate samples vs.
benthic foraminiferal samples recording ¢ BCpic and 6¥0geawater (Sections 5.1.1.2 and
5.1.1.3). However, Pacific bulk o B3C carbonate Values from this thesis do not consistently
record a positive §"°Cearponate €xcursion around the time of OAE2 (Section 5.1.1).
Therefore, in the final section, I consider whether the Pacific 3 Cearbonate record is

consistent with a global positive excursion in 6"*Cpyc at the time of OAE2.

5.3 Implications for OAE2

5.3.1 Possible explanations for Pacific vs. non-Pacific bulk

013C carbonate Values in this thesis

The 6"Cearbonate Values at Pacific sites examined in this thesis, alongside ¢ '*Cearbonate
values at non-Pacific sites where a 6*3Clearbonate €xcursion is evident in OAE2 time
(Eastbourne, Clot Chevalier, Pont d’Issole, Gongzha, and other sites as documented

in e.g. Owens et al., 2018) can be explained by two possible explanations:

1. A global ocean OAE2 §'3C excursion occurred alongside a process that largely

prevented its deposition, preservation, or recovery in the mid-Pacific.

2. The OAE2 §'3C excursion occurred only in shallow epicontinental basins and

continental slope environments.

In explanation (1), the OAE2 positive §'°C excursion may be incompletely ob-
served in the Pacific at 17-167, 17-171 and 62-463 (Section 5.1.2), and is not observed
at any other Pacific sites in the samples examined here, even though all Pacific sites
in this thesis have 6'2Ceabonate values dated to the Cenomanian and Turonian by
biostratigraphy. Random chance leading to poor scientific drilling recovery may be
invoked to help explain this incomplete observation of the OAE2 positive 6'3C ex-
cursion in the Pacific. However, if incomplete observation is not wholly due to ran-

dom chance, it is also necessary to invoke some aspect of the Pacific Ocean during
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Cenomanian-Turonian time that could systematically lead to incomplete observation.
One possibility is that carbonate sediments were not deposited at most intermediate
and deep paleodepths in the Pacific during the global ocean positive 6'C excursion
due to significant shallowing of the CCD relative to its estimated depth of ~3000
mbsl (Tyrrell and Zeebe, 2004; Zeebe and Tyrrell, 2019) during that time (a “carbon-
ate crash”). Another possibility is that carbonate sediments of OAE2 age do exist
in the Pacific but that scientific drilling systematically failed to recover them. When
sediments contain both carbonate and chert it is difficult to recover the carbonate, so
if relatively more chert is present in sediments from the time of OAE2, that could ex-
plain lack of recovery of OAE2 carbonate sediments. As chert forms from biosilica, an
increase in chert could indicate increased deposition of biosilica, which could in turn
result from increased weathering of silicate minerals (e.g. Penman, 2016). As Equa-
tion 1.1 shows, increased weathering of silicate minerals would drive the production
of more CaCO3 as well as more SiO», so if a greater proportion of chert to carbonate
was deposited in the open ocean around the time of OAE2, a greater proportion of
carbonate to chert would have to be deposited elsewhere on the globe.

In explanation (2), an OAE2 positive § BC arbonate €xcursion did not occur in the
mid-Pacific and is therefore not observed. Change in B arbonate values across the
Cenomanian-Turonian boundary at 17-171 is explained by local paleoenvironmental
changes (Section 5.1.1.5). Elevated B3C carbonate values and changes in §"Cabonate
values during the Cenomanian-Turonian at other sites (17-167 and 62-463) are like-
wise explained by factors local to the sites, such as shifts in productivity in the
surface ocean above. This explanation requires a systematic reason for an OAE2
positive 6 3C arbonate €XxcuUrsion to occur in basins outside the Pacific, including in
the Neotethys, which is well connected to the Pacific. A slightly different version
of this explanation is explanation that an OAE2 positive §'*Carbonate €Xcursion oc-
curred only in shallow epicontinental basins and continental slope environments (<
about 1000 mbsl paleodepth), in which case 17-171 does record OAE2 as suggested in
Section 5.1.2. This explanation requires a systematic reason why an OAE2 positive
S13C carbonate €xcursion occurred in some parts of the global ocean but not others. For
example, increased burial of organic carbon in a restricted basin could have affected
the 63 Cpic of a water mass but not the §'3Cpic of the global ocean, if that water

mass was not well mixed with the global ocean.
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5.3.2 Hypothetical OAE2 scenarios in a simple carbon cycle

model

To consider whether the Pacific § **Cearponate record is consistent with a global positive
excursion in 6Cpie in OAE2 time, I return to the mass balance model in which the
carbon entering the ocean and atmosphere must have the same mass and isotopic
composition as the carbon buried as carbonate sediment or organic sediment over
long time scales (Section 1.2). In this model, the OAE2 positive § BC carbonate €XCUT-
sion represents a period of increased global burial fraction of organic matter, but in
this thesis it is shown that multiple Pacific sites do not record the OAE2 positive
013C carbonate €XCUTSiON (Section 5.1.1). To explain this discrepancy in the context of

the mass balance model, I consider two very simplified hypothetical scenarios:

1. A “carbonate crash” occurred in the Pacific at the time of a global OAE2 pos-
itive 0®Clarbonate €xcursion. In this scenario, the Pacific 6®Cearbonate values in
this thesis (mostly) do not come from the time of OAE2 because little to no
carbonate sediment was deposited in the Pacific at this time. (This scenario
is synonymous to the standard model in that all available carbonate sediments

from the time of OAE2 have a positive 6°Cearbonate excursion.)

2. A majority of the carbonate sediments deposited at the time OAE2 were de-
posited in the Pacific. Specifically, carbonate sediment deposition is assumed
to be directly proportional to ocean area, so ~65% of carbonate sediment was
deposited in the Pacific, where no OAE2 positive §'*Carbonate €xcursion oc-
curred. (In this scenario, the average global positive o BC arbonate €xcursion has

a magnitude 35% of its magnitude in scenario 1.)

These hypothetical scenarios are end-members with different implications for the
SB3Cearbonate term, the §*3C of carbonate sediments in the model as presented in Sec-
tion 1.2. In scenario (1), the §"*Cearbonate term matches 6°Cearponate values measured
outside the Pacific. In scenario (2), the & BC arbonate term is a weighted average of
8 13Cearbonate values measured in the Pacific and outside the Pacific. Importantly, in
the model as presented in Section 1.2, the 6'C of carbonate sediments is set by the
fraction of carbon buried as organic matter sediment globally and is therefore the
same everywhere in the global ocean (Equations 1.3 and 1.4). In order to model
the many hypothetical scenarios between the two end-members above, the §**C of

carbonate sediments 6"®Ceabonate must instead be calculated as a weighted average:
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51300arbonate — fPacific 5130Pacific + (1 . fPacific ) 613Cnon7Pacific (51)

carbonate carbonate carbonate carbonate

where the term §'*CL25e  is the §'3C of carbonate sediments in the Pacific, the term

5 13Cn0n7 Pacific

fPaci fic
carbonate

is the 6'3C of carbonate sediments outside of the Pacific, and arbonate

is the fraction of global carbon deposited in the Pacific (0% in the first end-member
and 65% in the second end-member). Following the carbon isotope model of Owens
et al. (2018), I assume that before OAE2 the high-pCO2 world has a 6"*Cearponate Of
1.7% for carbonate sediments both in the Pacific and outside the Pacific (§'3CF2cific

carbonate
and §13Cnon Pacficy “that the 6'3C of the total outflux from the ocean and atmosphere

carbonate

reservoir (6%Cioar) is -4.0%0, and that the §'*C of organic matter (513Corganic) is
offset by ¢ from 6*Cearponate (Equation 1.5) where ¢ is -28%0. Owens et al. (2018) use
a time-dependent model after Kump and Arthur (1999) to model a 3% global OAE2
positive ¢§ BC arbonate excursion, similar to scenario 1 but not directly comparable as
their model excursion is transient. Using my simple mass balance model that assumes
steady state (Equations 1.3-1.5 and Equation 5.1), the global burial fraction of organic
matter is 20.4% before OAE2. In end-member scenario (1), to produce a global 3%
positive BCearbonate €xcursion while no carbonate sediments are being deposited in
the Pacific, the global burial fraction of organic matter (f,4anic) must increase to
31.1%. In end-member scenario (2), to produce a 3%q positive & 1C carbonate €XcCUrsion
outside the Pacific while 65% of carbonate sediments with unchanged §'3C are being
deposited in the Pacific, f, gqnic must be 24.1%. The estimated change in f,.g4nic for
OAE2 is sensitive to the OAE2 positive §'?Cearbonate €xcursion size. An excursion of
%0 requires f,.ganic be 45.4% in scenario (1) but only 29.1% in scenario (2). The
estimated change in f,,4nic for OAE2 in scenario 2 is always 35% of the estimated
change in f,,4qnic for OAE2 in scenario 1.

In summary, if an OAE2 positive 6"*Cearbonate €xcursion did not occur in the
Pacific, a smaller global burial fraction of organic matter during the OAE is implied.
Owens et al. (2018) estimated organic carbon burial at the time of OAE2 based on
mapping organic-rich sediments of the correct age and found it was much smaller
than the organic carbon burial required by the model to produce a 3%o positive
S13C carbonate global excursion. My scenario 2 demonstrates that if OAE2 did not
occur in the Pacific, it could help account for this discrepancy on the model side by

requiring less organic carbon burial.
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Conclusions and future work

To explain 6" Cearbonate values at Pacific sites in this thesis from around the time
of OAE2, T invoke both factors local to the sites, such as proximity to a shallow
semi-restricted carbonate platform in the case of 17-171, and changes in global ocean
§3Cpic over time. Explanations are focused on §'*Cpe change because the §C
values of carbonate sediments at Pacific sites in this thesis likely mostly record the
§'*Cpic of the waters in which they formed (Sections 5.1.1.2 and 5.1.1.3). Therefore
I can use this newly collected data to test the hypothesis that there was a global
change in the §"?Cpc of seawater at the time of OAE2 (Section 1.6), as is predicted
by a model of a substantial increase in organic carbon burial (Section 1.2).

An OAE2 positive §3Cearbonate €xcursion is not observed at most Pacific sites in
this thesis (Section 5.1.2), which challenges our current understanding of OAE2 as
a perturbation to the global carbon cycle (Section 1.6). One possible explanation is
that a global ocean OAE2 §"3C excursion did occur, but that some process largely
prevented its deposition, preservation, or recovery in the mid-Pacific. I propose that
significant shallowing of the Pacific CCD at the time of OAE2, and/or an abundance
of chert in sediments from the time of OAE2, could prevent deposition and recovery
respectively. Another possible explanation is that the OAE2 §'*C excursion occurred
only in the shallow epicontinental basins and continental slope environments where it
is observed (including the Atlantic, Western Tethys, Neotethys, and Western Interior
Seaway of North America; Section 1.4.2) because organic carbon burial within these
relatively restricted water masses changed their 6'*Cpies but did not affect §**Cpyc
in the mid-Pacific (Section 5.3.1).

This thesis underlines a few well-known challenges in the study of paleoclimate
events. One such challenge is the challenge of extrapolating past global climate from
the geographically limited records that survive. The preponderance of previously
published evidence for a global OAE2 positive §'°C excursion (Section 1.4.2) was
limited because it did not include the large, climatically significant Pacific basin, and
the Pacific 6*Carbonate T€cOrds in this thesis raise the possibility that OAE2 may not
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have been a global event. Another such challenge is the challenge of accurate and
precise age determination. In this thesis, given the generally poor recovery of Pacific
sediments from the time of OAE2, it would have been useful to know which sediments
were exactly contemporaneous with well-known OAE2 sediments from outside the
Pacific (e.g. sediments at Eastbourne), or if any exactly contemporaneous sediments
were recovered at all. Another challenge, specific to working with deep-sea sediments,
is the loss of information associated with drilling sediments from the bottom of the
ocean rather than viewing exposed cross-sections. For example, the deep-sea Pacific
sediments examined in this thesis could not be examined in situ and the reasons for
poor recovery of some sediments are accordingly ambiguous. Future work could help
circumvent these challenges to more completely characterize OAE2 in the Pacific.

First, future work could further test the possibility that a global ocean OAE2
§13C excursion occurred alongside a process that largely prevented its deposition,
preservation, or recovery in the mid-Pacific (Section 5.3.1). Assuming such an ex-
cursion occurred and its magnitude was comparable to the magnitude of the positive
SB3C carbonate €xcursion as recorded at non-Pacific sites, I could formally estimate the
likelihood that it would be recorded in Pacific sediments examined in this thesis. I
would use published records from non-Pacific sites to constrain the assumed dura-
tion and magnitude of the excursion in the global ocean. Then, I would use existing
biostratigraphy and core recovery data (Section 4.2), assuming a range of possible
sediment accumulation rates, to calculate the expected duration and magnitude at
Pacific sites in this thesis. The results of this calculation would be compared to the
S13C carbonate Values actually observed at the Pacific sites in this thesis. This calcula-
tion could constrain the sediment accumulation rate that would be needed to explain
why a global OAE2 positive ¢ BC carbonate €xcursion is not observed at most Pacific
sites in this thesis.

Second, future work could generate more geologic records from the Pacific around
the time of OAE2. In addition to the Pacific sites examined in this thesis, I identi-
fied 19 other DSDP and ODP sites at which sediments were dated to the Cenoma-
nian and/or Turonian (Section 3.1; Table A.3) and it may be possible to measure
§3C arbonate aNd 6O carbonate 10 sediments from these holes. Also, pelagic limestone
deposited in the Pacific around the time of OAE2 is today exposed in California,
including the Calera Limestone formation deposited in the eastern Pacific (Sliter
and McGann, 1992; Sliter, 1999) and the Laytonville Limestone formation, which is
thought to have been deposited farther south than the Calera (Tarduno et al., 1986;
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Sliter and Silva, 1990; Sliter, 1999). Measuring § B arbonate values from the time of
OAE2 in any of these sediments would make available more records of OAE2 in the
Pacific.

This thesis also touches on a few research questions outside the Pacific. One
question that is not fully resolved is why benthic foraminiferal 853C earbonate Values
generally become lower from the Neogene through the present. Another question
concerns benthic foraminiferal §Ceabonate a1d 0O carbonate values in Cenomanian
and Santonian sediments at Demerara Rise, which are anomalous in the context of
global trends during the late Cretaceous and Cenozoic (Section 5.2.2). Future work
on these questions could adjust our understanding of the long-term global carbon
cycle and the potential for spatial heterogeneity in the surficial carbon reservoir.

In summary, to better understand whether there was a global change in the
§B3Cpie at the time of OAE2, it would be useful to have more Pacific geologic records
from around this time as well as higher-resolution age models for such records. Fu-
ture work on these and other questions could adjust our understanding of OAE2 and,

more broadly, our understanding of perturbations to the carbon cycle.
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Appendix Al: Additional figures and

tables

A.1 Additional tables

Table A.1: “Unresolved” and “resolved” names of planktonic foraminiferal species used
for biostratigraphy at the sites in this thesis, as well as the taxonomic organization
database or other reference used to confirm each pair of “unresolved” and “resolved”
names. (The purpose of “resolving” taxon names is to ensure the same taxon names
are used to refer to the same species.) NSB = Neptune Sandbox Berlin; “within cores
I sampled” = NSB matched these unresolved and resolved names for a sample within
the Pacific cores that I sampled.

Unresolved name

Resolved name

Source of confirmation

Globotruncana o o o
S Dicarinella primitiva | NSB (within cores I sampled)
primitiva
Globotruncana Marginotruncana o
o o NSB (within cores I sampled)
pseudolinneiana pseudolinnetana
Globotruncana Marginotruncana o
. , NSB (within cores I sampled)
schneeganst schneeganst
Globotruncana Contusotruncana o
. , NSB (within cores I sampled)
fornicata fornicata
Globotruncana Dicarinella o
NSB (within cores I sampled)
concavata concavata | concavata
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Unresolved name

Resolved name

Source of confirmation

Praeglobotruncana Helvetoglobotruncana o
‘ , NSB (within cores I sampled)
helvetica helvetica
Globotruncana Globotruncanita o
, , , ‘ NSB (within cores I sampled)
stuartiformis stuartiformis
Globotruncana Dicarinella o
, ‘ . , NSB (within cores I sampled)
imbricata imbricata
Hedbergella Whiteinella o
, . . ‘ NSB (within cores I sampled)
brittonensis brittonensis
Heterohelix Heterohelix o
, , , NSB (within cores I sampled)
washitensis moremani
o Clavihedbergella o
Hedbergella amabilis NSB (within cores I sampled)
subcretacea

Heterohelixz reussi

Heteroheliz globulosa

NSB (within cores I sampled)

Globigerinelloides Globigerinelloides o
NSB (within cores I sampled)
asper asperus
Praeglobotruncana Whiteinella .
, . NSB (within cores I sampled)
praehelvetica praehelvetica
Globigerinelloides Globigerinelloides o
, . NSB (within cores I sampled)
caseyi bentonensis

Hedbergella reussi

Heteroheliz globulosa

NSB (within cores I sampled)

Marginotruncana Abathomphalus o

, , . . NSB (within cores I sampled)
difformis intermedius
Marginotruncana o _ o
, Whiteinella inornata | NSB (within cores I sampled)
mornata
Marginotruncana Helvetoglobotruncana o

, . NSB (within cores I sampled)

helvetica helvetica
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Unresolved name

Resolved name

Source of confirmation

Marginotruncana o , o

, Dicarinella hagni NSB (within cores I sampled)
roddai
Globotruncana Marginotruncana _

, . pforams@mikrotax
angustacarinata angusticarenata
Globotruncana Dicarinella
. , Lamolda et al. (2007)
concavata carinata asymetrica
| Marginotruncana
Globotruncana sigali 7 NSB
sigali

Globotruncana Radotruncana

) ) NSB
subspinosa subspinosa
Globotruncana Globotruncana

o . NSB

tricarinata linneiana
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Resolved name Source of confirmation
Globotruncana bulloides NSB
Globotruncana concavata )
o no confirmation
primitiva
Globotruncanita elevata NSB
Globotruncana linneiana NSB
Hedbergella simplicissima NSB
Praeglobotruncana :
. no confirmation
aumalensis
Pme.globohtruncana NSB
delrioensis
Praeglobotruncana .
3 no confirmation
paradubia
Rotalipora gandolfi no confirmation
Planomalina buxtorfi NSB
Pme.globohtruncana NSB
delrioensis
Praeglobotruncana ..
: WoRMS World Foraminifera Database
turbinata
Globzggrmellozdes NSB
ultramaicrus
Schackoina cenomana NSB
Hedbergella simplex NSB
Whiteinella baltica NSB

Table A.2: Certain “resolved” names of planktonic foraminiferal species used for bios-
tratigraphy at the sites in this thesis that were not already in the NSB database
within the cores that I sampled (17-170, 17-171, 32-305, and 62-463), and the tax-
onomic organization database used to confirm that the name could be treated as a
“resolved” name, i.e. did not correspond to a different “resolved” name. (The purpose
of “resolving” taxon names is to ensure the same taxon names are used to refer to
the same species.) NSB = Neptune Sandbox Berlin. WoRMS = World Register of
Marine Species.
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Table A.3: 29 holes in the Pacific, drilled during Deep Sea Drilling Project and
the Ocean Drilling Program, that have sediments dated to the Cenomanian and/or
Turonian stage. Notes on microfossil biostratigraphy and recovery and/or proportion
of carbonate content are included in this table. The reference for the Deep Sea Drilling
Project or Ocean Drilling Program Initial Report corresponding to each hole is also

noted.

) ) , Notes on recovery
Site and | Notes on microfossil ]
) . and /or proportion of Reference
hole biostratigraphy
carbonate content
“Poorly preserved
Cretaceous radiolarians “Except for one brief
of probable Turonian or | time during the late
Cenomanian age occur Miocene, the sea floor at
.66 at 190 meters, just 2 this site has been below | Winterer
meters above the base of | the calcite compensation | et al. (1971)
the clay...Lying depth since the
unconformably beneath | beginning of the
the clay is altered sedimentary record.”
vesicular basalt”
Biostratigraphy is not
direct, instead
determined “by
comparing the “Aside from a few
radiolarian assemblage coccoliths in cores at 76
found at this site with meters (Upper .
Winterer
17-164 those found at Cretaceous) and at 236
' et al. (1973)
subsequent sites, where meters (Lower
control by calcareous Cretaceous), no calcium
microfossils is more carbonate was detected”
substantial;” three cores
of “Cenomanian to
Turonian” age
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Notes on recovery

Site and | Notes on microfossil )
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
In core 20 “several
broken specimens of
foraminifera suggest a
Cenomanian or Albian Shipboard
age” for core 20 and the Scientific
17-166 . . -
cores below it; a “Middle Party
Eocene” core overlies 8 (1973a)
cores (18 to 25) labeled
“Late Albian to
Cenomanian.”
“Core 60 and the upper
part of Core 61 is
Turonian, and the lower
part of the same core is .
. o Shipboard
Cenomanian. Silicified o
. Scientific
17-167 foraminifera and -
o Party
nannofossils in Core 61
- o (1973b)
indicate it is early
Cenomanian, and the
late Cenomanian is
missing.”
Cenomanian-Turonian
Cores of Cenomanian, boundary crossed in Shipboard
17160 Cenomanian-Turonian, cores 8-10; core recovery | Scientific
and Turonian age is very poor in cores 8-9 | Party
recorded including core catchers (1973c¢)

only
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Notes on recovery

Site and | Notes on microfossil )
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
) Recovery is overall poor | Shipboard
Early Cenomanian and . o
] and Cenomanian and Scientific
17-170 late Turonian both ]
Turonian cores are only Party
recorded
core catchers (1973d)
. Shipboard
Turonian core recorded o
. ) Scientific
17-171 overlying “?Cenomanian” | -
Party
core
(1973e)
“Reworked sediments
suggest. . . current scour
and minor slumping Shipboard
from Aptian to Scientific
30-288A , . -
Miocene;” “Middle and Party
Lower Cenomanian” (1975a)
recorded underlying
“Lower Turonian”
“Greatly compressed
section or unconformity
_ Larson et al.
32-303 between the Cenomanian | -
. (1975)
and the Miocene”
recorded
“Greatly compressed
section or unconformity
_ Larson et al.
32-303A | between the Cenomanian | -

and the Miocene”

recorded

(1975)
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Notes on recovery

Site and | Notes on microfossil )
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
“Cenomanian to
Valanginian cherty Shipboard
section” and Scientific
32-304 . i,
unconformity between Party
late Albian and late (1975b)
Miocene recorded
“Below Campanian Core
28, sediment recoveries Shipboard
Core 36 dated to “Early _ o o
, are mainly limited to Scientific
32-305 Turonian to
. small core-catcher Party
Cenomanian”
samples of chert and firm | (1975c¢)
chalks”
“The principal result of
Core 1 dated to drilling at Site 306 was .
) Shipboard
Quaternary, cores 2-3 the penetration of nearly o
) Scientific
32-306 dated to late a half kilometer of cherts Part
ar
Albian/early and carbonate rocks, (197;/(1)
Cenomanian mainly of Early
Cretaceous age.”
“We began continuous
coring at 184 meters in
. the Campanian cherts Shipboard
Cores of Cenomanian o
. and chalks. Hole 310A Scientific
32-310A | and Turonian age )
has very poor recoveries | Party
recorded o
because it is in the (1975¢)

Cretaceous cherty

sequence. . .”
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Notes on recovery

Site and | Notes on microfossil )
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
) Shipboard
Sediments noted “dated o
Scientific
61-462 at about the C-T -
Party
boundary”
(1981a)
Sediments noted “dated
at about the C-T i
) Shipboard
61-462A | boundary;” one unit o
o Scientific
/ recorded as containing -
: ) Party
89-462A | Santonian, Turonian,
. . (1981a)
Cenomanian, and Albian
sediments
“Sub-unit is 405 meters Shipboard
thick and ranges in age Scientific
62-463 ) -
from late Albian to early Party
Maastrichtian” (1981b)
Unconformity recorded )
Shipboard
between late o
. Scientific
62-464 | Cenomanian (98 Ma) -
Party
and upper Cretaceous
(1981c)
(75 Ma)
Unconformity recorded
between late Shipboard
Cenomanian (98 Ma) Scientific
62-465A -
and upper Cretaceous Party
(75 Ma) (1981d)
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Notes on recovery

Site and | Notes on microfossil )
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
Unconformity recorded Shipboard
between “Upper Albian” Scientific
62-466 o -
and “Coniacian to Party
Turonian” (1981e)
Turonian recorded Shipboard
89-585 overlying late - Scientific
Cenomanian in core 32 Party (1986)
Turonian in core 8 Shipboard
89-585A | recorded overlying late - Scientific
Cenomanian in core 9 Party (1986)
Low carbonate content )
) Shipboard
Cores 10 through 13 are | (<10%) measured in o
129- ) Scientific
all recorded as sediments of
801A o ) o ) Party
“Coniacian-Cenomanian” | Coniacian-Cenomanian
(1990a)
age
A thin unit of “claystone
and radiolarite” coincides Shipboard
129- with a question-marked Scientific
802A transition between Party
Cenomanian and (1990Db)
Coniacian
“Upper Albian - Lower
Cenomanian” unit )
) Shipboard
130- recorded underlying an o
i - Scientific
807C “Upper Campanian -

Lower Maastrichtian”

unit

Party (1991)
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Notes on recovery

Site and | Notes on microfossil ;
) ) and /or proportion of Reference
hole biostratigraphy
carbonate content
“...near the end of the
o ) Albian, the carbonate
One subunit is identified
bank drowned. . . after
as “early to )
, . the bank Shipboard
mid-Turonian and late o
143- o drowned,. .. later Scientific
Coniacian to late ]
865B ) _ Cretaceous sediments Party
Campanian;” “cavings i
. were simply not (1993b)
from above” are recorded )
i i i deposited, or...they
in this unit
were removed by
subaerial erosion.”
Core 35 has “late )
_ . Shipboard
Turonian-Coniacian” o
143- ) Scientific
sediment, core 36 has -
8698 . Party
“late Cenomanian”
i (1993c)
sediment
Lithology of the
Cenomanian - Coniacian )
L ) ] Shipboard
o , unit is “volcaniclastic o
144- A unit is identified as L i Scientific
] o turbidites and minor
801C Cenomanian — Coniacian o Party
pelagic intervals” and
(1993a)
“brown chert and
porcellanite”
“Major unconformity )
. Shipboard
198- between the middle o
, - Scientific
1207B Miocene and upper

Campanian” recorded

Party (2002)
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Table A.4: Lithologies, biogenous marine components noted in sediments, terrige-
nous or shallow-water-derived components noted in sediments, and interpretation
of depositional environment by previous authors of shallow marine sections where
Cenomanian-Turonian 63Ceabonate values have been measured (the Gun Gardens
section at Eastbourne, UK; Clot Chevalier, Vocontian Basin, France; Pont d’Issole,
Vocontian Basin, France; wadi Bahloul, Tunisia; Gongzha, Tibet). References con-
sulted for each site are noted.

Terrigenous
Biogenous or shallow- .
] Interpretation
] ) _ marine water- o References
Site Lithologies _ of depositional
components | derived ) consulted
. . environment
in sediment components
in sediment
planktonic
and benthic . Jefferies
o silt and
foraminifera, . . (1961);
sand in open-ocean
East- calcareous i ) Jenkyns
. some beds epicontinental
bourne nannofossils, et al. (1994);
marls, marly i accompa- sea
(Gun belemnites, ) ) Gale (1996);
chalks ) ) nied by environment”
Gardens), inoceramid _ ) Paul et al.
. maxima in (Pearce et al.,
UK bivalves, ' (1999);
. Si/Al and 2009)
serpulid ) Pearce et al.
Ti/Al
worms, (2009)

ammonites
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Terrigenous
Biogenous or shallow- )
i Interpretation
) ] , marine water- . References
Site Lithologies _ of depositional
components | derived . consulted
. . environment
in sediment | components
in sediment
“a hemipelagic
domain |at] a
not noted palaeodepth of
marl,
. _ for Clot few hundred
Clot limestones; planktonic )

] o Chevalier metres
Chevalier, | some marls | foraminifera, ) ) ,

i specifically, | deepening to Falzoni
Vocontian | are calcareous

, ] i but assumed | the NE;” Pont | et al. (2016)
Basin, laminated nannofossils, o )
) _ to be similar | d’Issole is NE
France and radiolaria
o to Pont of Clot
organic-rich )
d’Issole Chevalier
(Falzoni et al.,
2016)
abundant
planktonic “hemipelagic
foraminifera, | large ... Paleowater
Pont benthic amount of depths were
on
{'Tssol marl, foraminifera, | silt in shale | likely in the Grosheny
5SSO e7 . . .

) limestone, radiolaria, beds, spores | order of a few | et al. (2006);
Vocontian )
Bagi and black sponge and pollen hundred Jarvis et al.

asin, . . .
shale spicules, (terrestrial | meters in the | (2011)
France )
calcareous paly- central basin”
nannofossils, | nomorphs) (Jarvis et al.,
dinoflagel- 2011)

late cysts
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Terrigenous
Biogenous or shallow- )
i Interpretation
) ] , marine water- . References
Site Lithologies . of depositional
components | derived . consulted
. . environment
in sediment | components
in sediment
] “outer shelf of
ammonites, o
calcareous the Tunisian
abundant
marl and , platform”
) planktonic abundant
laminated (Caron et al., )
) o and rare quartz Maamouri
wadi organic-rich ) o 2006); located
, benthic grains in et al. (1994);
Bahloul, limestones; o at the level of
o foraminifera, | sandy Caron et al.
Tunisia some ) , ) a gently
. radiolaria, limestone ] (1999, 2006)
detrital . sloping
) filaments*, unit
limestone slope”™**
) and rare )
(calcarenite) , (Maamouri
calcispheres
et al., 1994)
marl, planktonic o .
. ) turbiditic ) ) Willems
limestone and benthic “hemipelagic
o layers et al. (1996);
and marly foraminifera, o slope )
Gongzha, | . . containing ] Li et al.
_ limestone; radiolaria, o environment”
Tibet _ silt-size (2006);
some silty filaments™, (Bomou et al.,
clasts of Bomou
marl and and rare 2013)
. quartz et al. (2013)
shale calcispheres

* Bomou et al. (2013) identify the filaments as planktonic bivalve larvae shells

** translated from the French “situé au niveau de talus faiblement penté”




Source for
lanktonic Source for
Source for bulk P .. benthic
13 foraminiferal ..
. 0 °Cearbonate and . foraminiferal
Site 5180 and nannofossil 513C and
carbonate (slcharbonate and 18 carbonate
values 18 5 Ocarbonate
6 Ocarbonate
values
values
this thesis;
Douglas (1973);
17-167 Coplen and ) )
Schlanger (1973)
17-169 this thesis - -
17-170 this thesis - -
. . Douglas and
17-171 this thesis Savin (1973) -
30-288A this thesis - -
Douglas and D
this thesis; Price | Savin (1975); Friedrich et al.
32-305 . (2012); Douglas
et al. (1998) Price et al. and Savin (1975)
(1998)
. . Douglas and
32-310A this thesis Savin (1975)
Boersma and Boersma and
Shackleton Shackleton
69.463 this thesis; Price | (1981); Price (1981); Friedrich
et al. (1998) et al. (1998); et al. (2012);
Price and Hart Price and Hart
(2002) (2002)
89-585 this thesis - -
89-585A this thesis - -
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Table A.5: Sources of the bulk, planktonic foraminiferal and nannofossil, and benthic
foraminiferal §Cearponate a0d 0¥ Ocarbonate values at Pacific sites examined in this
thesis.
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A.2 Additional figures

30 1 planktonic foraminifera
(Erez and Luz 1983)
planktonic foraminifera
(Bemis et al. 1998)

benthic foraminifera
251 (Shackleton 1974)

inorganically precipitated calcite

— (O'Neil 1969)
by inorganically precipitated calcite
@ 20 — (Kim and O'Neil 1997)
5
©
(0]
Q.
g
+ 15
10 1

-4.0 -35 -3.0 -25 -2.0 -15 -1.0 -0.5 0.0
5180carbonate (%0 VPDB)

Figure A.1: Temperatures corresponding to §*Ocabonate Values for the range of bulk
60 carbonate values measured in this thesis, per the experimentally calibrated equa-
tions of Erez and Luz (1983) for planktonic foraminifera, Bemis et al. (1998) for plank-
tonic foraminifera, Shackleton (1974) for benthic foraminifera, O’Neil et al. (1969) for
inorganically precipitated calcite, and Kim and O’Neil (1997) for inorganically precip-

itated calcite. The Cretaceous ocean is assumed to have a §'°0 of -1.2%0 (Shackleton
and Kennett, 1975).
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Figure A.2: Depth of old (>20 Myr) lithosphere as it approaches an asymptotic
igneous basement depth of 5651 m, following the approximation of Stein and Stein
(1992) (Equation 2.2). When the distance between the crust and its asymptotic depth
is 5% of the distance at crustal formation (in other words, 95% of the approach to
the asymptote is complete), the distance between the crust and the asymptotic depth

1s 225 m.



166

Figure A.3: The distinctly colored zones of sample 17-167-60-2-41 /42 viewed under a
microscope.
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Figure A.4: Histogram of the beam area / mass ratios of aliquots of UVIC-1 and
UVIC-3 (n = 189), which are pure calcite standards. Also shown are the normal
distribution function with the same mean p and standard deviation ¢ as this distri-
bution (x4 = 3.16 x 107 Cmg™!, 0 = 0.54 x 107 C-mg~!), and the 20 range (2.07
x 107 C-mg™! to 4.25 x 107 C-mg™!) associated with this normal distribution.
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Figure A.5: From Jarvis et al. (2011), captioned “(b) Cenomanian paleogeography
of Europe showing location of the main study sites. CTB is Cenomanian-Turonian

boundary. Modified from Philip et al. [2000].”



169

g|o=10 mm 17-171 (n = 61)
= 5 - e 32-310A (n = 7)
€ BN 62-463 (n = 54)
> olo=046 32-305 (n = 12)
5 3 ‘ I s 30-288A (n = 55)
= L. B 17-167 (n = 14)
8 g|0=039 17-169 (n = 11)
& « ~ B 17-170 (n = 26)
S o|0=036 B 89-585 (n = 17)
2 2 mmm 89-585A (n = 11)
] oN
C
S o|0=0.34 I
c O
T O
E N
2 olo0=0.33
v O
O -
o ™ d J I
© T
.C
g 0.12
-8 8 o= 0.
Q 9
g <
53 0=0.23
L n
% o|0=0.39
© o
s R
© o[o=033

o

[o0]

n

0 1 2 3 4

6 13Ccarbonate (%o VPDB)

Figure A.6: §"Curbonate distributions at Pacific sites in this thesis, plotted in order of
increasing estimated paleodepth of site at the Cenomanian-Turonian boundary. Sites
are categorized as either “shallow” < 1500 mbsl (17-171), “intermediate” 1500 - 3500
mbsl (32-310A, 62-463, 32-305, 30-288A, 17-167), or “deep” > 4500 mbsl (17-169,
17-170, 89-585 and 89-585A) during the Cenomanian-Turonian. For each site the
standard deviation (o) is calculated (which assumes a Gaussian distribution). Only
samples from sediments that could have Cenomanian and/or Turonian age, based on
biostratigraphy, are included.
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Figure A.7: Presence or absence of each of 65 species of planktonic foraminifera at

each of 10 Pacific sites examined in

this thesis.
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Figure A.8: Bulk 80 ¢carbonate distributions at Pacific sites examined in this the-
sis, plotted in order of increasing estimated paleodepth of site at the Cenomanian-
Turonian boundary. Only samples from sediments that could have Cenomanian
and /or Turonian age, based on biostratigraphy, are included. At the top are shown
the temperatures corresponding to these § B0 carbonate values if temperature-controlled
fractionation were the only control on 80 carbonate; Per the equation of Kim and
O’Neil (1997) for inorganically precipitated calcite (see Figure A.1).
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Figure A.9: (A) Black manganese dendrites observed at 122-123 cm in the layer of
well cemented carbonate (122 - 150 cm) underlying hyaloclastite (base of hyaloclastite
visible at 122 c¢m in photo) at 17-171. (B) Dendrites observed at 122 cm in cross-

sectional view of core.
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Sites with data > 66 Ma from Cramer et al. 2009 and Friedrich et al. 2012
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Figure A.10: Sites from the benthic foraminiferal §**Carbonate a0d 0 *Ocarbonate COM-
pilations of Cramer et al. (2009) and Friedrich et al. (2012) with §'*Carponate data
from samples of Cretaceous age (i.e. > 66 Ma). The map uses present-day geography
(i.e. arrangement of continents).
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Appendix A2: List of features noted

in samples

Samples from DSDP expeditions were examined under a microscope and described.
In samples that were not powder residues from previous workers I observed all sides of
each sample, and noted features such as the grain size of the matrix and the presence
or absence of chert. Here is a non-exhaustive list of features I noted in more than one

sample, with examples shown in Figure A.11.

e Angular chert pieces more than 1 mm long at their longest dimension

Dark flecks which may be organic matter

Different-colored zones of the sample, e.g. in Figure A.3

Fine layers

e Manganese dendrites

Round white components which may be calcispheres
e Veins

I also noted certain features which likely developed after the samples were retrieved

from the seafloor, including;:
e Glutinous lumps on the surface of the sample only

e White filamentous crystals identified as gypsum on the surface of the sample

only

Examples of these are also shown in Figure A.11.
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Figure A.11: (A)
Piece of chert in the
carbonate matrix of
the sample 32-305-28-
2-133/134, wunder a
microscope. (B) Dark
flecks in the sample
89-585-32-2-17/18,
under a microscope.
(C) Fine layers in the
sample 30-288A-23-2-
105/106. Note that
the marks from cut-
ting (on the top part
of the sample) are ori-
ented differently from
the layers (identifiable
because they vary in
darkness of color).
(D) Manganese den-
drites in the sample
30-288A-25-1-93/94.
(E) Round white com-
ponent in the sample
89-585-32-2-52-53, un-
der a microscope. (F)
A vein in the sample
30-288A-26-1-57/58,
under a microscope.
(G) Glutinous lumps
on the sample 17-
169-4-CC, wunder a
microscope. (H) Fil-
amentous crystals on
the sample 30-288A-
20-2-17/18, under a

microscope.
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Appendix A3: Detail on three
analyses excluded for reasons other

than beam area

Two analyses were excluded because of concern about instrument stability
immediately following analysis of a sample very rich in labile organic car-
bon. During one mass spectrometer run (12 June 2023), analyses of natural aliquots
were conducted after powders of dried kelp were analyzed. I noted that the VTS
standards run after the kelp were slightly lower than expected (after correction their
§'*C values were -1.62%0 to -1.74%0 compared to an expected value of -1.48%c). Due
to concern that this unusual material might have temporarily affected the mass spec-
trometer, I excluded the analyses conducted in the block immediately following the
kelp analysis, which accounts for 2 of the 3 analyses excluded for reasons other than

beam area.

One analysis was excluded because the §'C and §'®0 values of the mon-
itoring standard (VTS) at the end of the run diverged noticeably from
the accepted values. During another mass spectrometer run (14 July 2023), the
§13C and 6'0 values of the monitoring standard (VTS) at the end of the run (final
block of standards) diverged noticeably from the accepted values (i.e. two subsequent
measurements of VTS yielded §'*Cs of 10.96%o and 11.02%c compared to an accepted
value of -1.48%y, and 8Os of 30.73%0¢ and 30.58%o compared to an accepted value
of -8.54%0). I excluded all analyses conducted in the block immediately prior to this
block of standards. This block had only two samples in it, and one was already ex-
cluded because its beam area was below the cutoff. The other sample accounts for

the final analysis that was excluded for reasons other than beam area.



Appendix A4:
12 June 2023

178

Samples measured on

Top Bottom | Top Bottom s13C 5180

Core tS.ec— offset | offset | depth | depth ?B?? ( Z Mass (Yoo (Yoo
U em) | (em) | (ubsf) | (mbsf) ) (me) | \ppp) | veDB)

32 1 75 76 531.95 | 531.96 | 3.02 0.84 1.62 -2.35
32 3 10 11 534.3 534.31 | 3.64 0.933 | 1.83 -1.97
32 3 42 43 534.62 | 534.63 | 3.24 0.906 | 1.31 -2.13
32 3 55 56 534.75 | 534.76 | 3.83 0.856 | 1.51 -2.76
32 3 72 73 534.92 | 534.93 | 5.44 0.833 | 1.79 -2.21
32 3 79 80 534.99 | 535 6.31 0.927 | 1.71 -2.71
32 3 104 105 535.24 | 535.25 | 5.06 0.767 | 1.64 -2.48
32 4 31 32 536.01 | 536.02 | 6.91 0.91 1.71 -2.56
32 4 76 7 536.46 | 536.47 | 5.40 0.813 | 1.64 -2.06
34 1 37 38 549.87 | 549.88 | 6.82 0.782 | 2.41 -2.60
34 1 92 93 550.42 | 550.43 | 7.82 0.793 | 2.28 -2.36
34 1 130 131 550.8 550.81 | 7.03 0.905 | 2.23 -2.70
34 2 16 17 551.16 | 551.17 | 8.38 0.878 | 2.48 -2.02
34 2 91 92 551.91 | 551.92 | 3.67 0.803 | 2.40 -2.33
35 1 106 107 559.66 | 559.67 | 2.64 0.893 | 1.56 -2.44
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Appendix A5: Subsidence curves for

Pacific sites

Here I present, for each Pacific site in this thesis, a plot of depth (in mbsl) vs. age

(in Myr), showing crust since the time of formation (in blue), sediments since the

time of deposition (for the beginning of the Cenomanian, the Cenomanian-Turonian

boundary, and the end of the Turonian, in red, orange, and yellow respectively), and

present-day seafloor depth (in turquoise). Squares indicate that the depth shown

is the depth of the seafloor at that time. Plots are in order of increasing estimated

paleodepth of deposition at the Cenomanian-Turonian boundary. The inflection point

that occurs 20 Myr after crustal formation in many of these plots is a consequence of

using Equation 2.1 for ocean crust of age <20 Myr and Equation 2.4 for ocean crust

of age >20 Myr (Section 2.4), not a realistic feature of crustal subsidence.

17-171

1000 1

2000 {

30001

depth (mbsl

4000 1

5000 1

6000 {

7000 -

100 80 60 40 20 0
age (Myr)

from Thiede, Vallier, et al. 1981, Figure 4:
"present depth"
"isostatic correction"
"paleodepth of deposition"

—— top of igneous basement
— present-day seafloor
------ sediment deposited at 100.5 Ma
- sediment deposited at 93.9 Ma
sediment deposited at 89.8 Ma

Shipboard Scientific Party (1981b) estimated the paleodepth of deposition at 17-171,



and their estimate is shown on this figure.
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Appendix A6: Seismic profiles and

bathymetric maps of Pacific sites

Seismic profiles and bathymetric maps are reproduced from the DSDP Initial Report
for the Pacific sites studied in this thesis. Sites are presented in order of increasing

estimated paleodepth of deposition at the Cenomanian-Turonian boundary.
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19 MAY 1971

Figure 11 from Shipboard Scientific Party (1973e). Captioned, “Seismic profile
recorded by Glomar Challenger in the vicinity of Site 171, showing south edge of
guyot.”
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From the first page of Shipboard Scientific Party (1973e). No caption.
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Figure 3 from Shipboard Scientific Party (1975e). Captioned “Seismic profiler section
approaching and leaving Site 310.”
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Figure 1 from Shipboard Scientific Party (1975e). Captioned “Bathymetry in the
region of Site 310 (after Chase et al. 1971). Contour interval 200 fm uncorrected.”
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12002 6Z 1
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August 2, 1978 CRS 020°—| CRS 289°—

Figure 7 from Shipboard Scientific Party (1981b). Captioned “ Glomar Challenger
Leg 62 seismic-reflection profile made during the approach to Site 463.”
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Figure 1 from Shipboard Scientific Party (1981b). Captioned “Location of DSDP sites

in the central North Pacific.”
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Figure 4 from Shipboard Scientific Party (1975¢). Captioned “Seismic profiler section
approaching and leaving Sites 305 and 306.”

Figure 1 from Shipboard Scientific Party (1975c). Captioned “Bathymetry in the
region of Sites 305 and 306 (after Chase et al. 1971). Contour interval 200 fm
uncorrected.”
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Figure 3 from Shipboard Scientific Party (1975a). Captioned “Seismic profile taken
on D/V Glomar Challenger on approach to Site 288.”
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%

Figure 2 from Shipboard Scientific Party (1975a). Captioned “Location of Site 288
on the Steward Basin and the adjacent part of the Ontong Java Plateau. Contours
in hundreds of meters. (Bathymetric map from Kroenke, 1972).”
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Figure 2a from Shipboard Scientific Party (1973b). Captioned, “Seismic profile
recorded by Glomar Challenger while approaching Site 167.”

From the first page of Shipboard Scientific Party (1973b). No caption.
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Figure 2 from Shipboard Scientific Party (1973¢). Captioned, “Seismic profile recorded
by Glomar Challenger along a course between Sites 168 and 169. See Figure 3 for
track.”
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From the first page of Shipboard Scientific Party (1973c). No caption.
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Figure 2 from Shipboard Scientific Party (1973d). Captioned, “Seismic profile
recorded by Glomar Challenger while approaching Site 170.”
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From the first page of Shipboard Scientific Party (1973d). No caption.
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89-585 and 89-585A

Two-way traveltime (s)

Figure 7 from Shipboard Scientific Party (1986). Captioned “Air gun seismic profile
approaching MZP-6, which is Site 585, Mariana Basin.”
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Two-way traveltime (s)

=10

Figure 9 from Shipboard Scientific Party (1986). Captioned “Air-gun record upon
leaving Site 585, showing Mariana Basin at left and the northern slope of Ita Maitai
Guyot at right (south); ¢/s = change of scale; ¢/c = change of course.”
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Figure 6 from Shipboard Scientific Party (1986).
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Captioned “Glomar Challenger

track near Site 585. Bathymetry, contoured in seconds of two-way traveltime, from
Duennebier and Petersen (1982), Chase et al., (1970), Heezen, MacGregor, et al.,
(1973a), and Figure 3 (this chapter). One second is about 750 m depth; therefore the
abyssal plain of the Mariana Basin is slightly deeper than 6000 m.”
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Appendix A7: Histograms of fossil

occurrence intervals

Histograms of §'2Ceabonate values in the fossil occurrence intervals (see Section 4.4)
of every species considered in this thesis (65 planktonic foraminifera species). His-
tograms are presented in order of lowest occurrence (sometimes called first occurrence)
of the species according to pforams@mikrotax (www.mikrotax.org/pforams/, Huber
et al., 2016; Young et al., 2019). When a range was given as the lowest occurrence,
the early end of the range was taken as the lowest occurrence. Globotruncana con-
cavata primitiva was not found in pforams@mikrotax, but Premoli Silva and Bolli
(1973) write that “G. concavata primitiva has its first occurrence in the upper part of
the latest Turonian-Early Coniacian Globotruncana schneegansi Zone,” so its lowest
occurrence was set to the base of the Globotruncana schneegansi zone according to
pforams@mikrotax (89.75 Ma). If no o BC arbonate Values were reported within the
fossil occurrence interval for a species at any of the sites in this thesis, no histogram

for the species is presented.
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Appendix A8: Evaluating
microhabitat vital effects on benthic

foraminiferal o 13C(:arbonate values at
sites 62-463 and 32-305

The benthic foraminifera species with §**Cearbonate Values reported in this thesis dwell
in a range of sediment depths from the sediment-water interface to centimeters be-
low it (0.5 cm to about 15 cm; Corliss, 1985). Specifically, 14 benthic foraminiferal
013C carbonate Values are measured in species dwelling mainly on top or within the top
0.5 cm of the sediment (5 Globorotalites conicus, 3 genus Nuttallides including 2
Nuttallides truempyi, 2 genus Gavelinella, 2 genus Gyroidinoides, and 2 genus Osan-
gularia), 5 in species dwelling deeper in the sediment (5 genus Praebulimina), and
3 samples of unidentified “mixed” species do not have habitat noted (Widmark and
Speijer, 1997; Erbacher et al., 1998; Dubicka et al., 2018; Wolfgring et al., 2022).
Microhabitat vital effects can lower benthic foraminiferal 6 Cearponate values rel-
ative to seawater 6°Cpc for foraminifera living in pore water with lowered ¢'*Cpc
(Section 1.2.3; Friedrich et al., 2006; Hoogakker et al., 2024). In the modern mid-
Pacific, the 6'*Cpyc of pore water can decrease by as much as 1%o per centimeter be-
low the sediment-water interface (McCorkle et al., 1985). Of the benthic foraminiferal
samples reported here, 5 belong to a taxon of foraminifera thought to range from very
shallow in the sediment to much deeper (Praebulimina; Dubicka et al., 2018). Their
03C carbonate values could be significantly offset by this microhabitat effect, but it is
unlikely that they have been, because they are consistently similar to 0 BC carbonate
values from other benthic foraminiferal taxa that dwell mainly on top or within the

top 0.5 cm of the sediment.
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Appendix A9: Evaluating the impact
of aragonite vs. calcite proportion
and species-specific vital effects on

0 13Ccarbonate and 9 18()carbonate
values at 62-463 and 32-305

It is unlikely that differing proportions of aragonite vs. calcite in samples are re-
sponsible for the 6*Cearponate Offsets between bulk and benthic foraminiferal samples.
Bulk carbonate can contain biogenically and inorganically precipitated calcite and
aragonite, while nannofossils and foraminifera have predominantly calcite shells (Mil-
liman, 1993), and may therefore have lowered & BC arbonate values relative to bulk
carbonate. However, aragonite is expected to stabilize to calcite after its burial (Sec-
tion 1.2.5), including when exposure of carbonate sediments to diagenetic fluid is low
(Hashim and Kaczmarek, 2021). Even if aragonite persisted, benthic foraminifera
do not generally contain a higher proportion of calcite than planktonic foraminifera
(Blackmon and Todd, 1959). Therefore this effect would not explain why benthic
foraminiferal 6'3Ceabonate values are much lower than planktonic foraminiferal and
nannofossil §2Cearbonate values relative to bulk §3Cearbonate Values.

Some of the taxa of benthic foraminifera considered here have documented vital
effects that offset their 6*Ciarbonate Values in a positive direction by < 1%o. For ex-
ample, Katz et al. (2003) determine for the early Cenozoic that Nuttallides truempyi
(composing 2 of the samples reported here) has 6 *Cearbonate 0-34%0 higher than Cibi-
cidoides, whose 6>Cearbonate value matches 6> Cpic depending on seawater carbonate
chemistry (Schmittner et al., 2017; Nederbragt, 2023). Katz et al. (2003) also deter-
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mine for the early Cenozoic that Praebulimina (composing 5 of the samples reported
here) has & BC arbonate 0.19%0 higher than Nuttallides truempyi. The literature there-
fore suggests that vital effects would raise benthic foraminiferal 6'2Cabonate Values rel-
ative to seawater §*Cpic by 0.34-0.53%0 in the 8 samples of Nuttallides truempyi and
Praebulimina. These vital effects would be expected to counteract the observed offset
wherein bulk 63Clabonate values are higher than benthic foraminiferal & BC carbonate
values, although slightly, since bulk samples likely contain benthic foraminiferal com-
ponents. They cannot be responsible for the observed ¢ BC arbonate Offsets between

bulk and benthic foraminiferal samples.
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Appendix A10: Interbasinal
differences in §13Cprc during the

Cretaceous

Cramer et al. (2009) and Friedrich et al. (2012) (the authors of the two benthic
foraminiferal ¢Cearponate a0 02O carbonate compilations) argued for interbasinal dif-
ferences in §'*Cpjc during the Cretaceous, notably between the North Atlantic and
the Pacific. First, the temporal and spatial distribution of data in these compilations
is arguably too sparse to draw this conclusion (Figure A.10). In the compilation of
Cramer et al. (2009), Cretaceous § BCarbonate data are available from 3 sites in the
Pacific and 2 sites in the North Atlantic, and almost all data are from the end of
the Cretaceous (after 80 Ma). The Friedrich et al. (2012) compilation covers more
Cretaceous time (115-65 Ma) than the Cramer et al. (2009) compilation, but the ge-
ographical distribution of data remains sparse in this compilation, with only 2 sites
in the Pacific and 4 sites in the North Atlantic (3 when Demerara Rise is omitted).
2-4 sites may not be representative of an entire ocean basin because local factors like
those discussed in Section 5.1.1 may change their §"*Carbonate-

Second, combining the two compilations makes the average interbasinal difference
between the North Atlantic and the Pacific smaller. In the compilation of Friedrich
et al. (2012), the North Atlantic has lower average Cretaceous § BC arbonate than the
Pacific by 0.85%0 due to Cenomanian-Santonian Demerara Rise §">Cabonate values,
which account for more than a third of all Cretaceous data in the compilation and are
uniquely low (Figure 5.6). When Cenomanian-Santonian Demerara Rise ¢ BC carbonate
values are omitted, average North Atlantic Cretaceous 6"®Cearbonate 15 0.28%0 greater
than average Pacific Cretaceous §'*Carponate in the Friedrich et al. (2012) compilation.
In the compilation of Cramer et al. (2009), the North Atlantic has lower average

Cretaceous 6 *Cearbonate than the Pacific by 0.75%0. However, when the compilations
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are combined, this difference is 0.34%p. If this does represent an interbasinal difference

in §'3Cpic, rather than an artifact of sparsity of data, the difference is a small one.
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