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ABSTRACT

Pelagic clays cover nearly one half of the ocean floor, but are rarely used for
paleoceanographic research because of their extremely slow sedimentation rates, post-
depositional alteration(s), and the lack of biogenic material available to provide ages. My
dissertation develops and applies approaches to study pelagic clays by targeting the
largest marine sediment province in the world: the South Pacific Gyre (SPG). | present an
unprecedented spatially and temporally extensive paleoceanographic history of the SPG
and discuss authigenic processes in pelagic clays that are linked to changes in global
seawater composition through the Cenozoic.

My research was based on an extensive inorganic geochemical dataset |
developed from samples gathered during Integrated Ocean Drilling Program Expedition
329. | applied multivariate statistical techniques (e.g., Q-mode factor analysis and
constrained least squares multiple linear regression (CLS)) to the dataset in order to (a)
identify the existence of six end-members in pelagic clay (namely, eolian dust, Fe/Mn-
oxyhydroxides, apatite, excess Si, and two types of volcanic ash), (b) quantify their

abundances, (c) determine their mass accumulation rates, and (d) infer major features in

Vil



the paleoceanographic evolution of the SPG. Key parts of my research also developed
improved MATLAB codes to facilitate and speed the search for best fitting end-member
combinations in CLS modeling. Additionally, | expanded the natural gamma radiation
instrumental capabilities on the D/V JOIDES Resolution to quantify concentrations of
uranium, thorium, and potassium.

| dated the pelagic clay at four of the IODP sites with a cobalt-based age model
that | developed, and documented that the seawater behavior of cobalt determines the
extent to which this method can be applied. Collectively, the results track the spatial
extent of dust deposition in the SPG during the aridification of Australia, dispersed ash
accumulation from episodes of Southern Hemisphere volcanism, and other features of
Earth’s evolution during the Cenozoic. | further quantified two geochemically distinct
types of authigenic ash alterations within the pelagic clay, indicating that altered ashes
may be a significant and variable sink of magnesium in seawater over geologic

timescales.
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CHAPTER 1: Introduction and Overview

Pelagic clays cover nearly one half of the ocean floor (Figure 1.1), but relatively
few marine sediment cores have targeted the extraction of this sediment type.
Characterized by extremely slow sedimentation rates, the lack of biogenic material to
create an age model, and post-depositional alteration(s), pelagic clays can be a challenge
to use for paleoceanographic research. The overarching goal of my dissertation research
was to utilize these characteristics and elucidate the usefulness and importance of pelagic
clays in the global oceans and marine sediment records, making this vast region of the
ocean floor more intellectually accessible to the paleoceanographic community. My work
is based on pelagic sediment from seven sites drilled in the largest sediment province in
the world: the South Pacific Gyre.

The spatial extent of the South Pacific Gyre is ~5.2 x 10’ km*and it is bordered by
the Equatorial Pacific Current to the north, the Peruvian Current to the east, the Antarctic
Circumpolar Current to the south, and the East Australian Current to the west. These
large currents define the SPG and act to isolate the center of the gyre from nutrient
upwelling. The low nutrients in the surface water severely limits primary productivity
(Figure 1.2) and causes the SPG to have the clearest waters in the world. The SPG has the
deepest reported euphotic zone (i.e. the depth in the water column at which visible
radiation is reduced to 1% of the amount at the surface) of 170 meters below sea level
(Morel et al., 2007). Measurements made using a Secchi Disc recorded the visibility of
SPG waters at ~60 meters below sea level (Hoppie et al., 2011). The low particle fluxes

in the water column and the vast distance from continents (Figure 1.3) causes the SPG to



have the slowest marine sedimentation rates in the world (~0.1-1 "'m/year, Dunlea et al.,
2015h).

The slowly accumulating sediment of the SPG (Figure 1.4 and 1.5) has not only
received little attention from the scientific community, but its very existence was
questioned as recently as ten years prior to the completion of this dissertation. Four years
before | started my graduate studies, a geophysical survey was published concluding that
vast regions of the SPG were barren of sediment (Rea et al., 2006). Since then, multiple
expeditions have cored and drilled sediment from the region they claimed was bare. One
such cruise was Integrated Ocean Drilling Program (I0DP) Expedition 329, which sailed
my first semester of graduate school (October - December 2010) and extracted the cores
on which my dissertation research is based. My dissertation advisor (R. W. Murray) was
a participant on the cruise, which was led by Co-Chief Scientists S. D’Hondt (University
of Rhode Island, Graduate School of Oceanography) and F. Inagaki (Japan Agency for
Marine-Earth Science and Technology, Kochi Institute for Core Sample Research).

IODP Expedition 329 drilled marine sediment and basalt at seven sites in the
South Pacific Gyre with the main scientific objective of characterizing the subseafloor
biosphere (Figure 1.6). The extreme nutrient-deplete, slow-accumulating conditions in
the center of the gyre isolate the pelagic clay allowing for the examination of the origins
and limits of life in the subseafloor and the geochemical reactions specifically affecting
this sediment type. Due to the slow sedimentation rate, the sediments from the SPG also
provide an unparalleled opportunity to examine paleoceanographic changes through the

Cenozoic.



During my Ph.D., in addition to my paleoceanographic research, 1 worked with
colleagues addressing the nature of life in the subseafloor of the SPG. Specifically, we
tested the hypothesis that radiolytic hydrogen can sustain very low rates of metabolic
activity even when organic material is absent. In addition to the chapters presented in this
dissertation, | contributed significantly to, and am co-author on, two publications
examining the role of hydrogen utilization in the Equatorial Pacific (Adhikari et al.,
2016) and the SPG (Dzaugis et al., 2016).

In addition to this Chapter 1, this dissertation is structured with five main
chapters. Four of these chapters have each been published in peer-reviewed journals, with
me as the lead author. The fifth chapter is a manuscript my colleagues and | will submit
soon, again with me as lead author. The content of Chapters 2-5 are identical to the
published articles, but the figure and table numbers have been adjusted for cohesiveness
and consistency within this dissertation. For Chapter 6, any discussion and interpretation
that appear in the final publication will supersede the ideas presented here.

The idea for Chapter 2 “Assessment and use of NGR instrumentation on the
JOIDES Resolution to quantify U, Th, and K concentrations in marine sediment” (Dunlea
et al., 2013) was conceived by my co-authors (Richard W. Murray, Robert N. Harris,
Maxim A. Vasiliev, Helen Evans, Arthur J. Spivack, and Steve D’Hondt) during
Expedition 329 on the South Pacific Gyre as a way to expand and develop new
capabilities for an instrument on the JOIDES Resolution drillship. The NGR instrument
detects natural gamma radiation being emitted by marine sediment cores and generates

spectra of different energy levels. Specific energy levels are produced by the decay of



specific elements and their peak heights in the spectra are proportional to the element
concentration. Previously, the measured spectra were integrated over many peaks and
reported as the total natural gamma radiation in counts per second. In this chapter, we
develop a technique that calibrates the NGR spectra and determines the concentrations of
U, Th, and K in the marine sediment. | determined U, Th, and K concentrations in
samples from the SPG by well-established techniques (namely, inductively coupled
plasma emission spectrometry [ICP-ES] and ICP-mass spectrometry [ICP-MS]) and
compared them to the estimated concentrations produced by the NGR instrument. We
identified important nuances to the calibration (e.g., density corrections) that are essential
to the NGR calibrations. We also discussed the importance of secular disequilibrium in
younger sediment that may cause a difference between the concentrations estimated by
NGR and the “known” concentrations analyzed by well-established, conventional
techniques.

In Chapter 3, “Dust, volcanic ash, and the evolution of the South Pacific Gyre”
my co-authors (Richard W. Murray, Justine Sauvage, Arthur J. Spivack, Robert N.
Harris, and Steven D’Hondt) and | construct a multi-site record of the climatic and
oceanographic history of the South Pacific Gyre through the Cenozoic (Dunlea et al.,
2015a). | describe in detail the methods of the geochemical analyses | used to create an
extensive geochemical dataset (47 elements, 206 samples) and the statistical models of
the dataset that | used to determine sediment provenance. We quantified the accumulation
rates of six sediment sources to the pelagic clay, being careful to geochemically

differentiate dust from the dispersed ash components within the bulk pelagic clay



(Fe/Mn-oxyhydroxide, apatite, excess Si, dust, rhyolitic ash, and basaltic ash). We then
link trends in the accumulation of each end-member to global climatic events. For
example, the accumulation of dust in the SPG reflects the evolution of the aridity of
Australia and wind patterns through the Cenozoic.

The age model we used for our paleoceanographic record in Chapter 3 is
described and developed in Chapter 4, “Cobalt-based age models of pelagic clay in the
South Pacific Gyre” (Dunlea et al., 2015b). The cobalt (Co) dating technique that we use
to construct an age model for the pelagic clay had been used sparsely since research in
the 1970’s and 1980’s, and is one of the few methods that is able to determine
instantaneous sedimentation rates and ages of pelagic clay sequences (e.g.,
Krishnaswami, 1976; Kadko, 1985 Kyte et al., 1993). The premise of the Co-based
model is that the deposition of “hydrogenous” Co from the water column to the sediment
is spatially and temporally constant and thus sedimentation rates are inversely
proportional to concentrations of “hydrogenous” cobalt in the sediment. While
seemingly straightforward, when we attempted to apply the method to the pelagic clays at
four sites in the SPG, we determined that the deposition of hydrogenous Co was variable
to an extent that simple application of the existing Co-based methods would lead to
misleading conclusions. Instead, we found it varied between sites and the differences
could be explained by the heterogeneities and behavior of Co in the water column.
Despite these complexities, we were able to construct an age model that could be used for

broad scale paleoceanographic interpretations of the sediment data.



Chapter 5, “Optimization of end-members used in multiple linear regression
geochemical mixing models” (Dunlea and Murray, 2015), is an improvement to the
process of identifying the best fitting end-members in a constrained least square multiple
linear regression model (CLS). Previously, to construct a CLS model end-member
compositions would be hypothesized and run in a MATLAB code that produced
goodness of fit statistics for that one run (Pisias et al., 2013). When an end-member
composition was unknown or yielded a poor goodness-of-fit, additional end-members
and end-member combinations would be tested in a trial-and-error approach. The new
MATLAB codes and instructions included in this chapter offer a significantly more
efficient way of testing many end-member combinations. The output allows for an easy
comparison of all the goodness-of-fit statistics for each combination, which helps guide
the user to the best model or indicates how the model may be improved. While the novel
part of the MATLAB code is relatively simple, the effectiveness of finding the best end-
members for a CLS model is significantly improved.

Chapter 6, “Deep Sea Clay and global seawater Mg though the Cenozoic” is a
manuscript co-authored by Richard W. Murray, John A. Higgins, and Danielle P.
Santiago Ramos that we will be submitting soon to a peer-reviewed journal to be
determined later. The research for this study began while | was creating the provenance
models for the study in Chapter 3 and | observed that two ash-layer compositions fit the
data well when used as end-members in a CLS model. Both of these ash layers were
rhyolites if 1 examined the elements likely not affected by authigenic processes (i.e. Al,

Ti, Cr). However, one ash layer was enriched in Mg and the other was slightly enriched



in K relative to typical rhyolite values, indicating these element concentrations were
affected by post-depositional alterations. In Chapter 3, I avoid the authigenic affects by
excluding Mg and K and quantifying the total flux of rhyolite ash based on refractory
elements specifically selected as they are not affected by these authigenic reactions, and
thus track the *“original” ash input. In this Chapter 6, we include Mg and K in the element
menu and quantify the presence of each type of altered ash. The authigenic nature of the
Mg-enriched ash is supported by isotopically heavy '*Mg signature that correlates with
the mass fraction of Mg-ash in pelagic clays from the SPG determined in the statistical
models. We hypothesize that the incorporation of Mg into ash on or below the seafloor
may be sufficiently large and variable to explain changes in seawater composition over
the Cenozoic.

In addition to these four publications, during my Ph.D. | spent 125 days at sea
while participating in three oceanographic research cruises: R/VV Marcus G. Langseth
Line Islands Ridge Paleoceanography (26 days, May, 2012), IODP Expedition 346 on the
JOIDES Resolution (61 days, July-September, 2013), R/V Knorr KN223 Research Ridge
(38 days, October — December, 2014). My participation on the R/V Marcus G. Langseth
cruise as well as post-cruise XRF scanning performed by myself and Richard W. Murray
at Woods Hole Oceanographic Institution (WHOI), led to my co-authorship of two
articles “Glacial-Interglacial Changes in Central Tropical Pacific Surface Seawater
Property Gradients” (Lynch-Stieglitz et al., 2015) and “Dynamic carbonate sedimentation
on the Northern Line Islands Ridge, Palmyra Basin” (Lyle et al., submitted). My research

stemming from the IODP Expedition 346 East Asian Monsoon is ongoing and wil