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ABSTRACT
THE IMPACT OF Fe-Ti OXIDE CONCENTRATION ON THE STRUCTURAL
RIDGITY OF THE LOWER OCEANIC CRUST, ATLANTIS BANK, SOUTHWEST
INDIAN RIDGE
by Daniel Winkler
December 2017
Fe-Ti oxides are important components of oceanic core complexes (OCC) formed
at slow-spreading mid-ocean ridges since Fe-Ti oxides are more susceptible to crystal-
plastic deformation than silicate minerals. This study investigated the predicted
relationship between the presence and concentration of Fe-Ti oxides and the presence and
intensity of crystal-plastic deformation in gabbroic samples from Atlantis Bank,
Southwest Indian Ridge (SWIR). Atlantis Bank is an oceanic core complex that formed
through the exhumation of lower oceanic crust along a detachment fault. OCCs form
along slow-spreading ridges and are characterized by the complex interactions between
magmatism and lithospheric extension, thus making these complexes more susceptible to
crystal-plastic deformation at higher temperatures. Atlantis Bank has been the focus of
many scientific expeditions including: Ocean Drilling Program Holes 735B, and 1105A,
International Oceanic Discovery Program Hole U1473A, and submersible studies. This
study utilized samples from all three holes from near the seafloor to a depth of 1.5 km
below the seafloor. This study calculated Fe-Ti oxide concentrations within the samples
using the open source software package Fiji and statistically analyzed them using the
open source software package R. The results indicate that Fe-Ti oxide concentration does
correlate with crystal-plastic foliation (CPF) intensity, showing that 76.3% of samples



with 5% or more Fe-Ti oxides have a corresponding CPF value of 2 or more
(porphyroclastic foliation to ultramylonitc). These results indicate that there is a

relationship between Fe-Ti oxide concentration and the CPF intensity within the samples

taken from Atlantis Bank, SWIR.
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CHAPTER I - INTRODUCTION

1.1 Background

The purpose of this study was to determine how the Fe-Ti oxide content of gabbro
formed in the lower oceanic crust affects the intensity and distribution of deformation,
thus providing insight into the structural rigidity of the lower oceanic crust formed at
slow-spreading mid-ocean ridges. Fe-Ti oxides, such as ilmenite and magnetite, are
physically weak compared to silicates due to their generally lower tenacity (i.e.,
resistance to deformation) and ability to deform plastically at lower temperatures (Agar
and Lloyd, 1997; Till Moskowitz, 2013). This inherent weakness suggests that their
presence could facilitate the onset of deformation (i.e., preferentially partition strain) and
contribute to an increase in its intensity (i.e., preferentially continue to accommodate
strain). Therefore, a rock unit with low Fe-Ti oxide content should be more resistant to
deformation than a rock unit of higher Fe-Ti oxide content, with all other variables and
conditions remaining equal. Several workers (Atkinson, 1977; Agar and Lloyd, 1997;
Dick et al., 2000; John and Cheadle, 2010) have suggested a link between the presence of
Fe-Ti oxides and deformation; however, to date, none have clearly quantified the amount
of Fe-Ti oxide in a suite of samples or compared the amount of Fe-Ti oxide to the extent
of crystal-plastic deformation in a statistically significant manner. To test the possibility
of this relationship between Fe-Ti oxides and degree of deformation, this study utilized
image processing software called Fiji to determine the percent Fe-Ti oxide content of thin
section images and compare them to each of the samples’ degree of deformation. Possible
questions to be answered could be: Would the presence of the Fe-Ti oxide minerals cause
the deformation? What is the concentration of Fe-Ti oxides in gabbros at Atlantis Bank,
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and how are the Fe-Ti oxides distributed throughout Atlantis Bank? Based on this what
kind of correlation exists between the presence and concentration of Fe-Ti oxides and
CPF and how does this vary across Atlantis Bank?

The study was conducted using 589 thin sections from drill core and data gathered
by the Oceanic Drilling Program (ODP) Hole 735B, 32°43°S, 57°17’E, 1500m deep;
ODP Hole 1105A, 32°43'S, 57°16'E, 160m deep; and the International Oceanic Discovery
Program (IODP) Hole U1473A, 32°42’S, 57°17’E, 800m deep, on the Atlantis Bank
oceanic core complex, Southwest Indian Ridge (SWIR) (Figure 1.1 C) (Shipboard
Scientific Party, 1991; Pettigrew et al., 1999; Dick et al., 2000; MacLeod et al., 2017).
Oceanic core complexes are dome-like complexes that formed during asymmetric
spreading along slow-spreading ridges exposing lower crustal and upper mantle rocks
along a detachment shear zone/fault. As these complexes are exhumed, basaltic magma is
injected into the lower crust, thus creating a tight link between magmatism and
deformation. Atlantis Bank is an oceanic core complex (OCC) formed along the
Southwest Indian Ridge (SWIR), which is between the Antarctic and African tectonic
plates (Figure 1.1 A&B). Oceanic core complexes can make up to 60% of the seafloor
around slow-spreading ridges, such as the SWIR (Smith et al., 2008; Miranda and John,
2010). This simple fact makes OCCs, such as Atlantis Bank important for further study to
gain a better understanding of how and why OCCs form as they are an integral part of
oceanic crust formation. The main OCCs that have been studied, beyond just seafloor
mapping, are: Atlantis Massif along the Mid-Atlantic Ridge, Atlantis Bank along the
Southwest Indian Ridge, and Kane Mega Mullion along the Mid-Atlantic Ridge; also,
Godzilla Mega Mullion located in the Parece Vela Basin in the Philippine Sea. Even

2



though these OCCs have been sampled extensively by either dredging or rock cores by
the programs ODP, IODP and the National Science Foundation (NSF), there are some
differences that make Atlantis Bank the more ideal choice for this type of study. Atlantis
Bank is ideal for rheological studies due to the grain size of the rocks present,
preservation of high-temperature microstructures due to rapid cooling (John et al., 2004;
Mehl and Hirth, 2008) and the localized nature of Atlantis Bank’s deformation
(Shipboard Scientific Party, 1999; Miranda and John, 2010). Additionally, Atlantis Bank
provides evidence for the interplay of magma intrusion and deformation, with the three

holes providing a diverse distribution of samples both geographically and by depth.
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Figure 1.1 Study Area.

Study area for this project. A) Atlantis Bank’s location on a global scale between the African and Antarctic plates. B) Atlantis Bank’s
location in relation to the nearby transform networks along the Southwest Indian Ridge (African plate to the west and the Antarctic
plate to the east). C) Bathymetric map of Atlantis Bank with the locations of the three holes being used (ODP Hole 735B, denoted

with a star, is the deepest hole at Atlantis Bank).



CHAPTER Il - GEOLOGICAL INFORMATION

2.1 Geologic Setting

Mafic rocks, such as basalt and gabbro, dominate the oceanic crust, with some
inclusions of felsic veins and a few sections with limited amounts serpentinite. The
general sequence of the lithologic units that comprise oceanic crust is based on crust
formed at fast-spreading ridges and ophiolites (Figure 2.1); however, depending on how
the oceanic crust formed and evolved there could be lithologic units that are structurally
omitted from this sequence. For example, the crustal sequence found at Atlantis Bank
along the SWIR, and many other oceanic core complexes, is missing the basaltic
sequences, including pillow basalts, basaltic lava flows, and sheeted dike complexes, at
the seafloor, and instead have exposures of gabbro at the seafloor (Dick et al., 1991,
2000; 2016; MacLeod et al., 2017). The reason for this variation is related to the mid-

ocean ridge rate of spreading.
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Figure 2.1 Oceanic Lithologic Sequence
Lithologic sequence expected for oceanic crust.

Mid-ocean ridges are part of the last stage of continental rifting created from the
influence of the convective forces within the Earth’s mantle that are expressed by the
formation of continental rifts that rip apart continents. Once the continents get far enough

apart, an ocean basin will form in the topographically low area that is created between
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them by the rift. At this stage the surficial rift would, if it continues to rift, become a mid-
ocean ridge and begin production of oceanic crust. These ridges can have many different
characteristics that are controlled by various factors ranging from length of the ridge, rate
of spreading and mantle influence. On Earth, the longest plate boundaries are divergent
and include many different spreading ridges of varying length and influence with the
three major systems being: The East Pacific Rise, the Mid-Atlantic Ridge, and the Indian
Ridge system (Southeast Indian Ridge, Mid-Indian Ridge, and SWIR).

All oceanic spreading ridges are responsible for the creation of oceanic crust; each
ridge creates this material at differing rates and in different ways. There are generally two
classes of spreading ridges based on spreading rate: fast spreading ridges and slow
spreading ridges. The main fast spreading ridge is the East Pacific Rise (EPR); fast ridges
such as the EPR are responsible for the majority of the oceanic crust production on Earth.
Fast spreading ridges also form the normal oceanic crust lithologic sequence as illustrated
in Figure 2.1. While fast spreading ridges may be responsible for the production of more
ocean crust, there are more slow spreading ridges by comparison of number and length,
which would therefore make them an integral portion of the Earth’s crustal system and
plate tectonic cycle.

2.1.2 Slow-Spreading Ridges and Core Complexes

There are broadly two types of core complexes, metamorphic core complexes
(MCC) and oceanic core complexes (OCC); the two types are very closely tied to the
environments in which they are found. The MCC variety is found in continental crustal
regions, and the OCC variety is found in oceanic crustal regions; both structures
however, are created by lithospheric extension. A core complex is characterized by
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exposures of plutonic and metamorphic rocks that have been exhumed structurally higher
than younger volcanic and sedimentary rocks (Lister and Davis, 1989). The mechanism
of this structural change is a detachment shear zone/fault system, with the driving force
behind the characteristic dome shape being uplift facilitated by isostatic rebound
associated with the crustal thinning and intrusion of magma into the footwall of the
complex. Detachment faults/shear zones are identified based on their distinctive dome-
shaped and imbricated fault surfaces that cap the core complex (Karson, 1999; Smith et
al., 2008; Miranda and John, 2010).

There are two basic processes that drive the normal fault system to create the
domed structure seen at core complexes; heterogeneous crustal thinning and unloading
imbalance by way of isostasy. Crustal thinning is driven by the extensional nature of the
system where the hanging wall portion is continually removed and thinned from over the
foot-wall leading to exhumation of the footwall. This extension leads to the creation of a
‘negative’ load over the footwalls crust; the absence of the hanging wall’s overburden
and intrusion of magma facilitates the isostatic rebound of lithosphere uplifting the
footwall further to attempt to balance out the negative load (Wernicke et al., 1988; Lister
and Davis, 1989).

With increasing depth, there is a change from mainly brittle deformation near the
seafloor to mainly ductile deformation (e.g., Schroeder and John, 2004; Miranda and
John, 2010). This distribution of deformation also indicates that ductile deformation is
more distributed in the footwall compared to a more restricted zone of brittle
deformation. The rocks that form and cool near the ridge axis form high strain zones
including mylonite, then if cooled further during exhumation will be overprinted by semi-

7



brittle structures like faults, fractures, and cataclasite. The detachment shear zone/fault
system therefore provides a down-temperature record of the exhumation of the lower
crust/upper mantle.
2.1.3 Geologic Setting of Atlantis Bank, Southwest Indian Ridge

The area of interest for this study is Atlantis Bank, which is a bathymetric high
located along the SWIR, with a current depth of ~700 meters below sea level (MBSL);
the top of Atlantis Bank is a wave cut platform indicating it was near sea level at some
point in the past before subsiding to its current depth (Dick et al., 2000; Schwartz et al.,
2005, Palmiotto et al., 2013). The SWIR is a tectonic boundary between the African and
Antarctic tectonic plates, and is classified as a slow-spreading ridge because the total
spreading rate is lower than 55 mm/year; the SWIR has a current average rate spreading
rate of ~22 mm/year (Schwartz et al., 2005; Sauter et al., 2011). The gabbro present at
Atlantis Bank and ODP Hole 735B, ODP Hole 1105A and IODP Hole U1473A exhibit
characteristics different from those seen at fast-spreading ridges and most ophiolite
complexes (Dick et al., 2000). When Atlantis Bank formed ~11 Ma, the spreading ridge
had an asymmetrical spreading rate with the African plate spreading ~5.5 mm/year
almost due north and the Antarctic plate, with Atlantis Bank, spreading ~8.5 mm/year
due south (Hosford et al., 2003; Baines et al., 2008). Atlantis Bank is located ~18 km east
of the present-day transform zone, the Atlantis Il Fracture zone, and ~100 km south of
the SWIR axis and has a plateau exposed over an area of ~300 km? (Allerton and Tivey,
2001; Baines et al., 2008). Atlantis Bank was calculated to have formed between 10 and
13 Ma as determined by paleomagnetic records; this age has been corroborated by U/Pb
isotopic dating of zircons in evolved gabbros and felsic dikes (John et al., 2004; Schwartz

8



et al., 2005; Baines et al., 2009; Rioux et al., 2016). Atlantis Bank’s domed shape was
created by a detachment fault/shear zone associated with OCC formation, which caused
the exhumed lower oceanic crust to be exposed at/near the sea floor. The hanging wall of
Atlantis Bank is located to the north on the African plate, whereas the domed bathymetric
high of Atlantis Bank is the footwall portion of the OCC (Dick et al., 1991; 2000;
Allerton and Tivey, 2001; Schwartz et al., 2005; Baines et al., 2008; Miranda and John,

2010).



CHAPTER Il - STUDY AREA INFORMATION

3.1 Deformation at Atlantis Bank, Southwest Indian Ridge

The distribution of deformation around and within Atlantis Bank varies greatly,
which is demonstrated with the distribution of crystal-plastic fabric intensity for all three
holes (Figure 3.1) (Shipboard Scientific Party, 1991; 1999; Miranda and John, 2010;
MacLeod et al., 2017). Atlantis Bank has a record of magmatic deformation, crystal-
plastic deformation, and brittle deformation. Magmatic deformation occurs while the
magma, which contains melt and crystals, facilitates movement in the form of crystal
alignment without any internal strain of the mineral crystals, such as bending or warping.
Magmatic deformation occurs during intrusion and emplacement of basaltic igneous
material. As the crustal column cools and is exhumed, crystal-plastic fabrics form along
the detachment shear zone and at depth to accommodate extension at the ridge. When the
complex was exhumed, enhanced cooling occurred from the introduction of sea water
and the structure started to undergo brittle deformation as the main deformation
mechanism, which overprinted the ductile deformation in the upper ~100 meters of the
detachment shear zone (Schroeder and John, 2004; Miranda and John, 2010; Hansen et

al., 2013).
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Figure 3.1 Crystal plastic intensity by depth within each hole at Atlantis Bank

Down-hole bore plot of crystal-plastic deformation intensity in all three bore holes at Atlantis Bank. The fabric intensity scale was
developed by the Shipboard Scientific Party (1999) with the rank of 0 equaling no crystal-plastic deformation and a rank of 5 equaling
to an ultramylonite. (CCSF = Core composite depth below seafloor; CPF = Crystal plastic fabric intensity) The red curve is a

thickness corrected running average; the black curve is the raw intensity values.
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3.2 ODP Holes 735B, 1105A and IODP Hole U1473A

All three holes were drilled on Atlantis Bank’s plateau at various depths. ODP
Hole 735B was drilled by Leg 118 and Leg 176 to a depth of ~1.5 km (Figure 1.1 c). Leg
118 was conducted in 1987 and drilled the first 500 m of the hole, then Leg 176 drilled
the last 1000 m in 1997 (Shipboard Scientific Party, 1991; Dick et al., 1991; 2000). ODP
Hole 1105A was drilled by Leg 179 to a depth of ~160 m (Figure 1c) (Pettigrew et al.,
1999). IODP Hole U1473A was drilled by Expedition 360 to a total depth of ~800 m
(Figure 1.1 c) (MacLeod et al., 2017). The rocks of Atlantis Bank can be divided into
four major groups including olivine-bearing gabbro, micro gabbros, Fe-Ti oxide-bearing
gabbros and gabbronorites, and minor felsic veins; with the principle lithology being
olivine gabbro (Figure 3.2) (Scientific Party 1991; Pettigrew et al., 1999; Dick et al.,
1991; 2000; 2016; MacLeod et al., 2017). The gabbroic lithology of Atlantis Bank
contains silicate mineral phases such as plagioclase feldspar, pyroxene, amphibole, and
olivine. The Fe-Ti oxide mineral phases present within these gabbros are rutile,
magnetite, and titanite. Atlantis Bank is in an area that has multiple igneous intrusions of

various sizes, as well as numerous fault/shear zones (Dick et al., 2000).
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Figure 3.2 Plot of Principle Lithologies within each hole at Atlantis Bank

Plot of lithology for each hole with depth. The lithology is plotted as a running average. Modified after MacLeod et al. (2017).
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3.3 Fe-Ti Oxide Localization

Silicate mineral phases are generally more structurally rigid when compared to
Fe-Ti oxide mineral phases under identical temperature and pressure conditions
(Atkinson, 1977; Siemes and Hennig-Michaeli, 1985; Till and Moskowitz, 2013).
Therefore, a rock unit with no or low Fe-Ti oxide content should be more resistant to
deformation than a rock unit of higher Fe-Ti oxide content, with all other variables and
conditions remaining unaltered. Within Atlantis Bank, there are several discrete shear
zones and faults throughout the core as well as multiple veins that cross cut throughout
the holes (Shipboard Scientific Party, 1991; Shipboard Scientific Party, 1999; Dick et al.,
2000; MacLeod et a., 2017). These fault planes and shear zones along with potential
fracture fields create areas of weakness or void space for enriched melts and/or
hydrothermal fluids to be injected into, which occurs throughout the formation of OCCs.
Both areas are potential sites of Fe-Ti oxide localization and further deformation and/or
faulting.

Fe-Ti oxides commonly make up a reasonably small percentage of gabbroic
rocks, typically less than 5% (Dick et al., 2000). Additionally, Fe-Ti oxides in mafic
systems are some of the last phases to crystalize (Bateman, 1951). However, at Atlantis
Bank and by default other OCCs, Fe-Ti oxides can potentially make up as much as 30%
of a sample (Agar and Lloyd, 1997; Dick et al., 2000; MacLeod et al., 2017). This
dramatic difference in Fe-Ti oxide percent is attributed to Fe-Ti oxide concentration that
can occur during the final cooling stages of magma crystallization. There are two main
ideas on how Fe-Ti oxides concentrate before a magma or rock is completely solidified:
1) late gravitative liquid accumulation and 2) filter pressing/residual liquid injection
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(Bateman, 1951; Charlier et al., 2015). Late gravitative liquid accumulation is the process
that is at work within a body of melt that has begun cooling, but has yet to completely
solidify. As more and more minerals crystallize out of the melt body, the fluid becomes
more and more enriched in more evolved phases such as Fe (3+) and Ti. This Fe-Ti oxide
enriched melt will have a higher density (Natland, 2002) and will settle towards the base
of the melt body. Any melt not as enriched in Fe and Ti would also be less dense, thus
forcing the lighter more buoyant silica rich melt and phases like plagioclase towards the
top. This type of concentration, should the system completely cool without deformation,
would show bands of Fe-Ti oxide mineral phases with the less dense and/or more evolved
mineral phases within or above it. There may also be evidence in the silica phases of the
gravity driven movement in the form of bent or potentially fractured mineral crystals if
the melt is overpressure, or cause minerals such as Fe-Ti oxides to form bands.

Filter pressing/residual liquid injection works within units of rock that are nearly
completely solidified with dispersed Fe-Ti oxide-enriched fluids throughout its pore
space. If a rock with Fe-Ti oxide-enriched fluid within its pore spaces were to experience
a change in pressure/stress this would force, or press, the Fe-Ti oxide-enriched portion
into an area of lower pressure (Bateman, 1951). The most common avenues of escape for
these Fe-Ti oxide enriched fluids would be along fractures or fault planes created by
stress. In some cases, they are associated with dikes or veins of felsic material (Natland,
2002). Both methods of Fe-Ti oxide localization could be at work within a region such as
Atlantis Bank.

Other forms of Fe-Ti oxide localization are caused by the influences of external
forces on a magma body or rock body. Bodies of magma that are exposed to changes in
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pressure can become differentiated, causing the magma to become enriched in heavy
elements such as Fe (3+) and Ti which increases potential for Fe-Ti oxide development
(Dick et al., 2000). A rock body can have the Fe-Ti oxide content that is present become
localized by the effects of deformational forces. These deformational forces can force the
weaker Fe-Ti oxides, that are more easily mobilized, into zones of lower pressure around
more resistant silicate phases creating pressure shadows (Charlier et al., 2015). Both
these localization methods create zones of increased Fe-Ti oxide content which could
preferentially partition strain in the future.
3.4 Preferential Deformation of Fe-Ti Oxides

There has been a strong association reported between deformation intensity and
Fe-Ti oxide concentration (Shipboard Scientific Party, 1999; Dick et al., 2000; Natland,
2002); however, some workers have suggested there is no link or the link is no different
from non-Fe-Ti oxide bearing rocks (e.g., Miranda and John, 2010). The concentration of
Fe-Ti oxide phases within shear zones has been interpreted to indicate a potential link
between late-stage melt migration and deformation (Agar and Lloyd, 1997; Dick et al.,
2000). There have been studies on Fe-Ti oxides to infer how they respond to stress. Fe-Ti
oxides while under constant temperatures of ~200-400°C will deform via diffusion
(Coble) creep, or dislocation creep depending on the strain rate that corroborates with a
crystallographic preferred orientation (Atkinson, 1977; Hennig-Michaeli and Siemes,
1983). While both methods of creep facilitate movement at relatively low temperatures in
Fe-Ti oxides there are distinct differences between them that need to be pointed out.
Diffusion (Coble) creep facilitates the movement of vacancies along grain boundaries,
which produces a net flow of material and sliding of grain boundaries (Passchier and
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Trouw, 2005; Twiss and Moores, 2007). However, dislocation creep is the movement of
dislocations (planar defects) within a mineral through the crystal lattice rather than
around it (Twiss and Moores, 2007). This knowledge can be used to confirm that
deformation is a facilitator of Fe-Ti oxide concentration by forcing the more susceptible
Fe-Ti oxides to move around the more rigid silicates (e.g., Duchesne, 1996; Charlier et
al., 2015). Studies have stated that there is no connection between Fe-Ti oxide
concentration and preferential deformation. Miranda and John (2010) noted that based on
their samples collected along the seafloor of Atlantis Bank, the oxide-bearing samples
were not preferentially deformed, with deformation being equally exhibited in Fe-Ti
oxide bearing and non-Fe-TI oxide bearing compositions (Miranda and John, 2010).
3.5 Sample Distribution

One of the major concerns for this type of study is sample distribution. In order
for this study to be effective, adequate sample distribution within each hole need to
provide a comprehensive representation of the relationships present within them. Overall,
this entire study analyzed 589 thin section samples, which on average is one sample
every 4.1 meters. Below, the sample distribution is described for each hole. These sample
locations will provide a wide distribution of core samples across the Atlantis Bank
platform ranging from near the seafloor to the base of each hole, up to 1.5 km below the
seafloor.
3.5.1 IODP Hole U1473A

Figure 3.3 shows the sample distribution of the thin sections used from I0DP
Hole U1473A. This plot shows that the thin sections are a good representation of the
recovered core at IODP Hole U1473A,; there are however gaps in this coverage from
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~469-520 mbsf and at ~760-790 mbsf. The sample gap from ~469-520 mbsf was caused
by drilling without coring due to technical problems caused by the rock being heavily
fractured and clay-rich representing a fault zone. The gap at the base of IODP U1473A is
due to a lack of sampling within this sample suite. The ~10 meter gap at the top of IODP

Hole U1473A was caused by spudding the hole so there is no recovery.

18



Sample Distribution
IODP Hole U1473A
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150

Figure 3.3 Plot of sample distribution within IODP Hole U1473A
This plot illustrates the sample distribution of the thin sections analyzed by this study within IODP Hole U1473A. Based on the plot it
can be observed that there is a well-distributed sampling of the core with the gaps in coverage being from 469-520 mbsf and ~760-790

mbsf within IODP Hole U1473A.
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3.5.2 ODP Hole 1105A

The samples used from ODP Hole 1105A range from 16 to 157 mbsf without any
large gaps. There are however, a few smaller gaps throughout the recovered core’s
sample distribution (Figure 3.4). The sample gaps within ODP Hole 1105A are explained
by two different causes: 1) spudding of the hole accounts for lack of recovery from 0-16
mbsf; and 2) highly fractured and faulted zones. The other sample coverage gaps are
explained by faults running through the core area; there were five fracture zones, two of
which were identified as faults. They were noted at 112 mbsf and 127 mbsf, both of
which had an area around them of about 5 meters where no core was recoverable, which

is expressed in the sample distribution.
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Figure 3.4 Plot of sample distribution within ODP Hole 1105A

This plot illustrates the sample distribution of the thin sections analyzed by this study within ODP Hole 1105A. Based on the plot it

can observed that there is a good distribution of samples gathered for the analysis of this hole.
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3.5.3 ODP Hole 735B

The samples used from ODP Hole 735B range from 0.02-1500.96 mbsf (Figure
3.5). There are however, three gaps: one is from ~90-120 m, the second is from ~400-450
m, and the third gap is from ~1200-1285 m. All three of these gaps are not due to a lack
of recovery, but were caused by a lack of obtainable samples at the time of this study.
This problem is more prevalent in the upper 500 m of the hole collected during Leg 118

since only 50 shipboard sections can be loaned from IDOP at a time.
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Figure 3.5 Plot of sample distribution within ODP Hole 735B

This plot illustrates the sample distribution of the thin sections analyzed by this study within ODP Hole 735B. This plot shows that
there are samples distributed throughout the entire hole aside from three locations: ~80-120 mbsf, ~400-450 mbsf, and ~1200-1300

mbsf.
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CHAPTER IV — METHODS

4.1 General Methods

An analysis of the Fe-Ti oxides for each thin section was conducted to produce an
estimation of the percentage of Fe-Ti oxides present. This percentage was calculated
using the image processing software package Fiji (Schindelin et al., 2012), a form of the
ImagelJ software, which is used for image based analysis (Schneider et al., 2012). Fiji was
used because it allows for the analysis of images based on individual pixel values using a
pixel value threshold. Given that the Fe-Ti oxides are opaque, the Fiji software can be
used to readily isolate them from other mineral phases, specifically non-opaque minerals,
by using a pixel value threshold. The calculated percent Fe-Ti oxide phases was then
compared to the degree of deformation in the sample by comparing it with published
deformation logs from the appropriate ship records for each hole. This study conducted
this image analysis on 589 thin section images from IODP Hole U1473A, ODP Hole
735B, and ODP Hole 1105A.
4.1.1 Image Analysis

To use the Fiji software package to delineate samples and isolate the Fe-Ti
oxides, each sample had to go through a process that made them usable within the
software. The process was as follows: first the images were converted from a color image
to a greyscale image (Figure 4.1). Once the image was converted into an 8-bit greyscale
image, the next step was to delineate the sample from the background thin section glass,
so only the sample was analyzed. This delineation was accomplished by using the
Polygon and Crop tools built into the Fiji software (Figure 4.2). The Polygon tool is the
best choice for delineating the sample because it offered the most control when creating
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the region of interest. Once the image was cropped a more accurate outline was created
compared to simply using the Rectangle tool. This step was crucial since most of the
samples used were not perfectly rectangular. Next, the brightness and contrast settings of
the image were adjusted; this was accomplished by using the Brightness/Contrast tool
within Fiji (Figure 4.3). The adjustment of the image’s brightness/contrast was necessary
because it facilitated a sharper contrast between the Fe-Ti oxide and the non-Fe-Ti oxide
phases present (ilmenite, magnetite from olivine, pyroxene, plagioclase, and alteration
minerals) within the thin sections. Once the brightness and contrast settings were reached
to optimize the identification of Fe-Ti oxides, the next step was to isolate the Fe-Ti oxide
phases from the rest of the thin section to determine the relative percentage of Fe-Ti
oxides in each sample. This was achieved by utilizing the Threshold tool built into the
Fiji software (Figure 4.4). The Threshold tool allowed for the Fe-Ti oxide phases to be
isolated from the non-Fe-Ti oxide phases by adjusting the threshold values until only the
Fe-Ti oxides were highlighted (Figure 4.5). This step needed to be executed as precisely
as possible because the Threshold tool was specifically isolating individual pixels that
match the threshold criteria being set. This was a critical step, since Fiji’s Threshold tool
does not differentiate between what is Fe-Ti oxide and what is a dark patch of alteration.
This lack of differentiation was why it was important to check the 8-bit grayscale image
to the original color image to make sure that only the Fe-Ti oxides were highlighted.
Given the highlighted area, Fiji then calculated various outputs, including area, length,
mean, mode, and other parameters. Fiji’s Measure tool bases those measurements on the
highlighted pixels that were isolated by the given Threshold values (Figure 4.6). For this
study, the Measure tool was utilized to find the area of the Fe-Ti oxides within the sample
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as compared to the area of the entire sample (Figure 4.7). It is important to note that
before using the Measure tool, the settings for the measurements needed to be adjusted so
that Fiji only included the threshold pixels for the Fe-Ti oxide area calculation. This was
accomplished by using the steps and tools shown in Figure 4.8.

The values calculated during the image processing were recorded in a Microsoft
Excel spreadsheet to facilitate ease of data organization and interpretation. The values
that are reported in this study include the brightness/contrast values, threshold values
used, and percent concentration of Fe-Ti oxides in each sample. Table 1 has examples of
the types of values that were collected using Fiji.
Table 4.1 Fiji Image Analysis Output Example

Brightness/Contrast Values Threshold Values Measured area (pixels)

Label Low High Low High  totalarea output % oxide
360-U1473A-2R-1-W 120/121-TSB 0 160 45 7928245 986182 12.43884
360-U1473A-2R-2-W 25/30-TSB 0 150 100 12251769 21040  0.17173
360-U1473A-3R-1-W 79/85-TSB 0 150 12 10392169 575986  5.5425

360-U1473A-3R-2-W 89/98-TSB 0 130 66 11867805 11066  0.093244
360-U1473A-3R-4-W 40/42-TSB 0 170 100 8644120 24561  0.284135
360-U1473A-3R-4-W 64/67-TSB 0 140 82 8413599 2413  0.02868
360-U1473A-4R-1-W 68/73-TSB 0 100 38 11304587 3442 0.030448
360-U1473A-4R-3-W 40/44-TSB 0 55 150 9849885 150845 1.531439

O O O O o o o o
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Figure 4.1 Image Color Conversion

The image after importing into Fiji. The image was converted into a greyscale image by utilizing the image converter to change it into
an 8-bit greyscale image. The red words represent the tabs/tools used in Fiji to complete the task described. Fiji steps: Image = Type

- 8-bit
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Figure 4.2 Region of Interest Delineation

Once the image was converted to an 8-bit image, the next function preformed was to create an area of interest using two tools. First,
the Polygon tool was used to outline the area of interest (the sample) and second, the Crop tool was used to isolate the created region.

Fiji steps: 1st — polygon tool 2nd -Image - Crop
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Figure 4.3 Brightness/Contrast Adjustment

To see the oxides more clearly, the image brightness and contrast values were adjusted using the Brightness/Contrast tool. Fiji steps:

Image > Adjust - Brightness/Contrast
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Figure 4.4 Threshold Tool

The Fiji software allows for the isolation of darker pixels, the Fe-Ti oxide phases, from lighter pixels, the non-Fe-Ti oxide phases, by

using the Threshold tool. Fiji steps: Image - Adjust = Threshold
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Figure 4.5 Threshold Adjustment
Threshold values can be manipulated within Fiji in such a way that only the desired pixels are highlighted; this allowed for the darker

pixels, Fe-Ti oxides, to be measured and compared to the total thin section area.
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Figure 4.6 Measure Tool
Fiji’s Measure tool was utilized to find the area taken up by the highlighted pixels (i.e., area of Fe-Ti oxides) and the area of Polygon

tool (i.e., area of the thin section). Fiji steps: Analyze - Measure
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Fijis measure tools output was used to find the area of the highlighted sections and this value was compared to the overall area to

calculate Fe-Ti oxide phase percentage.
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To receive the desired outputs from Fiji ’s Measure tool, the correct filters and application within the Measure tools menu needed to be

selected (or deselected). Fiji steps: Analyze = Set Measurements This study used Area, Area Fraction, and Limit to Threshold
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4.1.2 Error Analysis

The calculated percent Fe-Ti oxides in a sample was dependent on several factors
that can lead to over- or under-estimation. These factors may include: 1) quality of the
thin section image, 2) overall size of the Fe-Ti oxide minerals/mineral clusters, 3)
delineation method, and finally 4) human error (e.g., brightness/contrast values and
threshold values used). The issue of thin section image quality is rooted in the fact that
Fiji is only as accurate as the user’s inputs, which are based on the perception of the
image; an image of poor quality can cause accuracy issues. Figure 4.9 is an example of
poor image quality. While both images in Figure 4.9 were being processed, the software
could not distinguish between the glass fractures on the thin section slides and the opaque
Fe-Ti oxides. This was especially prevalent in 360-U1473A-11R-3 63-65cm where there
were Fe-Ti oxide clusters along the slide fractures. There was a total of 3 thin section
from ODP Hole 735B that had carbon films applied to them in order to run them through
a scanning electron microscope. There was, however, a side effect of this carbon film that
caused the thin sections to be artificially darker than the others, pushing the operating
limits of the Fiji software. For Fiji to produce the most accurate results, the user needs to
input the best quality and resolution images possible. This is important to increase the
ability to determine where a dark non-Fe-Ti oxide mineral ends and an Fe-Ti oxide
mineral begins. If the image is of low quality, this boundary can become blurred, which
can influence the accuracy of the area calculation. Additionally, alteration phases are
often dark or opaque, and can lead to false inclusion. By having better quality images, the
alteration can be more readily identified and eliminated from the analysis by carefully
comparing the original image and thresholded image during the thresholding process.
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In some of the thin section images, the Fe-Ti oxide clusters are large
interconnected pods/bands, making them easy to identify. Figure 4.10 illustrates an
example of this. However, in other examples this is not the case and the oxides are in
small clusters scattered throughout the sample, and in some cases, they are juxtaposed to
dark non-Fe-Ti oxide phases such as amphibole (Figures 4.10 and 4.11). When this is the
case, it can become difficult to distinguish the Fe-Ti oxide clusters from the amphiboles
during the threshold phase of the analysis, which can then affect the percent area

accuracy.

Figure 4.9 Examples of Poor Quality

Images of two separate thin section samples (360-U1473A-11R-3 63-65cm on the left, and 360-U1473A-9R-2 44-48cm on the right)

that have been damaged thus affecting their image quality; this is an example of why image quality is important.

The ‘human’ factor is based on perception of the thin section samples while
adjusting parameters such as the brightness and contrast or threshold values. The final

adjustment for any of these three control values is based on an individual’s perception of
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the sample being analyzed. Another individual may utilize a different set of control
values that look better to that individual, which would in theory affect the calculated
percent area of the Fe-Ti oxide phases. This type of error, however, can be reduced by
careful comparison of the threshold image to the thin section image, so only the Fe-Ti
oxide phases are analyzed.
4.1.3 Alternative Method Testing

To demonstrate why the threshold method is the preferred method for delineating
a sample for this type of analysis, there were several other methods tested to estimate the
Fe-Ti oxide percent. The methods tested were the Binary tool method and the Wand tool
method; the results of these tests can be found in the sections to follow.
4.1.3.1 Binary Method Test

The first alternative method tested was the Binary method. This method has some
similarities to the threshold method but with critical differences. While both the Binary
and Threshold methods convert the thin section image into a greyscale, there is a crucial
difference between the two. Unlike the Threshold method described above, which takes
different shades of white, grey and black and makes a certain grey value black, the
Binary method produces a black and white image with no gray values. There is no
distinction between the dark mineral phases, such as amphibole or pyroxene, and the
opaque Fe-Ti oxide mineral clusters, since any relatively dark phase or opague phase is
converted into a black pixel. To illustrate this, the Threshold and Binary methods were
completed on a thin section (Figure 4.10). To exhibit how this can create issues the image
analysis of thin section sample 360-U1473A-3R-1-TS-3 had both the Binary method and
the Threshold method conducted on it. The Binary method calculated Fe-Ti oxide
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concentrate is 15.4%, which is more than double the Threshold methods calculation of
6.6%. This is clearly because there is no distinction between the dark non-Fe-Ti oxide

phases and the opaque Fe-Ti oxide phases.

Figure 4.10 Binary Method Comparison

A) The above image is of thin section 360-U1473A-3R-1-TS-3. Original image in Fiji where there is clearly a distinction
between the non-Fe-Ti oxide phases such as amphibole and the Fe-Ti oxides (labeled with red and black labels respectively).
B) Same thin section image that has had the Binary filter from Fiji used on it. While using the Binary method, there would no

longer be this distinction between the mineral phases. C. Threshold method, mineral phase differentiation is still possible.

4.1.3.2 Wand Method Test

The second alternative method tested was the Wand/individual cluster selection
method. This method utilizes Fiji’s Wand tool to selectively highlight individual Fe-Ti
oxide mineral clusters, one-by-one to measure the area, then each cluster would have to
be added together to calculate an overall percent area. There are drawbacks to using this
method which mainly stem from how the Wand tool works within the Fiji software’s
framework. The Wand tool works by selecting clusters of pixels with the same pixel
color value. It is important to note, however, that it will only select interconnected pixel

clusters, not any and every cluster of identical pixel value across an area. For this reason,
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the Wand method could work rather effectively on thin section images such as the one in
Figure 4.10, since the Fe-Ti oxides are large interconnected clusters. However, not all
thin sections have large interconnected Fe-Ti oxide mineral clusters. For example, Figure
4.11 illustrates where the major drawbacks for this method come to fruition. After
reviewing Figure 4.11, two major issues became apparent: the first being the possibility
for cluster repeats, and the second being time of analysis. The potential for repeating Fe-
Ti oxide cluster measurements is a very real possibility since each individual cluster
within the sample would have to be done one at a time with no effective method of
keeping track of which clusters have been completed. The areas for each cluster would
then be added together for the total percent Fe-Ti oxide of the sample. The second issue
of time is more of a compound problem. The Wand method requires that each Fe-Ti
oxide cluster to be selected and measured independently. In many of the thin section
samples the Fe-Ti oxides are scattered in hundreds to thousands of isolated clusters. Not
only would this cause an appreciable increase in thin section sample analysis completion
time (which translates to taking an inordinate amount of time to complete a sample), but
there is also the possibility of user strain, leading to mistakes. The added time of the
Wand method does not result in better quality data; the Threshold method provides the

best quality data without sacrificing efficiency.
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Figure 4.11 Wand Method Comparison

A) The left image is of thin section 360-U1473A-21R-1-TS-65. B) The right image is of the sample image in Fiji after the Threshold
method had been completed. Unlike Figure 4.10 there is an obvious lack of Fe-Ti oxide cluster continuity which would require each
Fe-Ti oxide cluster to be selected and measured individually. However, image B has had the Threshold method applied in Fiji which

allows for a more efficient measure of the thin sections Fe-Ti oxide concentration.

4.1.3.3 Method Summary

Based on the findings from the two alternate methods tested here, the Threshold
method provides the best balance of quality and efficiency. The two alternate methods
either introduced avoidable error or took far too much time when compared to another
fast, but similarly accurate, and precise method. The Threshold method outlined in detail
above has a low error risk, high repeatability, and was the most efficient, while
maintaining accuracy. It was for these reasons that the Threshold method was selected
over the alternative methods. The Threshold method was preformed multiple times on a
test sample (i.e. thin section sample 360-U1473A-3R-1-TS-3) to illustrate the method’s

repeatability and reasonable level of precision; Table 4.2 includes results from the same
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thin section sample for multiple iterations. As can be seen from the results shown in
Table 4.2, the ultimate calculated percent Fe-Ti oxides were within a reasonably small
margin of one another with the largest difference being 0.013%.

Table 4.2 Repeatability of results using the Threshold method within Fiji.

Trials run on thin section sample 360-U1473A-3R-1-TS-3
Brightness/contrast values Threahold values Measured area (pixels)

Trial Run ; .
Brightness Contrast low high total area output
1 0 155 0] 12 10362133 576133
2 0 150 0] 12 10392169 575986
3 0 80 0 24 10382765 576259

4.1.4 R Methods

The final portion of this study includes statistical analyses to find the relevance of
various factors in contributing to the samples’ degree of deformation. In order to find the
relevance, the final datasheets were run through the R statistical analysis to find what
factor has the most control on the samples degree of deformation, such as the Fe-Ti oxide
concentration, depth, percent olivine, and grain size (R Core Team, 2015). The test used
was a multiple regression model since this provided an understanding of how the various
variables corresponded with one another and which variables had the most control over
the crystal-plastic deformation within the sample dataset. When the data sets for each
hole were analyzed through the R software, the values for grain size had to be changed to
a numeric value type from text for the software to run the tests. There were four different
grain sizes used in this study so for the statistics data set they were assigned a value of 1-
4: fine grained was 1, medium grained was 2, coarse grained was 3, and pegmatitic was
4. The code this study used within the open sourced statistical software package R can be

found in Appendix A.
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CHAPTER V — Results

5.1 General Results

Several datasets were used in this study including: top depth of each thin section
in meters below seafloor (mbsf), percent Fe-Ti oxide, percent olivine, crystal-plastic
fabric (CPF) intensity ranking, and grain size (fine grained being less than 1 mm, medium
grained as 1-5 mm, coarse grained being 5-10 mm and very coarse grained being over 10
mm). These datasets were collected for each hole and came from various sources; the
data were both collected and obtained from previous expedition records. This study
calculated the percent Fe-Ti oxide in 589 thin sections from I0DP Hole U1473A and
ODP Holes 1105A and 735B using the Fiji image analysis software, using methods
outlined in the previous chapter. The concentration of the mineral phase olivine is
reported as estimated modal percentages and was either estimated based on thin section
images or taken from previous studies/expedition publicly accessible records (I0DP:

http://iodp.org; ODP: http://www-odp.tamu.edu/publications/index.html). The top depth

is the measured depth below the sea floor at the ‘top’ of a given thin section and was also
obtained from the public records of previous studies, as every sample collected from
ODP and IODP Legs/Expeditions are cataloged with Leg/Expedition, hole, core, section,
interval, and depth. The CPF intensity rank is a value assigned to a given thin section by
the expeditionary team as a quick reference for crystal-plastic deformation intensity and
these data were either estimated based on the thin section or were taken from ODP and
IODP Expedition reports. The CPF intensity ranking ranges from 0-5 with 0 being no
crystal-plastic deformation, and 5 represents an ultramylonite. This ranking system was
developed during Leg 176 for ODP Hole 735B (Shipboard Scientific Party, 1999). All
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the variables explained above were utilized in both graphical and statistical portions of
this study. The last variable, grain size, was also either estimated based on thin section
images or collected from the publicly accessible records based on average grain, and was
utilized in only the statistical portion of this study. Table 5.1 is a summary of how the
various datasets were used to create the data pools for the three holes used in this study
and specifically which ones this study is adding to the data pool (Shipboard Scientific
Party, 1991; Shipboard Scientific Party, 1999; Dick et al, 2016).

Table 5.1 Dataset Responsibilities

Disclosure of datasets calculated by this study and those acquired from another source. Also disclosed are the number of samples for
each hole and how many from each collection should there be multiple. (Ship = came from previous study records, This Study = data

found or compiled from non-public datasets by this study)

Sample # of Yo Fe- % CPF Grain
Hole P thin Depth Ti o Intensity .
Collection . . Olivine Size
sections Oxides Rank

IODP . . This . . .
U1473A Shipboard 304 Ship Study Ship Ship Ship
ODP . . This This This This
1705A | Miller 11 Shib | sydy | Study | Study | Study
ODP . . This This This This
11054 | Shipboard | 70 Shib | sydy | Study | Study | Study
ODP . . This This This This
735B Yoshinobu 69 Ship Study Study Study Study
ODP . . This This This This
735B Miller 83 Ship Study Study Study Study
ODP . This . This This
735B Leg 118 52 Ship Study Ship Study Study

There was a total of 589 thin sections used to calculate the percent Fe-Ti oxides
within the three holes used for this study. There was a total of 304 thin sections used for
IODP Hole U1473A, all of which came from the thin sections made during Expedition

360. There was a total of 80 thin sections used for ODP Hole 1105A, which were a
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combination of 70 thin sections from Expedition Leg 179 and 11 thin sections from Dr.
D. Jay Miller’s personal collection (Dr. D. Jay Miller is the Manager of Technical and
Analytical Services for the IODP at Texas A&M University). The last 218 thin sections
came from a combination of sources including shipboard thin sections from Leg 118, and
thin sections from Leg 176 of Dr. Aaron Yoshinobu’s and Dr. D. Jay Miller’s personal
collections, 69 and 83 respectively (Dr. Aaron Yoshinobu is a Professor in the
Department of Geosciences at Texas Tech University). All of the thin section datasets
from both this study’s findings and the expedition reports were used to ascertain what
relationships between Fe-Ti oxide concentrations and CPF intensity may be present
within Atlantis Bank. The major relationship this study was attempting to find is the
potential relationship between the concentration of Fe-Ti oxides and the CPF intensity
within Atlantis Bank. The unaltered raw data collected during this study and other
datasets amassed through this study of IODP Hole U1473A, ODP Hole 1105A, and ODP
Hole 735B are located within Appendix B.

The last portion of this study was done using the statistical software package R to
analyze the data sets from each hole through a multiple regression test to find which
factors, if any had the most control over the CPF intensity ranking values of the thin
section samples (John Fox and Sanford Weisberg, 2011; R Core Team, 2015). The results
of this test are shown in a correlation plot that allows the reader to see how the various
variables correlate with each other. The correlations between the variables are based on a
scale ranging from 1 to -1, this allows the user to see if the variables have a coincident or
a reverse relationship. A positive correlation value means that the variables are good
predictors of each other with a value of 1 being a coincident relationship, a negative
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correlation value is exactly the opposite with a value of -1 being a reverse relationship.
Thus, zero is the middle ground which signifies there is no influence between the
variables. The last portion of statistical analysis on the data gathered for each hole was to
run a subpopulation of each hole’s dataset through the same multiple regression model as
before to see if there was any change to the relationships found. The subpopulation
created for this testing was made by isolating every thin section sample that had a
calculated Fe-Ti oxide concentration of 5% or more.
5.1.2 IODP Hole U1473A

This section was completed using the 304 of the thin sections from the recovered
core of IODP Hole U1473A gathered by the expeditionary team.
5.1.2.1 Fe-Ti oxides

Figure 5.1 is a plot of the Fe-Ti oxide concentration variations calculated by this
study versus the top depth, of the respective thin section sample. In terms of variations
with depth the majority of the hole is fairly constant throughout with spikes in Fe-Ti
oxide concentrations focused in three locations: the top, middle, and base of the hole. The
range of Fe-Ti oxide concentration calculated within IODP Hole U1473A is 0-22.1%.
Generally, the Fe-Ti oxide concentrations are less than ~1.3%, which accounts for 66.5%
of the thin sections. However, there are 11 thin section samples with Fe-Ti oxide
concentrations over 5%, which accounts for 3.6% of the thin sections within IODP Hole
U1473A. The other 29.9% of the thin section samples had Fe-Ti oxide concentrations in
the range of ~1.3-5%. The maximum of 22.1% was in sample 360-U1473A-83R-1-W
10/14-TSB; this thin section can be seen in Figure 5.2A. The average Fe-Ti oxide
concentration in this hole is ~1.14%. There are some general divisions that can be made
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based on the average of Fe-Ti oxides present within intervals that can be defined by
depth. In IODP Hole U1473A there is the general trend of the higher concentrations
being at the top and the base of the Hole, with an interval of lower concentrations in the
middle. The two intervals with a generally higher average of Fe-Ti oxide concentration
are located at 10.7-99.8mbsf and 668.77—756.42mbsf. The interval with a lower average
of Fe-Ti oxide concentration is located at 103.76-668.52mbsf. The two high
concentration sections account for the upper and lower clusters of Fe-Ti oxide spikes
over 5%, the middle section contains the majority of the low concentrations with a few

spikes to over 5%.
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Figure 5.1 Fe-Ti oxides by Depth, IODP Hole U1473A

All calculated Fe-Ti oxide concentrations using the Fiji analysis software. It has been plotted based on the thin sections’ top depth to

represent the down hole concentration variations of Fe-Ti oxides within IODP Hole U1473A. The blue line represents the average Fe-

Ti oxide value of 1.14%.
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5.1.2.2 CPF

Figure 5.3 is the graphic representation of the CPF intensity within IODP Hole
U1473A and was plotted based on depth. Some thin sections, however, did not have a
reported CPF intensity ranking; so, to allow for the best graphical representation, those
thin sections were omitted from the plot. There was a total of forty-two thin sections out
of the 304 that did not have a CPF intensity ranking reported; however, this study
calculated Fe-Ti oxide concentrations for all 304 thin sections. Any thin section with an
Fe-Ti oxide concentration of 5% or higher also has a corresponding CPF intensity
ranking of 2 or higher. There were eleven thin sections that had over 5% Fe-Ti oxides;
nine of these thin sections (82%) show this relationship between CPF intensity and FE-Ti
oxide concentration. The two thin sections with a Fe-Ti oxide concentration higher than
5% that do not show this relationship are located near the base of the hole (e.g., Figure
5.2C). Wherever there is a CPF intensity rank higher than 0, Fe-Ti oxides are present.
The concentration of Fe-Ti oxides, however, is not always significant with some thin
section concentrations being as low as 0.01%. This means that within IODP Hole
U1473A Fe-Ti oxides are present wherever crystal-plastic deformation occurred. There is
however, the reverse of this relationship present given how there is not always crystal-
plastic deformation wherever there are Fe-Ti oxides present. There are thirty-two out of
the 304 thin sections with Fe-Ti oxide concentrations that range from 0.01-5.76%, but
have no crystal-plastic deformation present. This subpopulation of thin sections with
some Fe-Ti oxide concentration and no crystal-plastic deformation accounts for 10.52%

of the samples from IODP Hole U1473A.
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Figure 5.2 Thin Section Compilation from IODP Hole U1473A

Four thin section samples from IODP Hole U1473A representing several aspects within the hole. The black arrows indicate up core
direction. A) Thin section 360-U1473A-83R-1-TS-297 at 733.03mbsf has highest Fe-Ti oxide concentration of all the samples for
IODP Hole U1473A at 22.10%. B) Thin section 360-U1473A-75R-4-TS-263 at 668.77mbsf has over 5% Fe-Ti oxide concentration of
12.47% and a high CPF value of 4. C) Thin section 360-U1473A-80R-7-TS-285 at 716.51mbsf has an Fe-Ti oxide concentration over
5% of 12.72% but still a low CPF value of 1. D) Thin section 360-U1473A-3R-4-TS-6 at 17.67mbsf has a low Fe-Ti oxide

concentration of 0.03% and a CPF value of 0.
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CPF Intensity Ranking Vs Depth
I0ODP Hole U1473A

CPF Intensity rank

Figure 5.3 CPF versus Depth, IODP Hole U1473A
Thin sections from I0DP Hole U1473A with a CPF intensity rank assigned to it. This plot was created to illustrate the relationship
down hole using the thin sections top depth. As can be seen from this plot there is a high level of variability to the CPF intensity

within IODP Hole U1473A.
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5.1.2.3 Olivine

Using the data from the IODP Hole U1473A ship reports, the variations of the
mineral phase olivine were plotted by depth below the sea floor in Figure 5.4. The olivine
content within IODP Hole U1473A was consistent, with the only section showing very
high values being in the middle to base of the section, from ~270-618mbsf. Based on the
data gathered for the olivine content, the minimum value was reported as 0%, the
maximum value reported was 32%, and the average reported value for olivine was
~6.6%. The relationship between Fe-Ti oxide and olivine percent by depth, Figure 5.5,
indicates that when there is a higher percentage of olivine, the Fe-Ti oxide concentration

is either reduced or absent all together and vice versa.
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% Olivine vs Depth
IODP Hole U1473A
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Figure 5.4 Olivine by Depth, IODP Hole U1473A

Variability of the percent of olivine concentrations throughout IODP Hole U1473A with depth. The blue line is the average percent of

olivine within IODP Hole U1473A of 6.6%.

49



Fe-Ti Oxides & Olivine vs Depth
IODP Hole U1473A

ineral Phase

0.0) 20.00

Figure 5.5 Fe-Ti Oxides and Olivine by Depth, IODP Hole U1473A

General relationship between the mineral phases of olivine and Fe-Ti oxides present within IODP Hole U1473A. In this case, high

presence of olivine correlates to lower/absent Fe-Ti oxide presence.
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5124R

The open source statistical software package R was used to develop and execute
the multiple regression models used to constrain factors (e.g., Fe-Ti oxide concentration)
that might correlate with the presence of CPF and their intensity within IODP Hole
U1473A (John Fox and Sanford Weisberg, 2011; R Core Team, 2015). The results of
these multiple regression models are depicted in Figure 5.6. There is a correlation
between the CPF intensity ranking and the concentration of Fe-Ti oxides based on what
can be seen within the holes dataset. The R software calculated this correlation between
the Fe-Ti oxide content and CPF intensity to be a 0.12, indicating that the concentration
of Fe-Ti oxides is a good predictor of the CPF intensity rank within IODP Hole U1473A.
An interesting correlation that was found in the test was that grainsize had a -0.29
correlation value with CPF intensity, meaning that it was a reverse predictor of CPF
intensity within IODP Hole U1473A. Olivine concentration (-0.17) and depth (-0.15)
were also reverse predictors of the CPF intensity within IODP Hole U1473A. Fe-Ti oxide
concentration is the only variable used in this study to positively correlate with the CPF
intensity ranking. To illustrate this correlation the Fe-Ti oxide concentration values and
the CPF intensity ranking values were plotted together in Figure 5.7. The trend line, with
a slope of 0.1168 and an R? value of 0.0285, depicts this relationship. While this may not
be a strong positive trend line, it does show that with an increase in CPF intensity values
there is a corresponding increase in Fe-Ti oxide concentration values.

The subpopulation multiple regression model results for IODP Hole U1473A are
depicted in Figure 5.8; the results of this model found some minor changes. The

subpopulation used in this round of statistics was a subgrouping of all thin sections that
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had a Fe-Ti oxide concentration of 5% or more. All variables stayed the same with
regards to positive and negative predictors; the only changes were the actual correlation
values fluctuating with the largest change being grain size from -0.29 to -0.82. While the
correlation between the Fe-Ti oxide concentration and the CPF intensity ranking

remained positive, there was a drop in the correlation value of the subpopulation from a

0.12to a 0.01.
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Figure 5.6 Correlation Plot for the R results of IODP Hole U1473A

The output of the multiple regression done in the statistical software package R; using the data gathered for IODP Hole U1473A.
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% Fe-Ti oxides vs CPF Intensity Ranking
IODP Hole U1473A

% Fe-Ti Oxides

Figure 5.7 Fe-Ti Oxides by CPF IODP Hole U1473A

The correlation between Fe-Ti oxide concentration and CPF intensity within IODP Hole U1473A. The general trend between them is
shown using the red trend line which is indicating that with increasing Fe-Ti oxide concentration within a thin section sample there is

a corresponding increase in CPF intensity of the thin section sample.
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Figure 5.8 R results correlation plot for the subpopulation of IODP Hole U1473A

The correlation values between the five variables used in this study for the subpopulation of thin sections with Fe-Ti oxide

concentrations over 5% within IODP Hole U1473A. The correlation value for FE-Ti oxides and CPF intensity is 0.01.

5.1.3 ODP Hole 1105A
Eighty thin sections from ODP Hole 1105A were examined and include the
shipboard thin sections (Shipboard Scientific Party, 1999; MacLeod et al, 2017) and Dr.

Jay Millers’ personal samples.
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5.1.3.1 Fe-Ti Oxides

The variation within the Fe-Ti oxide concentration, plotted in Figure 5.9, is low at
the top of the hole then increasing and remains relatively constant throughout the rest of
the Hole. Generally, the Fe-Ti oxide concentrations are less than ~3%, which accounts
for 66.25% of the thin sections. However, there are 20 spikes of Fe-Ti oxide
concentrations over 5%, which accounts for 25% of the thin sections; the other 8.75% of
the thin sections fall in between ~3 and 5% Fe-Ti oxide concentrations. The range of Fe-
Ti oxide concentration calculated within ODP Hole 1105A is from 0.007-15.5%, with the
average Fe-Ti oxide concentration of this hole being ~2.97% and a maximum of 15.5% in

sample 179-1105A-7R-3-W 33/36-TSB-TSS (Figure 5.10A).
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Figure 5.9 Fe-Ti oxides by Depth, ODP Hole 1105A

The calculated Fe-Ti oxide concentrations found using the Fiji analysis software and have been plotted by the thin sections top depth
to represent the down hole concentration variations of Fe-Ti oxides within ODP Hole 1105A. The blue line denotes the average Fe-Ti

oxide concentration within this Hole of 2.97%.
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5.1.3.2 CPF

Figure 5.11 plots the variated CPF intensity within ODP Hole 1105A and was
plotted based on depth; there is a general trend of CPF intensity increasing with depth.
Aside from 6 of the 80 thin sections in this study, any thin section with an Fe-Ti oxide
concentration of 5% or higher also has a CPF intensity ranking of 2 or higher, Figure
5.10B illustrates this relationship. There are 20 thin sections that have over 5% Fe-Ti
oxides; 14 of these thin sections, 70%, show this relationship of elevated CPF intensity.
The 6 thin sections with a Fe-Ti oxide concentration higher than 5% that do not show this
relationship are located within the first 70 meters of the hole, and can be confined even
further into a ~32 meter interval (37.79-69.69mbsf); an example of this is in Figure
5.10C. The other observations come from simply comparing the presence of Fe-Ti oxides
and the presence of crystal-plastic deformation within the thin sections. The second
observation is the fact that wherever there is a CPF intensity rank higher than 0, there is
always Fe-Ti oxides present; this concentration however, is not always a significant
amount with some Fe-Ti oxide concentrations being as low as 0.007%. This means that
within ODP Hole 1105A Fe-Ti oxides are present wherever crystal-plastic deformation
has occurred. There is, however, a reverse of this relationship is present as well, since
there is not always crystal-plastic deformation wherever there are Fe-Ti oxides present.
There are eleven of the eighty thin sections with Fe-Ti oxide concentrations ranging from
~0.5-2% that have no crystal-plastic deformation present, which accounts for 13.75% of

the thin sections, Figure 5.10D is an example of this.
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Figure 5.10 Thin section compilation from ODP Hole 1105A

Four thin section samples from ODP Hole 1105A representing several aspects within the hole, the black arrows indicate up core
direction. A) Thin section 179-1105A-7R-3-TSS at 50.96mbsf has the highest Fe-Ti oxide concentration of all the samples for ODP
Hole 1105A at 15.512%. B) Thin section 179-1105A-5R-1-TSS at 39.74mbsf has over 5% Fe-Ti oxide concentration of 10.433% and
a high CPF value of 4. C) Thin section 179-1105A-10R-2-TSS at 64.2mbsf has a Fe-Ti oxide concentration over 5% of 12.568% but

still a low CPF value of 1. D) Thin section 179-1105A-4R-3-TSS at 36.28mbsf has a low Fe-Ti oxide concentration of 0.12% and a

CPF value of 0.
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CPF Intensity Ranking vs Depth
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Figure 5.11 CPF by Depth, ODP Hole 1105A

This plot of the down hole fluctuations of the CPF intensity rank using the thin sections top depth. As can be seen from this plot there
is a possible trend with the CPF intensity getting higher down hole, with a few exceptions, within ODP Hole 1105A. However, this

hole is only ~160m deep, so it does not represent as much as the other Holes.
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5.1.3.3 Olivine

The olivine content within ODP Hole 1105A varies with depth, as seen in Figure
5.12, but generally the olivine starts low peaks in the middle (107.35 mbsf) and tapers off
towards the base of the Hole. Based on the data gathered for the olivine content the
minimum value was reported as 0%, the maximum value reported was 26% at the 107.35
mbsf peak, and the average reported value for olivine was ~6.89%. The relationship
between Fe-Ti oxide and olivine percent versus depth, illustrated in Figure 5.13, indicates
that when there is a higher percentage of olivine, the Fe-Ti oxide concentration is either
reduced or absent all together. Conversely, in sections where there is a moderate to high

Fe-Ti oxide concentration there is little to no olivine present within those thin sections.
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Figure 5.12 Olivine by Depth, ODP Hole 1105A

Variability of the percent of olivine within the thin section samples throughout ODP Hole 1105A with depth. The blue line is the

average concentration of olivine within ODP Hole 1105A of 6.88%.
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% Fe-Ti Oxides and Olivine vs Depth
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Figure 5.13 Fe-Ti oxides and Olivine by Depth, ODP Hole 1105A
General relationship between the mineral phases of olivine and oxides present within IODP Hole 1105A. High presence of olivine

correlates to lower/absent oxide presence.
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5134R

The open source statistical software package R was used to perform multiple
regression models to constrain which factors (e.g., Fe-Ti oxide concentration) may
correlate with the presence of CPF and their intensity within ODP Hole 1105A (John Fox
and Sanford Weisberg, 2011; R Core Team, 2015). The results of the multiple regression
model run on the data in R is presented in Figure 5.14. The R software calculated the
correlation between Fe-Ti oxide content and CPF intensity to be a value of 0.1, indicating
that the concentration of Fe-Ti oxides is a good predictor of the CPF intensity rank within
ODP Hole 1105A. The R model also found that depth was positively correlated with CPF
intensity within ODP Hole 1105A with a correlation value of 0.45. Interestingly olivine
concentration had a -0.32 in correlation to CPF intensity, meaning that it was the highest
reverse predictor of CPF intensity within ODP Hole 1105A. Grain size has a -0.02
correlation factor with CPF intensity rank, indicating grain size was also a reverse
predictor of the CPF intensity. To illustrate the correlation the Fe-Ti oxide concentration
values and the CPF intensity ranking values were plotted against each other in Figure
5.15. The trend line, with a slope of 0.1384 and an R? value of 0.1927, shows how with
increasing Fe-Ti oxide values there is an increase in CPF values.

The subpopulation multiple regression model results for ODP Hole 1105A can be
seen in Figure 5.16. The subpopulation used in this round of statistics was a subgrouping
of all thin sections that had a Fe-Ti oxide concentration of 5% or more. There was little
change in the correlation values for both depth and Fe-Ti oxide concentration, but their
respective correlation values dropped slightly. The most interesting changes were in
regard to the grain size, Fe-Ti oxide concentration and olivine concentration variables.
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The grain size correlation value spiked drastically, changing from -0.02 to a higher value
of -0.49. Most interestingly is that Fe-Ti oxide and olivine concentration values became
opposite of what they were in the complete dataset test; with Fe-Ti oxides value changing

to a -0.009 and olivine’s value changing to a 0.2.
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Figure 5.14 R results correlation plot for ODP Hole 1105A

The output of the multiple regression done in the statistical software package R; using the data gathered for ODP Hole 1105A.
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% Fe-Ti Oxides vs CPF Intensity Ranking
ODP Hole 1105A
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Figure 5.15 Fe-Ti oxides by CPF, ODP Hole 1105A

The correlation between Fe-Ti oxide concentration and CPF intensity within ODP Hole 1105A. The general trend between them is

shown using the red trend line which is indicating that with increasing Fe-Ti oxide concentration within a thin section sample there is

a corresponding increase in CPF intensity of the thin section sample.
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Figure 5.16 R results correlation plot for the subpopulation of ODP Hole 1105A

The correlation values between the five variables used in this study for the subpopulation of thin sections with Fe-Ti oxide

concentrations over 5% within ODP Hole 1105A. Fe-Ti oxide concentration correlation value with CPF intensity is -0.009.

5.1.4 ODP Hole 735B
Two hundred four thin sections were used to examine ODP Hole 735B from

various sources including 52 shipboard samples from Leg 118 (Shipboard Scientific

0.6
0.8

Party, 1991), 69 samples from Leg 176 from Dr. Aaron Yoshinobu’s personal collection

and 83 samples from Leg 176 from Dr. Jay Miller’s personal collection.
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5.1.4.1 Fe-Ti oxides

Generally, the Fe-Ti oxide concentrations are less than ~2.3%, which accounts for
89.45% of the thin sections, Figure 5.17. There are 13 spikes of Fe-Ti oxide
concentrations over 5%; this accounts for 6.37% of the thin sections within ODP Hole
735B, with the remaining 4.18% of the Fe-Ti oxide concentrations falling between ~2.3
and 5%. The range of Fe-Ti oxide concentration calculated within ODP Hole 735B was
from 0.000723-29.82%, with the average being ~1.39%. The maximum of 29.82% was
in sample 118-735B-46R-2W-7B 128/130. This thin section did however have a carbon
film on it for SEM work, Figure 5.18A. Most of the Hole 735B is consistent with the
spikes in Fe-Ti oxide concentrations focused in two locations: the top from 14.57—
253.47mbsf and middle from 496.54-859.60mbsf in the Hole; with the rest averaging
~1%. The two high concentration sections account for the upper and middle clusters of
Fe-Ti oxide spikes over 5%. The other intervals contain the majority of the low

concentrations with no spikes over 5%.
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Figure 5.17 Fe-Ti oxides by Depth, ODP Hole 735B
The down hole concentration variations of Fe-Ti oxides within ODP Hole 735B. The blue line is the average Fe-Ti oxide

concentration of 1.38%.
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5.1.4.2 CPF

Figure 5.19 shows the variated CPF intensity within ODP Hole 735B versus
depth. There are several relationships between CPF intensity and Fe-Ti oxide
concentration that can be ascertained from this data. Aside from 3 of the 218 thin sections
in this study, any thin section with an Fe-Ti oxide concentration of 5% or higher also has
a CPF intensity ranking of 2 or higher, Figure 5.18B is an example of this. There are 13
thin sections that have over 5% Fe-Ti oxides; 10 of these thin sections or 76.9% of the
13, show this relationship. The three thin sections with a Fe-Ti oxide concentration
higher than 5% that do not show this relationship are located within the middle section of
ODP Hole 735B; an example of this is Figure 5.18C. The other two observations come
from simply comparing the presence of Fe-Ti oxides and crystal-plastic deformation
presence in the thin sections without considering the amount of oxide concentration or
the CPF intensity rank. In addition, wherever there is a CPF intensity rank higher than 0,
there are always Fe-Ti oxides present. This concentration, however, is not always
significant, as some Fe-Ti oxide concentrations are as low as 0.002%; Figure 5.18D is
one such example. This means that within ODP Hole 735B Fe-Ti oxides are present
wherever crystal-plastic deformation occurred. The reverse of this relationship is also
observed, since there is not always crystal-plastic deformation wherever there are Fe-Ti
oxides present. Five of the 218 thin sections have Fe-Ti oxide concentrations ranging
from ~0.204-8.689%, but have no CPF rank which accounts for 2.29% of the thin

sections.
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Figure 5.18 Thin section compilation from ODP Hole 735B

The black arrows show up core direction. A) Thin section 118-735B-46R2W-7B at a depth of 223.71mbsf has the highest Fe-Ti oxide
concentration at 29.828%; however, it is one of the thin sections with the carbon film on it which strains the Fiji software. B) Thin
section 176-735B-87R-5W-3 at 496.54mbsf has one of the highest Fe-Ti oxide concentrations at 26.781% and has a high CPF value of
4. C) Thin section 176-735B-121-6-1C at 727.08mbsf has an Fe-Ti oxide concentration over 5% of 8.689% but still has a low CPF

value 0. D) Thin section 176-735B-207R-4-1B at 1473.83mbsf has a low Fe-Ti oxide concentration of 0.06 and a CPF value of 1.
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CPF intensity ranking vs Depth
ODP Hole 735B

CPF Intensity Rank

Figure 5.19 CPF by Depth, ODP Hole 735B

The down hole fluctuations of the CPF intensity rank using the thin sections top depth within ODP Hole 735B.
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5.1.4.3 Olivine

The presence of olivine versus the presence of Fe-Ti oxides was another aspect
that this study examined. The olivine content within ODP Hole 735 is highly variated
with numerous high peaks throughout the hole (Figure 5.20). The olivine content the
minimum value was reported as 0%, the maximum value reported was 60%, which
occurs at the 462.02 mbsf peak, and the average reported value for olivine was ~9.71%.
The relationship between Fe-Ti oxide and olivine percent versus depth, Figure 5.21,
indicates that when there is a higher percentage of olivine, the Fe-Ti oxide concentration

is either reduced or absent and vice versa.
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Figure 5.20 Olivine by Depth, ODP Hole 735B

The variability of the percent of olivine concentrations within the thin section samples throughout ODP Hole 735B with depth. The

blue line is the average olivine concentration of 9.7%.
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Oxides vs Olivine by Depth
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Figure 5.21 Fe-Ti oxides and Olivine by Depth, ODP Hole 735B
The general relationship between the mineral phases of olivine and Fe-Ti oxides present within ODP Hole 753B.

5144R
The open source statistical software package R was used to perform multiple

regression models to constrain which factors (e.g., Fe-Ti oxide concentration) may
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correlate with the presence of CPF and their intensity, Figure 5.22 shows these results
(John Fox and Sanford Weisberg, 2011; R Core Team, 2015). The R software calculated
the correlation between Fe-Ti oxide content and CPF intensity to be 0.24, indicating that
the concentration of Fe-Ti oxides is a good predictor of the CPF intensity rank. An
interesting correlation that was found in the multiple regression model was that olivine
concentration had a -0.55 in correlation to CPF intensity, meaning that it was the highest
reverse predictor of CPF intensity. Grain size -0.08 and depth -0.43 were also reverse
predictors of the CPF intensity. These results leave Fe-Ti oxide concentration as the only
positively correlating variable. To illustrate this correlation, the Fe-Ti oxide concentration
values and the CPF intensity ranking values were plotted against each other in Figure
5.23. The trend line, with a slope of 0.0602 and an R? value of 0.644, shows how with
increasing Fe-Ti oxide values there is an increase in CPF values.

The subpopulation multiple regression model calculated correlations for all thin
sections that had a Fe-Ti oxide concentration of 5% or more within ODP Hole 735B; the
outcome of this model had some interesting results (Figure 5.24). The first was a drastic
change in the correlation values for all the variables used in testing; both depth and grain
size remained negatively correlating variables but showing an even stronger negative
correlation with their values spiking to -0.65 and -0.87 respectively. The most interesting
things that happened were in regards to the Fe-Ti oxide and olivine concentration
variables. The Fe-Ti oxides correlation value doubled to 0.55 showing even more
negative correlation than before; but most interesting is that olivine became a positive

correlating variable with a value of 0.36.
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Figure 5.22 R results correlation plot for ODP Hole 735B

The output of the multiple regression done in the statistical software package R; using the data gathered for ODP Hole 735B.
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CPF Intensity Ranking vs % Fe-Ti Oxides
ODP Hole 735B
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Figure 5.23 Fe-Ti oxides by CPF, ODP Hole 735B

The general trend is shown using the red trend line which is indicating that with increasing Fe-Ti oxide concentration within a thin

section sample there is a corresponding increase in CPF intensity.
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Figure 5.24 R results correlation plot for the subpopulation of ODP Hole 735B

Correlation values between the five variables used in this study for the subpopulation of thin sections with Fe-Ti oxide concentrations

over 5% within ODP Hole 735B.

5.1.5 All Holes
5.1.5.1 Fe-Ti oxides

There was a total of 552 thin section samples across the three holes used in this
study of Atlantis Bank that have a Fe-Ti oxide concentration calculated and a CPF
intensity value reported. Of the 552 there were a total of eight thin sections that had no

Fe-Ti oxides present, as seen in Figure 5.25, and only one of the eight had no crystal-
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plastic deformation present. These eight thin sections only account for 1.27% of the 552
samples used in this study that had CPF values reported. There was a total of seven Fe-Ti
oxide deficient samples in IODP Hole U1473A, zero Fe-Ti oxide deficient samples from

ODP Hole 1105A, and one Fe-Ti oxide deficient sample in ODP Hole 735B.

Presence of Fe-Ti Oxides
IODP U1473A, ODP 1105A and ODP 735B
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Figure 5.25 Number of samples with Fe-Ti oxides present versus not present

The number of thin section samples that have Fe-Ti oxides present versus the number that do not; this plot was created based on the

552 thin section samples that also had CPF intensities reported from IODP Hole U1473A and ODP Holes 1105A and 735B.

The majority of the Fe-Ti oxides, including nearly all of the thin sections with
concentrations over 5%, are between the top and middle of each hole, aside from the
peaks towards the base of IODP Hole U1473A (Figure 5.26). ODP Hole 735B had the
highest concentrations of Fe-Ti oxides calculated of the three holes. Two of these thin
sections were the ones with carbon films on them, which could be in error, but one
sample with ~26% Fe-Ti oxides does not have carbon film. ODP Hole 1105A has the

highest number of thin sections with Fe-Ti oxide concentrations with a total of twenty,
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which is 24.7% of the samples in the hole. This is nearly double the numbers seen in
IODP Hole U1473A with 11 samples (3.6% of the hole), and ODP Hole 735B with
thirteen samples (6.37% of the hole). ODP Hole 1105A had the highest average Fe-Ti
oxide concentration of 2.97%, which is more than double that of the other two holes.
Holes ODP 735B and IODP U1473A had close to the same average for Fe-Ti oxide

concentration 1.39% and 1.14% respectively.
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% Fe-Ti Oxides vs Depth
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Figure 5.26 Fe-Ti oxide concentration by Depth, All three Holes
Interestingly the spikes of Fe-T| oxide concentrations over 5% seem to stop at ~850mbsf. The two thin sections with ~30% Fe-Ti

oxide content within ODP Hole 735B have carbon films on them, the one ~26% does not.
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5.1.5.2 CPF

There was a total of 552 thin section samples used in this study of Atlantis Bank
that have a CPF intensity value reported. Of the 552 there were fifty thin sections that had
no crystal-plastic deformation, as seen in Figure 5.27, and only one of which had no Fe-
Ti oxides present. The fifty thin sections that have no crystal-plastic deformation account
for 9.05% of the 552 samples used in this study. There was a total of 34 undeformed
samples in IODP Hole U1473A (12.88%), eleven undeformed samples from ODP Hole
1105A (13.75%), and five undeformed samples in ODP Hole 735B (2.4%). There were
no trends for CPF intensity vs depth other than in ODP Hole 1105A where there was a
general trend of increasing CPF intensity rank with increasing depth, hence the positive

correlation calculated with R (Figure 5.14).
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Figure 5.27 Number of samples with CPF present versus not present

The number of thin section samples that have crystal-plastic deformation present versus the number that do not; this plot was created

based on the 552 thin section samples that had CPF intensities reported from IODP Hole U1473A and ODP Holes 1105A and 735B.
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5.1.5.3 CPF and Fe-Ti oxides

Out of the 552 thin section samples that had both Fe-Ti oxides calculated and CPF
values reported there were only fifty-seven samples that did not have both, i.e., a sample
had just Fe-Ti oxides and no CPF or vice versa. These 57 samples account for 10.3% of
all 552 samples used in this study; forty samples in IODP Hole U1473A, eleven samples
in ODP Hole 1105A, and six samples in ODP Hole 735B. In terms of percentages this
means these examples accounted for 15.2% within IODP Hole U1473A, 13.75% within
ODP Hole 1105A, and 2.88% within ODP Hole 735B.

A relationship between the concentration of Fe-Ti oxides and CPF intensity
ranking is present within all three holes (Figure 5.28). Within all three holes there is a
trend showing that with increasing Fe-Ti oxide concentration there was a corresponding
increase in CPF intensity rank. Holes IODP U1473A and ODP 1105A both had very
similar trend lines for this relationship with very similar slopes of 0.1168 and 0.1387,
respectively. ODP Hole 735B had a shallower slope of 0.0726; however, it still shows the
same positive relationship between Fe-Ti oxide concentration and CPF intensity. The R?
values for the trend lines from all three Holes are low when including all of the thin

sections.
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% Fe-Ti Oxides vs CPF Intensity Rank
IODP U1473A, ODP 1105A & ODP 735B

Figure 5.28 Plots of Fe-Ti oxide concentrations by CPF intensity

All three holes have separate trend lines showing the same general relationship.

5.1.5.4 Olivine and Fe-Ti oxides

The olivine concentrations of all three holes were similar as can be seen in Figure
5.29. Aside from one extremely high olivine concentration in ODP Hole 735B at ~60%,
the majority of the olivine concentrations within all three holes was between 0% and
~30%. All three holes showed the same general relationship between Fe-Ti oxide and
olivine concentrations. Olivine and Fe-Ti oxides have a reverse dependence relationship
(Figure 5.30). In all three holes as the Fe-Ti oxide concentrations increased the olivine
concentration fell to low levels or was absent all together. The reverse of this was true as
well with Fe-Ti oxide concentration being low or nonexistent as the olivine concentration

increases.
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% Olivine Vs Depth
IODP U1473A, ODP 1105A & ODP 735B
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Figure 5.29 Olivine concentration by Depth, All three holes

The olivine content throughout all three holes used in this study of Atlantis Bank, SWIR.
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% Olivine vs % Fe-Ti oxides
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Figure 5.30 Fe-Ti oxide concentration by Olivine concentration, All three holes

Concentration of the mineral phase olivine versus the concentration of Fe-Ti oxides within the samples from IODP Hole U1473A,

ODP Holes 1105A and 735B.

5.1.5.5 Grain size versus other variables

Grain size had a negative correlation value among all three holes. Based on the
datasets, of samples with 5% or more Fe-Ti oxide content had smaller grain sizes, with
higher CPF values and lower olivine contents with ~80.48% being fine-medium grained
samples (41.46% fine, and 39.02% medium). In IODP Hole U1473A 63.63% of samples
with 5% or more Fe-Ti oxide concentrations were medium grained, with the others being
coarse grained. The medium grained samples within IODP Hole U1473A had a higher
average Fe-Ti oxide concentration and CPF intensity, and a lower average olivine

concentration. In ODP Hole 1105A 55% of the samples with 5% or more Fe-Ti oxide
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concentrations were fine grained, 40% were medium grained, and 5% were coarse
grained. The fine-grained samples within ODP Hole 1105A had the highest average Fe-
Ti oxide concentration and CPF intensity ranking, and low olivine concentration. In ODP
Hole 735B 60% of the samples with 5% or more Fe-Ti oxide concentration were fine
grained, 30% were coarse grained, and 10% were medium grained. The fine-grained
samples within ODP Hole 735B had the highest average Fe-Ti oxide concentration and
CPF intensity, and low olivine.

5.1.5.6 R results

5.1.5.6.1 All three holes

The same statistical test was run on all of the data to test the relationships across
all three holes used in this study (Figure 5.31). The results of running all three datasets
through R showed the same general trends seen in the individual holes testing, with Fe-Ti
oxide concentration remaining the only positively correlating variable with CPF intensity.
The correlation value between Fe-Ti oxide concentration and CPF intensity is 0.18, about
the same as the individual hole R tests (i.e., 0.12 for IODP U1473A, 0.1 for ODP 1105A,
and 0.24 for ODP 735B). As for the other variables, the R software calculated a negative
correlation value of -0.19 for depth, a -0.36 for grain size, and a -0.14 for olivine
concentration for these variables correlation with CPF intensity.

As with all the individual holes the final stage of the statistical testing was to run
the tests on the subpopulation of thin sections with over 5% Fe-Ti oxide concentration
from all three holes (Figure 5.32). Based on the results seen in Figure 5.32, it can be
stated that there were the same general trends present with all of the individual Hole tests.
With the concentrations of Fe-Ti oxides and olivine being the only positive correlation
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values with CPF intensity, and depth and grain size having negative correlation values
with CPF intensity. The subpopulation of thin sections with 5% or more Fe-Ti oxide
concentration from all three datasets produced the highest positive correlation between
Fe-Ti oxides and CPF intensity at a value of 0.26. The subpopulation also and had a
correlation value of 0.08 for olivine concentration and CPF intensity, a -0.2 correlation

value for depth and a -0.56 correlation value for grain size with regards to CPF intensity.
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Figure 5.31 R results correlation plot for all three holes

This correlation plot was created in the R statistical software to show the correlation values between the five variables used in this

study for all three holes.
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Figure 5.32 R results correlation plot for the subpopulation of all three holes

This correlation plot was created in the R statistical software to show the correlation values between the five variables used in this

study for the subpopulation of thin sections with Fe-Ti oxide concentrations over 5% within all three holes.

5.1.5.6.2 R test results in general

The statistical models run in the R software package produced some interesting
results that agree in some aspects across the three holes, but also disagrees in a few
respects. The first major similarity in this study was the fact that in all tests, aside for the
ODP 1105A subpopulation test, there was a positive correlation between Fe-Ti oxide
content and CPF intensity rank. Within the subpopulation datasets and complete datasets
testing the grain size correlation with CPF intensity was the only variable to stay the

same, with respect to negative or positive correlation.
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There were a couple of points where the tests did not all produce similar results.
For example, in all three datasets Fe-Ti oxide concentration was always in positive
correlation with CPF intensity ranking; however, in ODP Hole 735B this correlation
value was double that of IODP Hole U1473A and ODP Hole 1105A. Depth below the
seafloor was another aspect in which the correlations were not always in agreement. ODP
Hole 1105A had a positive correlation between depth below the seafloor and the CPF
intensity ranking, with the CPF values starting out low at the top and getting higher as
depth increased (Figure 5.11). This correlation, however, was not present in either of the
other two holes.

There were a few cases where the statistics did not agree across all three holes in
the subpopulation testing as with the full datasets. The subpopulation test of ODP 1105A
was the only hole to have a negative correlation value for Fe-Ti oxide concentration, and
it was also the only hole to have a positive correlation value for depth. Aside from IODP
Hole U1473A, all of the subpopulation tests produced a positive correlation value for

olivine.
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CHAPTER VI Discussion

6.1 Discussion

One of the main goals of this study was to create a dataset detailing Fe-Ti oxide
concentrations within Atlantis Bank by utilizing thin section samples from 10DP Hole
U1473A and ODP Holes 1105A and 735B. Another aspect of this study was to utilize
these data in conjunction with data from previous studies to discern potential
relationships between the presence and concentration of Fe-Ti oxides and crystal-plastic
deformation within Atlantis Bank. Several observations must be explained to form a
model for the relationship between Fe-Ti oxides, crystal-plastic deformation, and other
characteristics from Atlantis Bank. Those observations are as follows: 1) the correlation
between Fe-Ti oxide concentration and crystal-plastic deformation in all three holes; 2)
how the association between Fe-Ti oxide concentration and olivine concentration affects
crystal-plastic deformation; 3) the anomalous correlation between CPF and depth within
ODP Hole 1105A; 4) the correlation between Fe-Ti oxides, CPF, and grain size. The
following discussion will attempt to explain these phenomena and to discuss the
significance of Fe-Ti oxides in the formation of oceanic core complexes.
6.1.1 Fe-Ti oxides and CPF intensity

Till and Moskowitz (2013) stated how zones of increased Fe-Ti oxide
concentration can facilitate localization of deformation and also that Fe-Ti oxides deform
plastically at lower temperatures than silicates, thus supporting the link between Fe-Ti
oxide content and CPF intensity. Several other experimental studies have demonstrated
that Fe-Ti oxides are weaker than silicate phases (Atkinson, 1977; Siemes and Hennig-
Michaeli, 1985). Bateman (1951) discussed how Fe-Ti oxides can become localized due
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to gravitative setting, which causes them to form bands within the rocks they occur in.
These bands of Fe-Ti oxides can later be the initiating sites of deformation given that
they deform more readily than silicates, and by extension localize shear into those. John
and Cheadle (2010) stated that the strain created by detachment faults in OCC’s like
Atlantis Bank and Kane Mega Mullion, may have been localized into the Fe-Ti oxide
gabbros present there. The results from this study including the analysis of the presence
of Fe-Ti oxides and CPF indicate a positive correlation between the presence of Fe-Ti
oxides and crystal-plastic deformation. The results of this study agree with predictions
given that the majority of Fe-Ti oxide-rich thin section samples also have higher degrees
of crystal-plastic deformation.

Only 10.3% of the thin section samples used to examine Atlantis Bank did not
exhibit the presence of both Fe-Ti oxide mineral phase and crystal-plastic deformation.
There are however, possible explanations for this 10.3% of the dataset that does not fit
the model. One explanation for this discrepancy is that these thin sections simply did not
experience any deformation while Atlantis Bank was being exhumed. So, these samples
with more than 5% Fe-Ti oxide must have been shielded from the deformation, with the
strain being partitioned elsewhere such as a preexisting weakness (faults, joints, other
shear zones, etc.). This is possible since a pre-existing shear zone can be up to 4X weaker
than the surrounding gabbro (Mehl and Hirth, 2008). Therefore, even with a high
concentration of weaker phases, like Fe-Ti oxides present, this may not be enough to

partition strain if there is a weaker zone nearby to facilitate this deformation.
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6.1.1.1 Different Fe-Ti oxide-CPF correlation factors between holes

The rocks from Holes IODP U1473A, ODP 1105A, and ODP 735B from Atlantis
Bank are similar in age. However, Rioux et al. (2016) noted that the rocks in the upper
portion of ODP Hole 735B, which is where the majority of Fe-Ti oxides are concentrated,
are older than the rocks of the other holes in Atlantis Bank. This means that with more
time ODP Hole 735B should have experienced more deformation than the other two
holes. The correlation values for IODP Hole U1473A and ODP Hole 1105A between Fe-
Ti oxides and CPF intensity are very close and are half the value of the correlation value
from ODP Hole 735B for the same variables. So, it is possible that the relationship
between Fe-Ti oxides and CPF intensity may develop with time leading to a stronger
correlation through time for older parts of the crust. This is supported by the number of
samples that have both Fe-Ti oxides and deformation present. ODP Hole 735B has
experienced more deformation through time and has the smallest percentage of
undeformed samples (2.88%), but does have Fe-Ti oxide mineral phases present in the
undeformed samples.
6.1.1.2 Timing of Fe-Ti oxide localization

Fe-Ti oxide clusters typically crystalize around mafic phases such as
clinopyroxene, an observation that has been made by other studies such as Agar and
Lloyd (1997) (Figure 6.1). Duchesne (1996) and Bernard et al. (2015) stated how Fe-Ti
oxides can move in the melt body or through solid state migration by being forced into
low-stress zones creating microstructures called pressure shadows. There are several
examples of pressure shadows observed in thin sections from all of the holes used in this
study; two thin sections exhibiting this phenomenon from I0DP Hole U1473A are in
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Figure 6.1. Additionally, Fe-Ti oxide clusters typically have their longest dimension
parallel to the crystal-plastic foliations present in the samples. These types of structures
are important since they are an indicator that the Fe-Ti oxides were present at the time of
the deformation event instead of arriving after.

Another example of Fe-Ti oxide behavior from previous studies is how they can
form a lining around shear zones (Agar and Lloyd, 1997). There were several examples
of Fe-Ti oxides lining shear zones within thin section samples from IODP Hole U1473A
as well; two of the thin sections characterized by this are in Figure 6.2. Both of these
phenomena are important indicators of why there is a correlation between Fe-Ti oxides
and crystal-plastic deformation as both of these structures are only seen when the Fe-Ti

oxides are present during the deformation.
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2.4 b

Figure 6.1 Pressure shadows and Fe-Ti oxide mineral association

These thin sections were chosen to illustrate the pressure shadows effects of Fe-Ti oxides within Atlantis Bank. The black/white
arrows represent up core direction and the red arrows represent the sense of shear experienced by the respective thin section. The
pressure shadows are the Fe-Ti oxide ‘tails’ streaming to one side or another on the more resistant mineral phases present such as
plagioclase feldspar and olivine. A and A2 are the plain polar and crossed polar images respectively of thin section sample 360-
U1473A-26R-2-TS-86 taken from a depth of 228.4mbsf within IODP Hole U1473A. B and B2 are the plain polar and cross polar

images respectively of thin section sample 360-U1473A-61R-4-TS-207 taken from a depth of 552.35mbsf within IODP Hole

U1473A.
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Olivine

Figure 6.2 Shear zones

The above thin sections have been chosen from IODP Hole U1473A to illustrate how Fe-Ti oxides can sometimes form linings along
the outside of shear zones. The black/white arrows represent up core direction. A and A2 are the plain polar and crossed polar images
respectively of thin section sample 360-U1473A-68R-6-TS-235 taken from a depth of 623.9mbsf within IODP Hole U1473A. B and

B2 are the plain polar and cross polar images respectively of thin section sample 360-U1473A-3R-1-TS-3 taken from a depth of

13.59mbsf within IODP Hole U1473A.
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6.1.2 Olivine, Fe-Ti oxides and CPF intensity

As for why olivine would show a positive correlation with CPF intensity within
the subpopulation, the relationship between the concentration of olivine and Fe-Ti oxides
must be considered. Throughout all three holes examined in this study, there is a reverse
relationship between Fe-Ti oxide concentration and olivine concentration, i.e. where one
would rise the other would fall and vice versa, which is related to how and when they
form. Olivine is usually formed early in the fractionation process of magma bodies; this
fractionation process occurs as a magma cools causing different minerals to form at
different temperatures. This fractionation process creates more evolved magmas which
over time become enriched in elements such as Fe (3+) and Ti which will later form Fe-
Ti oxides within the cooled magma body. Models have shown that by the time Fe-Ti
oxides appear on the liquidus, only up to 5% porosity is left (Clague et al., 1981; Juster et
al., 1989). This would indicate that only up to 5% Fe-Ti oxides would be expected to be
present in olivine gabbro and gabbro. Therefore, the more Fe-Ti oxide present in the
sample, the more evolved the starting composition must have been or Fe-Ti rich liquids
infiltrated the area, and olivine would have been on the liquidus for a short period of time
or not at all.

The reason that olivine calculated as a positive correlation factor with CPF for the
subpopulation test and as a negative correlation factor for the complete dataset test is
twofold. This has to do with the lithology of the samples being tested, which is controlled
by which population is being tested (i.e., everything or the subpopulation) and the amount
of variation within the olivine content of samples that also exhibit deformation. When all
a hole’s data was being tested, the majority of the samples would be from olivine gabbro,
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meaning more samples with olivine present. Because the olivine concentration is highly
variable throughout the hole, there would be no apparent trend between olivine content
and CPF intensity. However, the majority of the samples with high CPF intensity had low
olivine content; this causes the negative correlation between olivine concentration and
CPF intensity since there would be no trend between the two variables. When the
subpopulation of a hole was being tested, i.e., only samples with 5% or more Fe-Ti
oxides, the principle lithology of these samples would be a Fe-Ti bearing gabbro. This
means that there would be higher concentrations of Fe-Ti oxides present than there was
of olivine. This lithologic difference removes the variability of the olivine (i.e., all
samples had either low olivine or no olivine present), which leads to the positive
correlation between Fe-Ti oxides, olivine, and CPF intensity. The main cause of this is
the inherent susceptibility of the weaker Fe-Ti oxides to deformation compared to
olivine.
6.1.3 CPF intensity and Depth

In both IODP Hole U1473A and ODP Hole 735B, there was more variation with
respect to the CPF intensity values. These variations were within general trends of overall
increase and then overall decrease of the average CPF intensity, that cover several
hundreds of meters within the core. These trends are depicted in Figure 3.1, created using
thickness corrected, running average of the CPF intensity. Figure 3.1 also depicts how
IODP Hole U1473A and ODP Hole 1105A have very similar deformation profiles in the
first 150 meters, then around 200 meters IODP Hole U1473As’ deformation profile
begins to decrease. This decrease is not exhibited in ODP Hole 1105A, given that it is
only 160 meters deep. Even in ODP Hole 735B, there is a general increase and decrease
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in the deformation profile, sometimes covering several hundred meters of the core. The
statistical results for CPF intensity by depth identified a positive correlation within ODP
Hole 1105A and not within the other to holes; the reason for this is the hole’s shallow
depth. The cause of this positive correlation between depth and CPF intensity is the fact
that ODP Hole 1105A was simply too shallow to exhibit the same amount of variation as
the other two holes, and also too shallow to include the complete rise and fall of a zone of
intensified deformation. Should ODP Hole 1105A be drilled to a deeper depth, it is
possible that the continued deformation profile would show a general decrease in the
overall deformation intensity just like IODP Hole U1473A and ODP Hole 735B, and lead
to a negative correlation.
6.1.4 Grain size and its control on other variables

An interesting result of this study was that grain size potentially plays a role in the
relationship between Fe-Ti oxide concentration and CPF intensity. Nearly half of each
hole’s samples with 5% or more Fe-Ti oxides were present within samples of the finer
grain size for that respective hole. These finer grained samples also had the highest
average CPF intensity of each respective hole. This is because of the convoluted
relationship between the three variables: Fe-Ti oxide concentration, grain size and CPF
intensity. As this study has shown higher Fe-Ti oxide content within a sample tends to
correlate with higher CPF intensities, and higher CPF intensities tend to correlate with
samples of finer grain sizes. This is important because of how the crystal-plastic
deformation is facilitated within Atlantis Bank. The crystal-plastic deformation process at
Atlantis Bank occurs by recrystallization which leads to a smaller grain size as CPF

intensity increases.
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6.1.5 Implications for OCC development

As stated by John and Cheadle (2010), and shown in the Fe-Ti oxide
concentration and CPF intensity results from ODP Hole 735B, Fe-Ti oxides can facilitate
the localization of strain from detachments faults, like the one at Atlantis Bank. This type
of strain localization caused by the detachment shear zone is observed in ODP Hole 735B
on the deformation profile created by the Shipboard Scientific Party (1999), where the
deformation intensity is very high at the surface of the hole then tapers off with depth.
This is also echoed by this study’s dataset for ODP Hole 735B, which exhibits the
increased Fe-Ti oxide concentration correlated with increased CPF values at the seafloor
which then tapers off with depth. This indicates that the concentration of Fe-Ti oxides
near the detachment fault may facilitate the continued evolution of an OCC by localizing
strain and creating a net flow preferentially along these bands of Fe-Ti oxides.

Fe-Ti oxides are an important mechanism for continued crystal-plastic
deformation at lower temperatures within OCCs like Atlantis Bank. The reason for this is
that the principal mineral phase present within the crustal column that makes up Atlantis
Bank is plagioclase that only deforms plastically at temperatures exceeding ~750°C when
dry (Mehl and Hirth, 2008; John and Cheadle, 2010). This allows for a small
temperature/depth window of mylonite development within OCCs like Atlantis Bank
because the lower crust is exhumed and cooled from ~1200°C to 750°C along the
detachment shear zone/fault relatively quickly (>~800°C/Ma over the first ~500,000
years (John et al., 2004)). However, mylonitic rocks are present throughout Atlantis
Bank, so crystal-plastic deformation most likely continued well below the ~750°C
threshold. Also, the presence of abundant Fe-Ti oxides (5% or more) and CPF down to
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~850 mbsf, indicates that the strain was distributed throughout much of the footwall, not
just along the detachment shear zone. There are a few ways this process can be
accomplished at lower temperatures: 1) already present shear zones are much weaker
than the rocks around them (Mehl and Hirth, 2008) and 2) the presence of weak mineral
phases like Fe-Ti oxides can preferentially partition strain. Because the majority of
samples used in this study exhibit a positive relationship between the concentration of Fe-
Ti oxides and CPF intensity and grain size, it is very likely that deformation was
accommodated by Fe-Ti oxide-rich zones between 750°C and the lower limit of ductile
deformation in Fe-Ti oxides of ~400°C. Below this temperature brittle-plastic
deformation mechanisms like dissolution-precipitation (amphibole) and reaction
softening (chlorite) would have facilitated the majority of the strain within Atlantis Bank

(Miranda and John, 2010).
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CHAPTER VII Future Studies

7.1 Future Studies

The primary weakness of this study includes the anomalies and gaps within the
data, most of which would be remediated by obtaining thin sections this study did not
have access to. This study could also be fortified with aspects such as magnetic
susceptibility (which should line up with the Fe-Ti oxide concentrations) and other
factors such as brittle deformation intensities, concentrations of alteration states, and
metamorphic grades of the shear zones. The next phase could include samples from
future holes within Atlantis Bank or holes from other OCCs to ascertain if the
relationships found by this study hold true for other OCCs. There have been studies done
on Atlantis Massif, such as that by Schoolmeesters et al. (2012), that suggest the Fe-Ti
oxide bearing gabbros of Atlantis Massif have affected its cooling history; there was also
some lithologic work done to show where these Fe-Ti oxide gabbros occur within the
hole. This is important because temperature plays a very important role in crystal-plastic
deformation. If the future studies find that there are different relationships present at the
other OCCs, another study could look into if an OCC’s location could have anything to
do with the relationship present based on ridge type or magma composition, and rate of

spreading.
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CHAPTER VIII Conclusion

8.1 Conclusion

This study is the first to quantify the concentration of Fe-Ti oxides across a wide
sample suite and to test the statistical significance of the relationship between Fe-Ti
oxides and CPF intensity. This study confirms statements from previous studies of
Atlantis Bank and other OCCs on the positive correlation between Fe-Ti oxides and CPF
intensity rank based on the samples used from IODP Hole U1473A and ODP Holes 735B
and 1105A. This study demonstrated that the Fe-Ti oxide concentrations in Atlantis Bank
range from 0.00% to as high as 26.78%. Previous studies have used anecdotal evidence
and inferences to make this prediction. Based on the analysis of the data from all three
holes, there is a trend that samples with an Fe-Ti oxide concentration of 5% or more have
a corresponding CPF intensity of 2 or more out of 5. While this trend was not a perfect
fit, there was a discernable positive correlation between CPF intensity and Fe-Ti oxide
concentration based on statistical analysis, and ~90% of the samples with Fe-Ti oxides
exhibited some form of crystal-plastic deformation. These data indicate that while the Fe-
Ti oxides were not completely controlling the CPF intensity (based on the factors used in
this study), it was the only constant positive correlation between them. Another
interesting result of this study is that grain size might also play a role in the relationship
between Fe-Ti oxides and CPF intensity; and that where there is a high concentration of
Fe-Ti oxides, there is a corresponding lack of olivine. The other interesting idea gleaned
from the statistical analysis is that time might play a role in this relationship. IODP Hole
U1473A and ODP Hole 1105A are from a younger portion of Atlantis Bank’s structure,
are from the middle of the complex, and had relatively equal correlation factors of 0.12
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and 0.1, respectively. Whereas ODP Hole 735B is from an older portion of Atlantis Bank,
along the western margin of the complexes structure, and has a correlation factor of 0.24.
Results indicate that Fe-Ti oxides are integral in the formation of an oceanic core
complex and play a significant role in the continuation and progression of crystal-plastic
deformation in the footwall of oceanic core complexes. This study also begs the question
if this relationship is something specific to Atlantis Bank along the Southwest Indian
Ridge or is it present in other OCCs such as Atlantis Massif and Kane Mega Mullion

along the Mid-Atlantic Ridge?
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APPENDIX A —R Coding

HUHHHHHR R

#load libraries

HUHHHHHR R

library(car)

library(corrplot) # We'll use corrplot later on in this example too.
library(visreg) # This library will allow us to show multivariate graphs.
library(rgl)

library(knitr)

library(scatterplot3d)
library(Hmisc)

HERR

#making citations for basic R
HERR

citation()

HERR

#making citations for the packages
HERR

citation("car")

citation(""corrplot™)
citation("visreg")

citation("'rgl")

citation("knitr")
citation("'scatterplot3d")
citation("Hmisc")

HHHBHHIHRH

#isetting directory for excel files
HHHBHHIHRH

getwd()

HHHBHHIHRH

##read in my data csv file
##change the file name as needed
HHHHHHH
alldata<-read.csv("'735B_subpop.csv",header=T)
names(alldata)

HHHHHHIHH

#tcreate a subset of the data
HHHHHHIHH
stats_data2<-subset(alldata,select=-c(Label))
summary(stats_data2)
HHHHHH

#plotting the data from stats_data?
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HHHHH

plot(stats_data2,pch=20,col="red",main="Matrix Scatterplot of % Fe-Ti oxide, CPF
Intensity Rank, Top Depth and % Olivine")

HHHHHHHH

#center predictors

HHHHHHHH

names(stats_data2)

X..oxide.c=scale(stats_data2$X..oxide,center=TRUE,scale=FALSE)
CPF.intensity.rank..0.5..c=scale(stats_data2$CPF.intensity.rank..0.5.,center=TRUE,scale
=FALSE)
Top.Depth..m..c=scale(stats_data2$Top.Depth..m.,center=TRUE,scale=FALSE)
Grain.size.c=scale(stats_data2$Grain.size,center=TRUE,scale=FALSE)
Olivine.....c=scale(stats_data2$Olivine....,center=TRUE,scale=FALSE)

#bind these new variables into stats_data2 and display a summary
new.c.vars=chind(X..oxide.c,CPF.intensity.rank..0.5..c, Top.Depth..m..c,Grain.size.c,Oliv

stats_data2=cbind(stats_data2,new.c.vars)
names(stats_data2)=c(""X..oxide.c","CPF.intensity.rank..0.5..c","Top.Depth..m..c","Grain.
size.c","Olivine.....c")

summary(stats_data2)

s

#create the linear model and display a summary

s
mod1=Im(CPF.intensity.rank..0.5..c~X..oxide.c+Top.Depth..m..c+Grain.size.c
+0livine.....c,data=stats_data2)

summary(mod1)

R

#Plot a correlation graph

R

newdatacor=cor(stats_data2[1:5])

corrplot(newdatacor,method="number")

T
R R A R R R A S e R R R R A R R R S
T
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Datasets from all three Holes

Lkl

FE0LLI14 TN R LW LOS 1T TSE
FEC-LILA TAA-2R-2-W 5/ 30-T58
FEC-LILA T3 F-1-W THEG-TSE
SO U147 3R 2 W ESSE TSR
FEO-LILA T34 FR-4-W 400 2-T38
FEOLIIA T3A-FR-A-W GASST-TER
FE0 U4 TAA-AR-1-W BRI TER
SECLLITA TAA-AR- 3 W A0044-T5E
SECLLII4 TAS-AR-3W 114 11T TSE
G0 LA TAA-AR-d- W 261 30-TE8
FO0L14 TAAAR AW L2713 TSE
30014 TIASR-1-WAGIEDTSE
FECLILA TAA-GR-3- WS 2E4-TEE
S04 TR R 3 W SEEL TSE
OO TAAGR 3 W ST
FEO-LIIA TIA-TR-1-W L3L 1 M-TSE
FE0 U4 TAAER- 3 W 21020-TER
S50 LA TAA-OR-2-W A4 4 B TSR
SECLLIIA TAA-OR- W 1AL 145-TSE
FEC-LI1A TAA-OR-4-W51/54-TER
S04 TR IR-4-W LGS 25 TSR
SEOULA T4 RSN 2ETSE

G0 LI TAA-OR-5- W A0V 44-TE0
FE0LILA TAA-9R-5-W LIS/LIETSB
B0 14 TAA-LOR-1- W ERSSLTSE
SECLIIA TRA-10R-1-W 125/131-T5B
FECHLILA T34 10R-2- W 57/ 31-T3B
JE0r U4 TILOR-3 W T2 TS TSE
SEC-LIA TIA-LIR-1-WARM TSR
FELIIATIA-LIR-2- W /G T38
SE0- U4 TAA-LIR-3-W A 2M45- TSR
SEOULA TAALIR-3 W 63/ S5 TSR
SEOUI4TAALIR-3 W 11111756
G0 LI TA-1 2R-1- W O 3 TS8
FOONLI14 TAA LR 3 W 104107 5B
FO0LI14 TAA1 R4 W 60/ 64-TSE
SEUIATIA-LIR-1-W B/ TETSR
FE0 U4 TAA-13R-1- W 1061068 TSB
FEO U4 TAA-1 3R-4- W S T A0TSR
FEO-LIIA TIA-LAR-1-W 27/ 2F TSR
SO0 U4 TAA-1AR-4- W 139,113 T5B
S50 U4 TAA-14R-5- W B0/ B3 TSR
SE0LI14 TAAIER-1.W 7/I2TIR
BEULA TAL-15R-1-W B TR TSR
SEC-LIA TR 15R-2- W 21/ 2R TSR
FOONLI14 TR LR 2 W A T/ TSR
FEUILA TAA-L5R-3 W 503 T8
FEO-UIA T LER-3- W GG TRR
S0 U4 TAA15R-3 W 119123 T5B
FECLLIIA TAA-1ER-1-W 30/35-T3R
FECLLIIA TAA-16R-2- T/ FE-TSE
JE0-U14 TIA-1ER-2- W B I3TSE
FEOLI4 TIA-LER-4-W 129/135-T5B
FECLI14 TIA-1ER-5-W 2428 TSE
FE0-UA TAA-16R-5- W 1 30/150-TRB
30014 TS LTR-2 W 102106 TSB
FOONLI14 TARL TR-A: W A0 4B TSR
FEC-LILA TAA-1ER-1- W 108115 T5B
SE0 L4 TR LER- 2 WIEEL-TSE
S0 U4 TAA19R-1- WS AE TSR
FECLIIATIA-1TR-2-W 133/137-T56
FE0 U4 TAA-20R-1-W 1 29/18-ToB
SO0 LI TAA-20R-2- W 11 2-TER
SECRLI1A TR 20R- 2 W G5 T-TSE
BG4 TAA-ZLR-1-W 12015 TSR
S0 LA TAA-ZLR-2-W 22725 TSR
SE0U14 TIAICL W T/ IBTIE
FECLILA TAA-2OR-1-W SOE R TSR
FE0-LILA TR 2R 2- 0 32 M-TSR
SO U4 TR TR L W BRI TSE
FELIIA TIA-Z- 2 T T3 TR
FEO-LIIA TIA- 22 W 106/110-T56
FE0 U4 TAA-TIR-3 W S TSR
SECLLILA TRA- I3 W ALMS-TRE
SECLLILA TRA- I3 W ELES-TIE
SECHULA T 2R3 W S TETSE
SEOLLI14 T PAR-1- WS BT TSR
SO0 LI14 T34 PR-1-W G5/68-TSE
FE0LILA TAA-MR-2- W 05 100-TS B
B0 UL4 TN MR- 3 W A TR0 TSE
SO0 L1 TR R L W B TSR
FECUIIA T34 ISR-1- W T TT-TSE
FE0 14 TAA-ISR-1- W B A0TSR
SO0 U4 TAA-IBR-2- W F/4 3 TSR
SEOLILA TRA- TER- 2 W S SES-TSE
FEC LA TAA-26R-2-W 1001104 To B
SO0 LA TAA-26R- 3 W S 25 TSR
SECLIT4 T34 Z7R-1-W 111117 T5E
SEC-LA TR 2TR-2- W S TSR
0L T ZER-1- W ETL-TER
S0 LU14 TIA-ZER- 3 W ALML-TSE
FECHLILA T34- 25R-5- W 1 2-TSE
SECLLILA TRA-Z9R-1- W 32 3G-TSR
FEO U4 TR W B TR TSR
FEO-LIIA TIA- T2 T2 I TR
FEOLIIA TAA-Z- 3 W 455 1-T3E
FE0- U4 TAA-ZOR-4-W 1120116 T5B
SECLLILA TAA-OR-1-W BE/A0TSE
SECLLILA TAA-F0R-3 W S0/44-TEE
G0 L1 TR 30R-5- W 478 T8

SO0 U2 TR4-30R-5 W 2T ILTSE

APPENDIX B — Datasets from all of the Holes
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FEHULE TIA-FIR-1-W 106106 T5E
3A0LUL4 T3A-F1R- 2 W L1122 TSR
B60HULA FEA-F1R-3 WG 10-TSR
BEHUILA TIA-3IR- 2 W B EI TR
ST T34-33R- 2 W I43/147- 5B
B60HULE - BIR-A- WA RAE TR
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BG0HULA TEO-GER- W M AT-TIR
J60ULE T3 3304 W 1115 TSE
F00ULS TIA33R5 WERAS TSR
Fa0HULA FE- B RS- WBRIL-TS R
FE0ULE TIA- MRS W SR/100-TSE
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a1 7EA-56R- 3 W 1/ 6 TSR
FEVUILA T2 3R 2 W BRI TSR
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FECHULA TIA-FTR-A- W 13F1AT- TSR
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