Florida International University
FIU Digital Commons

FIU Electronic Theses and Dissertations University Graduate School

3-20-2020

Volcanic History of the Izu Bonin Mariana Arc Prior to the First Arc
Rift from Volcaniclastic Sediments of DSDP Site 296 and IODP
Site 1438

Eshita Samajpati
Florida International University, esama005@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd

6‘ Part of the Geochemistry Commons, Geology Commons, and the Volcanology Commons

Recommended Citation

Samajpati, Eshita, "Volcanic History of the Izu Bonin Mariana Arc Prior to the First Arc Rift from
Volcaniclastic Sediments of DSDP Site 296 and IODP Site 1438" (2020). FIU Electronic Theses and
Dissertations. 4408.

https://digitalcommons.fiu.edu/etd/4408

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.


https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/etd
https://digitalcommons.fiu.edu/ugs
https://digitalcommons.fiu.edu/etd?utm_source=digitalcommons.fiu.edu%2Fetd%2F4408&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/157?utm_source=digitalcommons.fiu.edu%2Fetd%2F4408&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/156?utm_source=digitalcommons.fiu.edu%2Fetd%2F4408&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/165?utm_source=digitalcommons.fiu.edu%2Fetd%2F4408&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/etd/4408?utm_source=digitalcommons.fiu.edu%2Fetd%2F4408&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu

FLORIDA INTERNATIONAL UNIVERSITY

Miami, Florida

VOLCANIC HISTORY OF THE IZU BONIN MARIANA ARC PRIOR TO THE
FIRST ARC RIFT FROM VOLCANICLASTIC SEDIMENTS OF DSDP SITE 296

AND IODP SITE 1438

A dissertation submitted in partial fulfillment of
the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
EARTH SYSTEMS SCIENCE
by

Eshita Samajpati

2020



To: Dean Michael R. Heithaus
College of Arts, Sciences and Education

This dissertation, written by Eshita Samajpati, and entitled Volcanic History of the Izu
Bonin Mariana Arc Prior to the First Arc Rift from Volcaniclastic Sediments of DSDP
Site 296 and IODP Site 1438, having been approved in respect to style and intellectual
content, is referred to you for judgement.

We have read this dissertation and recommend that it be approved.

Andrew MacFarlane

Florentin Maurrasse

Grenville Draper

Jose Almirall

Rosemary Hickey-Vargas, Major Professor

Date of Defense: March 20, 2020
The dissertation of Eshita Samajpati is approved.

Dean Michael R. Heithaus
College of Arts, Sciences and Education

Andres G. Gil
Vice President for Research and Economic Development
And Dean of the University Graduate School

Florida International University, 2020

1



© Copyright 2020 by Eshita Samajpati

All rights reserved.

i1



DEDICATION
I dedicate my dissertation thesis to my parents for all their sacrifices and hard work in
providing me the best and to my advisor, Dr. Rosemary Hickey-Vargas, for all the

support and help during this journey.

v



ACKNOWLEDGMENTS

I would like to thank my Advisor, Dr. Rosemary Hickey-Vargas, for mentoring me
these past years as a doctoral student. Her guidance throughout these years has made me
grow as a person and become a better researcher. Her positive criticism has always pushed
me in the right direction by motivating me to achieve my goals. She has always been
supportive throughout this journey and helped me in both academic and non-academic
matters. | am grateful to have her as my mentor and major professor.

I would also like to thank all my committee members Dr. Florentin Maurasse, Dr.
Jose Almirall, Dr. Andrew Macfarlane, and Dr. Grenville Draper for their guidance
throughout the dissertation process. They have always helped me in answering my doubts
and questions by giving invaluable suggestions and ideas.

I would like to thank my friends in the Earth and Environment department,
Kimberly Beck, Maria Gudnitz, Vanessa Londono, and Jander Socorro for their support,
encouragement and help in my research. The only friends in Miami who understand what
I study, these people helped me keep my sanity.

I would like to thank the Earth and Environment department and the people,
especially Gail Excell and her help throughout these years. Thomas Beasley for his help in
my analysis and for teaching me how to use the instruments. I am also thankful to the
Graduate School for awarding me the dissertation year fellowship, which gave me valuable
time to finish my thesis. I am also thankful to the NSF grants to Dr. Rosemary Hickey-
Vargas, OCE 1537786, which funded my analysis for this research and my research
assistantship for a year and OCE 0931440 which allowed my advisor to get the core

samples from Site 296 from the repository.



Lastly, I would like to thank my family, my mom Dipti Kana Samajpati and my
dad Rathin Samajpati for believing in me and letting me come so far to pursue my dreams.
My brother, Rajarshi Samajpati, and my cousins for keeping me updated on the family fun
that I am missing out. My boyfriend, Pushkar Bharambe, for motivating me to finish my
thesis without giving any excuses. And my close friends, Tiyash Parira, Charles Rodrigues,
Pritesh Pardeshi, and Kusha Kapoor for bearing with me throughout these years and
helping me whenever I need. And lastly, the fur babies, Zara and Skye, for all their cuddles

and help in de-stressing.

vi



ABSTRACT OF THE DISSERTATION
VOLCANIC HISTORY OF THE IZU BONIN MARIANA ARC PRIOR TO THE
FIRST ARC RIFT FROM VOLCANICLASTIC SEDIMENTS OF DSDP SITE 296
AND IODP SITE 1438
by
Eshita Samajpati
Florida International University, 2020
Miami, Florida
Professor Rosemary Hickey-Vargas, Major Professor
The Izu-Bonin Mariana (IBM) island arc in the western Pacific basin is a volcanic chain
formed by subduction of the Pacific lithospheric plate beneath the Philippine Sea plate.
Worldwide, subduction causes high-magnitude earthquakes and explosive volcanic
activity in addition to forming the Earth’s continental crust and major ore deposits, thus its
understanding is important to human concerns. In the IBM, volcanic activity spans 50
million years to the present and the arc has undergone extension and periodic rifting,
preserving remnants of its early history. The Kyushu Palau ridge (KPR), an inactive
Oligocene remnant of the rifted IBM system, is a unique window to understanding the early
subduction processes. In this work, contemporaneous volcaniclastic sediments drilled at
Deep Sea Drilling Project (DSDP) Site 296, located in a basin at the crest of the northern
KPR, and volcaniclastic sediments drilled at IODP (International Ocean Discovery
Program) Site 1438, in the nearby Amami-Sankaku basin, were studied and compared to
understand the early volcanic history of the IBM, from the early Oligocene to arc rifting

and opening of the Shikoku basin in the early Miocene. Grains of feldspar, pyroxene and

vil



amphibole, together with enclosed melt inclusions, glass grains and lithic fragments were
separated from the sediment at intervals along the drilled cores and analyzed for major and
trace elements and radiogenic isotopes. In-situ analysis on minerals, glass grains and melt-
inclusions was performed using electron probe microanalysis (EPMA) and laser-ablation
inductively coupled plasma mass-spectrometry (LA-ICPMS). Lithic fragments were
dissolved and analyzed for elemental abundances by solution introduction ICP-MS and for
isotopes by multi-collector-ICP-MS. Mineral compositions were used to calculate
equilibrium magma compositions using major element matched partition coefficients, to
compare with glass grains and lithic fragments. Findings show that magma compositions
of the arc became progressively more water-rich with time, with periods of explosive
eruption evidenced by pumice layers, stabilization of amphibole and Ca-rich plagioclase
feldspar. Interspersed incompatible element-depleted mafic magmas at intermediate
depths in the Site 296 core probably represent the initial intrusions associated with arc

rifting which may have begun contemporaneously with arc volcanism.
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1 INTRODUCTION
1.1 Subduction Zones

Convergent margins are the regions on the earth’s surface where two lithospheric
plates move towards each other. In the case of a convergence involving two oceanic
lithospheres, one of the lithospheres will sink into the mantle because of its high density,
forming a subduction zone (Fig. 1-1). Intra-oceanic arcs are an example of subduction zone
systems where both the lithospheric plates converging is oceanic. During subduction, the
downgoing oceanic lithosphere undergoes metamorphism, releasing water from hydrous
minerals. The released water acts like a flux in melting the overlying rocks, forming
volcanic chains along the length where subduction is occurring. Subduction has led to the
growth of the continental crust, element recycling between the earth's surface to the
interior, and is the driving force behind plate tectonics theory. Therefore, subduction and
its related processes are critical phenomenons to understand what shapes our planet and
how it evolves through time. Although we are quite familiar with what happens during
subduction, there are still many questions yet to be answered. Many complexities are
involved in the study of subduction zones, one of them being in most cases the initial
volcanic records of an intra-oceanic arc remain buried and are challenging to study. The
absence of initial records poses a challenge to understand how subduction initiates and how
the arc system evolved to the current stage. The Izu Bonin Mariana (IBM) arc system in
the West Pacific, is an example of an intra-oceanic arc which has been periodically rifted
and its volcanic history from the initial to the active stage has been well exposed to be

explored and understood.
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Figure 1-1 Schematic diagram of a subduction zone and the different components. (Stern, 2002)

1.2 Izu-Bonin Mariana Arc

The Izu-Bonin Mariana (IBM) arc is formed due to the subduction of the older
Pacific plate under the Philippine plate. The arc is undergoing extension, which is not a
consequence of trench rollback. Instead, the trench is moving towards Eurasia and the
extensional regime is maintained by the rapid convergence between the Eurasian and
Philippine plate (Scholz and Campos, 1995). Due to extensional stress in the back-arc
region, the volcanic chain is rifted apart where one part becomes a remnant arc, and the
other half becomes the active arc. The tectonic evolution of the IBM system is well known.
According to Bloomer et al. (1995) and Stern and Bloomer (1992), the IBM subduction
zone began with the subsidence of old and dense lithosphere in the western Pacific at ~50
Ma (Fig 1-2a). During this time, the forearc was the site of magmatic activity with the

eruption of forearc basalt (FABs) consisting of low K and mid-ocean ridge like



characteristics (Reagan et al. 2010; Ishizuka et al., 2011a) along with boninite, low-K
tholeiite, and low-K rhyodacite (Hickey and Frey, 1982; Stern et al., 1991; Taylor et al.,
1994; Reagan et al., 2010).

After 5 Ma had passed, the active magmatic front was localized, forming the first
mature arc. This marked the transition from lithospheric subsidence to subduction, which
probably began around 43 Ma, due to a major change in Pacific plate motion (Fig 1-2b)
from a northerly to a westerly direction (Richards and Lithgow-Bertollini, 1996). This
retreat of magmatism allowed the forearc lithosphere to cool. Arc volcanism continued
until at least 30 Ma when the arc was disrupted due to rifting to form the back-arc basins,
Parece Vela Basin and Shikoku Basin (Taylor et al., 1992; Kobayashi et al., 1995). Parece
Vela Basin and Shikoku Basin met at ~20 Ma, disrupting the arc and stranding the KPR as
a remnant arc. The lack of systematic age variations of volcanic rock along the KPR
indicates that rifting was initiated almost concurrently along the entire ridge, this means
that the initiation of the Shikoku and Parece Vela Basins and isolation of the KPR as a
remnant arc occurred at about the same time. This back-arc basin spreading stopped at ~15
Ma, simultaneously with the opening of the Japan Sea, causing the northernmost IBM arc
to collide with Honshu beginning at ~15 Ma.

Arc magmatism was minimal or even absent from 25 to 15 Ma during the opening
of the Shikoku Basin. A resurgence of arc volcanism began at ~17 Ma, slightly before the
Shikoku Basin ceased spreading, and continued until ~3 Ma (Ishizuka et al., 1998, 2003b).
A new episode of rifting of the southern IBM arc began at ~7 Ma, with seafloor spreading
to form the Mariana Trough back-arc basin beginning ~3—4 Ma (Yamazaki and Stern,

1998). Current arc magmas in the Izu-Bonin section are low K and more depleted in



incompatible elements than in the Mariana section where magmas are medium K and
slightly more enriched (Taylor and Nesbitt, 1998; Ishizuka et al., 2003, 2008, 2011b). The
evolution of the basins and remnant arcs in the Philippine Sea is said to be episodic (Karig,
1972). With new episodes of back-arc spreading and formation of a remnant arc, there is a
period of almost no volcanism, which led Karig (1975) to conclude that marginal basins
opened rapidly during the height of volcanic pulses along the associated arc system. He
also proposed that any disruption in volcanism during back-arc spreading might be related
to a physical separation of the near-vertical downgoing slab in the region of flexure
(Kroenke and Scott, 1983), a period would then be required for the upper part of the

subducting plate to reach a sufficient depth to produce magma.
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1.3 Main Objective

The IBM system presents a remarkable opportunity to study subduction processes
occurring at intraoceanic margins. Previous research has mainly focused on the IBM
forearc and the magmatic evolution of the volcanic front through 50 Ma (Bloomer et al.,
1995; Stern and Bloomer, 1992; Hickey and Frey, 1982; Stern et al., 1991; Taylor et al.,
1994; Ishizuka et al., 1998, 2003b). Compared to the forearc, the rear-arc IBM magmatic
history has not been studied thoroughly despite its importance in understanding crustal
evolution. Examination of early arc records can delineate the chemical changes seen from
the trench to back-arc region, the history of mantle depletion and enrichment during arc
evolution, and intracrustal differentiation. The recent focus of studies has, therefore, now
shifted to the early evolutionary history of the IBM system. Recent IODP expedition like
Leg 350, was drilled in the Izu-Bonin back-arc region to understand the evolution after the
formation of the Shikoku basin and the resurgence of arc volcanism. In contrast, Leg 351
was drilled in the Amami Sankaku basin to follow the pre- subduction history and the
evolution of the first IBM arc before the rifting event.

The main objective of this study is to understand the magmatic evolution in the
northernmost section of KPR leading up to the rifting event, which separated the KPR from
the IBM arc. KPR, which represents the initial arc of the IBM system, is a key to understand
the early evolutionary history of the IBM arc. Study sites include two drilled sites, DSDP
Site 296 and IODP Site 1438, which contains the contemporaneous record of the Oligocene
volcanic evolution of the Izu-Bonin arc. A study by Ishizuka et al. (2011b) divided the
KPR into four segments based on inflections and geologic features intersecting the ridge.

Segment 1 is the northernmost segment extending southward to the intersection of Daito



Ridge with KPR, and the rocks are mainly hornblende andesites. DSDP Site 296 and IODP
Site 1438 both lie in segment 1, which corresponds to the early Izu-Bonin arc section before
rifting. Thus, this study will add on to the knowledge of the early evolutionary history of
the Izu-Bonin arc and interpret if any rifting related process may have affected the magma
composition in terms of geochemistry or mineralogy.
1.4 Study Locations

The DSDP Site 296 (Fig. 1-3, 1-4, and 1-6) lies on a northwest west trending
structural terrace on the northern part of the first remnant arc of the 1zu-Bonin-Mariana,
the Kyushu Palau Ridge (Ingle et al., 1975). It has records of volcanism, which date to the
later part of the initial magmatic history, prior to the opening of the Parece Vela and
Shikoku basin (Taylor, 1992; Kobayashi et al., 1995; Stern et al., 2003). The ridge is of
Paleogene age, which has undergone subsidence, sometime in the Oligocene, in
conjunction with rifting of the arc. Unit 1 of Site 296 is a 453m thick layer of clayey
nannofossil ooze/nannofossil clay (Ingle et al. 1975) with interbedded volcanic ash-rich
zones from Late Oligocene to Pleistocene age, which has been divided into several
subunits. Unit 2 consists of Early to Late Oligocene volcanic sandstones and lapilli tuffs
with a thickness of around 634m. The interface between units 1 and 2 is interpreted to
coincide with subsidence of the area following rifting and the opening of the Shikoku basin
(Ingle et al. 1975).

The focus of this study is the base of unit 1G and unit 2, where volcanic minerals
and lithic clasts are abundant. In unit 2, cores 49 to 59 are lapilli and ash tuffs, which are
poor to moderately sorted with mostly angular grains in a glassy matrix, are indicative of

a direct deposition from volcanic eruptions (Ingle et al., 1975). Cores 60 to 65 are mainly



volcanic sandstone, siltstone, and conglomerates, with moderate to good sorting, deposited
from the eroded parts of ridges surrounding Site 296 (Ingle et al., 1975). Detailed lithologic

and structural of the core samples studied can be found in the Appendix.

Figure 1-3 Map showing the location of Site 296 and Site 1438 (Arculus et al., 2015)



Figure 1-4 Seismic reflection profile across the KPR, near Site 296. Red line indicates Site 296. (Ingle et al., 1975)

The IODP Site 1438 lies in the Amami Sankaku basin (Fig.1-3, 1-5, 1-6), close to
the western flank of the Kyushu Palau ridge. In the absence of other volcanic highs, the
volcaniclastic sediments from the site are most probably shed from the KPR (Brandl et al.,
2017). The lithology includes four sedimentary units (Arculus et al.,, 2015), Unit I
(terrigenous, biogenic and volcaniclastic mud and oozes with interspersed ash layers), unit
II (tuffaceous mudstone and siltstones), unit III (tuffaceous conglomerates, sandstone, with
volcanic and sedimentary clasts), unit IV (radiolarian mudstone, sandstone, conglomerates,
and tuffaceous siltstones) and the igneous basement unit 1 (Basalt). The total length drilled
is 1461 mbsf, and the age ranges from recent Pleistocene to Eocene. Unit II and the top of
unit IIT of Site 1438 overlaps in age with the base of unit 1G and unit 2 of DSDP Site 296

and hence is the focus of this study. In both the sites, the lithology changes from a



volcaniclastic and tuffaceous unit to nannofossil oozes around late Oligocene/early
Miocene, which marks the period when the KPR was completely rifted and became
inactive. The main objective of Leg 351 which drilled Site 1438 was to understand the
subduction initiation of IBM, the evolution of the first arc and the nature of the oceanic

basement pre-subduction
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Figure 1-5 Seismic reflection image showing location of Site 1438, on the east of it lies the Kyushu Palau ridge
(Arculus et al., 2015)
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Figure 1-6 Profile line from Site 296 to Site 1438

1.5 Hypothesis

In the proposed study, the following hypothesis will be tested:

The chemical composition of arc magmas erupted on the early IBM/Kyushu Palau arc
changed when rifting of the arc began.

Possible changes that might be observed include:

1) As the KPR started to rift and form the back-arc basins, there was a change of
composition of the volcanic rock toward more siliceous rocks like dacite and rhyolite.
Siliceous volcanism might appear due to the more extensive differentiation of arc mafic
magmas as the arc magma supply diminished.

2) Back arc basin basalt (BABB), which forms in the rift basin, has a trace element

11



signature between arc rocks and MORB. During rifting of the arc, there is the possibility
that BABB have mixed with arc basalt. There will be a significant difference between the
trace element composition of mineral derived from BABB and those from arc rocks.
1.6 Overview of Methods for this Study

A detailed study of the geochemistry of the volcanic grains using established
analytical methods is one of the ways to investigate changes in arc magma geochemistry
leading up to the rifting of the arc. For this study, unaltered feldspar, pyroxene, glass
grains, and lithic fragments were separated from the sediment and analyzed for major and
trace elements and isotope studies.
Sample Preparation

The core samples for Site 296 were sampled at the DSDP Repository in LaJolla,
CA, by R. Hickey-Vargas. Samples were selected based on coarse grain size and also the
presence of fresh, vitreous glass fragments that could be seen in the samples, both
macroscopically and with a binocular microscope. The same procedure was repeated while
selecting site 1438 samples. Selected core samples were crushed with a mortar and passed
through a series of mesh sizes to separate the mineral and glass grains from the matrix.
Depending on the size of the grain, different mesh sizes were used. The crushed samples
were then wet sieved to remove the finer matrix, and then hand-picked. A preliminary
study was done using a Scanning Electron Microscope with Energy Dispersive System
(SEM-EDS) to identify the type of minerals and glass present in the samples. After the
preliminary study was done, minerals and glass grains from specific core sections were
picked out and set in epoxy. The epoxy buttons were polished using 600 and 1000 grit

powder before moving on to final polishing using 3 and 1micron powder for Electron Probe
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Micro Analyzer (EPMA) analysis. After polishing, major element composition of the
mineral grains, melt inclusion, and glass was analyzed using EPMA at FCAEM. Trace
element compositions of minerals and glass were studied using the Laser Ablation ICP
Mass Spectrometry (LA-ICP-MS) at Trace Evidence Analysis Facility (TEAF), FIU. Melt
inclusion in pyroxene was studied using the EPMA for major elements, and if the size of
the inclusions were large enough, they were further analyzed for trace elements using the
LA-ICP-MS.

Selected unaltered lithic fragments or clasts from the core sample were cut out using
a small rock saw, ultrasonicated in DI water, then powdered after drying for further
analysis. Clast samples having sufficient material for accompanying Hf and Nd-isotope
study (200-400 mg) were selected for major and trace element analysis. From 10 to 50 mg
of the clast samples were digested for ~12 hours in a 1:2 HF: HNOj3 acid mix in capped
savillex beakers, including 1 hour of ultrasonication. Samples were dried, redissolved in
8N HNO;3, and dried again. Dried samples were picked up in 8N HNOj3 and diluted to
exactly 4000 X by mass for trace element analysis and 1 X 10° X by mass for major
elements. Calibration curves were constructed with 8 rock standards dissolved and diluted
with the samples: United States Geological Survey BIR-1, W-2, DNC-1, BHVO-2, BCR-
2, AGV-2, and Geological Survey of Japan JB-2 and JA-2. Solutions were run on the Elan
DRC+ quadrupole ICPMS in the Trace Evidence Analysis Facility (TEAF) at Florida
International University. Instrument drift was monitored using In as an internal standard
and intensities for rock standards run at fixed intervals. The Nd and Hf isotope ratios were
analyzed by Thermo Neptune multicollector-inductively coupled plasma mass

spectrometer (MC-ICP-MS) using methods described by Yogodzinski et al. (2018).
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Review of Analytical Methods

The Electron Probe Microanalysis is a technique used for analyzing samples
chemically, by exciting X-rays with a focused electron beam. A qualitative analysis can be
obtained by identifying the characteristic X rays from their wavelength spectrum, but a
quantitative analysis could also be done if the intensities are compared with those emitted
from a standard sample. The relative accuracy for major oxides approaches about 1% and
detection limit down to tens of parts per million can be attained (Reed, 2005). The Scanning
Electron Microscope (SEM) is similar to the EPMA but is designed primarily for imaging
purpose rather than analysis. The SEM have an Energy Dispersive Spectrometer (EDS)
system which can be used for analysis, but the resolution is lower than Wavelength
Dispersive Spectrometry (WDS) system of EPMA. The WDS provides greater analytical
precision, superior peak resolution and lower detection limit which can be used for
quantitative analysis of glass, minerals and melt inclusions, as well as for mapping
chemistry and distribution of mineral phases (Spray et al., 1995; Pownceby, 2006;
Hayward, 2012; Helz et al., 2014). A detailed comparison between the analytical
characteristic of the WDS and EDS system is also given by Potts (1987), remarking that
the EDS analysis can be accurate and convenient provided the element measured is more
than 1% (weight). For detection of amount below this limit, the accuracy and precision of
the analysis decreases.

The Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
is an analytical technique which generates fine particle by focusing a laser beam on the
sample in a process known as Laser Ablation. The ablated particles are then transported by

a carrier gas to the secondary excitation source of the ICP-MS instrument for digestion and
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ionization of the sampled mass and subsequently introduced to a mass spectrometer
detector for both elemental and isotopic analysis. The LA-ICP-MS has lower limits of
detection than the EPMA (Jackson et al. 1992; Eggins 2003) which makes it more sensitive
towards detection of trace elements in minerals and in melt inclusions. Halter et al. (2004)
showed that LA-ICP-MS can be used for quantitative analysis of melt inclusions using an
internal standard. The use of LA-ICP-MS technique has been well evaluated and proved to
be capable of producing high precision and accurate data for a range of geologic materials
(Jackson 2008; Arevalo et al. 2011; Russo et al. 2013; Almirall et al., 2016). A recent
article by Jenner and Arevalo Jr. (2016) has also explained the methods and challenges for
analyzing geologic material using LA-ICP-MS and its various applications in studying
glasses, melt inclusions and experimental petrology.

The Multiple Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICP-
MS) is an instrument used to measure the isotope abundances of an element in a sample.
Traditional ICP-MS has a quadrupole analyzer which allows only single collector analysis,
whereas the MC-ICP-MS has multiple collectors to analyze isotope ratios. The precision
and resolution are also higher in MC-ICP-MS which are necessary to analyze some
radiogenic isotopes. Simple sample introduction with high mass resolution and ionization
efficiency, and flat topped peaks provide accurate and precise analysis of isotope ratios,
with the precision reaching upto 0.001% (Yang, 2009). The application of MC-ICP-MS
has been well studied in geoscience and has been used for precise measurement of
radiogenic isotope ratios for geochemistry, cosmochemistry and geochronology (Halliday

et al., 1998; Liang et al., 2003; Albarede et al., 2004)
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1.7 Dissertation Structure

The dissertation has been laid out into three chapters following the introduction and then a

general conclusion. Each chapter is written in a manuscript style, which includes the

objective, methods and results to answer questions about the early magmatic evolution of
the IBM.

1) Chapter 2 -Composition of glass shards and lithic fragments from Site 296, which is
compared to the other Oligocene and Eocene studies from Northern IBM to interpret
the primary magmas of the IBM arc.

2) Chapter 3- Study of Site 296 detrital minerals, feldspars, pyroxenes and amphiboles
and any melt inclusions within them. The minerals are used to interpret temperature
and pressures of the magma and the composition of magma in equilibrium. These and
including data from previous chapter interprets any temporal evolution observed at Site
296.

3) Chapter 4- Major and trace element compositions of mafic minerals from Site 1438 and
lithic fragments, and Nd and Hf isotope ratios of the lithic fragments. The two Sites
have been compared and together combined sums up the Oligocene evolution of the
IBM arc before rifting.

4) Chapter 5- General conclusions
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2 GEOCHEMISTRY OF VOLCANIC GLASS FROM OLIGOCENE DETRITAL
SEDIMENTS AT DSDP SITE 296, KYUSHU PALAU RIDGE: INTERPRETING
THE MAGMATIC EVOLUTION OF THE EARLY NORTHERN IZU BONIN
MARIANA ISLAND ARC

Eshita Samajpati, Rosemary Hickey-Vargas. In revision, Island Arc

Abstract

Understanding the petrologic and geochemical evolution of island arcs is important
for interpreting the timing and impacts of subduction and processes leading to formation
of continental crust. The Izu-Bonin Mariana (IBM) arc, western Pacific, is an outstanding
location to study arc evolution. The IBM first arc (45-25 Ma) followed a period of forearc
basalt and boninite formation associated with subduction initiation (52-45 Ma). In this
study, we present new major and trace element data for the IBM first arc from detrital glass
shards and clasts from DSDP Site 296, located on the northernmost Kyushu-Palau Ridge
(KPR). We synthesize these data with published literature for contemporaneous airfall ash
and tephra from the 1zu-Bonin forearc, dredge and piston core samples from the KPR, and
plutonic rocks from the rifted eastern KPR escarpment, locations which lie within or
correlate with KPR Segment 1 of Ishizuka et al. (2011b). Our objective is to test ways in
which petrologic and chemical data for diverse igneous materials can be used to construct
a complete picture of this section of the Oligocene first arc and to draw conclusions about
its evolution. Important findings reveal that widely varying primary magmas formed and
differentiated at various depths at this location during this period. Changes in key trace
element ratios such as La/Sm, Nb/Yb and Ba/Th show that mantle sources varied in fertility
and in the inputs of subducted sediment and fluids over time and space. Plutonic rocks

appear to be related to early K-poor dacitic liquids represented by glasses sampled both in
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the forearc and volcanic front. An interesting observation is that the variation in magma
compositions in this relatively small segment encompasses that inferred for the IBM arc as
a whole, suggesting that sampling is a key factor in inferring temporal, across arc and
along-strike geochemical trends.
2.1 Introduction

The Izu-Bonin Mariana (IBM) island arc is one of the best-studied subduction-
produced volcanic chains worldwide because it has unique features that make it ideal for
investigating subduction processes (Stern et al., 2003). The arc is intra-oceanic (Fig. 2-1a),
limiting sources of magma to oceanic mantle plus subducted oceanic crust and sediment.
Arc growth since subduction inception at about 52 Ma has been interrupted by rifting and
back-arc spreading, stranding remnant arcs and back-arc basins of varying age behind the
current active arc and trench (Fig. la,1b), thus providing a unique window into arc
evolution through time (Stern et al., 2003). Understanding of many parameters of the
active arc, such as crustal thickness and age, seismicity, and magma chemistry along strike,
slab dip, convergence angle and rate, age and chemical character of the subducting Pacific
plate has yielded a remarkable array of findings about the active arc processes that bear on
the evolution of arcs over time (Woodhead, 1989; Arculus et al., 1992; Stern et al., 1993;
Lee et al., 1995; Elliot et al., 1997; Taylor and Nesbitt, 1998; Pearce et al. 1999,

Hochstaedter et al., 2001; Sun and Stern, 2001).
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Figure 2-1 (a) Map of the Izu-Bonin Mariana (IBM) Arc region showing remnant arcs and back arc basins. The first
remnant arc, the Kyushu Palau Ridge (KPR) has been divided into four segments after Ishizuka et al. (2011b); this study
focuses on the first segment which is shown as an inset. (b) Close up map of Segment 1 of the KPR and the northern Izu
Bonin arc showing the location of DSDP Site 296 and previously studied locations in that area. Green filled circles show
study locations of Haraguchi et al. (2003, 2012) and purple filled circles are locations of rocks described in Ishizuka et
al. (2011b)

The sequence of tectonic events affecting the IBM arc is relatively well understood
(Fig. 2-2). Subduction initiated at about 52 Ma, apparently simultaneously along the
boundary of the Philippine Sea and Pacific plates, with the eruption of forearc basalts or
FABs, followed by boninites and transitional lavas (Stern et al., 1991; Taylor et al., 1994;
Reagan et al., 2010; Ishizuka et al., 2011a; Arculus et al., 2015a, 2015b). These magmas
erupted in an extensional forearc environment through a complex of linked spreading

centers (Ishizuka et al., 2003; Arculus et al., 2015a). This initial stage of magmatism was
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followed by the construction of a chain of arc volcanoes and the eruption of typical arc
magmas starting at about 45 Ma (Fig. 2-2) (Stern et al., 2003). At 25-28 Ma, rifting and
sea-floor spreading resulted in the opening of the Shikoku and Parece Vela basins (Taylor
et al., 1992; Kobayashi et al., 1995), and distribution of former arc crust between the
remnant Kyushu-Palau Ridge (KPR) (Fig. 2-2) and the present-day arc and forearc. A new
arc front reformed at about 150 km from the trench, in some places on top of older arc
structures. In the south, arc rifting and spreading of this arc occurred again at about 7 Ma,
to form the Mariana Trough, and the remnant West Mariana Ridge and the active Mariana

island arc (Yamazaki and Stern, 1997).

) snbdnetien Inttierea (50-40 Faj
T ip ol

Conniw: Beallowe ¥ Jizmpzic fizallose

Tey Farte vz 1V Unridied Ao e4i-38 W)

ghl!ﬂiﬂn Fafcer ik BEcH LIE Hasld [ M1 15 Ma®

Pt Koy Falpe

£} Mensan Lrough Eth-Ase Basa [0 M - prowul)
-

i
ey, SOORICE
ek )
T - el

Wit Weirivws Mt fuick-as

Figure 2-2 Simplified history of the IBM arc system modified after Stern et al. (2003). Shaded areas are magmatically
inactive, and cross-hatched areas are magmatically active. The approximate time period or stage of geochemical evolution
studied in this paper is shown in panel C
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The magmatic evolution and spatial and temporal variations in magma chemistry
of the first IBM arc (45-25 Ma) are less well-understood than those of the active IBM arc.
This is because most early arc materials are submarine, subaerially exposed only on the
southernmost Mariana Islands and islands of the Bonin ridge. Submarine volcanic products
have been drilled and dredged in both forearc and remnant arc settings and are primarily
volcaniclastic. Researchers have used many strategies to understand the first arc using these
materials. Lee et al. (1995), Straub 2003, Straub et al. (2004, 2010) and Bryant et al. (2003)
used drilled fallout tephra layers in sediments to examine temporal geochemical trends of
explosive volcanic eruptions. Drilled sections in the IBM forearc on DSDP Leg 60, ODP
Legs 125 and 126 and IODP Expedition 352 recovered in-situ lavas that documented the
transition from subduction initiation to early arc volcanism. Dredged suites from the KPR
recovered both volcanic and plutonic rocks (Ishizuka et al., 2011b; Haraguchi et al., 2003),
whereas drilling on the remnant KPR arc at DSDP Sites 296 and 448 recovered both lavas
and volcaniclastic sediments. Broad syntheses of magma chemistry from these works have
delineated possible temporal and along-strike variations in early IBM arc magmatism
(Pearce et al., 2005; Straub et al., 2010, 2015; Ishizuka et al., 2011b) within the limitations
of incomplete records and limited sampling.

In this paper, we focus on one heavily-sampled section of the first arc, as recovered
from drilling and dredging in the northernmost KPR and Izu-Bonin forearc (Fig. 2-1b),
using new and published geochemical data for diverse types of volcanic materials. Our
objective is to examine the Oligocene volcanic products probably derived from a few early

arc volcanoes, to provide a close-up view of geochemical variations that occurred in a
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spatially limited setting. We also consider and compare the kinds of geologic information
that can be extracted from distinct types of material to build an improved understanding of
early arc processes.
2.2 Background

The KPR, the remnant of the IBM first arc, was divided into four segments based
on inflection points of the ridge and its intersection with other geologic features (Ishizuka
etal., 2011b). This study focuses on Segment 1, extending on the KPR from the intersection
of the Daito ridge in the south, to the northernmost tip of the KPR where it is subducted at
the trench (Fig. 1b). Tectonic reconstructions of the early IBM arc by the closure of the
Shikoku basin (Okino et al., 1994) indicate that this segment correlates with part of the
northern Izu-Bonin arc where first arc materials were also recovered. New volcanic
materials included in this study are Oligocene detrital volcaniclastic sediments drilled at
DSDP Site 296, which is located near the KPR crest at 29° 20.41° N lat. Petrologic, major
and trace element data for glass shards from this section are compared with published data
for volcanic rocks recovered at piston core and dredge sites along KPR crest (Ishizuka et
al., 2011b; Haraguchi et al., 2012), plutonic rocks dredged from the Komahashi Daini
Seamount (Haraguchi et al., 2003), and ash layers and tephra from ODP Site 782A in the
Izu-Bonin forearc (Straub, 2003; Straub et al., 2010; Bryant et al., 2003).

Segment 1 rocks studied by Ishizuka et al. (2011b) consist of olivine basalt and
clinopyroxene-olivine basalt, recovered by drilling (at a depth of 5-10 m) using the deep-
sea boring machine system at flat ridge tops or gentle slopes and by dredging at steep
escarpments. The volcanic and plutonic rocks studied by Haraguchi et al. (2003, 2012)

were obtained by chain bag dredges from the northern KPR and Komahashi Daini
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seamount at steep escarpments. The volcanic rocks were classified into two-pyroxene and
clinopyroxene basalt or basalt-andesite while the plutonic rocks were classified as biotite-
hornblende tonalite and hornblende tonalite based on mineral assemblages. ODP Site 782A
is situated on the eastern margin of the Izu-Bonin forearc basin consists of a sedimentary
unit (I) and a volcanic basement unit (II). The sedimentary unit consists of nannofossil
chalks and marls with dispersed volcanic debris and 111 ash layers which become coarser
and more abundant down core with some interbedded tuffaceous sediments.

Ages for some of these materials have been determined. Shibata et al. (1977)
reported the K-Ar age of the tonalites between 37-38 Ma. The K-Ar age of the volcanic
rocks from the Kita-Koho Seamount are between 25-26 Ma (Katsura et al., 1994), whereas
volcanic rocks dredged from Miyazaki and Nichinan seamount and the Buzen knoll are
reported to be 24 and 18 Ma. Ishizuka et al. (2011b) reported the Ar-Ar ages of the volcanic
rocks from Segment 1 and its rear arc to be 24-28 Ma, with one sample (DS059BO) older
at approximately 32.8 Ma. The ages of the ash layers from Site 782A range from
Pleistocene to middle Eocene inferred from nannofossil biostratigraphy (Xu et al., 1992);
in this paper, only Oligocene tephras are compared.

2.3 Methodology

2.3.1 Core description

Deep Sea Drilling Project Site 296 is located in the northernmost Kyushu-Palau
Ridge (Fig. 2-1a, 2-1b), on a sediment covered terrace on the western side at a water depth
of 2,920 meters (Ingle et al., 1975). The Site 296 section consists of 453 m of Late

Oligocene to Pleistocene nannofossil chalks and oozes (unit 1), overlying more than 634
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m of Early to Late Oligocene interbedded lapilli tuffs and volcanic sandstones (unit 2). The
interface between the two units is interpreted to coincide with subsidence of the area
following rifting and the opening of the Shikoku basin (Ingle et al. 1975). Depositional
ages of the sediments are based on biostratigraphy. Ozima et al. (1977) reported an Ar/Ar

age of 47.5 Ma for a volcanic clast in lapilli tuff from Core 63.
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Figure 2-3 The stratigraphic column of DSDP Site 296 showing the lithological Unit 2, and 1G through 1A and their
biostratigraphic ages. The glass shards and the clasts in this work were sampled from Unit 2 and the lower part of Unit
1G

Lapilli tuffs and sandstone constitute unit 2 of the section (Fig. 2-3). The lapilli
tuffs consist of lithic fragments, glass shards, and mineral fragments (mainly feldspar,
pyroxene, and magnetite, with some amphibole) in a matrix of green clay. The sandstones
are similar, although clasts and the matrix are more oxidized, and glass is scarce. Clasts are
mainly 1-5 mm, pyroxene and plagioclase-bearing volcanic rock in which plagioclase and

groundmass are strongly altered. Except for three unusually large (3-5 cm) clasts found in
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Core 55, this study focuses on glass fragments found loose in the matrix. In the lapilli tuffs
and sandstones, the pyroxenes appear fresh, whereas magnetite surfaces are fully oxidized,

and feldspars are cloudy and strongly altered.

2.3.2 Analytical Techniques

Tuff and sandstone samples were disaggregated by agitating them in deionized
water using a mechanical wrist-arm shaker for times ranging from 2 to 100 hours. The
resulting sediment was sieved, rinsed and handpicked at the 500 microns to 1-millimeter
grain size for glass and minerals. In total, fresh glass fragments were identified in 15
different 2-cm segments of the lapilli tuff and sandstone (Fig. 2-3). Glass shards selected
for analysis ranged in color from brown to colorless and were optically isotropic, with no
evidence of devitrification. Some grains contained microlites which were visible in cross-
polarized light and avoided during analyses. The grains were mounted in epoxy and
polished for microprobe analysis. Parts of three unusually large clasts in Section 55-1,
mentioned in Ingle et al. (1975), were cut from the core and powdered for bulk chemical
analysis.

Glass fragments were first analyzed for major elements using the JEOL 8900
Superprobe EPMA at Florida Center for Analytical Electron Microscopy at Florida
International University (FIU). To analyze non-volatile elements a 1-micron electron beam
and 20 Amp current were used. For Na and K, the beam was diffused during analysis to
minimize volatilization. At least three spots were analyzed on each grain and averaged.
BHVO-2 glass was used as a calibration and quality control standard for glasses. After

analysis, carbon coatings were removed, and glasses were further analyzed for trace
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elements Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Hf, Pb, Th and U by
Laser Ablation ICP-MS using a New Wave 213 nm laser connected to a Thermo Element
2 HR ICP-MS at the Trace Evidence Analysis Facility at FIU. NIST 612 and BHVO-2
were used for calibration and data quality assessment, and Si and Ca were used as internal
standards. At least two 55-micron spots were ablated on each grain, near microprobe
analyses, and averaged. Three clasts from Core 55-1 were powdered, dissolved and
analyzed for major elements and Ni, Cr, Sc, Sr, Zn, Co, V, Cu, Zr, and Y, with a Jobin-
Yvon JY 70 ICPOES in the Earth Sciences Department at FIU, using techniques reported
in Hickey-Vargas et al. (1995). Trace elements Ba, Nb, Rb, Cs, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Yb, Lu, Hf, Ta, Pb, Th and U were analyzed by solution introduction
ICP-MS at Boston University, using methods published by Kelley et al. (2003). Data for
glasses and clasts are listed in Table 1, and information about data quality for all the

analyses are listed in Table 2.
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Table 2-1 Major oxide and trace element data for Site 296 glasses and clasts. Sample name starts with the core number,
core section and the section depth in cm from which it was collected

Major oxide  47-1(117- 47-1(117- 47-1(117-  49-1 (24 -27) 49-1 (24-27) 50-1 (122-  54-1 (115- 54-3(23 -26)

(Wt%) 119) Glass1 119) Glass 2 119) Glass 3 Glass 1 Glass 2 124) Glass 1 118) Glass 3 Glass 1
Sio, 60 75 52 53 52 57 49 53
Ti0, 1.0 0.3 1.0 1.6 1.2 19 1.0 1.7
AlLO; 15 11 15 13 14 13 14 15
FeO 10 2 13 15 13 15 16 12
Na,O 10 2 13 15 13 15 16 12
MnO 0.2 0.1 0.1 0.3 0.2 02 0.2 0.2
MgO 25 0.1 4.6 42 4.9 3.0 5.7 4.1
Ca0 6 1 10 9 10 6 12 9
K;O 09 36 0.5 0.9 08 08 0.4 1.4
Py0s 03 0.0 0.1 0.2 0.2 0.3 0.1 0.3
Total 106.1 96.5 109.8 1111 109.8 112.7 113.6 109.4
‘Irace
element
(ppm)
Rb 16 36 8 1 7 11 6 16
Sr 243 122 169 252 270 254 180 213
Y 38 69 19 33 19 42 17 26
Zr 101 239 40 75 47 89 34 69
Nb 2 6 1 1 1 1 0 3
Ba 184 360 71 94 96 96 50 340
La 8.5 184 3.1 5.8 5.0 6.0 2.7 16.7
Ce 20 44 8 15 11 15 7 28
Nd 16 31 7 13 8 17 6 16
Sm 4.7 8.6 2:2 4.1 2.6 5.6 2.0 4.0
Eu 16 2.1 0.9 1.4 08 20 0.7 1.4
Gd 6.1 102 3.0 5.2 2.8 77 2.9 48
Dy 65 133 4.0 5.2 32 338 35 58
Er 4.1 8.2 2.8 34 2.1 5.7 2.4 3.5
Yb 42 8.9 2.6 3.7 2.2 6.1 23 33
Hf 3 8 2 2 1 4 1 2
Pb 35 12.3 2.3 L7 22 3.0 2.0 4.1
Th 11 26 03 0.6 0.5 08 03 35
U 04 1.0 0.1 02 0.2 03 0.1 0.9
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Major oxide 54-3 (23 - 26) 56-5 (93 - 95) 59-1 (89 - 91) 59-1 (89 - 91) 59-1 (98-101) 39-1 (98-101) 59-1 (98-101)

(Wi%) Glass 2 Glass 1 Glass 1 Glass 2 Glass 1 Glass 2 Glass 3
510, 52 49 58 50 59 56 66
TiO, 16 1.0 1.0 09 0.9 1.0 0.6
Al O, 15 14 15 14 15 15 14
FeO 12 14 11 14 9 10 7
Na,0 12 14 11 14 9 10 7
MnO 02 0.2 0.1 0.1 0.2 0.3 0.2
MgO 4.7 6.6 31 59 e 34 13
Ca0 9 12 7 11 6 7 4
K0 13 0.5 1.2 0.6 1.3 1.2 2.3
P; 05 04 0.1 0.3 02 0.4 0.5 0.2
Total 108.0 100.0 100.0 100.0 100.0 100.0 100.0
‘I'race
element
(ppm)
Rb 19 5 20 9 21 19 23
Sr 310 169 255 210 212 221 189
Y 22 16 27 22 31 29 31
Zr 70 33 113 52 125 118 136
Nb 3 0 2 1 2 2 3
Ba 349 41 285 125 276 259 325
La 184 23 11.1 74 13.1 129 148
e 33 6 23 15 26 26 28
Nd 17 i 16 11 16 16 16
Sm 37 2.1 4.0 29 4.2 3.7 38
Eu 13 0.8 1.2 11 0.9 1.0 1.0
Gd 432 3.0 51 34 4.7 43 4.1
Dy 4.7 3.0 5.7 4.1 5.1 4.7 4.9
Er 30 1.8 35 2.8 33 33 31
Yb 30 2.0 3.0 28 35 31 33
Hf 2 1 3 2 3 3 3
Pb 418 1.2 4.6 2.3 4.4 32 4.0
Th 43 0.3 2.2 08 21 1.9 2.1
u k2 0.1 0.8 04 0.7 0.7 0.7
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Major oxide 61-1 (39-41) 61-1 (39 -41) 61-2 (38-40) 63-1 (146-  63-1 (146- 63-2 (31 - 34) 63-2 (31 -34)

(Wt%) Glass 1 Glass 2 Glass 3 149) Glass 1 149) Glass 2 Glass 1 Glass 2
Si0, T4 74 52 51 50 50 54
Ti0, 0.8 0.7 0.9 1.2 1.4 1.0 12
Al O, 14 14 14 15 16 14 14
FeO 4 5 15 12 12 15 12
Na,O 4 5 15 12 12 15 12
MnQ 0.1 0.2 0.2 0.2 0.1 0.2 02
MgO 0.5 0.6 5.2 5.5 5.6 6.0 51
CaO 2 3 10 11 11 11 10
K0 3.6 33 0.5 0.7 0.6 0.6 0.7
P05 0.1 0.1 0.1 0.2 0.3 0.1 02
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Trace
element
(ppmy)
Rb 46 40 7 11 10 7 9
Sr 147 159 229 289 296 205 224
Y 40 47 19 22 23 17 22
Zr 179 240 43 72 76 40 68
Nb 3 5 1 2 3 1 1
Ba 429 514 125 156 96 114 99
La 15.8 25.5 4.5 10.6 10.6 4.2 74
Ce 34 50 10 21 22 9 16
Nd 22 29 8 13 14 i 11
Sm 53 6.5 23 33 3.7 2.1 28
Eu 1.2 1.5 0.9 1.1 1.3 0.8 1.1
Gd 6.2 7.3 3.2 34 3.8 2.8 38
Dy 7.7 9.7 3.7 4.7 49 31 43
Er 5.6 6.5 25 29 3.0 2.0 27
Yb 5.6 6.6 2.8 3.0 2.7 2.0 29
Hf 6 7 1 2 2 1 2
Pb 8.8 93 22 21 2.0 1.7 24
Th 31 55 0.6 13 1.2 0.5 098
U 13 1.8 0.3 04 0.4 0.2 03
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Major oxide 63-2 (31 -34) 633 (140-  64-3 (119-  64-3 (119-  55-1(115-  55-1(133-  55-1 (122-

(Wi%) Glass 3 143) Glass1 121) Glass1 121)Glass2 118) Clast1 135) Clast2 124) Clast3
Si0; 77 74 a7 69 60 58 60
TiQ, 06 0.7 0.6 0.8 0.6 0.7 0.7
Al O, 14 15 15 15 17 18 17
FeO 4 4 5 5 7 6 6
Na,0 4 4 5 5 7 6 6
MnO 01 02 0.2 0.1 02 0.1 0.1
MgO 06 08 13 1.2 4.1 22 2.9
Ca0 2 3 5 4 7 8 6
KO 24 2.7 14 1.4 0.7 A 23
P; 05 0.1 0.2 0.2 0.2 0.2 0.7 0.3
Total 100.0 100.0 100.0 100.0 100.0 99.3 99.5
‘Irace
element
(ppm)
Rb 29 27 10 11 21 96 87
Sr 125 187 185 167 337 369 360
b 41 38 34 31 23 59 27
Zr 183 170 75 5 106 153 163
Nb 4 3 1 1 3 6 7
Ba 472 415 125 131 271 847 840
La 16.9 15.9 43 4.2 12.3 294 26.8
Ce 34 34 11 11 25 47 46
Nd 21 21 10 9 14 20 19
Sm 5.1 54 31 3.2 33 39 37
Eu 14 13 1.0 0.8 1.0 1.3 1.2
Gd 6.0 59 4.0 3.8 3.3 4.3 36
Dy 7.5 7.8 Al 4.7 34 a2 38
Er 53 5.1 16 %2 21 37 23
Tb 54 49 34 31 22 38 2.5
Hf 5 5 2 2 3 3 4
Pb 813 8.0 4.0 38 3.0 5.7 7.3
Th 29 27 0.3 0.3 5 7.8 8.1
u % 1.2 02 0.2 0.5 23 1]
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Table 2-2 Accuracy and precision of EPMA and LA-ICPMS data for USGS standard BHVO-2 run with samples

EPMA Mean Std % Recommended Std %

of 13 dev RSD values dev Bias
Si02 49.31 0.45 0.9 49.90 0.6 -1.2
TiO2 2.69 0.06 2.1 2.73 0.04 -1.6
A1203 13.73 0.31 2.3 13.50 0.2 1.7
FeO 10.83 0.33 3.1 11.00 0.2 -1.6
MnO 0.12 0.03 26.6
MgO 7.15 0.09 1.3 7.23 0.12  -1.2
CaO 11.28 0.16 1.4 11.40 0.2 -1.1
Na20 2.29 0.25 11.0 222 0.08 3.1
K20 0.49 0.09 17.7 0.52 0.01 -6.5
P205 0.26 0.04 16.6 0.27 0.02 -2.1

Total 98.13 0.52 0.5

LA- Mean Std % Recommended Std %

ICPMS of 5 dev RSD values dev Bias
Rb 9.2 0.69 7.5 9.8 1 -6.2
Sr 385 28.23 7.3 389 23 -1.0
Y 24.9 1.75 7.0 26 2 -4.2
Zr 159 9.38 5.9 172 11 -7.8
Nb 17.2 0.97 5.6 18 2 -4.2
La 15.4 0.96 6.2 15 1 24
Ce 35.9 1.77 4.9 38 2 -5.5
Nd 24.1 1.07 44 25 1.8 -3.6
Sm 6.0 0.32 5.4 6.2 0.4 -3.5
Eu 2.0 0.10 49
Gd 6.1 0.34 5.6 6.3 0.2 -2.5
Dy 52 0.34 6.6
Er 2.5 0.19 7.6
Yb 2.0 0.20 9.6 2 0.2 24
Hf 42 0.34 8.2 4.1 0.3 2.3
Pb 1.6 0.10 5.8
Th 1.2 0.13 11.2 1.2 0.3 -0.5
U 0.39 0.04 9.4
Ba 123 8.43 6.8 130 13 5.2

2.4 Results

2.4.1 Major Oxides

Site 296 glasses range from basalt to rhyolite (48-78% Si0O;) and are present
throughout the core without any apparent pattern, although all felsic glasses except one are
found at depth (Fig 2-4). Most glasses from Site 296 plot within the medium K series on a

diagram of K>O vs. SiO> (Fig. 2-5g). Mg numbers for basaltic glasses (48-52% SiO>) range
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from 38 to 51, which are not primitive but similar to basalts from other continental and
island arcs. The three clasts separated from core 55 are altered plagioclase aphyric
andesites. On oxide-oxide plots, major element abundances of the clasts differ from the
smooth trends formed by the glasses. Specifically, TiO2 and FeO are lower for a given SiO»
and AlbOs, and KO is higher in clasts than glass shards. Based on their chemistry, the
clasts would be classified as high-Al calc-alkaline andesites.
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Figure 2-4 Figure 2-4 Plot of depth vs. SiO2 content of glass shards in volcaniclastic sediments of DSDP Site 296

Major elemental trends over the wide range of SiO> emphasize differentiation
processes controlling magma chemistry (Fig. 2-5). Decreases in MgO and FeO with
increasing SiO; concentration show the apparent saturation of olivine and pyroxene,
decreasing CaO and level Al;O3 are consistent with plagioclase, clinopyroxene, and

possible amphibole crystallization, while the increase and then decrease of TiO2 and P2Os
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with SiO, are consistent with the onset of titanomagnetite and apatite saturation in
intermediate compositions. The vectors in Fig. 2-5 show an approximate direction the

crystallization of the phases would shift the melt composition.
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Figure 2-5 (a-h) Harker plots showing the variation of major oxides with SiO2 for Site 296 glass, clasts, and previously
studied volcanic materials from KPR Segment 1 and its analog in the Izu-Bonin forearc (Straub, 2003, 2010; Bryant et
al., 2003; Ishizuka et al., 2011b; Haraguchi et al., 2003, 2012). Vectors on the plot show the effect of mineral
crystallization (see discussion). Data points are color-coded, with different symbols for different materials and locations
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2.4.2 Trace Elements

All glasses and clasts show diagnostic features of subduction magmas, such as Nb
depletion and enrichment in Th and LILE (Fig. 2-6) when normalized to primitive mantle
compositions. Highly incompatible trace element abundances are quite variable in the
basaltic glasses ((La/Yb)n 0.81-4.44 and Ba/La 9.01-27.28) and suggest that primitive
magmas, although arc-like in character, were diverse. Basaltic glass with low TiO> and
high FeO contents are relatively more depleted in incompatible elements than basaltic
glasses with higher TiO> content. Of the three andesite clasts, two clasts (55-1B and 55-
1C) are enriched in incompatible elements ((La/Yb)~ value of 5.50 and 7.57 and Ba/La of
28.8 and 31.4) compared to the other andesitic clast ((La/Yb)n = 3.95 and Ba/La =22).
However, none of the clasts has a negative Eu anomaly as seen for some andesitic glass
shards. Two of the dacitic glasses have flat REE patterns and are similar to some of the

more mafic glasses (Fig. 2-6¢).
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Figure 2-6 Primitive mantle normalized elemental abundances for glass shards and lithic clasts from DSDP Site 296: a)

basalt and basaltic-andesite; (b) andesite; (c) dacite and (d) rhyolite. Normalizing values from Sun and McDonough
(1989)
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Figure 2-7 (a) Primitive mantle normalized elemental abundances for tephra and glass from ODP Site 782A, data from
Straub et al., 2010 and Bryant et al., 2003. (b) Primitive mantle normalized elemental abundances for Segment 1 volcanic
rocks from Ishizuka et al., 2011b. Shaded area represents the compositional range of Site 296 glasses and clasts (c)
Primitive mantle normalized elemental abundances for tonalites from Haraguchi et al., 2003. (d) Primitive mantle
normalized elemental abundances for volcanic rocks from Haraguchi et al., 2012. Dark green colors represent the rocks
from Nichinan seamout
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2.4.3 Comparison with Site 782 Glass

Figures 5 and 7 show major and trace element plots of Site 296 glasses compared
with materials from other locations of Segment 1 and its rifted counterpart. Glass from Site
782 fallout ash layers (Bryant et al., 2003; Straub, 2003) are similar to Site 296 glass trends
for most oxides over the full range of SiO> from 50-75 (Fig. 2-5 a-h) although there is a
slight depletion in Na;O, K>O and P20s compared to Site 296 (Fig. 2-5 f-h). Mafic to
intermediate glasses from Site 782 plot within the low K series and only rhyolite glasses
show medium to high K content. Primitive mantle normalized trace elements are also like
Site 296 glass (Fig. 2-7a), although some basalt and basalt-andesite glasses have more
pronounced LREE depletion, e.g., (La/Sm)x 0.50 to 0.88 compared to (La/Sm)n 0.69 to
3.25 in Site 296 mafic glasses. Site 782 glasses also have low concentrations of Nb (0.23-
2.62 ppm) and Th (0.09- 3 ppm), except three felsic glasses, whereas Site 296 glasses have
higher concentrations of Nb (0.3-6.43 ppm) and Th (0.26-4.34 ppm) (Fig. 2-8). Mafic glass
from Site 296 also has higher Th/Yb ratios (0.13 to 1.45) compared to mafic glass from
Site 782A (0.03 to 0.16). In a Th/YDb vs. Nb/YD plot (Fig. 2-9), Site 296 glass and Site 782

ash plots above both depleted and enriched MORB fields.
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Figure 2-8 (a) Plot of Ba vs. Nb ; (b) Plot of La vs. Th and (c) Plot of Ba vs. Th for Site 296 and samples cited in Fig. 2-
7 caption
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Figure 2-9 (a) Logarithmic plot of Th/Yb vs. Nb/Yb showing depleted and enriched MORB fields (Pearce and Peate,
1995). (b) Ba/La vs. (La/Sm)N plot for all samples. (¢) Ba/Th vs. (La/Sm)N plot for the mafic glasses and volcanic rocks
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2.4.4 Comparison with Volcanic Rock fragments

Volcanic rocks from northern KPR previously reported are basalt to andesitic
composition (Ishizuka et al., 2011b; Haraguchi et al., 2012) whereas the lithic fragments
from tephra fallout of Site 782A are intermediate to silicic in composition (Fig. 2-5). The
TiO> contents of the whole rocks and rock fragments, including Site 296 clasts, are lower
than glasses of similar silica composition from Site 296 and 782A (Fig. 2-5a). Other
disparities are lower FeO and MgO contents and higher Al>O3 contents for a given SiO: in
the volcanic rock fragments compared with glass from both Site 296 and 782A. (Fig. 2-5b,
5c, 5d). As shown in Fig. 5g the volcanic rocks mainly plot within the medium K series
with a few basalts and andesites in the high K series. In the Th/Yb vs. Nb/Yb plot (Fig. 2-
9a) the whole rocks have higher Nb/Yb ratios compared to glasses of Site 296 and 782A.
None of the whole rocks show a depletion in LREE compared to HREE, which is seen in
both Site 296 and 782A mafic glass (Fig. 2-7b, 7¢). Rock compositions from Haraguchi et
al. (2012) vary in their trace elemental concentration, especially Nichinan seamount which

has high concentrations of LREEs (shown as green filled circles in Fig. 2-8b).
2.4.5 Comparison with Plutonic Rocks

The silica content of tonalites dredged from Komahashi Daini seamount ranges
from 56 to 74%. Tonalites show trends in major oxides similar to the glass shards and
volcanic rocks (Fig. 2-5 a-h). The tonalites have higher MgO and lower TiO2 content
compared to the glasses from Site 296 and 782A, whereas KoO contents are low like Site

782A. Primitive mantle normalized REE show a concave upward pattern with MREE
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depletion (Fig. 2-7c). The tonalites also show arc-like features such as Nb depletion, but
unlike their volcanic counterparts, they are depleted in Rb compared to Ba and enriched in
Zr and Hf compared to LREEs (Fig. 2-7d).

2.5 Discussion

2.5.1 Interpretation of diverse igneous materials from the northernmost early IBM
arc

Diverse igneous materials were sampled from Segment 1 of the KPR by several
different recovery methods, thus integrating their chemical characteristics to produce a
coherent interpretation of arc processes is not straightforward. The origin of whole volcanic
rocks, glasses, tephra, minerals, and plutonic rocks are different, and this will affect the
chemistry of the sample and its interpretation. As a first step toward interpretation, we

consider what the samples represent, constraints on their ages, and the effects of alteration.

2.5.1.1 Liquid compositions

Whole rock analyses may give the actual composition of the magma, or they may
include entrained crystals of cognate or xenocrystal origin. Overall, the best proxy for melts
or liquids is glass, either from tephra or detritus, when preserved. In Fig. 2-10a the
composition of Site 296 and Site 782 glasses and volcanic rocks from the northern KPR
are plotted on a mineral component diagram projected from plagioclase onto a Cpx-Ol-Qtz
pseudo ternary diagram (Grove et al., 1982, 1983). Most of the Site 296 and Site 782
glasses follow a trend close to the one-atmosphere saturation curve of Grove and Baker
(1984), commonly used for calc-alkaline rocks, and likely represent a liquid line of descent
from parent magmas. While some of the volcanic rocks plots near the Ol + Cpx saturation

curve most plot towards the Ol apex. This shift most likely reflects olivine accumulation
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and excess olivine in the bulk analysis. On the mineral component diagram projected from
diopside (Fig. 2-10b), volcanic rocks are shifted towards the plagioclase apex compared to
the glasses. A similar disparity in composition has been observed in prior studies of the
IBM arc; the alumina content of whole rocks is generally higher compared to glasses (Fig.
2-5b) which has been attributed to plagioclase accumulation (Lee et al., 1995; Straub,
2003). Therefore, when present in detrital sediments, glass shards, and volcanic ash

provide better insight into the evolution of melt compositions than whole rock fragments.
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Figure 2-10 (a) Olivine-Diopside-Quartz and (b) Olivine-Plagioclase-Quartz pseudo ternary projections showing glasses
and rocks. The 1-atmosphere multiple saturation curve after Grove and Baker (1984) is shown on the Ol-Di-Q plot. The
volcanic rocks are from Haraguchi et al. (2012) and Ishizuka et al. (2011b)

48



2.5.1.2 Method of recovery and time constraints.

The kind of samples studied and how they were acquired are essential factors to
consider in our interpretation of the first IBM arc (Fig. 2-11). As noted by Straub (2003),
fallout ash layers interbedded with volcaniclastic sediments provide a useful chronological
tool. However, because ash layers represent only magmas that erupt explosively, ages are
sporadic rather than continuous. Such magmas are also typically more silicic and form one
end of the SiO; series of KPR glasses. Glass shards in detrital sediments preserve the
composition of diverse magmas but can be significantly older than their depositional age
inferred from biostratigraphy or the age of bracketing ash layers. Erosion of volcanic
edifices of different ages delivers sediment to fore arc, intra-arc, and back arc basins (Fig.
2-11). In drilled sediments, logically, older detrital fragments will be more abundant deep
in the cores, whereas upper parts could be a wide range of ages up to the depositional age.
At Site 296, the presence of a 47.5 Ma clast from Core 63 (around 966-975 meters below
sea floor) implies that parts of the igneous basement and possibly Eocene “protoarc”
volcanics were among sediments deposited in the Oligocene. In contrast, volcanic rocks
dredged or drilled from near surface sediments from the northern KPR all have Ar/Ar ages
between 24-28 Ma and appear to document only the later pre-rifting history of the first arc.
If we assume that Site 296 glass shards were eroded and deposited shortly after their
solidification, which would explain their preservation, their ages could be a close match to

the depositional age of the sediments.
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Figure 2-11 Schematic diagram of the origin of volcanic and plutonic materials discussed. The top panel (a) shows the
active first arc prior to rifting with the drill sites 296 and 782 denoted by stars. The bottom panel (b) depicts the present-
day geological setting with the subsided and inactive KPR stranded by rifting

2.5.1.3 Unequal record of mafic and felsic and intrusive and extrusive parts of
volcanic systems.

Tephra and ash layers correspond to the explosive part of the volcanic history and
may not sample the compositions of effusive eruptions, resulting in an incomplete
evolutionary picture. Like the glass shards, lithic clasts from Site 296 and lithic surface
debris recovered from the KPR in dredges and piston cores are more likely to include the
complete range of magma chemistry. As discussed above, glasses represent homogenous

liquids, whereas the rocks may contain excess crystals, and if these are unevenly distributed
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through a lava flow, the rock fragments may not even represent the composition of the
larger rock unit from which they are eroded.

A second important aspect of arc evolution is understanding the relationship
between volcanic and plutonic products. Recent studies have pointed out the importance
of understanding the geochemical relationship and comparative volumes of volcanic and
plutonic rocks in subduction settings (Bachmann and Bergantz, 2004; Eichelberger et al.,
2006; Bachmann et al., 2007; Lundstrom and Glazner, 2016). Tonalites from dredged from
the Komahashi Daini seamount are 37-38 Ma and could be contemporaneous with some
Site 296 glasses and fallout ash and tephra from Site 782, whereas the rocks dredged and
drilled from the KPR crest are all younger. Exposed plutonic rocks are rare in oceanic arc
settings, despite evidence for a thick mid-crustal felsic layer (Nishizawa et al., 2016), thus
comparing the glasses and contemporaneous KPR tonalites could provide a unique insight

into arc crustal differentiation processes.

2.5.1.4 Sample recovery and alteration

All seafloor rocks are subject to alteration by reaction with seawater, especially
when hydrothermal fluids are present. In general, loose debris on the ocean floor available
for dredge sampling or shallow drilling is expected to be altered and possibly more altered
than drilled core samples as the result of long-term contact with seawater. Elevated P>Os
in some of the KPR volcanic rock specimens (>0.5%) compared to glasses (<0.5%) suggest
ocean floor alteration or mineralization (Fig. 2-5h). According to Haraguchi et al. (2003,
2012), less than half of the volcanic rocks, and only 10% of the tonalites recovered by
dredging from the KPR were fresh enough to be studied. The preservation of fresh glass

shards in Site 296 sediments indicates minimal interaction with water, suggesting an origin
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by an explosive eruption or rapid erosion, followed by rapid sedimentation. According to
Straub (2003), glass in ash layers from Site 782 were also rapidly buried and therefore are
preserved well. The instability of glass in the presence of water suggests that the ages of

detrital glass shards, like fallout ash, are similar to the depositional age of the sediment.

2.5.2 Inferences about the Evolution of the Oligocene IBM Arc

2.5.2.1 Evidence for diverse parental magmas

An important feature of the Site 296 glass suite is that basaltic glasses have a wide
range of incompatible element characteristics (Fig. 2-6a). Explanations for these
differences include differing mantle sources, differing partial melting regimes, and/or
differing interaction with arc crust. Since none of the mafic glasses have Mg-numbers’s
high enough to have equilibrated with mantle peridotite, both mantle and crustal processes
must be considered. One line of evidence against early crustal assimilation is the lack of
Eu anomalies in mafic glasses since arc crust is typically plagioclase-bearing.

The basaltic glasses of Site 296 fall into three groups of REE patterns: LREE
depleted (La/Sm)n <1, slightly LREE enriched (La/Sm)n 1-2, and highly LREE enriched
(La/Sm)n >2, with a maximum value of 3.25. As shown in Figure 6a, REE patterns change
curvature from LREE depleted to LREE enriched. It is notable that the range of REE
pattern types continues through the differentiation sequence from basalt to andesite to
dacite (Fig. 2-6 and 2-12). This feature strengthens the conclusion that the patterns in mafic
glasses are primary and not related to differentiation by crystal fractionation and or crustal
assimilation. La/Sm variation in primary arc magmas (Fig. 2-9) may result from variably

enriched mantle sources, LREE-enriched inputs from the subducted slab or differences in
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the extent of mantle melting and differing mantle mineralogy. The extent of mantle melting
is increased by the addition of H»O, thus flatter REE patterns and indicators of slab
influence are often correlated (Fig. 2-9¢). Among Site 296 rocks there is also a strong
correlation between LREE enrichment and Th enrichment (Fig. 2-6a), which might indicate
that input of melted sediment from the slab produced the LREE enrichment (Pearce et al.,

2005; Elliott et al., 1997; Plank and Langmuir, 1998).
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Figure 2-12 (a) Plot of Zr/Sm vs. SiO2 showing a slight increase in the ratio with differentiation. (b) Plot of La/Nb vs.
Si02 showing no variation in the ratio with differentiation. (c) Plot of Th/La vs. SiO2, showing a very slight increase to
no variation with differentiation. Symbols as in Figure 2-5 caption
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2.5.2.2 Differentiation processes

Major element compositions for glasses from Site 296 follow trends indicating
multiple saturation with clinopyroxene, olivine, and plagioclase (Fig. 2-10). Except for
olivine, these are common phenocrysts in lithic fragments from the Site 296 core and are
found loose in the sediment matrix. Trends on Harker diagrams support crystallization of
these phases as a control on the composition of the glasses (Fig. 2-5). FeO, MgO, and CaO
decrease with SiO, and AlOs is relatively constant through andesitic compositions.
Roughly similar trends are seen in the Site 782 fallout ashes. Accessory minerals also affect
major element trends for TiO; and P>Os. Except for four mafic glasses with high TiO,,
Ti0O> decreases with Si0O, indicating crystallization of titano-magnetite. With increasing
differentiation, the P>Os in Site 296 glasses reaches its peak in the andesitic range, marking
the onset of apatite crystallization. This trend is unique to Site 296 glasses and is not seen
in Site 782 glasses (Fig. 2-5). Based on major oxides and an increasing presence of
negative Eu, Sr and Ti anomalies (Fig. 2-6a & b), basalt through andesite differentiation
was dominated by clinopyroxene and plagioclase crystallization, followed by magnetite in
intermediate compositions. There is limited evidence in Site 782 tephra for plagioclase
crystallization as not much variation in Sr is observed.

For magmas as silicic as dacite and rhyolite, crystallization of accessory minerals,
such as zircon, ilmenite, apatite, and allanite, with significant partition coefficients for trace
elements Nb, Zr, Ti, Hf, REE, U, Th, may influence incompatible element ratios (Fig. 2-
12). For example, zircon crystallization will decrease Zr/Sm, La/Nb, and Th/La; allanite
and apatite crystallization will increase Zr/Sm and decrease La/Nb; allanite crystallization

will increase Th/La. As shown in Fig. 12, only Zr/Sm changes with increasing SiO; toward
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slightly higher ratios; thus, the apatite crystallization indicated by decreasing P»>Os
abundances may have affected MREE and HREE abundances (Fig. 2-5). In the absence of
accessory mineral crystallization, the differences among dacites and rhyolites, especially
LREE enrichment, Th/La and La/Nb ratios can be inferred to reflect differences among
different primary basalts.

MREE and HREE contents can also be affected by amphibole or garnet
crystallization or assimilation of crust with these phases in the residue during
differentiation. A relative depletion of Eu, Gd, and Sm in the dacite glasses and two of the
three clasts of Site 296 suggests that amphibole crystallized in these magmas (Fig.2-6 b
&c). Although none of the lithic fragments at Site 296 or dredged and drilled rocks are
reported to contain amphibole, there are scattered amphibole grains in the sediments which
must have originated in the arc magmas of the KPR. Plots of La/Yb and Dy/Yb with SiO,
(Fig. 2-13a, b) can reveal and distinguish the presence of amphibole or garnet as a
fractionating phase or residue of partial melting and mixing processes (Davidson et al.
2007). The tonalites, which contain amphibole, and intermediate to silicic Site 782 samples
follow a subtle trend of amphibole fractionation; relatively little change in La/Yb and
slightly decreasing Dy/Yb with increasing SiO».

For Site 296 glasses and dredged and drilled volcanic rocks, interpretations are
complicated by the wide range of La/Yb and Dy/Yb at mafic compositions. Primary
magmas for these rocks and glasses could have formed by partial melting at varying mantle
depths with the presence or absence of residual garnet controlling the La/Yb and Dy/Yb
ratios (Fig. 2-13). In this case, the different trends of the basaltic glasses of Site 296 would

signify their origin at variable mantle depths.
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Figure 2-13 (a) Plot of La/Yb vs. SiO2 showing the trends of garnet and amphibole fractionation with differentiation of
magma (Davidson et al., 2007). La/Yb increases during the fractionation of both garnet and amphibole with a greater
increase in the ratio for garnet compared with amphibole. (b) Plot of Dy/Yb vs. SiO2 showing the trends of garnet and
amphibole fractionation with differentiation (Davidson et al., 2007). Dy/Yb increases with fractionation of garnet and
decreases with amphibole fractionation. The dashed horizontal line shows the primitive mantle ratio from Sun and
McDonough (1989). Symbols as in Figure 2-5 caption

2.5.2.3 Volcanic/plutonic relationships

The relationship between contemporaneous volcanic and plutonic rocks is a topic
of interest in understanding the origin of the continental crust. The association is still not
clear whether silicic volcanic and plutonic rocks are formed from crystal mushes or derived
together from greater depth, or separate processes altogether (Lundstrom and Glazner,
2016). The recovery of 37-38 Ma old hornblende, biotite-hornblende, and hornblende-cpx
tonalites from Komahashi Daini seamount (Haraguchi et al., 2003) in Segment 1 of the
northern KPR, presents an unusual opportunity to compare volcanic and plutonic products
from the early IBM and analyze possible relationships. Seismic data for this region shows

that there is a developed mid-crust in the northern KPR, similar to that observed within the
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northern IBM arc (Kodaira et al., 2007; Suyehiro et al. 1996; Takahashi et al. 1998). The
presence of hydrous minerals like hornblende and biotite in the tonalites displays one of
the recognized disparities seen within the volcanic and plutonic rocks of island arcs;
anhydrous versus hydrous assemblages. The anhydrous assemblage of volcanic rock is
hypothesized to result from magma degassing during ascent through crust whereas the
hydrous assemblage commonly seen in plutonic rocks are attributed to the formation from
un-degassed water-rich magma which crystallizes hornblende at depth. There is limited
evidence of hydrous minerals in volcanic rocks of the northern IBM, but depletion in
MREE:s in some dacite glass shards of Site 296 (Fig. 2-6¢) and presence of hornblende

grains in the volcaniclastic sediments from the core suggest otherwise.

iR

Figure 2-14 Primitive mantle normalized spider plots of tonalites and dacite glasses from Site 296 and 782, which show
complementary features. Tonalites are shown in grey, Site 296 glasses in blue and Site 782 in orange

In the crystal mush model, both volcanic and plutonic rocks are co-magmatic; melt
extraction from the crystal mush forms silicic volcanic rock, while the residual crystal

mush forms the plutonic rock (Bachmann and Bergantz, 2004; Eichelberger et al., 2006;
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Bachmann et al., 2007). Negative Rb anomalies, high Ba, Zr, and Hf concentrations with
weak depletion in Sr, P, and Ti are commonly observed within the plutonic rocks whereas
complementary volcanic rocks have excess Rb and maybe more depleted in Ba, Sr, P, and
Ti (Yan et al., 2016; 2018). This type of relationship is found between the Komahashi
Daini tonalites and glasses from Site 296 (Fig. 2-7¢). On Harker diagrams (Fig. 2-5), the
more silicic tonalites have low K contents, more like the Site 782 tephra than Site 296
glass. This could indicate a relationship where tonalites and Site 782 glasses originated
from an initially low K primary magma; alternatively, K, like Rb, may have been extracted
from the crystal mush (Hickey-Vargas, 2005). Two dacite glasses from Site 296 and some
dacite glasses from Site 782A show signatures similar to the tonalites (Fig. 2-14). Similar
depletion in MREE like Gd and the trends of La/Yb and Dy/Yb with silica, together with
the high Zr, Hf, and low Rb content of the tonalites, may point to a complementary
relationship between the two. Despite the geochemical evidence, age relationships do not
support actual coexistence of the tonalite magma and these Site 782A ashes, as the ash is
7-8 m.y. younger (Fig. 2-15). The tonalites are also older than the depositional ages of the
Site 296 sediments. However, the two dacite glasses from Site 296 Core 64 (~1075 mbsf)
lie below a clast dated at 47.5 Ma (~970 mbsf); therefore, they may originate from Eocene

lavas of similar age to that of the tonalites.

2.5.3 Geochemical Evolution of Magmas in KPR Segment 1

2.5.3.1 Mantle Fertility and Subduction inputs

At present, ODP Site 782 is located 830 km closer to the Izu-Bonin Trench than

DSDP Site 296 (Fig. 2-11b). Assuming the sources of sediments for these sites were also
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spatially distinct, even before arc rifting (Fig. 2-11a), some geochemical differences can
be attributed to distance from the convergent margin. Mafic Site 782 tephra and ash are
more depleted in LREE compared to HREE ((La/Yb)x 0.49 to 0.88) than mafic Site 296
glass ((La/Yb)n = 0.70 to 4.44). Differences in LREE-enrichment between the glasses
from two drill sites may indicate volcanic front or forearc (Site 782) versus rear arc settings
(Site 296), with greater input of slab-derived fluids causing a greater extent of melting or
a more depleted mantle wedge near the plate boundary (Straub et al., 2003). Volcanic rocks
dredged from the KPR crest are always enriched in LREE compared to HREE ((La/Yb)n
= 1.05 to 8.80). The absence of LREE depleted signatures may indicate that LREE-
enrichment increased and became more uniform in the later stages of early IBM
magmatism (Fig. 2-15), since these rocks are younger. Haraguchi et al. (2012) proposed
that an enriched MORB mantle source replaced a depleted MORB mantle from the west
during rifting and opening of Shikoku basin which would result in more enriched volcanic
products toward the end of the lifetime of the early IBM. Alternatively, replacement of
enriched MORB mantle might have been a localized process that affected the sources of
volcanic rocks from Nichinan Seamount (Haraguchi et al., 2012), and also possibly the
sources of the Site 296 clasts. Nb enrichment in the rear arc, shown by higher Nb/Yb, may
also reflect an increase in asthenosphere fertility (Pearce et al., 2005; Brandl et al., 2017).
The reason for the increase in the fertility of asthenosphere is unsure, but the tectonic forces
causing rifting may also have induced upwelling of asthenosphere from deeper and more

enriched sources.
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Figure 2-15 Plot of (La/Sm)N vs. age in Ma for tephra, volcanic, and plutonic rocks from KPR Segment 1. Some older
Eocene Site 782 tephras are also plotted. The blue squares are the range of (La/Sm)n for glass shards and clasts from
DSDP Site 296 using their early to late Oligocene depositional age. Symbols as in Figure 2-5 caption

The low K content of Site 782 glasses also stands out from the medium K content
of the Site 296 glasses and the whole rocks. The low K content was attributed to the input
of slab fluids together with high extents of mantle melting (shallow subduction) compared
to input from both slab fluid and melt in the rear arc (deep subduction), which is also seen
in the Quaternary Izu arc (Taylor and Nesbitt, 1998; Straub, 2003, 2008; Straub et al.,
2010). According to Pearce et al. (2005), Ba enrichment is an indicator of input of slab
fluids and shallow subduction, whereas Th is a component of the sediment melt which
forms at depth. Among mafic samples, highest Ba/La and Ba/Th, together with low La/Sm
and Nb/Yb are found in tephra from Site 782 (Fig. 2-9), currently in the forearc, consistent
with high fluid inputs, high extents of mantle melting and source depletion in this part of
the arc. A subset of these samples overlaps with Site 296 glasses at intermediate Nb/Yb,

La/Sm, Ba/La and Ba/Th (Fig. 2-9), suggesting that mantle inputs and melting regimes
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were similar in these locations at some point during their individual histories. Interestingly,
rocks from the KPR crest have lowest Th/Yb, Ba/La, and Ba/Th (Fig. 2-9). This feature
may mark the waning of subduction inputs and the onset of arc extension and rifting.
Among rocks from the KPR crest, Ishizuka et al. (2011b) found small but
systematic increases in Ba/La and 3’Sr/®Sr toward the south (2-10, and 0.7029-0.7032,
respectively). These differences are small compared with the total range of Oligocene
materials from Segment 1, but they could reflect subduction conditions that existed in the
short time interval of 25-28 Ma. Assuming that their low Ba/La, Ba/Th, and Th/La indicate
limited input from subducted materials compared with melts of depleted mantle, greater
input of subduction fluids (high Ba and Sr) may have occurred toward the south. This
variation along the volcanic front can be tested further with samples from the current Izu-

Bonin arc basement.
2.5.3.2 Temporal variations in Oligocene

The biostratigraphic ages of Site 296 sediments, from Early to Late Oligocene
(Ingle et al., 1975), are poorly constrained, and there might be older lithic fragments in the
sediments as evidenced by the presence of the lithic fragment aged 47.5 Ma (Ozima et al.,
1977).  Although volcanic debris will be mixed during deposition, younger volcanic
materials are expected up the core. In contrast, no systematic trace element variation was
observed in the glasses up the Site 296 core. The volcanic rocks sampled from the surface
of the northern KPR are all young (24-28 Ma) and show widely varying composition, from
those poor in subduction indicators (see above) to the highly enriched rocks dredged from

Nichinan seamount. Based on their similar age, it may be that mantle sources of the
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enriched seamount rocks are localized, caused by the invasion of enriched MORB sources

(Haraguchi et al., 2012) in this location. The trend toward low subduction inputs in some

of the KPR crest rocks could mark the effect of incipient rifting, with roll-back of the

downgoing slab eliminating the source of subducted materials.

2.6 Conclusions

1.

Glasses from a 653-meter section of volcaniclastic sediment recovered from DSDP Site
296 in Segment 1 of the northern KPR show a wide range of trace element variation,
even among basaltic compositions. These are more likely to be related to different
primary magmas than differentiation processes; this is also seen within glasses and
tephras of forearc ODP Site 782. Therefore, it appears that the melting of
compositionally diverse mantle sources occurred even in relatively small segments
(approximately 540 km of 2600 km total arc length) of the early IBM arc.
Differentiation through rhyolite mostly retains the trace element features of basaltic
magmas, such as high Rb, Ba contents, and La/Nb, Th/La and La/Sm ratios.
Fractionation of accessory apatite affected the signature of some silicic derivatives by
producing higher Zr/Sm and lower La/Yb ratios. Hornblende was not a primary
fractionating phase for basaltic magmas but may have played a role in the
differentiation of silicic magmas.

Comparison of the compositions of broadly coeval Segment 1 volcanic suites with a
plutonic suite exposed by arc rifting suggests that they are related. Tonalites were
formed from low K primary magma, similar to some Site 296 and Site 782A glasses

and differentiated at depth to stabilize hornblende and biotite. Crust building probably
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occurred by contemporaneous intrusive and extrusive activity, as evidenced by the
similar radiometric ages of the tonalites, volcanic rocks and the tephra layers.

4. Within Segment 1, the Oligocene IBM arc was characterized by chemically varying
primary magma sources which may have been affected by rifting, the flow of localized
enriched MORB mantle and/or varying additions of sediment and fluid to the melting
mantle, processes which have been documented in other parts of the early arc. Based
on this finding, the identification and interpretation of along-strike and across-strike
trends for the entire early IBM arc may be premature and rest upon more thorough

exploration and investigation.
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3 EARLY MAGMATIC HISTORY OF THE IBM ARC INFERRED FROM
VOLCANIC MINERALS AND MELT INCLUSIONS FROM EARLY- LATE
OLIGOCENE DSDP SITE 296: A MINERAL-MELT PARTITION APPROACH
Eshita Samajpati, Rosemary Hickey-Vargas (Contributions to Mineralogy and
Petrology- Pending Submission)

Abstract

Detrital volcanic minerals from DSDP Site 296 on the Kyushu-Palau Ridge (KPR) present

a unique opportunity to understand the early evolution of the Izu-Bonin Mariana (IBM)

arc. In this research, we present major and trace element compositions of detrital

amphiboles and pyroxenes with their melt inclusions and feldspar compositions. Mafic
minerals are particularly important in this study, because we use their composition to
predict the crystallization temperature and pressure in the most primitive magmas. We also
use previous experimental partition coefficient and calculated coefficient from melt
inclusion and its host clinopyroxene to get equilibrium melt compositions. Major findings
include that most primitive magma which crystallized amphibole, had a basalt melt
composition with crystallization temperatures of 1016 °C. Melt composition from
amphibole show slight to highly enriched characteristics (La/Smn 1-8), with some mafic
amphibole showing high Nb/Yb and Th/Yb ratios (9 and 21) indicating mantle fertility and
high subduction component. The amphibole in the core are present in close conjunction
with some unusually high Mg# clinopyroxenes (88-92), which have overall low REEs
concentration; the calculated melt in equilibrium also show low trace element
concentration and low Nb/YDb (0.04-0.3) and low to moderate Th/Yb (0-4.6) ratios which

imply that some major mantle re-organization might have taken place during this period.
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3.1 Introduction

The Izu-Bonin Mariana arc (Fig. 3-1a) in the Western Pacific is perhaps one of the best
places to study and understand early arc evolution. Periodic rifting of the arc has formed
inactive rifted arcs providing a window to early history. The tectonic history and active
processes of IBM have been studied over the last few decades and are well understood. In
short, IBM (Fig. 1a) started with lithospheric subsidence along a transform fault which
separated the old Jurassic Pacific plate from a much younger Philippine plate around 50
Ma years ago; during this period, forearc was the region of magmatism with the eruption
of forearc basalt, boninites, and low K tholeiites (Stern et al., 1991; Taylor et al., 1994;
Reagan et al., 2010; Ishizuka et al., 2011a; Arculus et al., 2015a, 2015b). After 5 Ma, the
magmatic arc was established and was active until 30 Ma with eruption of typical arc
magma (Stern 2003). Arc volcanism was disrupted by rifting and opening of the Parece
vela in the South and Shikoku basin in the North, completely separating the Kyushu Palau
Ridge from IBM Arc (Taylor et al., 1992; Kobayashi et al., 1995). After a period of back
arc basin formation, arc volcanism again resumed around 17 Ma and continued until 7 Ma,
when another period of back arc basin formation in the south formed the Mariana Ridge

(Yamazaki and Stern, 1997).
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Figure 3-1 (a) Map of the present day Izu-Bonin Mariana arc and features of the Philippine Sea plate. The Kyushu Palau
ridge has been divided into 4 segments as per Ishizuka et al. (2011b). Red star shows the location of DSDP Site 296. (b)
Litho-stratigraphic sequence as defined by the Shipboard Party, DSDP Leg 31 (Ingle et al, 1975).

Compared to the active processes, early arc evolution is still studied, leading to a shift
in the focus of study in the IBM to the back-arc regions like the Kyushu Palau Ridge (KPR).
Earlier and previous studies come mainly in the form of dredged volcanic and plutonic
rocks, glass, minerals, and melt inclusion studies from several drilled sites at the back arc
and forearc regions. (Ishizuka et al., 2011; Brandl et al. 2017; Haraguchi et al. 2003, 2012;
D’ Antonio et al. 2006; Lee et al. 1995; Arculus et al., 2015). These studies have interpreted
and revealed significant findings of the early arc chemistry, but more is required for a
cohesive and complete understanding. Since the uncommon recovery of fresh lava hampers

this knowledge, it is critical to utilize every possible method to detrital volcanic materials
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to get a significant finding. Detrital minerals especially early mafic ones like pyroxenes
and amphibole, can be used to understand the nature of the magma. Recent and earlier
studies have shown that these minerals can tell us about the temperature, and pressure of
crystallization (Nimis and Ulmer 1995, Nimis 1999; Putirka 2003,2016; Putirka et al.,
2008). Besides, the experimental partition coefficients between mineral-melt can also be
used to predict the composition of the melt it crystallized from (Sisson and Grove, 1993;
Nandedkar et al., 2016; Humphreys et al., 2019). In this study, we use major and trace
elemental chemistry of pyroxene, amphibole, feldspar and melt inclusion within the
pyroxene from DSDP Site 296, located in the northern KPR to model the possible
composition of the melt in equilibrium and its pressure and temperature to understand a
part of the early arc.

3.2 Method

3.2.1 Core Samples

Deep Sea Drilling Project Site 296 located in the northernmost Palau-Kyushu Ridge
consists of two distinct lithological units, 1 and 2 (Fig 3-1b). Unit 1 comprises 453 meters
of nannofossil chalks and oozes and is further divided into seven subunits. The
biostratigraphic age of the unit is between Late Oligocene to Pleistocene. The base of unit
1 coincides with the rifting of the arc and opening of the Shikoku basin (Ingle et al., 1975).
Unit 2 is 634 meters of Early to Late Oligocene interbedded lapilli tuffs and volcanic
sandstone. The lapilli tuffs and sandstones of unit 2 consist of lithic fragments, glass shards,
and volcanic minerals like plagioclase, pyroxenes, and titano-magnetite with a sparse

amount of amphibole in a clayey or silty matrix. Plagioclase, pyroxene, and titano-
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magnetite are present throughout the core and in all the core samples studied, whereas
amphiboles are only present at some intervals. The feldspar grains picked were usually
clear and white without any signs of alteration; the pyroxenes were either black, green or
brown-orange and were usually fresher than feldspars. Both orthopyroxene and
clinopyroxenes were present. Clinopyroxenes were typically in shades of green or black,
whereas orthopyroxenes were orange and brown. Both had inclusions of oxide, feldspar,
and melt composition. Amphiboles were present as black grains slightly opaque than the
pyroxene grains under a binocular microscope. The amphiboles had inclusions of feldspar,

oxide, and apatite; melt inclusions were mostly absent.

3.2.1 Analytical Technique

Twenty-two core samples selected for their coarse grain size and fresh appearing
detrital grains were disaggregated in deionized water; twenty were from Unit 2 and two
from the base of unit 1G. The resulting sediment was sieved, rinsed, and handpicked at 500
microns to I-millimeter grain size. Minerals were first identified under a binocular
microscope and later using SEM-EDS. The grains were then mounted in epoxy, polished,
and carbon-coated for microprobe analysis. Melt inclusions inside the pyroxenes were first
identified under backscattered electron imaging and then analyzed for major oxides. Melt
inclusions (Mls), which were round and intact and did not show post entrapment
crystallization, were analyzed. Large MIs were rare; the size of the melt inclusions
analyzed was typically 30-60 microns. Major oxides of the minerals and melt inclusions
were analyzed using JEOL 8900 Superprobe EPMA at Florida Center for Analytical

Electron Microscopy at FIU. Standards were analyzed before and after each sample to
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check the quality of the analysis. The analysis was done using a 1-micron beam for
minerals, 2.5 microns for MlIs, at 20 nA current, and 15 kV with two spots analyzed per
grain. For Na and K, the beam was diffused during analysis to minimize volatilization. For
feldspars and pyroxenes, the grains with a total in the range of 99-101% were considered;
for melt inclusions, the totals were as low as 90% for some felsic ones. The amphiboles
analyzed had totals between 94-98%.

Trace elements, including the rare earth elements in the amphiboles, pyroxenes and
melt inclusions, were analyzed by Laser Ablation ICPMS using the Elan 6100 ICP-MS at
the Trace Evidence Analysis Facility at FIU, using a New Wave 213 nm laser. NIST 612
was used as a calibrator and BHVO-2 as the external standard. Spot size for minerals was
80 microns, and for melt inclusions, it was 40-55 microns, with a 10 Hz rep rate and 100%
output for both. The size of the inclusion didn’t allow for more than one spot, and anything
smaller than 40 microns was not analyzed. The data was then processed using the software
Glitter, with Ca as the internal standard.

Smear slides were prepared for all the samples to compare mineral abundances in
the coarse and fine sediments. The size of the grains used for making smear slides was in
between 75-100 micron. Accuracy and precision for standard data using EPMA and LA-

ICP-MS are listed in Table 1. The data for all the analysis is listed in the appendices.
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Table 3-1 Data quality of the standards used, major oxide data from EPMA and trace element from LA-ICP-MS

Standard Kaersutite
Mean(25) %RSD Rec Val %bias
Si0; 39.71 147 40.09 -096
TiO; 4.93 6.51 5.04 -2.09
AlO; 12.29 1.76 12.36 058
Na,0 2.46 5.74 244 0.63
MnO 0.08 25.45 0.18 -56.79
MeO 12.20 2.57 12.55 2279
Cry04 0.03
K0 0.96 8.56 117 -18.27
Ca0 11.29 1.26 11.56 231
FeO 1231 4.40 12.24 0.57
Standard Enstatite
Mean(25) %RSD Rec value %obias
Si0; 54.96 1.94 5431 1.20
TiO; 0.10 36.70 0.17 4077
ALO; 434 339 434 0.10
Na,O 0.07 19.60 0.08 -14.55
MnQ 0.08 17.97 0.16 4926
MgO 32.23 3.49 33.32 328
Cr, 0, 0.28 18.72 030 -5.07
Ca0 0.77 4.86 0.84 -8.15
FeQ 6.91 3.32 635 8.83
Standard BHVO-2
Mean(10) %RSD Rec Value %bias
Si0, 50.32 1.79 49.60 1.45
TiO, 2.59 3.62 273 -5.08
AL O; 1361 1.73 13.44 1.25
Na,0 1.89 3.06 222 -15.01
MnO 0.17 2747 0.17 1.72
MgQ 7.57 3.09 726 436
K,0 0.50 1.45 051 -2.93
P,0s 0.27 9.39 027 0.87
a0 1145 1.12 11.40 0.45
FeOQ 10.71 2.20 11.07 327
Standard Plagioclase
Mean(40) %RSD Rec value %%bias
$i0, 5431 1.06 54.21 0.18
ALO; 28.65 1.48 28.53 0.43
Na,0 4.09 1.80 435 -6.06
MgO 0.03 14940 0.13 -80.00
K0 0.34 7.46 041 -17.35
Ca0 11.81 2.90 11.80 0.07
FeQ 0.40 1346 037 7.02
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Table 3-1 continued

Standard BHVO-2

Element  Mean of 20 %RSD Rec Value %ebias
Rb85 7.56 6.30 9.26 -18.4
5188 380.51 317 394.10 -34
Y89 25.10 5.78 2591 -31
Zr90 147.79 567 171.20 -13.7
Nb93 17.50 4.74 18.10 -33
Csl133 0.08 48.00 0.10 -23.5
Bal37 111.98 485 130.90 -14.5
Lal39 15.85 7.94 15.20 4.3
Cel40 3746 N2 37.53 -0.2
Pri41 5.10 6.28 5.34 -4.5

Ndl46 24.99 395 24.27 3.0

Sml47 6.13 7.25 6.02 1.7
Euls3 1.97 5.69 2.04 -36
Tb159 0.91 11.21 0.94 -32
Gdl60 6.35 5.85 6.21 24

Dyl63 543 8.78 5.28 2.8

Hol6s 1.00 837 0.99 1.1
Erl6e 2.57 837 2.51 2.4

Ybl72 2.04 22.20 1.99 2.2
Lul7s 0.31 15.53 0.28 11.7
Hf178 449 10.33 447 0.5
Talg1 1.23 7.67 1.15 6.8
Pb208 1.21 16.88 1.65 -27.0
Th232 1.25 7 1.22 1.7
U238 0.39 11.30 0.41 -4.8

3.3 Results

3.3.1 Feldspars

Feldspars had occasional melt inclusions and mineral inclusions of titano-
magnetite, pyroxene, and apatite. Compositionally, all the feldspars analyzed were
plagioclase with a bimodal distribution around Anss.¢o and Anss.os, although intermediate

varieties were also observed. Among the plagioclase analyzed, Andesine (38%) is the most
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common type followed by Bytownite (23%), Labradorite (21%), and Anorthite (18%) (Fig
3-2). The K20 content of the plagioclases is <0.6%, which may be a result of preferential
weathering of high K plagioclase in volcanic rocks (Maynard, 1984). MgO and FeO
contents are less than 0.1% and 1% respectively, although few Bytownites have slightly
higher MgO (0.2-0.8 %) and FeO (2.3-4.7 %) contents. The bimodal variation is observed
throughout the core, but anorthite-rich plagioclase becomes more dominant towards the
top of Unit 2 (Fig 3-2). The presence of >Angg is commonly attributed to high H,O content
of arc magma as high-water content suppresses Si-O-Si-O polymerization and favors

crystallization of anorthite over albite (Sisson and Grove, 1993).
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Figure 3-2 Depth vs. cumulative frequency of compositional range of plagioclase at different depths
3.3.2 Pyroxenes

Both clinopyroxenes (cpxs) and orthopyroxenes (opxs) are present in Unit 2,
however, the presence of orthopyroxene is low and is found in a few samples only.
Compositionally, opxs are Bronzite-Hypersthene with a composition of Ens4.73Wo2.4 (Fig.

3-3a); no magnesian enstatites, usually associated with boninites were seen. Mg numbers
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(Mg#) of the opx are between 56 and 77. Cpxs falls mainly in the diopside and augite field
(Fig. 3-3a), with compositions of Wo036.48En3¢.50 and Mg#ranging from 61-92.

The composition of the cpxs was also used to distinguish the magmatic affinities of
the cpxs (Fig. 3-3 b-d) using the discrimination diagram of Leterrier et al. (1982). The
result shows that these cpxs are mostly from subalkaline magma, showing both calc-
alkaline and tholeiitic affinities, and few are MORB-like. Stratigraphically, calc-alkaline
cpxs are more dominant at the bottom cores whereas tholeiitic ones are more common at

the top. The few MORB like cpxs also occurs at the top of the section.
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Figure 3-3 (a) Ternary plot showing the composition of pyroxenes at Site 296 (b-d) Tectonic discrimination diagram
based on clinopyroxene composition from Leterrier et al. (1982). Elements are expressed in cationic value from the
structural formula of clinopyroxenes. Orange ones in ¢ and d are the unusually high Mg# clinopyroxenes
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Normalized trace element patterns of all cpxs show Nb depletion, characteristic of
island arc magma, light rare earth element (LREE) depletion compared to middle rare earth
element (MREE) and heavy rare earth element (HREE), and Zr, Hf, and Th depletion
compared to LREE (Fig 3-4). As seen from the plot, higher concentrations of incompatible
trace elements are seen for low Mg# grains and vice versa. Most high Mg# cpxs have very

low concentrations of LREE and other trace elements, sometimes close to the detection

limit.
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Figure 3-4 Primitive mantle normalized multi-elemental composition of some mafic clinopyroxenes. Normalizing values
after Sun and McDonough (1989). Clinopyroxene with Mg# > 85 is shown in orange; Mg# 80-85 is shown in blue and
Mg# less than 80 is shown in yellow.

3.3.3 Amphibole

The amphiboles are not a common detrital mineral, but they are present in the upper
part of Unit 2 from cores 49 to 57 (depth 453-719 m). Smear slides of the samples (75-100
microns) at deeper depth do not show any amphiboles. Smear slide of a sample from the
upper part of core 60 had an amphibole but was absent in the larger grain fraction.
Compositionally all the amphiboles are calcic amphibole (Fig 3-5a). Based on the chemical

content, they can further be divided into magnesiohornblende, edenite, and
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magnesiohastingsites (Leake et al., 1997). The Mg# of the amphiboles range from 57 to
73. The normalized trace element concentrations show a depletion of Th and Nb compared
to LREEs and depletion of Zr and Hf compared to REEs (Fig. 3-5b). From the trace element
concentration, there are two distinct groups of amphiboles, with some intermediates. One
group is slightly depleted in LREE and HREE compared to MREE and shows enrichment
of Ti and no Eu depletion. The other group is enriched in LREE compared to MREE,

depleted in Eu and Ti, and has flat MREE and HREE.
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Figure 3-5 (a)Site 296 amphibole compositions plotted using cationic values based on 23 Oxygens after Leake et al.
(1997). (b) Primitive mantle normalized trace element abundances in amphiboles; blue are magnesiohastingsites, yellow
are edenites and the orange ones are magnesiohornblendes.
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3.3.4 Melt Inclusions

Melt inclusions within pyroxene are typically between 10-60-micron size ranges and
are found in both orthopyroxenes and clinopyroxenes; only the largest ones were analyzed.
Some pyroxene grains had more than one melt inclusion; when analyzed, they had similar
major oxide compositions. SiO2 contents range from 47 to 73%, while the Mg#s of most
basaltic MIs range from 39 to 53. The totals for some of the felsic MIs are as low as 90%.
All the Mls plot within the medium K series on a plot vs Si02, similar to detrital glass
shards from Unit 2 (Fig. 3-6a). There is disequilibrium between almost all MIs and host
cpxs, as the Kd™™Me (Putirka et al., 2008) for the pairs are below the equilibrium line (Fig.
3-6b). Normalized trace element patterns show island arc features like Nb and Ta depletion
compared with LREE and depleted to highly enriched LREE/MREE (La/Smn 0.33 to 4.03)

(Fig. 3-6¢).
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Figure 3-6 (a) K20 vs SiO2 showing Site 296 melt inclusions in clinopyroxene compared with detrital glass shards from
Site 296. (b) Cationic Fe/Mg ratios for melt inclusions and host clinopyroxenes. Kd line for cpxs/melt is 0.27 after
Putirka et al. (2008). Clinopyroxene Fe/Mg calculated from Site 296 glass shards and melt Fe/Mg calculated from Site
296 clinopyroxenes are plotted on the equilibrium line. The melt inclusion which plots on the equilibrium line is of a
basaltic composition. (c) Primitive mantle normalized trace element compositions of melt inclusions from clinopyroxenes
(orange) and orthopyroxenes (purple).

3.4 Discussion
3.4.1 New Findings from Mafic Minerals at Site 296

DSDP Site 296 presents a unique opportunity to study the evolution of Oligocene
magma in the northernmost section of the KPR (segment 1 from Ishizuka et al. (2011b)).
Prior studies on the KPR in this region were made on dredged and piston core samples of

plutonic and volcanic rocks (Haraguchi et al., 2012; Ishizuka et al., 2011b; Haraguchi et
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al., 2003). Other studies are from volcaniclastic sediments in the adjacent Amami-Sankaku
basin drilled at IODP Site 1438 (Brandl et al., 2017; Arculus et al., 2015) and in the IBM
forearc where Oligocene ashes and tephra were drilled at ODP Site 782 (Straub 2008, 2003;
Bryant et al. 2003). Studying only uppermost volcanic and dredged rocks does not provide
a complete timeline of arc magma evolution, whereas debris shed into a rear arc basin may
not sample magma erupted during the rifting stages of the Oligocene arc. Because it is
situated in a basin near the crest of the KPR, Site 296 records a continuous record of the
magmatic evolution of the early-late Oligocene IBM arc, up until arc rifting and opening
of the Shikoku basin.

When it comes to determining melt compositions, fresh glass shards like those
found in Unit 2 at Site 296 provide the best magmatic record (Lee et al.,1995; Samajpati
and Hickey-Vargas, 2020), but fresh and undevitrified glass in older volcaniclastic
sediments is uncommon. Compared to glass, fresher mafic minerals like pyroxene and
amphiboles which are more resistant to weathering, are readily available. Pyroxenes at Site
296 are the dominant mafic silicate grains and are present throughout the stratigraphic
section. With more and improved experimental studies on mafic minerals in terms of
mineral-melt partitioning and their temperature and pressure dependence, the cpxs can
provide an extensive record of the magmatic history. For example, in Fig. 3-6b, the Mg#
of liquids inferred from the composition of Site 296 cpxs is compared with the Mg# of
glass shards found in Unit 2. It is observed that the glasses do not record the more primitive
melts inferred from the cpxs. Another observation is that cpxs apparently did not crystallize
in extreme silicic melts represented by the glass shards. Amphiboles in early IBM magmas

were associated with felsic melt composition (Straub 2008), and there is limited evidence
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of their crystallization in the Site 296 glass shards and lithic clasts found in Unit 2. In
contrast, pristine amphibole crystals are found as detrital grains and suggest otherwise. In
following sections, we utilize experimental tools to understand the origins of the minerals,
which together with glass shard compositions, can redefine or add to our knowledge on the

evolution of the early arc.
3.4.2 Clinopyroxenes

Mg numbers of Cpxs and coexisting melts
The partition coefficient (Kq4) of an element, defined as the ratio of its concentration in
the mineral to its concentration in the melt, is a measure of the preference of that element
in a given phase and can be used to model magmatic processes (O’Hara 1995; Shaw 2000).
Studies defining the values of partition coefficients between mineral and melts under
varying conditions can be used to understand the melt characteristics at Site 296. Using
partition coefficient between Fe-Mg in melt and pyroxene (Kd“P**14 =0.27) preferred by
Putirka et al. (2008), the most primitive cpxs with Mg numbers of 88-92 were calculated
to coexist in equilibrium with a melt of Mg numbers ranging between 67-73, which is
higher than what is observed in the Oligocene IBM melts represented by either glass, ash
or lava. Cpxs with Mg# between 87- 61 is in equilibrium with a melt of Mg# 65-30, which
represents a suite of mafic to felsic arc lavas; some of the most primitive KPR basalt lavas
reported by Haraguchi et al. (2012) and Ishizuka et al. (2011b) had Mg# 65-63.
An interesting trend can be seen in the plot of Al,O3 vs. the Mg# of the Cpxs (Fig
3-7). Overall, AIO3 contents increase to a maximum of about 7 wt% at around Mg# 80

and then decrease at higher Mg#s. That the alumina content of the most magnesian Cpxs
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increases as Mg# decreases from 92 to 86 suggests that the magnesian Cpxs crystallized
without accompanying plagioclase, consistent with the suppression of plagioclase
crystallization at high pressure and water contents (Kay & Kay, 1985; DeBari et al.,1987;
DeBari & Coleman,1989; Muntener et al., 2001). The broadly decreasing trend in the
alumina content with further decreasing Mg# may indicate the onset of plagioclase
crystallization together with Cpxs during differentiation to form silicic magmas. The Al
content in Cpxs also increases as a function of pressure (Nimis and Ulmer, 1999) such that
low alumina contents of Cpxs may be related to lower pressures of crystallization. Using
this reasoning, the highest Mg# cpxs with low alumina could have crystallized in a shallow
setting, whereas wide variation in Al contents at Mg# 80, could be a result of the generation
of magma at different depths and or variable alumina contents of the magma it crystallized

as the result of co-precipitation of plagioclase.
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Figure 3-7 A1203 vs Mgt for Site 296 clinopyroxenes
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Pressure estimates using cpxs thermobarometry

Pressure estimates from clinopyroxene are calculated as a linear function of cell site
and M site volume (Nimis and Ulmer, 1999; Nimis, 1999). Both volumes decrease linearly
with an increase in pressure as a combination of M1, M2, and T site exchanges, whereas
at a given pressure, the volumes are inversely correlated (Nimis 1995; Nimis and Ulmer,
1998). In particular, Almi in clinopyroxene is directly related to the pressure. However, for
hydrous magmas like those of subduction zones, the barometer is sensitive to the
temperature of crystallization and a close estimation of temperature (+50 °C) is needed to
give accurate pressure readings. Since these are detrital pyroxenes, it is difficult to estimate
a temperature using other geothermometers. The temperature of the clinopyroxenes will be
based on a previous temperature determined on lithic clasts from ODP Site 1201 near the
KPR (D’Antonio et al., 2006) of 1155 + 56°C for the most primitive magmas. Using the
cpxs geobarometer (Nimis, 1999) at temperatures of 1155 °C some high Mg# cpxs
produced negative pressures, whereas most high Mg cpxs at 1100-1075 °C give a pressure
of crystallization of 0-2 kbar, and a few give 4-6 kbar pressure of crystallization (those
with high Al content in Fig 3-7). Cpxs with lower Mg numbers between 78-84 gave
pressures ranging from 0-8 Kbar at temperatures of 1100-1075 °C. Because of the
sensitivity of the barometer to Al contents of magma, only mafic magmas provide a
reasonable pressure estimate. Higher pressures are related to the high Al Cpxs; it is
impossible to distinguish the case of crystallization in deeper magma reservoirs versus
higher alumina parent magmas, since both would increase the Almi component. The
cpxsbar program (Nimis, 1999) is sensitive to the Al contents, and high alumina basalts are

not considered for pressure estimation.
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Melt trace element concentrations and patterns estimated from clinopyroxene
partition coefficients

Partitioning of trace elements between melt and crystal is affected by changes in
pressure, temperature, the composition of magma and the structure of the phase (Blundy
and Wood, 2003; Nandedkar et al., 2014, 2016; Shimizu et al., 2017; Humphreys et al.,
2019). At subduction zones, water also plays a vital role in partitioning, as it may decrease
the trace element activity in melts and cause fractionation of one valence from the other
(Blundy and Wood, 2003). Numerous experiments have been conducted aimed at
measuring partition coefficients of elements between the melt and mineral (Nandedkar et
al., 2016; Shimizu et al., 2017; Humphreys et al., 2019), and these studies provide more
reliable information than studies based on phenocryst-matrix measurements. However,
few experiments cover multiple elements; for Cpx-melt Kds, experimental partition
coefficients for trace elements and REE must be drawn from several different studies. The
partition coefficients used here for basaltic and basaltic andesite liquids were taken from
the Geochemical Earth Reference Model (GERM) Reservoir database and are mainly
experimental. Kds for intermediate and felsic magmas are poorly constrained by
experimental data. In order to improve our selection, we first calculated partition
coefficients using melt inclusions and enclosing clinopyroxenes from this work. These are
compared with published values in Fig. 3-8. Partition coefficients calculated from the
mafic cpx-basaltic MIs that fall on the equilibrium Kdre-mg line in Fig. 3-6b has a similar
trace element Kd trend to those resulting from experiments (Fig. 3-8). Among other
partition coefficients calculated from host-MI pairs, REE Kd’s increase exponentially with

more evolved melt inclusions, but this not observed for other trace elements. To calculate
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equilibrium melt compositions, we used the Kd’s calculated from cpx and enclosed basaltic
melt inclusion and we only infer the melt composition for mafic cpxs (Mg#s >75) in
equilibrium with melt Mg#s of 45 and above, since it is difficult to determine the Kds for

more evolved melts.

Figure 3-8 Comparison of clinopyroxene/melt partition coefficients from published data and partition coefficients
calculated from melt inclusions and host cpxs from Site 296. For basaltic melts:-Rb-Klemme et al. (2002); Sr, Sm-
Johnson (1994); Ce, Y-Jenner et al. (1994); Ba, Zr, Hf- Hart and Dunn (1993); Th, U, La, Nd, Eu, Dy, Er, Yb, Lu- Hauri
et al. (1994); Gd-Hack et al. (1994); Pb-Beattie (1993). For basaltic-andesite melts -Rb-Philpotts and Schnetzler (1970);
Sr, Y, Zr, La, Ce, Nd, Sm, Dy, Er, Yb- Ronov and Yaroshevskiy (1976); Ba- Hart and Brooks (1974); Gd- Gallahan and
Nielson (1992); Hf, Th, U- Dostal et al. (1983). For andesitic melts: La, Sm, Dy, Yb- Nicholls and Harris (1980); Zr-
Watson and Ryerson (1986); Rb, Pb, Sr, Y-Ewart and Griffin (1994); Ba, Nd- Luhr and Carmichael (1980); Th, Ce, Hf
- Bacon and Druitt (1988) ; Er-Schnetzler and Philpotts (1970).

Fig. 3-9 shows the calculated melt composition coexisting with the high Mg# cpxs
(88-92) and cpxs with Mg# between 75 to 87. The calculated trace element patterns for
melts coexisting with the high Mg# cpxs have a flat REE pattern and low concentrations
of trace elements compared to glass shards from the Site 296 drill core (Samajpati and
Hickey-Vargas, 2020). Calculated trace element patterns for melts coexisting with cpxs
with Mg# 75 to 85 vary widely, from flat REE patterns to LREE enriched patterns. Cpxs
with Mg# of 86-87 yield melt trace element patterns that are similar to those of the highest

Mg# cpxs and hence grouped in the trace element plot (Fig. 3-4). Some of these calculated
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melts have higher Nb contents than LREE in the normalized multi-element plot (Fig. 3-9)

and therefore do not exhibit arc trace element characteristics.

Figure 3-9 Primitive mantle normalized trace element abundances in melts calculated from Site 296 clinopyroxenes
using cpx-basalt MI partition coefficients. Color-coded as figure 3-4. Grey shaded area at the back represents the trace
element abundances of Site 296 glass shards. A high Mg andesite from Bonin Ridge Escarpment is shown in dark grey
(Ishizuka et al., 2006).

3.4.3 Amphiboles

Temperatures and magma compositions from amphibole compositions

Recent studies in amphibole compositions have indicated that amphibole is not a
suitable pressure indicator (Erdmann et al., 2014; Putirka, 2016) except at highly restrictive
conditions like T<800 °C and Fe# amp<0.65 (Anderson and Smith, 1995). Rather than
pressure, amphiboles are more sensitive to temperature and liquid composition. In his
paper, Putirka (2016) emphasized that amphibole barometers based on Da; (Ridolfi and
Renzulli, 2011) are only successful when multiple P estimates for different compositions
are averaged, without which there could be an error of + 4 Kbar. Unlike P, temperature

estimates from amphibole compositions have a precision of + 30 °C. In this paper, we will
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use the P independent thermometer from Putirka (2016), given as Equation 5, to estimate
the temperature and Equation 10 to determine the SiO> content of the coexisting melt.
Using the pressure independent thermometer from Putirka (2016), we get a temperature
of crystallization from 741 to 1016 °C for the amphiboles. From this deduced temperature
and amphibole compositions, the silica content of the melt from which the amphiboles
crystallized ranges from basalt-andesite to rhyolite (52-75 wt%). Magnesiohastingsites
yield higher temperatures than magnesiohornblende. Magnesiohastingsites, crystallized at
temperatures of 1016-872 °C, are more common in mafic to intermediate magmas (Si0>
52-66 wt%), whereas edenite and magnesiohornblendes are more common in silicic
magmas (Si02 69-75 wt%). The amphiboles crystallizing in basalt andesite composition
are henceforth referred as mafic amphiboles, these amphiboles do not have very high Mg#s
(62-67). Given the range of amphibole and melt bulk compositions, the trace element
variation in the amphiboles (Fig. 3-5¢) may be related to the magma composition. The
amphiboles which show low incompatible trace element concentrations mainly crystallized
from mafic and intermediate magma. Among the mafic amphiboles, the variation in LREE
is probably related to the geochemical characteristics of their primary magmas as LREEs
are incompatible in amphiboles. During differentiation from intermediate to silicic magma,
plagioclase and titano-magnetite are major fractionating phases, and this might explain the
depletions of Eu and Ti in the normalized trace element patterns for silicic amphiboles.
Apatite crystallization in silicic magma can also affect rare earth elements (REE); magma
crystallizing apatite may have low concentrations of REE, and this might explain the

differences among the silicic amphiboles.
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Melt trace element concentrations estimated from composition matched amphibole-melt
partition coefficients

In the previous section, we saw that amphiboles from Site 296 could be linked to
different magma composition. Using that information, we can also get the trace element
abundances of the melt using composition matched partition coefficients, as given by
Nandedkar et al. (2016) and Humphreys et al. (2019) (Fig. 3-10a & b). We used both
methods to get a better comparison of data and to model the maximum number of trace
elements. The partition coefficient values can be found in Nandedkar et al. (2016) Table
5; partition coefficients used are RN8 inner for basalt-andesite, RN10s for andesite,
RN12V2-2 for dacite, and RN14V2 for rhyolite composition. None of the calculated basalt-
andesite (mafic) melt compositions show LREE depletion which was seen in some basalt
or basalt-andesite glass shards from Site 296 (Fig 3-10a). As seen on fig. 3-10, there are
some highly LREE enriched melt composition inferred from amphibole composition; such
highly LREE enriched melt composition was not observed within Site 296 glasses (shaded
region in fig. 3-10).

We also used methods from Humphreys et al. (2019) to calculate melt compositions in
equilibrium with the Site 296 amphiboles. When the two calculated melt compositions are
compared, Kd values from Nandedkar et al. (2016) produced trends of highly elevated
LREE over other rare earth elements (Fig. 3-10a) whereas using Humphreys et al. (2019)
method, the melt compositions produced had slightly elevated LREEs and more depleted
HREEs in some felsic melts (Fig 3-10b) when compared to Site 296 glass compositions.
Overall trace element abundance patterns calculated using Kds from Humphreys et al.
(2019) have a better fit to the range of Site 296 detrital glass shards. Calculated La/Smn
values using Kds from Humphreys et al. (2019) for basalt-andesite are 1.1 to 7.2, indicating
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the magma crystallizing amphibole was enriched in LREEs. Calculated trace element
patterns for basalt-andesite and andesite magmas using both sets of Kds have a positive Sr
peak (Fig 3-10 a and b), indicating plagioclase was not an important phase in these
magmas. In contrast, plagioclase was a major fractionating phase in the silicic magmas as
inferred from the depletion of Sr in the plots.
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Figure 3-10 (a) Primitive normalized trace element abundances in melts calculated from amphiboles using
amphibole/melt partition coefficients from Nandedkar et al. (2016). The shaded field represents the trace element
abundances of Site 296 glass shards. (b) Calculated melt compositions using the method of Humphreys et al. (2019). Y
and Ho values produced anomalous elevated and depleted peaks and hence were removed.
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Amphiboles in Island Arcs

Understanding amphibole stability in volcanic rocks and especially in island arcs is an
issue of great importance in the evolution of the crust (Smith, 2014; Larocque, 2009).
Stagnation of magma at intermediate crustal depths can stabilize amphiboles to a minimum
of about 1.5-2 GPa (Allen and Boettcher, 1983) under water-saturated conditions but
magma degassing during ascent can destabilize amphibole. A slow ascent can cause the
amphibole to break down into anhydrous minerals and fluid. In arc magmas, amphiboles
are more common in intermediate and felsic rocks presumably because these are cooler
and may have higher water contents. Therefore, the presence of mafic amphiboles in
equilibrium with melts 52-56 wt% SiO at Site 296 is relatively unique. Experiments
conducted to address amphibole stability in arc magma revealed that Na>O in addition to
water contents of the magma are crucial factors in stabilizing amphibole (Sisson and Grove
et al., 1993). In hydrous high alumina basalts and basalt andesites at low temperatures with
at least 3 wt% Na,O, amphiboles can crystallize at the expense of olivine and Ca-
plagioclase, whereas in lower Na,O magmas, amphiboles will only appear only when
andesite compositions are reached (Sisson and Grove et al., 1993). Experiments of
amphibole stability in primitive high Mg andesites and basaltic andesites in arc magmas at
variable water, pressure and fO> contents (Krawczynski et al., 2012) yielded high Mg
amphiboles (Mg#s 76-82) coexisting with olivines at pressures over 500 MPa and
temperatures of 975-1025 °C under high water contents (10-14 wt%). Such high Mg#
amphiboles are absent in Site 296, thereby suggesting that such primitive magmas are not
the origin for these amphiboles.

We used the Kd™™Me and Kd*"*S' between amphibole and melt from Sisson and Grove

(1993) to understand more about the composition of the melts. Kd*"S! is restricted to 0.94
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in different melt compositions but Kd"™¢ between the amphibole/melt pairs vary from
0.30-0.38 in mafic and intermediate melts to lower values in silicic melts (Sisson and
Grove, 1993). Putirka (2016) also reported a high variation in the partition coefficient of
KdfeMe (0.28+0.11 between amphibole and melt. Here we have taken a Kd"*™e of 0.30 for
mafic and intermediate composition and 0.2 for silicic composition as the Kd values. Fig.
3-11 shows Fe/Mg and Al/Si ratios of melts in equilibrium with the amphiboles; also
plotted are date for Site 296 glass shards. The calculated melts from which the mafic and
intermediate amphiboles crystallized have higher Al/Si ratios than what is observed in the
more mafic-intermediate glasses from Site 296. This could mean that the more mafic
amphiboles crystallized from more alumina rich magmas than those represented by the Site
296 glass shards. Fe/Mg values, although biased as there is significant error for the Kd,
are similar or slightly lower in calculated melts compared with Site 296 glass shard
compositions. We used the calculated major element melt composition from amphibole
(Humphreys et al., 2019; Zhang et al., 2017) which yielded 18.01-18.70 wt % Al>O; and
MgO 2.13-5.3 wt% for basalt-andesites. The composition is similar to the low Mg high
alumina hornblende diorites (equivalent to basaltic andesite) from experiments by Sisson
and Grove (1993), where amphiboles started crystallizing at 998 °C with olivine and before
plagioclase crystallization. Therefore, based on the major element calculated compositions
and previous experimental studies, the mafic amphiboles might have crystallized in basalt

andesite with high alumina, low to moderate MgO and at least 3 wt% Na,O concentrations.
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Figure 3-11 Plot of Al/Si and Fe/Mg of Site 296 glass shards compared with melt compositions calculated from amphibole
compositions. Open symbols are for calculated melts and closed symbols are for the glass shards

3.4.4 Magma Compositions Recorded at Site 296

In this section, we have compiled all trace element information for the analyzed and
calculated melts represented at Site 296 to understand the magmatic evolution recorded by
the detrital sediments. For amphiboles, melt compositions using the Humphreys et al.
(2019) method are shown, with Th partition coefficients from Nandedkar et al. (2016). Fig.
3-12 shows the compositional range of REE concentrations represented by the different
materials. A significant observation is that the Site 296 glass shards and clasts represent
only a fraction of the total geochemical variation of the Oligocene KPR arc magmas
sampled at Site 296. The glass compositions do not include highly depleted magmas as
calculated in equilibrium with high Mg cpxs and highly incompatible element enriched

magmas (La/SmN >7) in equilibrium with some amphiboles (Fig. 3-12).
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Figure 3-12 Primitive mantle normalized REE plot for analyzed and calculated melts for all materials. Compositional
ranges inferred from clinopyroxenes, amphiboles and analyzed melt inclusions are shown as shaded fields.

High Mg magmas

Brandl et al. (2017) describe high-Mg cpxs (Mg# 89 to 92) from the older >37Ma
section of IODP Site 1438 to be similar to plagioclase poor (1-4%) high Mg andesites of
the transitional suites at the Bonin Ridge Escarpment (BRE) (Ishizuka et al., 2006), which
had K-Ar ages around 44 Ma and represented the transition from forearc spreading to arc
building. The melts that formed the Site 296 high Mg# cpxs and BRE high Mg-andesites
have high Sr contents compared to REE, suggesting these magmas were not saturated with
plagioclase.

The high Mg# cpxs do not appear throughout the core; they appear in the upper-
middle section of Unit 2 between cores 54 to upper 61 at approximate depths of 625-863
m, depths where lapilli and ash tuffs are common which indicates they are direct deposition
from a volcanic event. In the oldest core (65), the most primitive cpxs has an Mg# of

around 87 and has a calculated melt trace element pattern similar to the other high Mg#
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cpxs. Although sediments of different ages can be eroded from a volcanic edifice and
deposited together, older sequences are limited to the lower section and younger sequences
are expected toward the top. The stratigraphic gap between cores 65 and 61 suggests that
the high Mg# cpxs at the bottom and upper parts may not be related. It is possible the high
Mg# cpxs from the base are of similar age as the older BRE transitional suite rocks, but the
same can’t be said with confidence for the ones at the top. When compared to high-Mg
andesite from the BRE there are similarities in trace element concentration (Fig. 3-9), both
have low concentrations of trace elements with flat REE patterns. However, in the
normalized multi-element plot the calculated melts from high Mg# Site 296 cpxs (except
one) have REE values close to 1, whereas the high Mg andesites plot higher than 1.
Enriched magmas

There is also evidence of LREE enriched magmas at Site 296. Some mafic and
intermediate magma compositions inferred from amphiboles had REE patterns similar to
enriched lithic clasts from Site 296 (Samajpati and Hickey-Vargas, 2020), these were
hornblende-bearing andesites. LREE enriched compositions were also observed within
inferred melts from two cpx grains (Mg#s around 80 and 4-6 wt% Al>O3) and, an andesite
melt inclusion within a cpx which had 17.9 wt % alumina content. Highly enriched magmas
were also observed at Nichinan seamount, located 160 km NW relative to Site 296
(Haraguchi et al., 2012. All the above materials which point to LREE-enriched high Al
magmas as their origin are present in the topmost section of Unit 2, core 49-57.

Our interpretation is that these enriched magmas were formed under high pressure

and or water contents towards late Oligocene. Evidence for high water contents and/or a

deeper magma reservoir is both the stabilization of amphibole and increasing dominance
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of calcic plagioclase at the middle to top of the stratigraphic section (Fig. 3-2). At high
pressures and or water content amphiboles are stabilized, and plagioclase crystallization is
suppressed as the volume of cpxs rather than calcic plagioclase is expanded (Yoder, 1965;
Baker and Eggler, 1983). When plagioclase crystallizes, it is more Ca rich and Si poor with
compositions of Ango.95s (Arculus and Wills, 1980; Kuno 1950), as seen in Site 296. High
water content also destabilizes orthopyroxene in favor of olivine (Kushiro 1969) which is
also reflected in the absence of primitive opx at Site 296.
Mantle enrichment

In Fig. 20 the composition-matched trace element abundances of mafic and
intermediate melts inferred from amphiboles using the method of Humphreys et al. (2019)
vary from slightly to highly enriched in terms of La/Smn (1-7) and Nb/Yb = 0.9 to 10.6.
Th concentrations for the melts are calculated using the composition-matched partition
coefficients from Nandedkar et al. (2016), and these also vary widely (1-11 ppm) (Fig
20b). The most LREE-enriched mafic melt (SiO2 54 wt%) have the highest Nb and Th
concentrations and highest Nb/Yb and Th/Yb ratios (9 and 21 respectively), which
indicates high mantle fertility in the first case and incorporation of a subduction component
in the second case. Some felsic melts (70 wt% Si0-) calculated from amphibole, are only
slightly enriched (La/Smn ~1.2) at low Nb/Yb and Th/Yb ratios and plot close to the mantle
array in Fig. 3-13. Since La/Smn values typically increase with differentiation, it is

possible that the primary magma which evolved to form these amphiboles was depleted.

102



Figure 3-13 Logarithmic plot of Th/Yb vs Nb/Yb for melt composition, both analyzed and inferred from mafic
minerals; also includes high Mg andesite data from the Bonin Ridge Escarpment (BRE)

The mafic melt compositions calculated from most cpxs show a range of depleted to
enriched characteristics (La/Smn values 0.5 -3.8). Cpxs having extremely low Nb/Yb
ratios (Fig. 3-13) are the unusually high Mg# cpxs discussed above and their Nb/YDb ratios
are lower than the high Mg andesites from the Bonin ridge (Fig 3-13). Since Nb is an
indicator of mantle fertility (Pearce et al., 2005), the wide variation of Nb/Yb ratios
suggests changes in mantle sources took place between the formation of enriched fertile
magmas as inferred from amphiboles in cores 49-57 and depleted magmas inferred from
cpxs (cores 54-61). In short, we can suggest towards the late Oligocene deep-seated
magma storage or high-water contents of the magma may have led to the evolution of high
Al magmas with variable Mg contents from a somewhat enriched source with the

crystallization of high Al cpxs, amphiboles, and high calcic plagioclases.
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3.4.5 Temporal changes and Oligocene Rifting
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Figure 3-14 From left to right, plot showing the depth vs Mg# of clinopyroxenes with their magmatic affinity; SiO2
content of melt in equilibrium with amphibole; La/Smn of mafic to intermediate glass shards and calculated melts from
minerals; and Nb/Yb of mafic to intermediate glass shards and calculated melts.

The KPR started rifted during the late Oligocene around 28 Ma, forming the
Shikoku back arc basin (Ingle et al., 1975). Judging from the lowermost cores of Unit 1
and uppermost cores of Unit 2 at Site 296, there does not appear to be particular petrologic
or geochemical signature that could be exclusively connected to rifting but rather a gradual
change over time prior to rifting is seen. First, from the composition of the cpxs it is
observed that the arc become more tholeiitic over time (Fig. 3-14). This same trend was
noted by Brandl et al. (2017) in Site 1438 melt inclusions. The trace element compositions
of inferred melts in equilibrium with these cpxs are also depleted (La/Smy values<1), with
low Nb and Th contents. The change from slightly enriched sources to more depleted

sources (towards lower Nb/Yb concentration in Fig. 3-13) together with a decrease in
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Th/YDb values (4 to ~0) could reflect the decreasing subduction component and increasing
MORB component. The high Mg cpxs plot at the boundary of calc-alkaline and tholeiitic
(Fig. 3-3¢) with relatively low crystallization pressures (0-3 kbar at 1100 °C). A second
trend is that amphiboles, found only in cores 57 and above, crystallized in the arc magmas
prior to rifting of the arc and that mafic amphiboles formed in mostly LREE enriched
magmas. They reflect high water or pressure conditions that may have developed as the
arc crust thickened and matured, and enrichment of water and fluid mobile elements from
the subducted slab.

The melt compositions inferred from the unusually high Mg# cpxs, although similar
to the high Mg transitional suite seen in Bonin ridge which is a potential example of the
earlier IBM magmas, have overall lower trace element concentrations (Fig. 3-9). These
cpxs are not at the bottom of the core but in section 54-61, which suggests that they are not
from the early rocks unless they are xenocrysts brought up in the amphibole-bearing
enriched magmas. The early transitional BRE suites were associated with intra-arc rifting
(Taylor and Nesbitt, 1995), therefore, magmas forming the high Mg# cpxs may have
formed during the rifting of the KPR in the Oligocene. One possibility is that there were
multiple stages of rifting rather than one event, and one such rifting event could have
produced high Mg melts from a depleted mantle source.

3.5 Conclusions
In conclusion, DSDP Site 296 presents unique findings on the early magmatic history of
the IBM arc which are not well recorded in other sites:

1) Diverse primary magmas formed and differentiated at different depths (0-30 km)

as indicated by the crystallization pressure of the mafic clinopyroxene. Based on
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clinopyroxene composition calc-alkaline magmas dominate the lowest sections of early-
late Oligocene Unit 2, followed by tholeiitic magmas.

2) Atsome point, highly enriched magmas formed from a fertile mantle source and
crystallized mafic amphibole bearing lavas; this may have been a local source like that
producing the enriched magmas from Nichinan Seamount (Haraguchi et al., 2012).

3) Slightly LREE enriched, high-Al melts formed at high water contents to form
mafic amphiboles with clinopyroxenes and high An-plagioclase. These dominate the later
period of deposition at Site 296.

4) Arc rifting probably occurred in multiple stages. Magma formed during one
such step might have produced the unusually high-Mg# cpxs from a depleted, MORB-like
mantle source, similar to transitional suite rocks from the Bonin ridge escarpment.

5) The time scale for these events is uncertain; mafic amphiboles (late stage arc
magmas) and high Mg cpxs (MORB-like magmas) coexist in some samples, so the
possibility of deep-seated amphibole-bearing magmas carrying xenocrysts of older KPR
rocks is also possible.
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3.8 Appendices

Refer to table 3-1 for precision data
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4 MAGMATIC EVOLUTION OF THE EARLY NORTHERN IZU-BONIN
MARIANA ARC FROM SITE 1438 AND SITE 296 ROCKS AND MINERALS:
A COMPARATIVE STUDY

Eshita Samajpati, Rosemary Hickey-Vargas

Abstract

Evolution of island arcs has always been an important topic to understand arc building and
formation of the continental crust. However, the initial arc stages which are crucial to
understand these processes has always been challenging to study because of the lack of
volcanic records. The Izu-Bonin Mariana (IBM) arc and its rifted remnant arcs thus present
an opportunity to explore early arc evolution. IODP Site 1438 and DSDP Site 296 which
contains contemporaneous volcanic debris from the first remnant arc of IBM, Kyushu
Palau Ridge (KPR), records the early magmatic history in the form of volcanic minerals,
glass and lithic fragments. Major oxide, trace elements, and '“*Nd/***Nd and ""*Hf/'7"Hf
isotope ratios reveal a significant piece of this information which is also used to compare
the two sites. Lithic fragments or clasts from both the Sites indicate an Indian-type MORB
origin, although higher variation in Nd isotope ratios is observed within Site 296 clasts in
the late stages perhaps due to mixing of Pacific sediments. The mantle source becomes
more enriched towards the last stages of arc evolution, evidenced by Nd isotope ratios of
Site 296 clasts at high La/Smn (3.7-4.8) and Nb/Yb (2-4) ratios, and such features are not
seen Site 1438 compositions which indicate a possible rifting related event which may have
missed in the rear arc side. However, an enrichment in fluid mobile elements like Ba and

Rb prior rifting is observed within the amphibole composition of Site 1438.
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4.1 Introduction

IODP Site 1438, located in the Amami Sankaku Basin (Fig. 4-1), contains
volcaniclastic sediments derived from the Kyushu Palau Ridge (KPR), a remnant of the
first rifted arc of the Izu-Bonin Mariana (IBM) arc. The IBM provides a remarkable
opportunity to study both active and past processes because of its unique extended nature.
The volcanic and tectonic history of the IBM has been well studied and can be found in
previous studies (Stern et al., 2003; Straub et al., 2010; 2015; Ishizuka et al., 2011a),
although compared to the recent activities, the initial history is still being explored and
comprehended. IODP Site 1438 was drilled to answer essential questions about early
subduction processes, mainly arc inception and subsequent evolution of the IBM. Drilled
samples from Site 1438 included the basement ocean crust and subsequent sedimentary
deposits which comprises volcanic products shed from the KPR until it rifted. Site 1438 is
also adjacent to another drill site, DSDP Site 296 located on the upper eastern flank of the
ridge, and thus may have contemporaneous volcanic sediments (Fig. 4-2), which together
can reveal some of the early evolutionary history of the IBM arc. In addition, the two Sites
can also reveal any spatial differences seen between a proximal site (Site 296) and a distal
site (Site 1438) and may be useful in the future when addressing questions in a similar

setting.
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Figure 4-1Map showing the location of Site 296 and Site 1438 on KPR

The main objective of this study is to understand part of the early history of the
IBM arc by comparing sediments from the two Sites, focusing mainly on the last stages of
the magmatic evolution of the arc just prior rifting. For Site 1438, we present new major
and trace element data for glass and mafic minerals, pyroxene and amphibole, and melt
inclusions. Additionally, we also have new major, trace elements and Nd-Hf isotope data
for lithic fragments from both Site 296 and 1438. These results, together with previous data
from Site 296: 1) glass and three andesite clast compositions (Samajpati and Hickey-
Vargas, 2020a) and 2) melt compositions calculated from mafic minerals (Samajpati and
Hickey-Vargas, 2020b), will be used to interpret the magmatic evolution at the

northernmost section of IBM, segment 1 of Ishizuka et al. (2011b).
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4.2 Methods

4.2.1 Sample description

The drilled section from Site 1438 (Fig 4-2) was divided into four sedimentary units
(Unit I-IV) and the basement igneous unit (Unit 1) (Arculus et al., 2015a). The samples
studied for this research are from Unit II (Cores 21F-30X) and the upper part of Unit III
(Cores 12R-30R). Six samples studied from Unit II were mostly intervals of coarse
unconsolidated sediments, with silty to clayey matrices. Minerals grains were loose in
the sediments, and the grain size becomes finer up the core. Unit III samples are described
as either turbidites or debrites (Johnson et al., 2017) and consist mostly tuffaceous
mudstone, sandstone or breccia-conglomerate containing pumice and volcanic minerals.
The biostratigraphic ages of the studied core samples from Site 1438 is early to late
Oligocene, same as Site 296 (Ingle et al., 1975; Arculus et al., 2015a). Samples with large
mafic lithic fragments or clasts were rare.

Samples containing a representative range of large lithic fragments, pyroxenes and
amphiboles were selected for further analysis. Amphiboles were quite common in the Site
1438 samples, unlike Site 296, and they become more abundant upward, especially in Unit
IT sections 30X-6W (86-88 cm) and 30X-7W (13-15 cm). In these core sections
amphiboles were the primary mafic phenocryst in the sediments rather than pyroxenes.
Twelve Site 1438 samples were lightly crushed in plastic with a hammer and then
disaggregated in DI water. After drying, pyroxenes and amphiboles were picked out from

the samples and set in epoxy for chemical analysis.
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Lithic fragments from Unit 11, Site 1438, and Unit 2, Site 296 were cut from slabs
using a small rock saw, then the outer layer was ground away using a grit paper followed
by washing and ultrasonication in DI water. Samples were then dried and powdered for
further analysis. Fifteen lithic fragments from Site 296 and 6 lithic fragments from Site
1438 were selected for the study. Out of the 21 samples, eight samples for Site 296 and
four samples from Site 1438 were also analyzed for Nd and Hf isotope ratios. Also, some

amphibole separates from 30X-7W (13-15) were picked for isotopic analysis.
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Figure 4-2 Lithostratigraphic column of Sites 296 and 1438, red dashed lines correlate to similar biostratigraphic ages
and the studied section
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4.2.2 Analytical methods

Pyroxenes and amphiboles from Units II and III were analyzed for major elements at
FCAEM, Florida International University (FIU) using a JEOL 8900R superprobe
instrument. Minerals were analyzed at an accelerating voltage of 15 kV and 20 nA beam
current using a 1 um electron beam; for melt inclusion within pyroxene, the electron beam
was defocused. Major elements were measured forl5-30 seconds and data were corrected
using the ZAF correction method. The accuracy of measurements for major oxides was
better than 5%, trace elements in the minerals close to the detection limit had a higher error.
Minerals were analyzed in back-scattered electron mode to reduce the possibility of
analyzing inclusions; two points per grain close to the core were analyzed and averaged.
Repeated analysis of standards FIU enstatite STD 350, BHVO-2 and Kaersutite (#AS1200-
AB) was carried out at the beginning, middle and end of the analysis to check for data
quality and account for any instrument drift.

Trace elements including rare earth elements (REEs) were analyzed by Laser Ablation
ICP-MS using the Elan 6100 ICP-MS at the Trace Evidence Analysis Facility at FIU, using
a New Wave 213 nm laser. NIST 612 was used as a calibrator and BHVO-2 as the external
standard. Spot size for minerals was 80 microns, and for melt inclusions, it was 40-55
micron with a 10 Hz rep rate and 100% output for both. Two points per grain were analyzed
for minerals; the average values are reported. The data was then processed using the
software Glitter, with Ca as the internal standard. Melt inclusions smaller than 40 microns

were not analyzed. Table 1. lists the data quality for the trace elements.
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Table 4-1 Data quality of USGS standard BHVO-2 for trace elements using LA-ICP-MS and SI-ICP-MS methods

LA-ICP-MS (Trace elements in ppm) SI-ICP-MS (Trace elements in ppm)
Element Mean of 20 %RSD  Rec value  %bias Element Meanof3 %RSD Recvalue %bias
Rb85 7.72 4.7 9.261 -16.6 Rb85 10.07 1.1 9.261 8.8
Sr88 379.57 3.6 394.100 -3.7 Sr88 370.44 3.1 394100  -6.0
Y89 24.98 6.1 25910 -3.5 Y89 27.22 23 25910 5.1
Zr90 146.82 6.4 171.200 -14.2 Zr90 169.03 1.2 171200 -1.3
Nb93 17.35 6.2 18.100 -4.1 Nb93 17.86 0.3 18.100 -1.3
Csl133 0.09 26.8 0.100 -8.5 Csl133 0.25 1.6 0.100 156.1
Bal37 112.69 4.5 130.900 -13.9 Bal37 138.82 0.9 130.900 6.0
Lal39 15.80 8.2 15.200 3.9 Lal39 14.72 0.6 15.200 3.1
Cel40 37.25 6.8 37.530 -0.7 Cel40 36.22 0.9 37.530 -3.5
Pr141 5.09 6.5 5.339 -4.6 Pr141 5.14 1.2 5.339 -3.7
Nd146 24.75 4.4 24.270 2.0 Nd146 23.49 2.5 24.270 32
Sm147 6.03 9.3 6.023 0.2 Sm147 6.08 0.8 6.023 1.0
Eul53 1.94 6.1 2.043 -4.7 Eul53 1.72 1.7 2.043 -15.7
Tb159 0.89 11.9 0.939 -4.7 Tb159 0.90 29 0.939 -3.3
Gd160 6.27 7.0 6.207 1.1 Gd160 6.11 1.9 6.207 -1.5
Dyl163 5.44 8.6 5.280 3.0 Hol65 0.98 1.3 0.989 -0.8
Hol65 0.97 11.2 0.989 -1.2 Dy163 527 1.6 5.280 -0.2
Er166 2.54 8.9 2.511 1.4 Er166 2.31 2.7 2.511 -8.0
Yb172 2.09 11.2 1.994 5.1 Yb172 1.99 32 1.994 0.1
Lul75 0.30 16.2 0.275 10.0 Lul75 0.29 3.1 0.275 5.7
Hf178 441 10.7 4.470 -1.3 Hf178 4.06 2.0 4470 -9.0
Tal8l1 1.20 10.1 1.154 4.6 Tal81 1.27 0.6 1.154 10.5
Pb208 1.31 11.8 1.653 -20.2 Pb208 2.56 1.3 1.653 55.1
Th232 1.23 8.2 1.224 1.1 Th232 1.26 1.4 1.224 3.6
U238 0.39 14.0 0412 -4.5 U238 0.45 2.0 0412 11.1

Powdered lithic fragments (0.2 to 5 g) were dissolved for major oxide and trace
elements using methods described in Laxton (2016) and analyzed using solution
introduction ICP-MS at FIU. Seven standards were analyzed as a measure for quality and
to calculate the calibration curve. Major oxide data for standards analyzed as unknowns
had percent bias less than 5.

Analysis of Nd and Hf isotope ratios for some of the lithic fragments were carried

out at the University of South Carolina using a Thermo Finnigan Neptune MC-ICP-MS,
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methods are mentioned in Yogodzinski et al. (2018). Amphibole separates from Unit II
sample 30X-7F-13-15 was also analyzed for Nd and Hf isotopes. The results were
normalized to the standards La Jolla for '*Nd/!**Nd and JMC-457 for '"°Hf/"""Hf. USGS
standards, AGV-1 and BCR-2 analyzed as unknowns agree with published reference values
of Weis et al. (2006, 2007) for Hf isotope ratios but are slightly high for Nd isotope ratios;
within-run 2 sigma of the mean errors are within 0.000008. Data for all analyses are listed
in the appendices.

4.3 Results

4.3.1 Pyroxene

Both orthopyroxene and clinopyroxene are present in the samples; some of the
pyroxenes had melt inclusions. Clinopyroxene (cpx) has a composition range of Woss.-
45sEnz9.46 and magnesium numbers (Mg#) of 56-85, whereas orthopyroxene (opx) was Woi-
4 Ens7.¢9 and Mg# between 58-72. Unusually high-Mg cpxs which were found in Site 296
samples are absent (Samajpati and Hickey-Vargas, 2020b). In the alumina vs. Mg# plot for
cpx (Fig. 4-3a), the alumina in cpx increases until Mg# 80, where a high variation of
alumina content is seen, and after which the alumina content seems to decrease. However,
for Site 1438 cpxs this is not as apparent as in Site 296, where high-Mg# low Al cpxs are
present. Using a discrimination diagram from Leterrier et al. (1982), nearly all cpxs from
Site 1438 have a tholeiitic affinity with subduction features; no calc-alkaline or MORB
like cpxs are present (Fig 4-3b & c). In comparison, cpxs from Site 296 straddle the

tholeiite/calc-alkaline boundary and a few have MORB-like characteristics.
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Primitive mantle normalized trace element concentrations of cpxs is shown in Fig. 4-
4a. All cpxs show Nb depletion. Low Mg# cpxs (60-70), most likely from felsic magmas,
have increasing Eu, Zr and Hf depletion, probably reflecting the crystallization of
plagioclase, apatite and Fe-Ti oxides. Site 1438 cpxs fall entirely within the compositional

range observed within Site 296 cpxs.
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Figure 4-3 (a) Mg# vs. ALO3(wt%) of clinopyroxenes of Site 1438, (b), & (c) Tectonic discrimination diagram for
clinopyroxenes from Leterrier et al. (1982). Elements are expressed in atoms per formula unit. The shaded region in the
background shows the composition of Site 296 clinopyroxenes
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Figure 4-4 (a) Primitive mantle normalized trace element concentration of Site 1438 cpxs. Normalizing values after Sun
and Mcdonough (1989) (b) Primitive mantle normalized trace element concentrations of Site 1438 amphiboles. Shaded
regions are the composition of Site 296 minerals

4.3.2 Amphibole

Amphiboles analyzed are from both units II and III, Site 1438. According to the Leake et
al. (1997) classification, the amphiboles from Site 1438 are of the wvarieties
magnesiohornblende, edenite, tshermakite, and magnesiohastingsite. Normalized trace
element abundances among the amphiboles (Fig. 4-4b) show a generally similar trace
element pattern with few differences. One is variable Eu depletion and the other is Ti
depletion and enrichment. These differences are related to magma composition;

amphiboles from felsic magma will have higher overall REE concentration, with Eu and
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Ti depletion as the result of crystallization of plagioclase and Fe-Ti oxides. More mafic
magma will form amphibole with low trace element concentrations and Ti peaks indicating
Fe-Ti oxides did not yet saturate in the magma. A second prominent difference is the high
variation in LILE elements, Ba and Th. Higher Ba and Th concentrations are seen in Unit
IT amphiboles. Unlike Site 296, Unit 2 amphiboles, there are no LREE, Ba, and Th enriched
amphiboles in Site 1438 Units I1 and III. Also, Site 1438 amphiboles range to lower overall

concentrations of trace elements compared with amphiboles from Site 296.

4.3.3 Glass and Melt Inclusions

Individual detrital glass shards were rare in Site 1438 sediments. Of the few that were
found, SiO content ranges from 63 to 74 wt% and Mg#s are 13 to 58. Glassy melt
inclusions enclosed in pyroxene, both cpx and opx, have SiO; contents of 52 to 73 wt%
and Mg#s of 11 to 67. Among both glass shards and MIs, some andesitic and dacitic
compositions show high Mg#s. Glass shards from Site 1438 plot mainly within the low K
magma series whereas the MIs plot both in low and medium K fields (Fig. 4-5a). Glass
shards and MlIs from Site 296 were medium K. TiO; contents for glass shards and MIs
from both Sites are similar but high variation is observed in the MgO contents of MIs and
glass from Site 1438 (Fig. 4-5b & c). Broadly two groups can be seen, one is a high-MgO
series (7.8 wt% in basalt to 2 wt% in rhyolite) and the other is low MgO series (3.4 wt% in
basalt to 0.3 wt% in rhyolite).

Normalized trace element concentrations of glass shards and MIs (Fig 4-6a) show
Nb depletion throughout a wide variation in trace element concentrations, including

La/Smy values from 0.5 to 3.3. Zr and Hf concentrations also vary relative to REE, which
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may be due to crystallization of apatites, which remove REE, in intermediate to felsic
magmas. The compositional range of the glass shards and MIs falls within the analyzed

Site 296 melt compositions (Samajpati and Hickey-Vargas, 2020a).
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Figure 4-5 (a), (b), & (c¢) SiO2 vs. other oxides (in wt%) for glass, melt inclusion and clasts from Site 296 and Site 1438.
Fields for K20 are from Peccerillo and Taylor (1976)
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Figure 4-6 (a)Primitive mantle normalized trace element concentration of Site 1438 glass (orange), MI (blue) and clast
(purple) (b) Primitive mantle normalized trace element concentration of new Site 296 glass (orange) and clast (purple).
Shaded background is the composition of previously analyzed glass and clast composition from Site 296.

4.3.4 Lithic Fragments (Clasts) from Sites 1438 and 296

Site 296 clasts reported in this paper plot within low K to shoshonite fields on a K>O
vs. SiO; plot (Fig. 4-5a), whereas clasts from Site 1438 plot in low to medium K magma
fields. Except for one high MgO basalt clast, most Site 296 clasts have MgO concentrations
(6.3 to 1.3 wt%) similar to previously reported glass shards and clasts (6.6 to 0.9 wt%)
(Samajpati and Hickey-Vargas 2020a). Site 1438 clasts have similar MgO contents (6.0 to
2.7 wt%), except for a high-MgO dacite (Fig. 4-5c¢).

Normalized trace element patterns for Site 296 clasts show typical arc features, such as
negative Nb anomalies (Fig. 4-6b) and slightly depleted to highly enriched LREE (La/Smn
values 0.6 to 4.8). In contrast, clasts from Site 1438 have flat to slightly enriched LREE

(Fig. 4-6b) (La/Smy values of 1 to 2.7).
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SNd/"Nd and 7"Hf/!"°Hf ratios measured in clasts from Site 296 and 1438 are plotted
in Fig. 4-7, using epsilon notation. In the ENd vs. EHf plot, all but one clast plots within
the Indian MORB field (Fig. 4-6). Site 296 clasts range to lower '**Nd/'**Nd at a similar
7TH{/'7SHf ratio compared with Site 1438 clasts. The amphibole separate from Site 1438

Unit IT (30X-7F-13-15) had a small Hf signal, therefore, a large 2 sigma error of 0.00005.
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Figure 4-7 ENd vs. EHf plot for Site 296 and Site 1438 clast. CHUR values used to calculate the € values are from Bouvier
et al. (2008), mantle line from Pearce et al. (1999)

4.3.5 Mafic minerals of Site 1438

Trace element abundances for melts in equilibrium with mafic clinopyroxenes were
calculated using partition coefficients calculated from a Site 296 cpx and basalt melt
inclusion pair (Samajpati and Hickey-Vargas, 2020b). Clinopyroxenes with Mg#s greater
than 75 (Mg# 45 in the liquids, Putirka et al., 2008) were used to infer equilibrium trace
element contents. Normalized trace element concentration (Fig 4-8a) for the equilibrium
melts have a La/Smn ratios of 0.5 to 1.7. This composition range for the melts falls within

the compositional range of inferred Site 296 melts (Fig. 4-8a). High Mg# (88-92) cpx
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grains from Site 296, which had unusually low melt trace concentrations, are excluded
from this comparison. Two Site 1438 cpx with Mg#s 75 and 80 had normalized melt Nb
concentrations slightly higher than La; these cpxs may have formed during rifting stage
which could lead to higher Nb concentrations of the melt.

Using equations for temperature and melt silica content in equilibrium with amphibole
from Putirka (2016), the Site 1438 amphiboles yield a crystallization temperature of 750
to 1006 °C and melt SiO contents 54 to 75 wt%, although felsic melts are more common.
Inferred melt compositions for these amphiboles were calculated using methods from
Humphreys et al. (2019). La/Smy values for these magmas range from 0.27 to 6.78 (Fig.
4-8b). La/Smn values for magmas in equilibrium with the amphibole decreases up the core
such that Unit II amphiboles have La/Smn less than or close to 1. In constrast, Rb
concentrations are higher than unit III amphibole inferred melts from Site 1438 (Fig. 4-8b).
Since Unit II amphiboles had higher Ba concentration than the Unit III amphiboles, the
magmas which crystallized these amphiboles will also have higher Ba values. Melts in
equilibrium with Unit III amphiboles have lower Rb concentrations but at a higher La/Smn

ratio.
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Figure 4-8 (a) Primitive mantle normalized calculated melt composition in equilibrium with mafic clinopyroxene from
Site 1438 (b) Primitive mantle normalized calculated melt composition in equilibrium with amphiboles from Site 1438,
blue are andesite, yellow are dacite and orange are rhyolite melt composition in equilibrium. The shaded background
represents the calculated melt compositions from Site 296 minerals

4.4 Discussion
4.4.1 Comparison of Site 296 and Site 1438

4.4.1.1 Location and physical characteristics
The drilled Units studied from Sites 296 and 1438 are similar in that both are interpreted

as turbidites containing lithic fragments, volcanic glass and minerals and eroded from the
KPR. Nonetheless, there are significant differences between the sites based on the

composition of fragments, grain size, and compactness of the core samples. Site 296 is
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located on a structural terrace in the western side of KPR, where the upper part of Unit 2,
consisting mainly of poorly to moderately sorted lapilli tuffs, were described as direct
products from active eruptive processes. In contrast, the lower part of Unit 2 samples were
volcanic sandstones, where volcanic materials shed from either side of the terrace were
reworked and deposited (Ingle et al., 1975). Lithic fragments change from more pumice
or felsic dominated to more mafic or andesitic dominated up the core, with the
concentrations of felsic clasts at specific intervals. The grain size of the minerals is also
larger in Site 296 samples compared with Site 1438, and in most samples the matrix has
been vitrified making it challenging to disintegrate some of the core samples.

Site 1438 located on the Amami Sankaku basin is a distal location relative to the KPR
source and volcanic debris is deposited by downslope migration of arc deposits as a result
of the steepening of the slopes (Brandl et al., 2017). Studied Unit III samples from Site
1438 were interpreted as debrites with interbedded turbidites (Johnson et al., 2018). The
studied samples were not as compact as Site 296 samples, the mineral grains were smaller,
and the major lithic fragments observed was pumice; mafic clasts were mostly absent until
Core 30 at approximately 490 meters. Another significant difference observed between the
two sites is the distribution of types of lithic fragments. Site 1438 samples were repeated
units of very coarse pumice-bearing conglomerates which transitioned to finer-grained
sandstones upward. Since pumice was the significant lithic fragment observed at Site 1438,
unlike in upper Site 296 Unit 2 lapilli tuffs, the question arises if the upper unit I1I are just
turbidites and debrites or the product of explosive volcanism of the last stages of Oligocene
IBM arc. Since pumice is also light, it can float until settling in suspension to form normal

graded sedimentary units.
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A last significant difference seen between the two sites may be rifting related changes.
Since Site 1438 is situated on the rear arc side, magmatism accompanying arc rifting and
arc subsidence may not be recorded. In contrast, debris collecting at Site 296 on the eastern
side of the ridge at shallower water depths could show petrologic and geochemical
signatures related to rifting. Indeed, some clinopyroxenes from Site 296 had MORB like
features (Fig. 4-3c) and unusually high Mg clinopyroxenes present in Site 296, but such
materials were absent in Site 1438.
4.4.1.2 Magma compositions

Overall, magma compositions from glass, melt inclusions and clasts of the northernmost
IBM arc are predominantly medium K with the presence of both high and low K magmas.
Although very mafic clasts or minerals are not common in upper Site 1438, some felsic
low K melts (Fig 4-4a) from Site 1438 have high Mg#s (50-60). In the FeOt/MgO vs. SiO»
(Fig. 4-9a) these melts plot in the calc-alkaline field or at the boundary line. Based solely
on the compositions of clinopyroxenes from two sites, cpxs from Site 1438 are of tholeiitic
type (Fig 4-3b) whereas both types were present in Site 296, with more calc-alkaline cpx
at the bottom cores and tholeiitic cpx in the upper ones. However, as shown in Fig 4-9a
from glass, MI and clast data, calc alkaline melts were also present in Site 1438. A few
calc-alkaline, andesitic clasts and a melt inclusion from Site 296 Unit 2 have the highest
La/Smnratios (4-4.8) observed at either site, with high Ba, Th and Nb concentrations (Fig.
4-9 b,c). Such LREE enriched mafic or intermediate magmas are absent in Site 1438 (both
from analyzed and calculated), which makes the enriched magmas in Site 296 unique to
the two sites. Some MIs from Site 1438 have the highest Th/YD ratios at similar Nb/Yb

ratios compared with Site 296 melts (Fig. 4-9b). Except for one basalt clast from Site 1438,
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which shows very high Ba concentration (Fig. 4-9¢), most melts from Site 1438 have lower
Ba and Nb concentrations than Site 296 melt compositions. Amphiboles in Unit II, Site
1438, which represent the last stage of IBM arc activity, concurrent or prior to rifting have
higher Ba concentrations than the amphiboles from Unit III (Fig. 4-3b), indicating the
magma it crystallized from also had high Ba concentrations. Ba add to the mantle sources
of arc magma by hydrous fluids derived from subducted sediment, a process which occurs
at the arc front and at shallower depths than sediment melting (Pearce et al., 2005).
Therefore, an increase in Ba concentration in the last stage magma could be related to
either increased contribution of fluids or an originally Ba-enriched mantle source. Nb
concentrations of Site 296 magmas are also higher than Site 1438 magmas. Nb and high
Nb/Yb indicates asthenosphere fertility, therefore the mantle sources for Site 296 primary
magmas could be from a more fertile asthenosphere than those for contemporaneous

magmas represented by sediments at Site 1438.
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Figure 4-9 (a) SiO2 vs FeOt/MgO plot distinguishing the tholeiitic (Th) and calc-alkaline (Ca) fields (Miyashiro, 1974)
for melt compositions represented by glass, MI and clasts from Site 296 and Site 1438 (b) Logarithmic plot of Th/Yb
and Nb/Yb ratios for melts (c) Ba/Yb vs Nb/Yb plot for the melt compositions

4.4.3 Mantle Geochemistry

Figure 4-10a show the initial '**Nd/'**Nd and "°Hf/!”’Hf isotope ratios the IBM arc
through time, as inferred from data from DSDP Site 296 and 1438. Data for Site 1438

basement and Unit IV sills are from Yogodzinski et al. (2018), Shikoku basin, and Neogene
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Izu arc data from fallout tephras are from Site 782 (Straub et al., 2010) and some Unit III
Site 1438 samples are from Laxton (2016). Overall there is an increase in '*Nd/'*Nd
isotope ratios from the Oligocene arc to the Neogene arc, suggesting either mantle
depletion with time or a shift in mantle source compositions. Interestingly, Nd isotope
ratios for the Site 296 clasts show a wide range of values which may result from mixing of
the sub-arc mantle with Pacific Ocean sediments or the subducting altered crust. Compared
to the Nd isotope ratios, Hf isotope ratios of the IBM arc have not undergone much change.
This may reflect the common assumption that Hf isotopes are not very affected by
subduction processes, and that Hf isotopes of the arc volcanic materials reflect that of the
mantle source (e.g., Pearce et al., 1999).

To further assess whether mixing of mantle and subducted materials leading to the
isotopic composition of these clasts is plausible, mixing curves calculated between the sub-
arc mantle, sediments, and the altered oceanic crust (Fig. 4-10b). The mantle values have
been inferred from the average basement data of Site 1438 assuming a 5% batch melting
of an upper mantle composition of olivine:opx:cpx:spinel= 58:27:12:3 and mineral-melt
partition coefficients from Donnelly et al. (2004). Pacific sediments, clay (CL), chert (CH)
and volcanic sediment (V), data for trace elements are from Elliot et al. (1997) and isotopes
are from Pearce et al. (1999). Altered Oceanic Crust (AOC) data are from Kelley et al.
(2003) for trace elements and Chauvel et al. (2009) for isotopes. Two mixing lines between
the mantle compositions and the sediments are constructed, and one between the mantle
and a mix of volcanic sediment and the AOC. Based on the calculations, the Site 1438
magma is derived from the mantle with inputs from Pacific volcanic sediments and the

AOC (2-5%), whereas Site 296 magma composition have similar mantle sources, but
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mixing trends with Pacific volcanic sediments (2%), AOC and volcanic sediments (5%)

and Pacific pelagic sediment (CH)(2%) (Fig. 4-10b). The input from pelagic sediments

observed within Site 296 are present towards the top of Unit 2.

0833L

0ZE300

n4

0 JEZ
=1

NIEIET

1 IR

383+ 5

0ZE2

11 ZIEeH

0 IEIE4

0 ZEEGE

e I

=

43R Resamatl 49 M)

3l
w3Ic 435 LR
o Bl S
*BIE 41 (15 W) q[.ﬁ
L AR N I
L
+ 21z 423 KL gf
S kol basin (22 Md g:
Fenjrk L o=l n '+i'
3 ot 1
" oL+
=4
o
+
H CRR C R L
157 P e £ et
W |:l_;..|
B~ y '4:'_
o o ‘:._IJ' -]
vy e = =
o ¥ [l ]
- Forrom
A el -
.-.-'. _-. .'. :— -..-_
i 7
P 4
cl P |
e
=H
=2 = CART )
ke i =41,

Figure 4-10 (a) Initial '**Nd/'*Nd and '7°Hf/'7"Hf isotope ratio evolution of IBM arc from 49 m.y to Neogene (b) Mixing
curves between the mantle composition represented by Site 1438 basement, Pacific Ocean sediments, clay (CL), chert
(CH) and volcanic sediments (V) and altered ocean crust (AOC)
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Figure 4-11 (a)- (d) Trace element ratio vs. '**Nd/!'**Nd for mafic and intermediate clasts of Site 1438 and Site 296.
Blue diamonds are also Site 296 clasts. Also shown are data from Laxton (2016) from same depth interval.

Trace element ratios vs. **Nd/!*Nd isotope ratios for intermediate and mafic clasts
from Site 296 and 1438 are shown in figure 4-11 a-d. In Site 296, Nd isotope ratios
decreases up the core indicating an increasing mantle enrichment; clast from core 64, Site
296 has the highest Nd isotope ratios or derived from the most depleted mantle source.
Clasts from the lower cores section of Unit II, Site 296 are isotopically similar to Site 1438
samples; these are the volcanic sandstones where pumice is the major clast type. Highly
enriched magmas (La/Smn >4) from Site 296, are from a fertile mantle source with high

Th and Nb concentration (Blue diamonds in Fig 4-11 a,b & d) and have relatively lower
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Nd/"Nd. The mafic Site 1438 clast has relatively higher '**Nd/"**Nd, but Th/Yb ratio
is higher, and Ba/Nb lower than other clasts (Fig 4-11). Nd isotope ratio of clasts (Site
1438) from Laxton (2016) from the same depth interval, show similar isotope ratio as the
Site 1438 clast from this study, but at lower Nb/Yb and Th/Yb values (Fig. 4-11 b,d); 2
clasts from Laxton (2016) has high La/Yb values (Fig 4-11a) and very high Ba values (not

shown in fig. 4-11c¢)
4.4.3 Temporal Variation and Correlation of the Sites

Together, volcanic sediments from Sites 1438 and 296 represent the volcanic history of
the early IBM arc before rifting. The upper section of Site 1438, Unit II and Unit III
correlate in time with Site 296 Unit 2. Although there are few differences observed within
the two sites, there are also many similarities. Rocks and minerals from Site 1438 are
mostly of felsic composition with few intermediate and rare mafic compositions which
present a challenge in distinguishing source characters from magmatic differentiation.
Based on the inferred composition of melts in equilibrium with Unit II Site 1438
amphiboles, the latest stage magmas become enriched in Rb and Ba, but have low La/Smn
ratios for intermediate and felsic magmas (0.2 to 1.9). This contrast with felsic melts in
equilibrium with amphiboles from Unit IIT which have lower Ba and Rb concentration and
low to high La/Smn ratios (0.5 to 6.8). Also, amphiboles become predominant mafic
minerals in Unit II rather than pyroxenes which is usually the dominant mafic mineral in
the core samples from both the Sites.

Site 296 sediments show a wider variation in magma and source compositions compared

with Site 1438. The compositional range represented by trace element concentrations (both
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calculated and analyzed) of Site 1438 magma falls within the Site 296 magma
compositions. Very depleted and enriched trace element concentrations are uncommon in
Site 1438. Previous and new data (mafic to intermediate clasts) from Site 296 indicate that
the magma composition became more LREE enriched with time and with increasing
mantle fertility (Fig. 4-11a, c) possibly due to an enriched mantle source. This trend is not
very apparent in Site 1438 (Fig. 4-11b, d), although there were not many mafic and
intermediate magma compositions to provide a thorough comparison. The previous study
of melt inclusions from Brandl et al. (2017) on Site 1438, Unit III concludes that magma
composition does become more enriched during the last stages of the Oligocene IBM arc,
< 37 Ma. Isotope composition of Site 296 also becomes more enriched up the core as
suggested by lower Nd isotope ratios, with the most enriched mantle sources coinciding
with high La/Smn and Nb/Yb ratios (Fig. 4-11a, b). The enrichment of Nd isotope ratios
could be because of mixing of pelagic sediments in the later stages as observed in Site 296

compositions.
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The biostratigraphic ages of Unit 2, Site 296 and Units II and upper Unit III, Site 1438
is early to late Oligocene; both are within the < 37 Ma group described by Brandl et al.
(2017). Correlating Sites 296 and 1438 is problematic, although it seems that before the
appearance of highly enriched magma (around 700 m, Site 296) magma compositions were

similar at both Sites, in terms of both trace element composition and isotopic ratios. The
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core samples in both the sites, below 700 m in Site 296 and Site 1438, also are rich in
pumice clasts; therefore, they may be contemporaneous and represent a more explosive
eruptive stage of the arc. Around 700 m and above in Site 296, the core samples are lapilli
tuff which is said to be direct deposition of the volcanic activity (Ingle et al., 1975). These
are the units where enriched mafic amphiboles and depleted unusually high Mg# cpxs are
common. Considering that Site 1438 may not have any evidence rifted related magmatic
activity since it is on the rear arc side, the magmas which formed these features at Site 296
may be associated with the initiation of rifting. During true rifting and opening of the
Shikoku Basin, the magma composition in Site 296 may have become more depleted and
cpxs with high Mg#s, MORB affinity, and depleted trace element compositions
crystallized. The change from fluid mobile element (like Ba and Rb) depleted amphibole
in Unit III to higher concentration in Unit II also reflects a high influx of fluid between the
two units of Site 1438. At the last stages of arc magma evolution as recorded in Site 1438,
high fluid content lead to the stabilization of amphiboles with high concentration of fluid
mobile elements.
4.5 Conclusion

In summary, Site 296 and Site 1438 reveal the magmatic evolution of the early to
late Oligocene IBM arc (~28 to 36 Ma). Volcaniclastic materials reveal some significant
similarities and difference which can be related to the location of these sites on KPR. Site
1438 located on the rear arc side contains pumice as the major lithic fragments whereas
Site 296 situated on the ridge contains both mafic and pumice clasts; this may be due to
higher mobilization of pumice over mafic clasts during deposition in Site 1438. The lower

section of Unit 2, Site 296 and the upper studied section of Site 1438 correlate in terms of
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the abundance of pumice clast in the core samples, these are either volcaniclastic sandstone
or breccias. The trace element composition and the isotope ratios are also similar in these
sections from the two sites, which suggests a possible correlation between the two.
Towards the last stage of arc evolution, there were high input of fluid or water which led
to crystallization fluid mobile (Ba and Rb) enriched amphiboles in unit I1, Site 1438 which
are slightly depleted in LREE. Evidence of high-water content of magma in upper unit 2,
Site 296 is also present inferred from increasing abundance of anorthite plagioclase and
amphiboles. However, there are features unique to Site 296 which are present towards the
top of Unit 2, such as magmas from an enriched mantle source leading to the evolution of
highly LREE enriched magmas at high Nb/Yb ratios, which also crystallized some matfic
amphiboles in Site 296 magmas. Around the same time, there were also REE depleted high
Mg magmas which formed some very high Mg clinopyroxenes. Indication of these late
magma types is absent in Site 1438 which suggest that these magmas evolved during rifting
stages and therefore maybe absent in the rear arc.
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4.8 Appendices

Refer table 3-1 for major oxide precision and table 4-1 for trace element precision
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5 CONCLUSIONS
5.1 Model for Oligocene Evolution and Rifting based on Site 296 and Site 1438
DSDP Site 296 and IODP Site 1438 record the evolution of early to late Oligocene
(~28 to 36 Ma) magma compositions in the northernmost segment of Izu-Bonin Mariana
arc (segment 1 of Ishizuka et al., 2011b) before arc rifting and opening of the Shikoku
Basin. Overall, melt compositions determined from glasses, clasts, and melt inclusions and
inferred from mafic minerals show a wide range of trace element variation in basaltic
compositions, suggesting that diverse primary magmas existed during this time and were
derived from depleted to enriched mantle sources. Mantle sources became more enriched
with time because of the input of pelagic sediments from the subducting Pacific plate.
Differentiation of the basaltic magmas to felsic compositions retained the original
incompatible trace element features but was affected by crystallization of accessory
minerals like apatite and or amphiboles. Simultaneous intrusive and extrusive activity
during this time led to crustal thickening, which may have aided in stabilizing amphiboles
in magma at depth during the later periods.

Based on the mineralogical and geochemical changes seen along the stratigraphic

sections between the cores (Fig 5-1) the following evolution can be interpreted:

e The base of Site 296 are volcanic sandstones-breccias. These were eroded from the
ridge and thus may contain fragments of older Eocene IBM volcanics, which
indicates a possible volcanic-plutonic connection between the tonalites and some
dacitic volcanism (Stage A in Fig 5-2)

e With increasing crustal thickness and increasing water contents of the magma,

amphiboles became stable. High water contents also led to the crystallization of
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anorthite rich plagioclase and suppression of primitive orthopyroxenes in these
magmas. Diverse primary magmas existed, both slightly LREE enriched and
depleted. Magma compositions became tholeiitic as inferred from clinopyroxenes.
(Stage B in Fig 5-2)

Increasing signs of rifting related magmatism but still at high water contents. At Site
296, high Mg# clinopyroxenes are observed accompanied by increasing Nb
concentrations and the appearance of MORB like clinopyroxenes. Amphiboles from
Site 1438 change from slightly enriched to depleted in LREE/MREE ratios but
enriched in fluid mobile elements like Ba and Rb.

During this stage there were some late-stage enriched arc magmas (enriched in
LREE and Nb) which gave rise to some mafic to intermediate amphibole bearing
magmas. (Stage C in Fig 5-2). This is not observed in Site 1438 sediments as the
subduction shifted eastward and debris from this stage did not arrive at the Amami-
Sankaku basin.

Magmas from the top of unit 2 Site 296 become again depleted possibly due to
increased rifting, intrusion of MORB-like decompression melts and decreasing

subduction input (Stage D in Fig 5-2).
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Figure 5-1 Stratigraphic section studied from both Sites 296 and 1438 and the changes in mineralogy and geochemistry

observed
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Figure 5-2 Schematic diagram showing the possible magma evolution of the northernmost IBM prior to rifting

5.2 Implication for the Evolutionary History of Izu Bonin arc

The Izu-Bonin Mariana arc has been one of the best places to study and understand
intraoceanic arcs. The extended nature of the arc has allowed scientists to explore and
discover early subduction rocks like boninites, in addition to understanding the evolution
of marginal basins and remnant arcs. This study was conducted to understand the evolution
of the first Izu-Bonin arc and any changes that may indicate the initiation of rifting. Post-
rifting, around 20 Ma ago, the resurgence of arc volcanism in the IBM are currently being

studied in the rear arc side of the active [zu-Bonin arc, where depleted tholeiitic and calc-
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alkaline arc magmas are erupting. This research suggests that during rifting of an arc,

magma composition may become more tholeiitic with the intrusion of decompressions

melts along with arc melts, which may be of enriched type.
From the previous research on the IBM arc and this study, the early evolution observed
in the Izu-Bonin arc until the first rifting events are such:

e [BM started with lithospheric subsidence around 50 Ma ago; during this time, forearc
was magmatically active with the eruption of FABs and boninites. Site 1438 located on
the rear arc side does not have significant evidence for boninites, indicating that
boninites perhaps were restricted in the forearc region.

e Around 45 Ma, there was a transition from subsidence to subduction, which may have
led to the eruption of some high Mg andesite, as exposed in Bonin Ridge escarpment.

e The first arc was established around 43 Ma with the start of subduction, new evidence
from Site 296 and Site 1438 suggests that early arc magma was dominated by calc-
alkaline magma type instead.

¢ Rifting at least in the north may have been in multiple stages, leading to crustal thinning
and intrusion of decompression melt, which led to the eruption of tholeiitic magma in
the later stages.

e Contemporaneously there were highly enriched calc-alkaline magmas which formed at
the same time as the MORB like melts

e Following rifting and formation of the Shikoku basin, there was no further activity on

the KPR; all magmatic activity shifted to the east.
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5.3 Future Research Direction

To get a better age constraint for the time of evolution using mineral dating method.
Dating biotite grains in the sediments from Site 296 can help to define the timing of
events and prove that there has not been much reworking in the core section; the same
thing can be done in Site 1438 if required to re-establish the ages.

To test the early evolution in other segments of KPR. Site 1201 and Site 448, which
lies in the southern section, coincides with the Oligocene Mariana arc. These sites can
be revisited, and a similar research approach can help to establish the evolution along
the arc.

Oxides like chromites were not analyzed in this study, but their mineral chemistry is
significant in understanding their genesis and the mantle condition during formation.
Therefore, in addition to mafic minerals, chromites can help to understand the evolution

of the IBM system.
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APPENDIX L.
Sample Description
1. DSDP Site 296

DSDP Site 296 is located on a terrace on the west side of the Kyushu Palau ridge at a
water depth of 2920 meters. The drilled section consists of 1087m of sediments and
sedimentary rocks, which were, divided into two major lithological, Units 1 and 2, by the
shipboard scientific party (Ingle et al. 1975). Unit 1 is 453 m thick (Cores 1-47) and is
subdivided into 7 subunits (1A-1G). These consist of foraminifera rich nannofossil clays
and nannofossil oozes with interbedded volcanic ash layers. Ash layers and layers of
unconsolidated volcanic silt and sand are predominant in the bottom sections of Unit 1,
especially subunits 1F and 1G (cores 31-48). Biostratigraphic ages from the nannofossils
indicate ages of late Oligocene to Late Pleistocene for Unit 1. Unit 2 is 634m thick (Cores
48-65) and consists of two lithologies, defined by the shipboard party: 1) tuffs and lapilli
tuffs and 2) volcanic sandstones and siltstones. The Unit is not subdivided. The
biostratigraphic age of the sediments ranges from early to late Oligocene (Ingle et al.,
1975). An Ar-Ar age of a basalt clast in Core 63 was dated at 47.5 Ma (Ozima et al., 1977),
indicating some material is significantly older than the depositional ages of the sediments.
The overall interpretation of the drilled section at Site 296 was that Unit 2 represented
volcanic debris shed from the KPR during its major eruptive phase before rifting, and that
Unit 1 represented volcanic and pelagic sediment deposited following rifting as the ridge
subsided below sea-level. Study of ash layers in the upper units of Unit 1 by Donnelly et
al. (1975) suggested a possible origin as airfall from surrounding subaerial volcanoes not

located on the KPR.
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For this study, samples were selected in order to be able to isolate fresh glass shards,
mineral grains and clasts large enough to analyze individually for geochemical analysis. A
total of 92 samples were taken from the Site 296 cores at the former DSDP West Coast
Repository in La Jolla, CA by R. Hickey-Vargas in 1991. Selection was based on core
summaries in the DSDP Leg 31 Initial Reports and direct examination. This is a summary
of all samples from the drilled section that were collected, including cores that were too
fine-grained for use in this study.

Cores 25-35

These are classified as nannofossil chalks with ash layers. — Materials are mainly buff to
light grey colored clay to silt sized unconsolidated or loosely consolidated sediments,
consisting mainly of foraminifera, and variable amounts of volcanic glass and lithic
fragments present as ash layers with minor quantity of feldspars, micas, magnetite and clay
minerals. These sediments (16 samples) belong to subunit 1E and top of unit 1F have an
age of Early Miocene to Late Oligocene. Samples taken from Cores 28 to 35 are from
interbedded ash layers. Such samples have high quantity of volcanic glass and fewer
foraminifera including a few samples with high radiolarian content and appear as poorly
consolidated sand to silt sized sediments. Both felsic and mafic lithic fragments are present

and become abundant in the lower cores. No samples were analyzed.
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Core 36-38

These are classified as clay rich nannofossil chalks with volcanic ash. Cored rocks change
from buff to grey colored consolidated sediment with patches of dark, clay rich horizons
and light-colored chalks. Four samples taken from these cores consist of sand-sized
volcanic glass and minerals in a silty-clay matrix. All the samples are from ash layers so
has high content of glass and other volcanic minerals. Grain size becomes coarser and the
matrix is more clayey in deeper intervals. The samples belong to bottom of unit 1F and top
of unit 1G and are Late Oligocene in age. No samples were analyzed.

Core 39-40

These are classified as nannofossil chalk with volcanic ash. — Eleven samples were taken
from these cores. There is general decrease in nannofossil content compared with to cores
36 to 38 and samples are more clay rich than light colored chalks. Samples are dark grey-
black to dark grey-brown mainly unconsolidated sediments with interspersed and varying
amount of light grey poorly consolidated sediments, possibly nannofossil chalk. Sample

are from or close to ash layers and consist mainly of volcanic glass and feldspars with
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minor nannofossils and heavy minerals. All samples are from the middle of Unit 1 G and
are late Oligocene in age. There is an increase in the chalk content from Core 39 to 40.
Samples from top of Core 40 are sandy siltstone and contain equal buff and dark grey
sediments which becomes slightly intermediate beige-grey color loosely consolidated
sediments down the core. No samples were analyzed.

Core 41-47

These are classified as clay rich nannofossil chalks with volcanic ash. Nine samples were
taken from these cores. Samples are beige to light grey colored nannofossil chalk and dark
grey-black colored clay rich chalk units with interbedded ash layers. Sediments are either
consolidated or unconsolidated, with varying amount of volcanic glass, lithics and minerals
like feldspar, pyroxene and magnetite in a matrix of chalk and clay. Samples are late
Oligocene and are at the bottom of Unit 1G. The size of the volcanic grains increase down
the core from silt to sand size and the amount of clay to chalk varies. Sample 47-1-117-
119 present at the base of Unit 1G is a light grey-beige colored rock with sand sized grains
of glass, pyroxene and feldspar in a silty clay matrix made up of nannofossil chalk and clay
was analyzed for minerals and glass.

Intervals analyzed are: 47-1 (117-119) were disaggregated and glass shards and mineral
grains were analyzed

Cores 49-50

These are classified as lapilli tuffs. — Three samples were taken from these cores. Samples
are dark to medium grey-black tuffaceous sandstones with some tan colored sediments in
a sand-silt sized matrix. They consist of mafic and felsic volcanic lithic fragments with

loose volcanic minerals like feldspars and pyroxene and oxides with glass shards and minor
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quantity of amphibole.

Intervals 49-1 (24-27) and 50-1 (122-124) were disaggregated and glass shards and mineral
grains loose in matrix were analyzed.

Core 52

This is classified as a clay and ash rich nannofossil chalk. One sample was taken from the
core. Sample 52-1 (139-141) is a laminated sedimentary rock; the layers are light to dark
grey in color with interbedded nannofossil chalk and ash layers. Some grains are sand to
silt size in a silt-clay sized matrix. There is a sharp contact between the ash and chalk layer

and sedimentary features produced by current.

Core 54

This is classified as lapilli tuffs and ash tuffs. Six samples were taken from this core. These
are dark grey to olive green breccias with a clay and vitreous matrix. Both felsic and mafic
volcanic lithic fragments are present, mafic clasts are more angular than the pumice clasts.
In the matrix, volcanic minerals also occur as loose grains. Minerals include feldspars and

pyroxenes with amphiboles and oxides. Fresh glass shards are also seen within the
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sediments. Amphiboles are not very abundant (less than 5%) but are most abundant in this
core compared with others.

Intervals analyzed are: 54-1 (115-119), 54-1 (140-143), 54-3 (17-20) and 54-3 (23-26)
were disaggregated and minerals and glass were picked and analyzed. Clast from 54-1
(115-119) and 54-2 (23-25) was cut out and analyzed.

Core 55

This is classified as a lapilli tuff. Three samples were taken from this core. These are
breccia with large andesite clasts (up to 5 cm). Two of the three clasts are hornblende
andesite and the other is a pyroxene andesite (Ingle et al., 1975). The groundmass is made
up of mineral grains of feldspar, augite and oxide are found in a relatively fresh to slightly
altered groundmass made up of mainly glass with some altered plagioclase and clays. The
clasts were cut from the matrix and powdered for elemental analysis.

Intervals analyzed are: Clast was cut out from 55-1 (115-118), 55-1 (133-135) and 55-1
(122-124) and analyzed

Core 56

These are classified as lapilli tuffs and ash tuffs. — Nine samples were taken from this core.
Except one sample, these are poorly sorted olive green breccias with predominantly large
mafic clasts and smaller pumice clasts. In the matrix, loose volcanic minerals and glass can
be seen in a clayey-silty matrix. One sample from Section 5 is a buff colored graded
nannofossil chalk. The grading is from slightly coarser ash layer upward to a very fine
chalk.

Intervals analyzed are: 56-5 (93-95) was disaggregated and loose minerals were analyzed.

Clast was cut out from 56-1 (70-72), 56-1 (76-78) and 56-4 (98-100) and analyzed
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Core 57

These are classified as lapilli tuffs and ash tuffs. Six samples were taken from this core.
They are poorly sorted light olive green to grey breccias with both mafic and pumice clasts.
Compared with Core 56, there are more pumice grains in this section, and some of the
mafic clasts in this section have been altered to clay. Sample 57-2 (97-100) has the most
amphiboles found within Site 296 samples studied. Sample 57-3 (38-40) is graded
sandstone, with coarse sand-sized lithic fragments in silty clayey matrix to finer fragments

in a more clayey matrix.
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Intervals analyzed are: 57-1 (23-26), 57-2 (97-100) and 57- 3 (38-40) was disaggregated

and loose minerals were analyzed

Core 59-60

These are classified as lapilli tuffs and volcanic siltstone. -Four samples were taken from
these cores. These are light to dark gray poorly sorted clast-supported breccias with angular
to subangular lithic fragments. Lithic fragments include pumice, aphyric basalts, scoria
andesites in a silty to sandy grey matrix. Other volcanic minerals are also present in the
matrix including fresh feldspars and pyroxene. These are the lowermost samples where
amphiboles are seen at Site 296. Core 60 samples are slightly more altered than those in
Core 59, the pumices have altered to clays.

Intervals analyzed are: 59-1 (89-91), 59-1 (98-101) and part of 60-1 (8-11) were
disaggregated and minerals and glass in the matrix were analyzed. Clast was cut out from

60-1 (8-11) and 60-1 (101-105).
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Core 61-62

These are classified as ash and lapilli tuffs with volcanic siltstones and sandstones. -Five
samples taken from these cores are medium to dark grey poorly sorted breccia with angular
to subangular clasts, which are medium to large sized pumice clast and smaller mafic clasts
in an altered glassy matrix. Fresh feldspars and pyroxene can also be seen in the
groundmass of the clasts. One sample from Core 62, section 2 is a fine-grained breccia
with equally abundant mafic and felsic clasts.

Intervals that were used for analysis are: 61-1 (39-41) and 61-2 (38-40) were disaggregated
and minerals and glass in the matrix were analyzed. Clast was cut out from 61-2 (30-32)

and analyzed.
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Core 63

These are classified as lapilli tuff and volcanic sandstones. Seven samples from Core 63
were taken. These are like Cores 61- 62; medium to dark grey poorly sorted breccias with
big pumice clasts and medium sized mafic clasts (0.5 cm) in an altered glassy matrix. Fresh
volcanic glass and minerals are common in the matrix.

Intervals that were used for analysis are: 63-1 (146-149), 63-2 (31-34), 63-3 (36-38) and
63-3 (140-143) were disaggregated and minerals and glass in the matrix were analyzed.

Clast cut out from 63-2 (31-34) and 63-4 (112-115) were analyzed.

272



Core 64

These are classified as volcanic siltstone and sandstone. Four samples were taken; these
are medium to fine grained medium grey breccias and one is a coarse sandstone. The clasts
are poorly sorted, sub-angular mainly pumice and microcrystalline or porphyritic basalts
in altered glass and clay matrix.

Intervals that were used for analysis are: 64-3 (119-121) were disaggregated and minerals

and glass in the matrix were analyzed. Clast cut out from 64-3 (125-127) was analyzed
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Core 65

This is classified as a volcanic siltstone. -Four samples were taken from the core. The
samples are olive green breccias or sandstone. Clasts are angular, poorly sorted and consist
of pumice, scoria, aphanitic or porphyritic basalts, pyroxenes, and altered feldspars in an
olive green clay matrix.

Intervals that were used for analysis are: 65-2 (84-87) were disaggregated and minerals and

glass in the matrix were analyzed. Clast cut out from 65-1 (0-3) was analyzed.

2. IODP Site 1438

IODP Site 1438 is located about 230 km to the SW of Site 296 in the Amami Sankaku
Basin. Drilling recovered 1461m of sediment sequences and 150 m of oceanic basement.
The sedimentary sequence was divided into 4 lithological units (I-IV) based on texture,

compactness and proportion of rock types. As described by Arculus et al. (2015) Unit I is
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160 m thick recent to latest Oligocene tuffaceous mud and clay with discrete ash beds; Unit
IT is 139 m thick Oligocene tuffaceous siltstone and fine sandstones; Unit III is 1046m
Oligocene to Eocene tuffaceous sandstone, mudstone and breccia, and finally Unit IV is
100m thick Eocene mudstones and tuffaceous siltstones, sandstones and breccia. In this
study, we focused on Unit II and part of the upper Unit III (Until core 30) of Oligocene age
to correlate and compare the results from Site 296. The basis for sample selection was the
same as for Site 296 cores. Samples with glass, mineral or lithic fragments large enough
to isolate and analyze individually were favored. The full set of 59 samples were selected
by R. Hickey-Vargas in 2014 as a Leg 351 shipboard scientist. E. Samajpati selected the
subset of samples used in this study.

Unit I1

Six samples were taken from Unit 2. They are all unconsolidated sediments with a few
clasts in the sediments. The color of the sediment down the core goes from dark grey-
brown to dark grey which also reflects the amount of clay in the samples. The upper
sediments are more clayey, which becomes siltier and then grades downward into fine sand.
The sediments contain variable amounts of clay minerals, volcanic fragments like scoria
and pumice grains and mineral grains of pyroxene, feldspars, Fe-oxides and amphibole.
Amphibole-rich layers are found in the two bottom fine sand layers (30X-6W (86-88) and

30X-7W (13-15)) which also had small pumice clasts.
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Unit 11T

Fifty-three samples were taken from Unit III cores 12R through 30R. The samples studied
extend through Core 30 (about 500 m below sea level), representing the later stage of the
volcaniclastic sequence which correlated with Site 296. A focus for sample selection for
this study was the presence of amphibole, which could be readily analyzed for both major
and trace elements. Broadly, in this section there are two kinds of sedimentary rocks: 1)
medium to coarse grained breccias, which have pumice as the main clast and 2) fine-
grained breccias with few pumice clasts and mainly small granular mafic clasts. Mineral
grains also appear individually in the matrix, including feldspars and pyroxenes. Coarse-
grained pumice bearing breccias are the dominant rock type, the fine-grained breccia
appears in between and might be a part of an upper graded sequence. Amphibole grains
were occasionally observed within pumice clasts. Fresh large glass shards and large mafic
clasts are not very common and mostly absent in the upper section of Unit III. The clasts
are poorly sorted, the coarse-grained pumice bearing breccias are clast supported whereas
the fine grained breccias are matrix supported. The matrix is dark grey brown color

consisting of clay, silt and altered glass.
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Fourteen samples from Unit III, from different intervals and different lithology, both
pumice and non-pumice bearing, were selected for analysis. These are 12R-3W (90-100),
14R-2W (51-53), 17R -1W (82-86), 19R-4W (18-21), 21R-1W (14-18), 26R-2W (76-78),
27R-1W (89-91), 27R-1W (118-121) AND 29R-2W (39-41) were disaggregated and
minerals and glass were picked for analysis. Two clasts from 15R-3W (13-15) and one
clast from 19R-4W (0-3), 21R-1W (14-18), 26R-5W (126-127) and 27R-3W (100-102)

were cut out and analyzed.

mm 10 pit] 30 4 =™ W 0 W a0
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