Archive ouverte UNIGE

https://archive-ouverte.unige.ch

This version of the publication is provided by the author(s) and made available in accordance with the
copyright holder(s).

Silicic magmatism in the upper crust and relationships to caldera-forming
eruptions: insights from the Takidani magmatic system in Central Japan

Hartung, Eva

How to cite

HARTUNG, Eva. Silicic magmatism in the upper crust and relationships to caldera-forming eruptions:
insights from the Takidani magmatic system in Central Japan. Doctoral Thesis, 2018. doi:
10.13097/archive-ouverte/unige:112214

This publication URL:  https://archive-ouverte.unige.ch/unige:112214
Publication DOI: 10.13097/archive-ouverte/unige:112214

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:112214
https://doi.org/10.13097/archive-ouverte/unige:112214

UNIVERSITE DE GENEVE FACULTE DES SCIENCES
Département des Sciences de la Terre Directeur Prof. Luca Caricchi

Silicic magmatism in the upper crust and relationships to
caldera-forming eruptions: Insights from the Takidani
magmatic system in Central Japan

THESE

présentée a la Faculté des sciences de I’Université de Geneve

pour obtenir le grade de Docteur €s Sciences, mention sciences de la Terre

par
Eva Hartung
de
Aachen (Allemagne)

Thése N° 5282

GENEVE
Atelier de reprographie ReproMail
2018



) UNIVERSITE
’ DE GENEVE

FACULTE DES SCIENCES

DOCTORAT ES SCIENCES, MENTION SCIENCES DE LA TERRE

Thése de Madame Eva HARTUNG
intitulée :

«Silicic Magmatism in the Upper Crust and Relationships to
Caldera-forming Eruptions: Insights from the Takidani
Magmatic System in Central Japan»

La Faculté des sciences, sur le préavis de Monsieur L. CARICCHI, professeur associé et
directeur de thése (Département des sciences de la Terre), Monsieur S. WALLIS,
professeur (School of science, University of Tokyo, Japan), Monsieur O. MUNTENER,
professeur (Institut des sciences de la Terre, Université de Lausanne, Suisse), Monsieur
O. BACHMANN, professeur (Institut fur Geochemie und Petrologie, Eidgendssische
Technische Hochschule Ziirich, Schweiz), Monsieur G. GUALDA, professeur (Department
of Earth and Environmental Sciences, Vanderbilt University, Nashville, U.S.A.), autorise
Iimpression de la présente thése, sans exprimer d’opinion sur les propositions qui y sont

énoncées.

Genéve, le 16 novembre 2018

Thése - 5282 - Z\N\/\l\/\/

Le Doyen

N.B.- La thése doit porter la déclaration précédente et remplir les conditions énumérées dans les "Informations
relatives aux théses de doctorat a I'Université de Genéve".



Abstract

During the course of this PhD study, a detailed petrological investigation of the
Takidani pluton and related volcanic deposits was performed. The Takidani pluton
in Central Japan is one of the youngest exposed plutons in the world. It presents
a sub-volcanic magmatic reservoir that is associated with two voluminous caldera-
forming eruptions, including the Nyukawa pyroclastic flow deposit (PFD) and
Chayano-Ebisutoge pyroclastic deposit (PD).

The Takidani Pluton is vertically zoned and comprises at least six distinct litholog-
ical units consisting of granodiorites and granites. Textural and geochemical evidence
for melt extraction from a crystal-rich magma is preserved in the upper section of the
pluton. Thermodynamic simulations and thermal modelling suggest that magma
had sufficient time to segregate before the solidification of the pluton, supporting an
origin of granitic magma by fractional crystallisation. Geochemical analyses of the
Chayano-Ebisutoge PD indicate that the generation of rhyolitic melts was dominated
by crustal melting processes. This implies that erupted rhyolites cannot represent the
extracted melts of the Takidani Pluton and that the caldera-forming eruptions of the
Chayano-Ebisutoge are not genetically related to the Takidani Pluton. Petrogenetic
links, however, exist between the Takidani Pluton and the dacitic Nyukawa PFD
supporting conceptual models of crystal mush remobilisation.

New major and trace element analyses of whole-rock and minerals provide in-
sights into the magmatic plumbing systems of large caldera-forming eruptions in
Central Japan. The results of this study show that both, fractional crystallisation and
crustal melting, play an important role in the generation of silicic magma. The rela-
tionship between the plutonic and volcanic rocks remains to be further investigated.
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Résumeé

Au cours de cette étude de doctorat, une étude pétrologique détaillée du pluton de
Takidani et des dépots volcaniques associés a été réalisée. Le pluton de Takidani
au centre du Japon est 1'un des plus jeunes plutons exposés au monde. Il présente
un réservoir magmatique sub-volcanique associé a deux éruptions volumineuses
formant des calderas, a savoir le dépot d’écoulement pyroclastique de Nyukawa et le
dépot pyroclastique de Chayano-Ebisutoge.

Le pluton de Takidani est zoné verticalement et comprend au moins six unités
lithologiques distinctes composées de granodiorites et de granites. Les preuves
texturales et géochimiques de 1'extraction de melt d’un magma riche en cristaux sont
préservées dans la partie supérieure du pluton. Des simulations thermodynamiques
et des modélisations thermiques suggerent que le magma a eu suffisamment de temps
pour se séparer avant la solidification du pluton, ce qui justifie une origine de magma
granitique dominée par de la cristallisation fractionnée. L'analyse géochimique du
dépdt pyroclastique de Chayano-Ebisutoge indique que la génération des melts
rhyolitiques a été engendrée par des processus de fusion crustale. Cela implique
que la rhyolite issue de I'éruption ne peut pas présenter de melt extrait du pluton de
Takidani et que I’éruption formant la caldera n’est pas génétiquement liée au pluton
de Takidani. Des liens pétrogénétiques existent entre le pluton de Takidani et le dépot
dacitique de Nyukawa, supportant des modéles conceptuels de remobilisation de la
bouillie de cristaux.

De nouvelles analyses d’éléments majeurs et traces sur roches totales et minéraux
permettent de mieux comprendre les systemes de plomberie magmatiques des
grandes éruptions a l'origine de la formation de caldera dans le centre du Japon.
Les résultats de cette étude montrent que la cristallisation fractionnée et la fusion de
la crofite jouent un rdle important pour la production du magma siliceux. La relation
existant entre les roches plutoniques et volcaniques reste a approfondir.
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Chapter 1

Introduction

1.1 General Introduction

Silicic magmatism produces some of the largest volcanic eruptions on Earth (Miller
& Wark 2008). The products of these voluminous eruptions are found in different
geological settings around the world and can total up to tens to thousands of cubic
kilometres of pyroclastic deposits. Voluminous eruptions are generally associated
with caldera volcanoes, which are identified as large topographic basins that form as
result of subsidence into partially emptied magma reservoirs (Figure 1.1). The size
of calderas can vary widely and yield information on the volume of the associated
eruption. Some of the largest known eruptions include the Fish Canyon Tuff (5000
kmS3, Lipman et al. 1997), the Young Toba Tuff (2800 km?3, Rose & Chesner 1987), the
Lund Tuff (2600 km?®, Maughan et al. 2002) and the Huckleberry Ridge Tuff (2450
km3, Christiansen 1984). Caldera-forming eruptions produce caldera fill deposits
comprising thick welded ignimbrite sheets that are rapidly deposited during caldera
collapse, as well as breccias and volcaniclastic lake sediments (Figure 1.1). Associ-
ated deposits outside the caldera walls include voluminous ignimbrite sheets and
widespread ash fall deposits. Two types of deposits are typically associated with
caldera-forming eruptions: (1) crystal-rich dacites (i.e. Fish Canyon Tuff; Lipman
et al. 1997) commonly referred to as monotonous intermediates (Hildreth 1981), and
crystal-poor rhyolites (i.e. Bishop Tuff; Hildreth 1981).

Over the last decades, our conceptual understanding of magma reservoirs associ-
ated with large caldera-forming events has changed from a big-tank full of melts to
reservoirs filled by magma with different degrees of crystallinity (i.e. crystal mush,
Cashman & Giordano 2014, Cooper 2017, Bachmann & Bergantz 2004, 2008, Hildreth
& Wilson 2007). In our current understanding, monotonous intermediates present
crystal-rich magmas that were rapidly mobilised by thermal reactivation (Bachmann
& Bergantz 2004, Huber et al. 2010). The generation of rhyolitic (or granitic) melts is
associated with various processes including (1) melting of crustal lithologies (Sisson
et al. 2005) and (2) liquid-crystal segregation of crystallsing magma (Bowen 1928,
Bachmann & Bergantz 2008, McKenzie 1984). In both cases, substantial amounts of
hot mafic melt are required due to thermal limitations on crustal melting (Dufek &
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FIGURE 1.1: General features of a resurgent explosive caldera from

Branney & Acocella (2015) showing the caldera rim, subsided caldera

floor overlain by a intracaldera infill. Outer caldera deposits are indi-
cated as ignimbrite sheets.

Bergantz 2005) and magma accumulation and reservoir growth (Schopa & Annen
2013, Blundy & Annen 2016).

Geochronological studies show that intrusive bodies grow over long timescales of
hundred thousands to millions of years (Annen et al. 2015), while volcanic activity
occurs repeatedly on short timescales. The chemical similarities of volcanic and
plutonic rocks has led to many questions about the relationship between intrusive
and extrusive rocks and architecture of the Earth’s crust (Glazner et al. 2018, 2015,
2008, Lundstrom & Glazner 2016). Are volcanic and plutonic rocks genetically related?
Do plutons represent frozen magma reservoirs that once fed volcanic eruptions? How
are large silicic magmas and eruptions generated? What is the origin of granitic and

rhyolitic melts? This research project aims to answers some of these questions.

1.2 Aim of this study

The goal of this study is to gain a deeper understanding of the physical processes that
lead to the emplacement and chemical evolution of magmatic reservoirs in the Earth’s
crust. This thesis focuses on the Takidani Pluton in Central Japan, one of the youngest
exposed plutons in the world (Harayama 1992). The Takidani Pluton is thought to
present the shallow magmatic reservoir that fed two large caldera-forming eruptions
in the Quarternary (Kimura & Nagahashi 2007); thus, providing a unique location
to study the architecture of magmatic plumbing systems beneath caldera-forming

volcanoes and to investigate the relationship between plutonic and volcanic rocks.
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During the first part of this doctoral study I worked on the processes of residual
melt extraction observed within the Takidani Pluton. During the second part of my
studies I focused on measurements that target the connection between the Takidani

pluton and coexisting eruptive products.

1.3 Geological overview

The formation of the island arcs of Japan is dominated by subduction of the Pacific
and Philippine Sea plates, which started more than more than 450 Myr ago (Jahn 2010,
Wakita 2013, Taira et al. 2016 and references therein). Igneous activity related to the
subduction is recorded in Cambrian granites (520 Ma), the Hikami granite (412 Ma)
and in the metagranites and granites in the Hida Belt during the Paleozoic, Cenozoic
and Mesozoic (330-180 Ma, Wakita 2018, 2013 and references therein). During the
Cretaceous and Paleogene, extensive igneous activity is recorded across the Japanese
islands including the Ryoke Granite (100-70 Ma, Nakajima 1994, Morioka et al. 2000),
the San-yo and San-in Granites (110-37 Ma, Wakita 2018), the Abukuma Granite
(100-90 Ma, Shibata & Ishihara 1979) and Kitakami Granite (120-110 Ma, Kawano
& Ueda 1965). The youngest plutonism is recorded in the Quarternary and include
the Kurabegawa Granite (0.9-2.3 Ma; Ito et al. 2017) and Takidani Pluton (1.6 Ma; Ito
et al. 2017) in the Japan Alps in Central Japan.

The Japan Alps are located at the triple junction of the Northeastern Japan Arc, the
Southwestern Japan Arc and the Izu Bonin Arc. They are the largest mountain range
in Japan and comprise the Hida Mountain Range (HMR), a typical alpine mountain
range that stretches along 150 km in N-S direction. Hotaka-dake (3190 m) is the
highest mountain in this alpine range and the third highest mountain in Japan, after
Mount Fuji (3776 m) and Kita-dake (3193 m). Tectonic uplift of HMR started during
the late Tertiary (late Miocene) and continues until present. The uplift during the
Quarternay is estimated up to 5 mm per year, and is the highest rate recorded in
Japan. The mountain range is bound by the Itoigawa-Shizuoka tectonic line to the
east and fault zones at the western periphery of the Fossa Magna.

The Norikura Volcanic Chain is an active volcanic chain that sits on the crest of
the North Japan Alps (Figure 1.2). Activity began in the southern half of the volcanic
chain, at about 2.7 Ma and include the Ueno Basalts, the Nomugi-toge Volcanic Rocks,
and the Hida Volcanic Rocks. The Nyukawa Pyroclastic Flow Deposit (PFD; 1.76
Ma) and Chayano-Ebisutoge Pyroclastic Deposits (PD; 1.75 Ma) are part of the felsic
volcanic activity of the Hida Volcanic Rocks. The Ueno Basalts (Kimura & Yoshida
1999, Kimura et al. 2002) and the andesitic Nomugi-Toge Volcanic Rocks (Kimura &
Yoshida 1999, Kimura et al. 2002) are regarded as contemporaneous with the Hida
volcanic activity (Kimura & Yoshida 1999), and continued until 1.5 Ma (Kimura &
Yoshida 1999). After about 300 thousand years of repose, six new eruption centres
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became active. The volcanic centres are distributed over the entire North Japan
Alps and comprise Ontake-dake, Norikura-dake, Yake-dake, Washiba-Kumono-taira,
Tateyama, and Shirouma-Oike volcanoes, from south to north, respectively. Most of
these volcanoes have records of eruption within the past 300 kyr and Ontake-dake,
Yake-dake, and Tateyama have been active historically (Kimura & Yoshida 1999)
including a phreatic explosion at Mount Ontake, which took place on 27 September
2014 and killed 63 people.

The Takidani pluton (TK) is a young felsic intrusion (1.6 Ma, Ito et al. 2017)
located within the active Norikura Volcanic Chain between Yake-dake and Hotake-
dake (Figure 1.3, 1.4). TK comprises at least six distinct units (Figure 1.5-1.7) that
vary from fine-to-medium-grained biotite-granite at the base to medium-grained
hbl-bt-granodiorites in the middle section of the pluton (Figure 1.7; Harayama 1992,
Harayama et al. 2003). The upper section of the pluton consists of fine and medium-
grained porphyritic granodiorites and granites (Figure 1.7). Along its eastern margin
TK forms a plutonic-volcanic complex with the Hotaka Andesite (2.4 Ma; Figure 1.3,
Harayama 1990, Yamada et al. 1985), a 3 km thick volcanic complex of the Late
Pleistocene. The main unit of HA, a 1500 m thick andesitic to dacitic welded tuff
sheet, was emplaced as single unit inside a volcanic-tectonic graben (i.e. caldera)
elongated in a north-south direction. The Takidani Pluton was emplaced at the
base of Hotaka welded tuff sheet and its intrusion led to a 1500 m thick contact
aureole of hornblende hornfels and albite-epidote-hornfels (Harayama 1990). The
Takidani-Hotaka complex was tilted eastwards (10-30°) during uplift (Figure 1.3b).
Simultaneous erosion rates led to a nearly 2 km vertical exposure of the Takidani
magmatic reservoir (Bando et al. 2003, Harayama et al. 2003).

1.4 Field campaign

Field work was carried during a two week long mapping and sampling campaign in
July 2014. Field measurements and rock samples were taken along several transects
that run from the structural base of the pluton to the roof contact with the Hotaka
Andesite. Most transects run in direction NW-SE. A total of 110 samples were
collected for textural and geochemical analysis including 50 oriented samples for a
structural study of the rock fabrics. The results of this part of the study are being
processed and will be presented in the appendix to this thesis. In addition, 102
measurements of bulk rock susceptibility were carried out in the field using a hand-
held magnetometer. Sampling of the volcanic units including the Nyukawa PFD and
Ebistuge PD was carried out during one day in the Takayama basin.

The field campaign was carried out in collaboration with Professor Simon Wallis
of the University of Tokyo in Japan, who organised sampling permits, and Professor
Satoru Harayama of Shinshu University in Japan, who has guided us to key location
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FIGURE 1.6: Overlay of the geological map of Figure 1.5 on Google
Earth.

in the field area and shared his knowledge of the regional geology from the last 30
years. Dr David Floess was involved during the initial stages of this project, assisting

with field work and rock sampling.

1.5 Organisation of the thesis

The PhD thesis is devided into six main chapters. A comprehensive appendix is
included at the end of this thesis that includes additional data that was acquired
during the period of this PhD but is not discussed here. Chapters 3 and 4 present
manuscripts that are already published or currently under review in peer-reviewed

journals.

Chapter 2 provides a general overview of the different methods used in the course
of this PhD project. In addition to the general introduction of methods, Chapters 3
to 5 are arranged as scientific articles and thus provide the instrument specifications
and the analytical conditions, as well as information on data processing.

Chapter 3 is a published article in the Journal of Petrology (Hartung et al. 2017) and
provides a detailed petrological study of the upper section of the Takidani Pluton.
The results presented in this study suggest that the textural and chemical variations
observed in the upper section of the Takidani Pluton are the result of melt extraction
from a rheologically locked crystal framework, which is commonly associated with
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FIGURE 1.7: Lithological units of the Takidani Pluton from the roof to

the base of the pluton. (a) phenocryst supported porphyritic marginal

granodiorite (mGT), (b) fine-grained porphyritic granite (fGT2), (c)

matrix supported porphyritic granodiorite (pGT), (d) medium-grained

equigranular Hbl-Bt granodiorite (GDT), (e) equigranular granodiorite
(GRT), (f) fine-grained biotite granite (fGT).
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the generation of crystal-poor rhyolite. This chapter provides the foundation for
Chapters 4 and 5.

Chapter 4 is currently under review in Earth and Planetary Science Letters. This
chapter investigates the rheological and temporal evolution of crystallising hydrous
(i.e. >1 wt.% H0) dacitic magma by combining thermodynamic calculations (i.e.
rhyolite-MELTS; Gualda et al. 2012) and thermal modelling. This study is based on
the findings of Chapter 3 and assesses the role of initial H,O content and latent heat

of crystallisation on the efficiency and timescales of melt extraction.

Chapter 5 provides a comprehensive petrological investigation of the main units
constituting the Takidani pluton and enclaves they contain, and associated vol-
canic deposits to establish a deeper understanding of the architecture of the mag-
matic plumbing system beneath caldera-forming volcanoes. This study investigates
whether genetic relationships exists between the volcanic and plutonic rocks by using
major and trace element chemistry of whole-rock, glass and mineral analysis. The
aim of this chapter is to resolve whether the rhyolites of the Chayano-Ebisutoge PD

are extracted melts of the Takidani magmatic system.

Chapter 6 provides general conclusions and an outlook of future research to be
conducted and description how the already collected structural data will be integrated

in this study.
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Chapter 2

Analytical methods

2.1 Overview

This chapter describes the different analytical methods used throughout this project.
Each section provides an overview of the basis of the method and method specific
sample preparation. Chapters 3, 4 and 5 record instrument specifications, analytical
conditions and data processing protocols. Measurement parameters are recorded in
Appendix A.

2.2 X-ray Fluorescence (XRF)

X-ray Fluorescence (XRF) is a non-destructive analytical technique that is used to
determine major and trace element compositions of rock samples by measuring
secondary X-ray emission. The analytical technique is widely used and described in
detail by several authors (Jenkins 1995, 2000, Beckhoff et al. 2007)

In general, XRF is a secondary X-ray emission that is generated when a specimen
is bombarded with a primary X-ray beam (or gamma beam). The wavelength of the
secondary X-ray is separated by Bragg diffraction from a single crystal and detected
with a wavelength-dispersive spectrometer (WDS). The wavelength of the secondary
X-ray is characteristic for each element. The intensity of the fluorescent X-rays
relates to the concentration of the abundant element and is detected with an energy-
dispersive spectrometer (EDS) detector. XRF analysis are relative measurements that
require conversions using suitable mathematical calibrations and correction formulae

to account for matrix effects.

The primary X-ray beam is produced in a X-ray tube when electrons (or other
high-energy charged particles) are first emitted from a tungsten filament, lanthanum
hexaboride crystal cathode or field emission electron source and then bundled and
accelerated by a positively biased anode onto a metal target (i.e. rhodium). The
spectrum of primary X-rays depends on the energy and monochromatisation (Jenkins
1995) of the electron beam and on the atomic number and crystalline structure of the

scattering material.
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2.2.1 Characteristic X-rays

Primary or characteristic X-rays (Rontgen 1895) are generated when orbital electrons
of atoms move from an outer to an inner atomic shell. This transition takes place
when an electron from an inner shell (i.e. K shell) is ejected by electron bombardment
or photon absorption (Figure 2.1). As a result, the atom becomes ionised (or charged)
and the vacant space in the atomic shell is filled with an electron from an outer
shell, which itself is replaced by an electron from outer orbits or free electrons. X-
ray emission has characteristic energy levels for each element and possible electron
exchange. In addition to the emission of primary X-rays, continuous X-ray radiation

is produced.

2.2.2 Preparation and analysis

Fused glass beads are used for major element analysis. Samples are first prepared into
homogeneous, fine-grained powders. Rocks are cut into small chips using a diamond
coated saw and then crushed into sand to fine gravel using a hydraulic press at the
University of Geneva. Subsequently, samples are ground into fine powders using an
agate grinding mill. Each sample is processed for 20 min to ensure grain size of less
than 10 ym. To minimise contamination, each equipment is cleaned with water and
ethanol after each step. Powders are dried at 60°C for 48 h to ensure loss of volatiles.
Finally, 1.2 g of rock powder is mixed with 6 g of lithium tetraborate and melted at

1150°C in a rotating platinum stage and subsequently quenched into glass beads.

2.3 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) uses a focused electron beam to analyse
the topography and composition (i.e. chemical zoning) of materials. A range of
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signals and images is produced by the interaction of the electron beam with atoms at
various depths of the sample material. The SEM is commonly equipped with EDS
detectors to analyse the emission of secondary electrons, back-scattered electrons,
cathodoluminescence and characteristic X-rays (Figure 2.2).

Secondary electrons are emitted by atoms that are excited near the surface region
of a sample (Figure 2.2). They are commonly used for high-resolution imaging of the
surface topography and morphology. The brightness of secondary electron images
corresponds to the amount of emitted electrons, which is highest at steep surfaces
and edges (i.e edge-effect). Secondary electron images have a three-dimensional

appearance.

Back-scattered electrons (BSE) are high-energy electrons that scatter and escape
from the sample. Heavy atoms are stronger scattered than light atoms. BSE are used
to obtain information on chemical differences of the material.

Cathodoluminescence (CL) is the emission of light from a material when atoms
near the surface are excited by electrons. CL is commonly used to image trace element

zoning in minerals (i.e. quartz, zircon, apatite) and synthetic materials.

2.4 Quantitative Evaluation of Minerals by Scanning Elec-
tron Microscopy (QEMSCAN)

QEMSCAN is an automated solution in quantitative mineral analysis of natural rocks
and synthetic materials produced by FEL It comprises a SEM with energy-dispersive
X-ray spectrometers and a software for automated analysis. The surface of a material
is mapped with an electron beam using pre-defined raster scan. The software uses
the X-ray count rates together with BSE images to identify and quantify abundant

mineral phases over the scanned surface area.

2.5 Electron Probe Micro Analyser (EPMA)

The electron probe micro-analyser (EPMA) is a non-destructive method used for in-
situ chemical analysis of solid material (i.e. mineral and glass analyses). The analyti-
cal technique is related to the electron beam technique described above. However,
instead of measuring secondary X-ray emission, the EPMA detects the wavelengths
of primary X-rays that are emitted from the sample during electron bombardment
using WDS detectors.
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2.5.1 Preparation and analysis

Mineral and glass analysis are performed on >30 ym thick uncovered polished thin
sections or epoxy mounts. A thin carbon coat is applied for conductivity. Light
elements with a atomic number below 4 cannot be detected by the EPMA (i.e. H, He,
Li). A calibration of the different elements is necessary using classified standards of
known composition. Some elements produce X-rays with overlapping peak position,
in which cases peak corrections need to be performed (e.g. REE). Accelerating voltage,
electron beam and beam diameter need to be adjusted depending on the analysed
mineral phase. Cation proportions and mineral formulae need to be calculated after
chemical analysis. Ferric—ferrous ratios cannot be determined by EPMA and require
evaluation by other means. Thin sections and crystal mounts were prepared by
Jean-Marie Boccard at the University of Geneva.


https://www.jeol.co.jp/en/science/sem.html
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2.6 Inductively Coupled Plasma Mass Spectrometry (ICPMS)

Mass spectrometry (MS) is a micro-analytical technique that determines the elemental
and isotopic composition of solids, liquids or gases. The sample is bombarded with
an electron or ion beam. Positively charged ions are ejected from the sample and
channelled and accelerated by an electric field to negative charged plates. A magnetic
field is used to deflect and separate accelerated ions based on their masses. Ions of the
same mass will undergo the same amount of deflection. Ions of a particular mass-to-
charge ratio are detected either by electron multipliers or Faraday collectors. Signal
are converted into concentrations through calibration with internal and external

reference materials.

Inductively-coupled plasma mass spectrometry (ICPMS) combines a high-tem-
perature ionisation source (i.e. plasma) with a mass spectrometer. ICPMS is com-
monly used in geochemistry for trace element detection and to measure relative
abundance of different isotopes (i.e. U-Pb; Sylvester 2008). A sample is introduced
into an Argon plasma torch that runs at atmospheric pressures. The plasma partly or
completely vaporises and ionises the sample. A quadrupole mass filter is applied to
extract the ions of the plasma into a mass spectrometer, which further separates and

quantifies the cations under vacuum.

The laser ablation (LA) technique is used to vaporise and analyse the surface of
solid materials. The sample surface is irradiated with a focused laser beam inside the
ablation chamber. The ablated material is introduced as vapour (or plasma) into the
argon flow of the ICPMS.
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2.7 Anisotropy of Magnetic Susceptibility (AMS)

Analysis of Anisotropy of Magnetic Susceptibility (AMS) is a rapid method to de-
termine the magnetic fabric of rocks. The physical and theoretical background of
the magnetic anisotropy of rocks is described in Tarling & Hrouda (1993). In gen-
eral, magnetic susceptibility is a measure for the magnetisation of a material when
an external magnetic field is applied. The total (bulk) susceptibility of a material
reflects the amount of magnetic substances present. The anisotropy of the magnetic

susceptibility indicates the orientation of the magnetic substances in space.

The bulk susceptibility of a rock and its anisotropy is determined by the mineral
content of the rock sample and the magnetic properties of the minerals. In rock
samples two kinds of mineral species are often present: non-magnetic and magnetic
minerals. Non-magnetic minerals (diamagnetic and paramagnetic) do not maintain a
magnetic field without an externally applied field. Magnetic minerals (ferromagnetic,
antiferromagnetic and ferrimagnetic), on the other hand, retain a distinct magneti-
sation after an external magnetic field is removed. Ferromagnetic minerals have
very strong positive susceptibilities. Depending on the size of the ferromagnetic
crystal, the magnetisation can either be uniformly distributed throughout the grain
(i.e. isotropic susceptibility) or aligned along preferred crystallographic axes in single,
double or multi domains (i.e. anisotropic susceptibility; Tarling & Hrouda 1993). If
ferromagnetic minerals (e.g. magnetite, hematite) are abundant (>0.1 vol%), their
high susceptibilities and anisotropy will dominate the magnetic behaviour of the
rock. If little or no magnetic minerals are present, paramagnetic minerals (e.g. olivine,
amphibole, pyroxene, biotite, mica) can be used as principal indicators for magnetic
fabrics. The magnetic susceptibility of paramagnetic minerals is positive and two
to three order higher than the weak and negative susceptibilities of diamagnetic

minerals (i.e. quartz, feldspars).

The anisotropic magnetic susceptibility (AMS) is measured on oriented cylindrical
specimens using a AGICO Kappabridge. Specimens are analysed on three perpendic-
ular planes. During each plane measurement, the sample is slowly rotated across one
axis and analysed on 15 different positions. The bulk susceptibility is measured in
the end to compute the susceptibility tensors using the AGICO software. The three
principal susceptibilities (K1, K2, K3) are used to calculate the intensity and shape of
the magnetic fabric ellipsoid (Figure 2.4).

2.7.1 Sampling and orientation

Taking precise orientation measurements of samples in the field is a prerequisite to
determine the directional magnetic properties. Hand samples are marked in-situ in
the field along two orientations with reference to the ground. After orientation the

sample is removed from the outcrop using a hammer and chisel. In the laboratory,


http://www.agico.com/products.php
http://www.agico.com/software.php
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cylindrical cores with a diameter of 25.4 mm are drilled from each samples. After
drilling, cored samples are re-oriented using an orientation table that is build with a
slit in the tube to mark the new orientation. Cores are sliced into 22 mm long pieces.
Residual metal stains are removed with a polishing machine.
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Chapter 3

Evidence for Residual Melt
Extraction in the Takidani Pluton

3.1 Abstract

The Takidani pluton represents one of a few locations where melt extraction from a
crystal mush is preserved in the natural rock record, making it an extremely good
case study for investigating the generation of evolved melt reservoirs in the upper
crust. Located in the Japan Alps, the Takidani pluton shows a clear vertical zonation
consisting of granite and granodiorite in the lower and middle section, a fine-grained
porphyritic granitic unit in the upper section and a marginal granodiorite at the roof
contact with the host-rock. We present a detailed petrographic and geochemical study
using samples collected along a section that traverses the entire vertical section of
the pluton. No sharp contacts are found between units. Instead, gradual changes
in rock fabric and mineralogy are observed between the lower granodiorite and
overlying porphyritic unit. Major and trace element bulk-rock compositions show
sigmoidal variations from the bottom to top of the pluton. Incompatible elements and
silica contents increase roofwards within the porphyritic unit. Plagioclase chemistry
reveals three main crystal populations (P1, P2 and P3) with Fe contents increasing
towards the base of the pluton. Comparison with existing crystallisation experiments,
thermobarometry and hygrometry indicate that the magmas were emplaced at around
200 MPa, 850-900°C and bulk water contents of 3—4 wt.%. Whole-rock major and trace
element analyses together with mineral chemistry and textural observations suggest
that the fine-grained porphyritic unit was extracted from the underlying granodiorite
at temperatures between 800 and 740°C and crystallinities of 45-65 wt.%. Radiogenic
isotopes indicate only minor assimilation (2-6 wt.%) and support melt evolution
through crystal fractionation. The fine-grained matrix of the porphyritic unit may
have been the result of pressure quenching associated with a volcanic eruption.

3.2 Introduction

The segregation of residual melt from partially crystallised and rheologically locked
magmas (Marsh 1981, Brophy 1991, Vigneresse et al. 1996) is a process that can lead to
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the formation of crystal-poor and potentially eruptible pockets of magma in the upper
crust (Bachmann & Bergantz 2004, 2008, Hildreth 2004, Dufek & Bachmann 2010,
Deering et al. 2011). A variety of petrographic and geochemical observations (Hildreth
& Wilson 2007, Barboni & Schoene 2014, Cashman & Giordano 2014, Ellis et al. 2014,
Wotzlaw et al. 2014, Christopher et al. 2015) and numerical analysis (Bachmann &
Bergantz 2004, Dufek & Bachmann 2010, Solano et al. 2012) have illustrated that melt
extraction is a common process in volcanic sequences. Nevertheless, evidence for
large-scale melt extraction and accumulation is rarely found in intrusive magma
bodies (Coleman et al. 2012). This may reflect the ephemeral nature of such melt-rich
magma lenses, as suggested by thermal modelling (Annen 2009, Annen et al. 2015).

Segregated melt may be difficult to recognise in the field if it crystallises at similar
rates to the surrounding magma and generates holocrystalline rock textures. The
thermal structure and evolution of melt reservoirs, together with phase petrology
and especially the relationships between temperature and crystallinity, control the
timespan a magma spends at conditions favourable for melt segregation (Marsh 1981,
Dufek & Bachmann 2010, Melekhova et al. 2013, Caricchi & Blundy 2015b). The low
duration of this period results in a relatively low probability of finding evidence for
melt segregation in the intrusive record. A final but nonetheless important point
is that plutons are the accumulated product of numerous incremental injections of
magma (Glazner et al. 2004, de Saint-Blanquat et al. 2006, Menand et al. 2015) and this
periodic replenishing of hot magma tends to obliterate earlier fabrics and chemical
heterogeneities (Paterson et al. 1998, Zak et al. 2007).

The Takidani pluton (TK) is an extremely good candidate to study the extraction
of residual melt from magmatic mushes because of its chemical stratification and the
gradual transition from holocrystalline textures at the intrusion’s base and centre
to porphyritic textures towards the roof contact (Harayama 1992, Bando et al. 2003).
Here we present the results of whole-rock major and trace element and isotopic
analyses for samples collected along a complete section along the Shiradashi-zawa
valley, in combination with the mineral chemistry of various minerals at different
levels within the intrusion. The main goal of this study is to investigate the dominant
processes responsible for the chemical zoning and evolution in the upper part of the
TK.

3.3 The Takidani Pluton

3.3.1 Geology

The pluton is located in the active Norikura Volcanic Chain between Yake Dake
and Hotaka Dake (Figure 3.1) and covers an area of ~21 km? (Harayama 1992).
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FIGURE 3.1: (a) Location of the Takidani Pluton (TK) in central Honshu,

modified after Harayama et al. (2003). (b) Geological map of the

Shiradashi-zawa valley including sample locations and topographic
contour lines.

Along its western margin, the TK is tectonically juxtaposed with Mesozoic basement
and Paleogene granitic rocks. On its eastern margin it borders the Late Pliocene
Hotaka Andesite (2.4 Ma; Yamada et al. 1985, Harayama 1990) with a magmatic
contact formed during the intrusion of the felsic melts forming the TK. To the south
the TK is unconformably overlain by the Quaternary volcanic deposits of Mount
Yake. The TK was rapidly uplifted (5.1-5.9 mm yr~!; Bando et al. 2003) and tilted
eastwards resulting in a nearly vertical contact on its western side and a shallow
eastwards dipping contact of about 20° on its eastern side (Harayama 1994). The
vertical thickness of the outcropping portion of the TK is estimated to be between
1200 and 1800 m (Bando et al. 2003, Harayama et al. 2003).

The pluton is vertically zoned varying from fine-grained biotite (bt)-granite (fGT)
and medium-grained hornblende (hbl)-bt-granite (GRT) in the lower section of
the pluton, to medium-grained hbl-bt-granodiorite (GDT) in the middle section
(Figure 3.1; Harayama 1992, Harayama et al. 2003). In the upper section, GDT marks
the transition into fine-grained porphyritic granodiorite and granite (pGT). The
marginal unit at the roof of the pluton is a coarse-grained porphyritic granodiorite
(mGT; Bando & Tsuchiya 2000, Bando et al. 2003, Harayama et al. 2003). Rocks of the
fGT are dominantly found along the basal contact (Bando & Tsuchiya 2000, Bando
et al. 2003), but a similar lithology has been identified near the roof contact in the
southern part of the pluton (Harayama et al. 2003).
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3.3.2 Geochronology

U-Pb zircon isochron ages range between 1.36 and 1.54 Ma (£ 0.23 Ma; Sano et al.
2002) whereas zircon fission-track ages (effective closure temperature 240°C + 30°C;
Bernet & Garver 2005) yield an age of 0.80 Ma (£ 0.02 Ma; Harayama 1990, 1992,
1994). K-Ar ages of hornblende, biotite and alkali feldspar vary from 1.43 Ma (+
0.12 Ma) to 1.94 Ma (+ 0.21 Ma), from 1.07 Ma (% 0.04 Ma) to 1.27 Ma (£ 0.06 Ma)
and from 1.07 Ma (£ 0.06 Ma) to 1.23 Ma (& 0.06 Ma), respectively (Harayama 1992,
1994). Most K-Ar mineral ages are consistent with the zircon crystallisation ages. The
significance of the older hornblende K-Ar ages is less clear but they may reflect the

presence of extraneous *°Ar (Harayama et al. 2003).

Studies constraining the temperature-time path of the TK have suggested a two-
stage cooling history with an initial rapid rate of about 150°C kyr~! followed by
slower cooling rates of about 40°C kyr~! (Harayama 1992, 1994, Kano et al. 2000,
Tsuchiya & Fujino 2000, Sano et al. 2002). The presence of a magmatic contact with
the Hotaka Andesite and the results of thermochronological studies show that the
TK magmatic reservoir was emplaced after the Hotaka Andesite (Harayama 1992,
1994), but before eruption of the 1.76 Ma (& 0.17 Ma) Nyukawa Pyroclastic Flow
Deposit (PFD; Harayama et al. 1991) and the 10 kyr younger Chayano-Ebisutoge
Pyroclastic Deposits (PD; Nagahashi 1995, Nagahashi et al. 1996, 2000, Kataoka et al.
2001, Kimura & Nagahashi 2007).

Previous work has predominantly focused on the emplacement and cooling
history of the TK. In this study, we focus on the magmatic processes that can be
identified based on petrographic, geochemical and structural investigation of the
TK. This pluton offers an extremely rare opportunity to examine the petrogenetic

processes within a young and well-exposed zoned crustal magmatic body.

3.4 Sampling strategy and field observations

The TK lies within a rugged mountain terrain in the Chubu Sangaku National Park.
It is exposed at elevations between about 1400 and 2500 m, especially along steep
valleys (i.e. Shiradashi-zawa, Yanagani-dani, Takidani). In many places, large parts
of the outcrops are covered under scree fields. Mountain slopes are generally about
40° and change into nearly vertical rock faces at higher elevations.

During our field campaign in 2014 we collected a total of 101 samples along
four NW-SE-trending river valleys in the northern section of the TK and along
mountain ridges in the southern part of the intrusion, to characterise the lithofacies
and variability observed in rock textures and mineralogy from the base (west) to the
roof (east) of the intrusion. The exposure along the Shiradashi-zawa valley provides

a complete cross-section of the entire pluton where a gradual transition from the
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equigranular to fine-grained porphyritic units (i.e. GDT to pGT) is observed towards
the roof (Figure 3.1). In this study we present petrographic and geochemical data for
25 rock samples collected along or close to (e.g. location 36; Figure 3.1) the Shiradashi-
zawa valley. This cross-section represents not only the most representative transect
across the TK but is also critical to understanding the processes responsible for the
transitions in rock fabric and mineralogy seen from GDT to pGT in the upper part of
the intrusion.

3.5 Analytical Methods

3.5.1 Whole-rock analyses

Bulk-rock major and trace element analyses were performed for 25 samples collected
along the Shiradashi-zawa valley (Figure 3.1; Table ??, ??). Neodymium, Sr and Pb
isotopes were analysed for 12 of these samples. Major elements were determined by
X-ray fluorescence (XRF) using a PANalytical AXIOS MAX with a rhodium anode
tube at 4 W at the University of Lausanne. SY-2, JCH-1, NIM-N and NIM-G standards
were used for quality control. Trace element concentrations were measured using
glass beads by laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) using a Quadrupole Agilent 7700 spectrometer interfaced to a GeoLas 200M
193 nm excimer ablation system at the University of Lausanne. The system was
operating at 1420 W with a laser repetition rate of 10 Hz and a 120 ym spot size. Each
sample was measured three times for 60 s. The background was measured for 90 s
before the three ablations. Trace element concentrations were recalculated using CaO
contents from XRF analyses as an internal standard with reference to the NIST SRM
612 external standard. Data reduction was performed using the LAMTrace software
(Jackson et al. 1992, Longerich et al. 1996, Jackson 2008a,b).

Radiogenic isotopes of Sr, Nd and Pb were analysed at the University of Geneva
using a Thermo Neptune PLUS Multi-Collector ICPMS system following the methods
described by (Chiaradia et al. 2011). Isotopic ratio were corrected for internal fraction-
ation using 8Sr/30Sr = 8.375209 for the 8Sr/%Sr ratio, 146Nd/1#*Nd = 0.7219 for the
143N d /14Nd ratio and 2%3T1/2%°T1 = 0.418922 for the three Pb ratios (a Tl standard
was added to the solution). SRM987 (¥Sr/36Sr = 0.710248, long-term external repro-
ducibility: 10 ppm), JNdi-1 (***Nd/*4Nd = 0.512115; Tanaka et al. 2000; long-term
external reproducibility: 10 ppm), and SRM 981 (Pb-isotopes; Baker et al. 2004; long-
term external reproducibility of 0.0048% for 2%°Pb/2%Pb, 0.0049% for 27Pb /2%Pb
and 0.0062% for 2%®Pb /24Pb) were used as external standards. Owing to a systematic
difference between measured and accepted standard ratios Sr, Nd and Pb isotope
ratios were further corrected for external fractionation by a value of -0.039, +0.047
and +0.5 a.m.u., respectively. Mass interferences at 84 (3*Kr), 86 (8°Kr) and 87 (¥’ Rb)
were corrected for by monitoring 83Kr and 8°Rb. The interference of #*Sm on *Nd
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was monitored on '¥/Sm and corrected with a value of 0.206700 (}*4Sm/14’Sm); the

interference of 2*Hg on 2%*Pb was corrected by monitoring 2?Hg.

3.5.2 Mineral chemistry

Mineral analyses were performed with a JEOL 8200 Superprobe electron probe micro-
analyser (EPMA) at the University of Lausanne. The microprobe is equipped with a
five-channel wavelength-dispersive spectroscope system (WDS) and was operated at
an accelerating voltage of 15 kV and a beam current of 15 nA. A defocused beam of
2 uym diameter was used for feldspar, amphibole and biotite analyses. Oxides were
analysed with a beam diameter of 1 ym. Analyses with a maximum 1 ¢ error of
1% were retained and additionally checked by calculating the appropriate mineral
formula.

Representative mineral analyses of plagioclase and amphibole are listed in Ta-
data and operating conditions are reported in Tables A.1-A.3.

3.5.3 Quantitative evaluation of minerals by scanning electron microscopy
(QEMSCAN)

Six thin sections were analysed by automated mineral analysis and textural imaging
using an FEI QEMSCAN® Quanta 650 F at the University of Geneva. The system
is equipped with two Bruker QUANTAX light-element energy-dispersive X-ray
spectrometers. Analyses were conducted at high vacuum, accelerating voltage of
25 kV, and a probe current of 10 nA on carbon-coated polished thin sections. Field
Image operating mode (Pirrie et al. 2004) was used for analyses. Two-hundred and
twenty-one fields were measured per sample, with 1500 mm per field, and a point
spacing of 5 mm. Data processing was performed using the iDiscover® software
package to produce high-quality spatially resolved and fully quantified mineralogical
maps. The modal abundances of mineral phases above 0.1 area% are listed in Table ??.

Plagioclase analyses from EPMA sessions were used to assign Anorthite contents
to Ca intensities obtained from the EDX spectra during QEMSCAN analyses. To
obtain Anorthite distribution maps of plagioclase, other Ca-bearing phases, such as
amphibole and apatite, were filtered out from the obtained Ca maps. Amphibole
grains were grouped and subtracted from the Ca distribution maps based on Fe
intensities. Apatite grains were grouped and removed based on their high Ca intensity.
Four plagioclase groups of different composition were then created using bins of 20
mol% Anorthite (i.e. Anjo_39, Anzp—s0, Anso—_7p, Anzg—_ogp). The area percentages of
plagioclase bins are listed in Table ?? It should be noted that small differences (up to
8%) exist in three samples between the total area percentage of plagioclase from the
QEMSCAN maps and plagioclase obtained from Ca-distribution maps.
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3.6 Petrography

3.6.1 Fine-grained bt-granite (fGT)

This unit crops out at the basal contact of the pluton and is markedly fine-grained (<1
mm; Figure 3.2). Plagioclase is normally zoned and occasionally contains resorbed
cores. Quartz shows undulose extinction and a mosaic texture. Alkali feldspar is
interstitial and perthitic. Amphibole is entirely altered to biotite and iron oxides.
Zircon is usually found within plagioclase and quartz; apatite is commonly included
in quartz. Overall, the alteration of fGT is more profound with higher degrees of
chloritisation and oxidation.

3.6.2 Equigranular hbl-bt-granite (GRT)

GRT has a characteristic medium-grained equigranular texture (<5 mm; Figure 3.2).
Plagioclase crystals (<5 mm) are oscillatory zoned and surrounded by darker rims.
Some crystals contain resorbed or patchy zoned cores. Amphibole (<2 mm) forms
euhedral to subhedral grains that locally include euhedral plagioclase or magnetite.
In the lower section of GRT, amphibole is almost entirely replaced by biotite and iron
oxides, similar to fGT. Biotite (<1 mm) occurs as brown to pale brown flakes and
becomes reddish brown to pale brown towards the base of GRT with increased alter-
ation to chlorite and iron oxides. Quartz and alkali feldspar are typically subhedral to
anhedral with undulose extinction and fine perthitic exsolution, respectively. Zircon
commonly appears as inclusions in biotite and quartz.

3.6.3 Equigranular hbl-bt-granodiorite (GDT)

The basal contact between GDT and GRT is covered by boulders and blocks and is
not visible in the Shiradashi-zawa valley. The top contact with pGT can be followed
in the field and is not sharp but gradual. GDT is equigranular, medium- to coarse-
grained (<10 mm; Figure 3.2) and has similar textural characteristics throughout the
TK. GDT contains plagioclase (43—49 area%), quartz (21-26 area%), alkali feldspar
(14-15 area%), biotite (7-8 area%) and amphibole (5-6 area%; Table ??). Plagioclase
(<10 mm) is typically euhedral and contains either a resorbed calcic or patchy zoned
core, an oscillatory-zoned mantle and a darker rim. Rarely, plagioclase has overgrown
partly resorbed mineral aggregates. Amphibole (<4 mm) is euhedral to subhedral,
often patchy zoned and may contain various mineral inclusions (i.e. iron oxides,
biotite, apatite, amphibole). Biotite (<1 mm) occurs as brown to pale brown subhedral
flakes. In more altered samples, biotite is dark brown in plane-polarised light. In
the lower section of GDT quartz shows undulose extinction and graphic intergrowth
with alkali feldspar. Apatite and zircon are mainly included in biotite and amphibole
crystals. Vermicular chlorite is sporadically present and is usually associated with
quartz crystals. Allanite was found in two samples.
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FIGURE 3.2: Rock textures of five TK units as observed in thin section,
indicating the corresponding stratigraphic locations. The basal granite
(fGT) has a fine-grained equigranular texture, whereas the overlying
granite (GRT) and granodiorite (GDT) are medium-grained. The por-
phyritic granodiorite and granite (pGT) in the upper section of the TK
is distinctly porphyritic and dominated by a fine-grained groundmass.
The marginal granodiorite (mGT) at the roof contact is also porphyritic,
but phenocryst-dominated. Stratigraphic heights have been corrected
for pluton tilting and show the estimated thickness of the various units
along the Shiradashi-zawa valley.
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FIGURE 3.3: Petrography of the TK rocks: (a) rare plagioclase phe-

nocrysts containing numerous mineral inclusions including amphi-

bole; (b) resorbed plagioclase inclusion in amphibole phenocryst in

pGT; (c) miarolitic cavities in pGT containing quartz, alkali feldspar,

epidote, and spherulitic and vermicular chlorite; (d) crystallisation of
Fe-Ti oxides along biotite rims in mGT.

3.6.4 Porphyritic granodiorite and granite (pGT)

This unit lies structurally between GDT and mGT and is distinctly porphyritic with
a predominantly fine-grained matrix (<1 mm) and plagioclase and amphibole phe-
nocrysts (<8 mm, Figure 3.2). The modal proportions of the main components vary
throughout the unit with the amount of plagioclase decreasing from about 43 to
37 area% upwards (Table ??). Concurrently, quartz and alkali feldspar abundances
increase from about 27 to 31 area% and from 16 to 22 area%, respectively. Amphibole
(83—4 area%), biotite (6-8 area%), magnetite and apatite decrease towards the upper
part of the pGT (Table ??). The matrix mainly comprises alkali feldspar, quartz and
plagioclase, becoming very fine-grained (20-50 ym) towards the upper contact with
the mGT.

Euhedral plagioclase phenocrysts also contain resorbed or patchy zoned cores
and an oscillatory-zoned mantle. Overgrowth rims become more volumetric towards

the base of the pGT. Occasionally, plagioclase cores contain large amounts of mineral
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inclusions (Figure 3.3a). Quartz occurs as 1-2 mm long euhedral to subhedral grains
and as small crystals in the groundmass, whereas alkali feldspar is abundant only in
the groundmass. Subhedral biotite (<1 mm) and sub- to euhedral amphibole (<4 mm)
crystals commonly incorporate iron oxides and in the case of amphibole also biotite.
Sometimes, amphibole contains resorbed plagioclase (Figure 3.3b). Zircon and apatite
are present as accessory phases included in biotite and amphibole and within the
groundmass. Micrographic intergrowth of quartz and alkali feldspar and skeletal
growth of biotite and amphibole is observed near the contact with mGT. Some biotites
in samples close to mGT are rimmed by iron oxides. Vermicular chlorite and epidote
are observed within a miarolitic texture (Figure 3.3c). Traces of orthopyroxene are
included in amphibole cores.

3.6.5 Marginal granodiorite (mGT)

The marginal granodiorite is located at the roof of the intrusion and it is porphyritic
with predominantly plagioclase phenocrysts (<10 mm) and a fine- to medium-grai-
ned matrix (<5 mm; Figure 3.2). The main components are plagioclase (47 area%),
quartz (24 area%), alkali feldspar (16 area%) as well as amphibole (6 area%) and
biotite (6 area%; Table ??). Plagioclase phenocrysts (<10 mm) are oscillatory zoned
and overgrown by a rim of different composition. Few crystals contain resorbed cores.
Quartz shows weak to strong undulose extinction and occurs as large subhedral
grains (<5 mm) and as small interstitial grains (<1 mm) in the matrix. Alkali feldspar
occurs only in the matrix and perthites are visible in only a few cases. Amphiboles (<3
mm) are subhedral to euhedral, predominantly patchy zoned and occasionally occur
as oikocrysts including biotite, iron oxides and apatite. Biotite crystals (<2 mm) occur
in brown to pale brown subhedral flakes and show alteration to chlorite and iron
oxides. Many biotite grains are surrounded by small iron oxides (Figure 3.3d). Apatite
is common and is mainly included in biotite and amphibole. Zircon is predominantly
found as inclusions in biotite (Figure 3.3d), but also occurs in amphibole and quartz.
Titanite and rutile are present in relatively small amounts (<0.2 area%; Table ??).

3.7 Bulk-rock geochemistry

3.71 Major and trace elements

The rocks of the TK are calc-alkaline, high in potassium and predominantly metalu-
minous (Figure 3.4). GDT represents the least evolved unit of the TK with a silica
content of 65-67 wt.% SiO, (anhydrous). GRT and mGT are slightly more evolved (67
and 68 wt.% SiO;). The pGT unit has a more evolved composition with up to 71 wt.%
Si0O; in the Shiradashi-zawa valley. fGT is the most silicic unit of the TK (73 wt.%
Si0,).
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Incompatible elements such as K,O noticeably increase with SiO, content (Fig-
ure 3.4b). Striking, however, is the sigmoidal variation of major and trace element
concentrations from the bottom to the roof of the intrusion (Figure 3.5; Tables ??-??).
The concentration of SiO,, K,O, Rb, and Th first decrease above the base, up to
about 1800 m then increase to about 2050 m, and finally decrease towards the roof of
the pluton at an elevation of about 2200 m (Figure 3.5). All other major and minor
elements show opposite trends. It is noticeable that the concentrations of all elements
are similar for GRT and mGT units.

3.7.2 Isotope geochemistry

All isotope values are corrected for fractionation and an age of 1.5 Ma (Sano et al.
2002). The TK shows an isotopic signature characteristic for the Hida Mountain
Granites with ¥ Sr/%Sr of 0.707061-0.707517 and *3Nd/4Nd of 0.512583-0.512462
(Figure 3.6a; Tables ??-??). The Sr-isotope ratios of the TK generally increase towards
the roof, similar to observations from the Bushveld intrusion (Sharpe 1985). The Sr,
Nd and Pb isotopic compositions of GDT and pGT plot along continuous trends
between the more primitive GRT and more radiogenic mGT (Figure 3.6a,b; Tables ??-
??). A more substantial spread is observed in the 2°°Pb /2Pb (18.391- 18.404) and
207pb /294Pb (15.613-15.625) isotopic ratios.

3.8 Mineral Chemistry

3.8.1 Plagioclase

Plagioclase is the main mineral phase of the TK. Most phenocrysts contain resorbed
cores of different size, texture and chemistry (Figures 3.7-3.9; Table ??), with an
oscillatory-zoned mantle of andesine composition (Anz_40), and sodic rims of differ-
ent thickness, with Anorthite contents decreasing down to about 20 mol%. Anorthite
and Fe contents of the oscillatory-zoned mantle were used to separate plagioclase
into three main populations (Figure 3.7, 3.8). Population 1 (P1) is characterised by
reverse zoning with Anorthite content increasing progressively from about 30 to 40
mol% and a rapid drop to 20 mol% in the outer rim. An-rich cores (>60 mol%) are
sporadically observed in this population (Figure 3.7a). Iron contents in plagioclase
vary only slightly between 0.025 and 0.03 mol% and co-vary with Anorthite content.
The Anorthite contents of populations 2 (P2) and 3 (P3) are generally higher than
those of P1 and typically vary between 40 and 50 mol% (Figure 3.7b,c). P2 and P3 are
separated on the basis of the lower FeO content of the plagioclase in P2 (0.035-0.045
mol%) than in P3 (0.045-0.055 mol%).

QEMSCAN and EPMA analyses (42 traverses) were used to investigate the distri-
bution of plagioclase populations across the different units (Figure 3.9; Tables ??2-2?).
Anorthite distribution maps can be used to distinguish P1 from P2 and P3 (Figure 3.9).
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FIGURE 3.5: Chemical variations from the base to the roof of the
intrusion along the Shiradashi-zawa valley. Samples from the lower
section (below 1900m) were collected along the river. The upper part of
this section (above 1900m) was sampled along a hiking trail. Sigmoidal
variations are observed from the bottom to the top of the pluton. No
outcrops were observed between sample locations 15 (GRT) and 16
(GDT; see Figure 3.1). Sample 36 was collected near the road, south of
Shiradashi-zawa valley. Data points are projected onto a bottom-to-top
profile against the topographic altitude. No correction for the tilting of
the pluton has been applied.
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FIGURE 3.6: Variation of 143Nd/1#4Nd vs 87Sr/8Sr for whole-rock
samples from the TK. Sr-isotope compositions become more radio-
genic roofwards from GRT to mGT. The samples have a typical sig-
nature of Hida outer zone granites (OZG) and inner zone granites
(IZG; Kimura & Nagahashi 2007). (b) Variation of 207pp /204Pb vs
206pp /204PD for whole-rock samples from the TK. Pb isotope composi-
tions generally increase roofwards from GRT to mGT. The samples of
the mGT unit show a large spread in Pb isotope ratios. All values are
corrected for an age of 1.5 Ma.

However, P2 and P3 are indistinguishable in An-maps and can be distinguished
only through quantitative analyses (e.g. FeO content). No An-rich cores (Figure 3.9)
are observed in mGT plagioclase, whereas GDT and pGT plagioclase contains up
to 2 area% (Figure 3.9; Table ??). QEMSCAN and EPMA data both show that mGT
contains only P1. EPMA analyses reveal that P2 is common in the GDT and pGT units
(70-91%). P3 is the dominant population in GRT. Importantly, P1 is found in pGT
(24%) but does not occur in either GDT or GRT. P3 is also present to small amounts in
pGT (6%) and GDT (9%) units (Table ??).

3.8.2 Amphibole

We recalculated all amphibole compositions based on 23 oxygens, using the formula
of Holland & Blundy (1994, Table ??). To obtain Fe>* /(Fe?"+Fe®") ratios, an average
factor (f;y) was computed after Holland & Blundy (1994), who extended the criteria
for elemental site occupancy of Robinson et al. (1982) and Spear & Kimball (1984).
Based on the calculated stoichiometry, all amphiboles can be classified as magnesio-
hornblendes (Figure 3.10a; Leake et al. 1997), with the exception of a few high-Si
crystals, which classify as actinolite.

Amphibole shows moderate compositional variation across the Takidani pluton
with two distinct populations (Figure 3.10b). Based on their aluminium contents, we
classify these populations into low-Al (Al,O03<5.8 wt.%; Alyy,<1.0 a.p.f.u.; Table ??)
and high-Al amphibole-types (Al,03>5.8 wt.%; Alyy,>1.0 a.p.f.u.; Table ??). Most
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crystals display chemically distinct patchy zones (Figure 3.11a,b); very few crystals
have rounded amphibole cores or contain amphibole grains with Al,O3z content above
8 wt.% (Figure 3.10c,d). Back-scattered electron (BSE) images of amphibole grains
show that brighter zones are higher in Al than darker ones (Figure 3.11b).

3.8.3 Biotite

Biotite is invariably interstitial and anhedral (with the exception of pGT), suggesting
its late appearance in the crystallisation sequence. Chemical compositions vary only
slightly and without any obvious trends between the units (Table ??). However,
concentrations of Mn (Figure 3.12a) and Cl (Figure 3.12b) plotted against biotite
magnesium-number (Mg#) seem to outline different populations. The concentration
of Mn in biotite tends to increase towards the roof of the intrusion (from GRT to pGT),
whereas the concentration of Cl in biotite generally decreases roofwards from 0.48 to
0.35 wt.%.

3.8.4 Oxides

Titano-magnetite is the dominant oxide phase in Takidani samples (Tables ??-2?).
IImenite is also present and is usually associated with magnetite, forming exsolution
lamellae or single grains. The compositions of the Fe-Ti oxides are generally homoge-
neous across the pluton (Tables ??-??); however, a relatively minor increase of MnO
content in ilmenite follows the same increasing trend observed for MnO content in

biotite and low-Al amphiboles.
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FIGURE 3.10: Amphibole classification (a) and subdivision of amphi-
boles based on total Al a.p.f.u. (b). Stoichiometry is recalculated after
Holland & Blundy (1994) and plotted using the classification scheme of
Leake et al. (1997). Most amphiboles classify as magnesio-hornblende
with the exception of a few amphibole rims, which fall into the actino-
lite field. The total Al (in a.p.f.u.) values show a bimodal distribution
with low-Al (<1.0 total Al a.p.f.u.; Table ??) and high-Al (>1.0 total Al
a.p.f.u.; Table ??) amphibole populations
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FIGURE 3.11: Back-scattered electron (BSE) images of selected amphi-
bole grains including Al,O3 contents (in wt.%) of electron microprobe
spot analyses. (a) Patchy zoned amphibole in mGT. (b) Patchy zoning
in amphibole with Al,O3 varying from 7.7 wt.% in the bright zone to
3.7 wt.% in the darker coloured rim. (c) Amphibole in pGT contains
plagioclase with 45 mol% Anorthite along a rounded crystal core. The
interstitially grown crystal rim contains less then 5 wt.% Al,O3. (d)
Amphibole inclusion with Al,O3 content up to 8 wt.%.
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FIGURE 3.12: (a) Variation of MnO vs Mg/(Mg+Fe) for biotite from
TK lithological units. Biotite grains from the fine-grained pGT unit
have generally lower magnesium contents than in all other units,
indicating that they crystallised from potentially more evolved melts.
(b) Variation of Cl vs Mg/(Mg+Fe) for biotite from the TK. CI contents
can be used to separate biotite of GRT and mGT into two distinct
groups. The highest Cl contents in biotite are found in GRT at the base
of the TK.
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3.8.5 Barometry and thermometry

The Al-in-hornblende geobarometer of Anderson & Smith (1995) is calibrated us-
ing data from Johnson & Rutherford (1989) and Schmidt (1992), and can be used
to estimate the crystallisation pressure, P (in kbar), of hornblende, based on the
total aluminium content (in atoms per formula unit, or a.p.f.u.), provided that the
crystallisation temperature, T (°C), is independently known:

T[°C] — 675
P(£0. =4.76Al —3.01 — 1
(:£0.6kbar) = 4.76A1 = 3.0 <85(0.530Al +0.005294(T[°C] — 675)) > 3-1)
Temperature estimates can be derived from the pressure-dependent plagioclase-
hornblende thermometers of Blundy & Holland (1990; BH90) and Holland & Blundy
(1994; HB94-A and HB94-B) using the following two equilibria:

Edenite 4+ 4Quartz = Tremolite 4+ Albite (3.2)

Edenite + Albite = Richterite + Anorthite (3.3)

The first equilibrium reaction is used for BH90 and HB94-A thermometers (equa-
tion 3.2) and requires silica-saturation. BH90 is based on a more restricted experimen-
tal dataset of igneous rock suites, considering only ideal interactions in amphibole.
The HB94 model is extended to a wider dataset of igneous and metamorphic rocks
to account for non-ideal interactions in amphiboles and includes an improved horn-
blende formulation to estimate ferric iron contents, optimised for the HB94 thermome-
ters. A comparison of different thermometers (Anderson 1996, Bachmann & Dungan
2002, Pamukcu et al. 2015) shows that the Edenite—Richterite thermometer of HB94
(equation 3.3) in combination with the Al-in-hornblende barometer of Anderson
& Smith (1995) produces the most reliable temperature solutions for plutonic and

volcanic rocks at or near the granitic to tonalitic solidi (Anderson et al. 2008).

Fe-rich hornblendes may not be suitable to use in geobarometry, depending on
the amount of ferric iron. Anderson & Smith (1995) noted that Fe3* /(Fe?* +Fe3*)
ratios that are lower than 0.25 for amphiboles recalculated after Leake et al. (1997)
should not be used for their Al-in-hornblende barometer. Because Holland & Blundy
(1994) used a different method to calculate Fe3*/ Fe?t, we first recalculated the
stoichiometric formula for amphiboles using the method of Leake et al. (1997) and
excluded analyses with Fe3t /(Fe** +Fe3*) ratios lower then 0.25; then we recalculated
the cation occupancies in amphibole after Holland & Blundy (1994) to apply their
thermometer.
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3.9 Discussion

3.9.1 Reconstructing the plumbing system of Takidani

A comparison between natural samples and experiments performed at different
pressures, temperatures and water activities has the potential to estimate ranges of
crystallisation depth and temperature, therefore providing information about the
architecture of magmatic plumbing systems.

Previous estimates of emplacement depth and temperature for the TK were
based on the Al-in-hornblende geobarometer of Anderson & Smith (1995) and the
thermometer of Blundy & Holland (1990). The derived average emplacement pressure
was about 250 MPa (£ 60 MPa) with slightly lower estimates for the emplacement
pressure in the Shiradashi-zawa valley (222 MPa; Bando et al. 2003). Calculations
performed using samples collected in different portions of the pluton indicate an
increase of emplacement pressure from 165 MPa at the base to 250 MPa at the roof
of the intrusion. The progressive decrease of emplacement depth from about 9.5 km
to 6.5 km has been previously explained by unroofing during emplacement of the
pluton by underaccretion (Bando et al. 2003). Bando et al. (2003) estimated the magma
temperature during intrusion at 710°C. In this study we reassess the emplacement
conditions of the TK using the high spatial resolution sampling performed in our
study and applying the geothermometers of Holland & Blundy (1994). We further
compare the whole-rock chemistry and mineral chemistry of our samples with phase
equilibria experiments performed at various pressures, temperatures and water
contents with starting material of composition similar to the rocks we have studied
(Whitney 1975, 1988, Sisson & Grove 1993, Scaillet & Evans 1999, Costa et al. 2004,
Holtz et al. 2005, Arce et al. 2013, Caricchi & Blundy 2015b).

Experimental studies have shown that temperature and pressure have an effect on
amphibole compositions as a result of atomic exchange reactions (Spear 1981, Johnson
& Rutherford 1989, Blundy & Holland 1990, Thomas & Ernst 1990, Schmidt 1992). An
increase in pressure leads to the replacement of Mg by Al in the octrahedral M-sites
(Al-Tschermak substitution; SiT + Mng*M?’ =AlT + AlMl*MS’), whereas an increase
in temperature causes Ti to replace Mn in the octrahedral M-sites (Ti-Tschermak
substitution; 2Si” + MnM1~M3 = 2A1T 4+ TiMI-M3) and causes Na and K to occupy
the A-sites [edenite exchange; Si”+ [J 41 = AIT + (Na+K)“]. In all three cases, Al
substitutes for Si in the tetrahedral T-sites.

The TK hornblendes show a range of Al between 0.3 and 1.4 a.p.f.u. that cor-
relates positively with the edenite [(Na+K)4; Figure 3.13a], Ti-Tschermak (TiM1—M3,
Figure 3.13b) and Al-Tschermak (AIM!~M3; Figure 3.13c) components throughout the
various units constituting the TK. Edenite and Ti-Tschermak exchange reactions are
estimated from regression slopes (Shane & Smith 2013) and account for about 21%
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and 34% respectively of the total Al variability, whereas the Al-exchange reaction
accounts for only about 7%. The plagioclase exchange reaction on the larger M4 site
(SiT + NaM* = AlT + CaM*) also appears to play a significant role in the Takidani
amphiboles (Figure 3.13d). The rather poor correlation between CaM* and A1'V is
probably caused by differences in the An—-Ab components of the co-crystallising
plagioclase. Whereas the majority of amphibole analyses above 0.65 Al (a.p.f.u.) show
a positive correlation between CaM* and Al'Y, the correlation is negative (-0.094) for
amphiboles from mGT (0.5-1.2 Al a.p.f.u.). Such negative correlation, together with
the reverse zoning in P1 of mGT, was possibly caused by the input of mafic magma.

Plagioclase-hornblende pairs

Subhedral plagioclase with Anorthite content of 40—45 mol% is occasionally included
in high-Al amphiboles with Al,O3 close to or above 8 wt.%. Amphibole oikocrysts oc-
casionally contain small plagioclase (Angg) or alkali feldspar inclusions. The majority
of amphibole grains are associated with apatite, Fe-Ti oxides and biotite. Amphibole
crystals also tend to be much smaller than plagioclase phenocrysts and therefore
have most probably formed after the crystallisation of the plagioclase phenocrysts
(<Anyp; Figures 3.8, 3.9). A rapid decrease from Any to Angg is observed in the
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plagioclase rims, indicating either chemical evolution of the residual melt during
progressive cooling or a decrease in water activity (Riker et al. 2015) caused by the
introduction of CO; from depth (Newman & Lowenstern 2002, Papale & Barbato
2006). All plagioclase phenocrysts share the same late-stage evolution of the outer
rim chemistry, which suggests that the Na-rich overgrowth was formed when the
magma achieved a mush state with a crystallinity above 40-50 vol% (Hildreth 1981,
Marsh 1981).

Given the difficulty of finding enough amphibole—plagioclase pairs in direct con-
tact to apply the Blundy & Holland (1990) and Holland & Blundy (1994) thermometers
in a meaningful way, we considered a range of Anorthite contents of the plagioclase
in equilibrium with amphibole of 3045 mol%. These estimates are based on the
composition of plagioclase inclusions found in amphiboles. Additionally, matrix
plagioclase in pGT has a maximum Anorthite content of 30 mol%, suggesting that
amphibole crystallised before the matrix plagioclase. Calculated mean temperatures
for Shiradashi-zawa samples (Table ??) vary from 673°C (& 28°C) to 700°C (£ 33°C)
using Anorthite contents of 30 mol%. Mean values increase from temperatures of
715°C (£ 35°C) to 750°C (£ 42°C) using Anorthite contents of 45 mol%. Our pressure
estimates are somewhat lower then those determined by Bando et al. (2003), with
average pressures between 99 MPa (4 59 MPa) and 161 MPa (+ 67 MPa) using 30
mol% Anorthite (Table ??), and between 63 MPa (+ 33 MPa) and 92 MPa (4 32 MPa)
using 45 mol% Anorthite (Table ??).
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To constrain better the crystallisation conditions of the TK we considered the two
main amphibole populations [low-Al (3.6-5.8 wt.% Al,O3) and high-Al (5.8-8.0 wt.%
Al,O3)] individually. Overall, the average temperature ranges between 714°C (+
12°C) and 788°C (£ 24°C) for high-Al amphiboles and between 654°C (£ 24°C) and
700°C (£ 18°C) for low-Al amphiboles (Figure 3.14; Table ??). Recalculated crystalli-
sation pressures are also distinctively higher for high-Al versus low-Al amphibole
populations (Table ??). Pressures determined for high-Al amphibole show a general
increase of crystallisation pressure towards the roof from about 97 MPa (£ 6 MPa)
to 226 MPa (£ 21 MPa), in general agreement with Bando et al. (2003). Calculations
with low-Al amphibole yield relatively homogeneous crystallisation pressures of
52-82 MPa across the entire pluton (Table ??). Considering a range of An contents,
our pressure estimates (P) correspond to a crystallisation depth, h [h = P/(gp)], of
3.5-8.5 km for high-Al amphibole, and of 2.0-3.0 km for low-Al amphibole, applying
an average crustal density (o) of 2700 kg m 3.

Importantly, low-Al amphiboles are generally observed as patchy zones and
may indicate magma oxidation and near- or sub-solidus alteration (Hammarstrom &
Zen 1986, Kawakatsu & Yamaguchi 1987, Martin 2007). Therefore, both amphibole
populations could have formed under near-isobaric conditions and the difference in
Al may be related to the temperature and chemical variability of the residual melt
from which they crystallised, more than pressure, as also suggested by the calculated
exchange reactions (Figure 3.13; Spear 1981, Blundy & Holland 1990, Scaillet & Evans
1999, Bachmann & Dungan 2002, Costa et al. 2004).

Considering that pressure appears to have a secondary effect in controlling the
chemical variability of amphibole, we consider isobaric crystallisation and recalcu-
late temperatures at 200 MPa. Under this assumption high-Al amphiboles yield
crystallisation temperatures of 766-810°C for HB94-A, 733-814°C for HB94-B and
711-776°C for BH90 (Figure 3.15; Table ??), temperatures significantly higher than
those estimated by Bando et al. (2003). Temperature estimates for low-Al amphiboles
range between 686 and 742°C for HB94-A, between 685 and 771°C for HB94-B and
between 638 and 681°C for BH90 (Table ??). The results from the BH90 thermometer
yield values lower than temperature estimates obtained from the semi-empirical Ti-in-
hornblende thermometer of Otten (1984; Table ??), with the exception of amphiboles
from mGT. The HB94-A and HB94-B thermometers produce temperature estimates
that correlate with or are higher than the semi-empirical temperature calibrations
(Otten 1984). This is not the case for the mGT unit, which appears to have crystallised
under slightly different magmatic conditions. HB94-B produces a distribution of
temperature estimates that is close to unimodal for the analysed sample (Figure 3.15)
and shows peaks between 750 and 810°C for Anorthite 30 and 45 mol%, respectively.



46

Chapter 3. Evidence for Residual Melt Extraction in the Takidani Pluton

25

" a BH90
€ 20 1 200MPa
3
© 15 -
(@)
) 4
5 10 And5
-}
Z 957

O -

600 640 680 720 760 800 840 880
Temperature (°C)

25
@ b HB94-A
gZO- 200MPa
o
o 15
(@)
210 A
£ 5 | An45
pz

O LI L] III LI L] 1]‘-I‘-I'_r.'_\

600 640 680 720 760 800 840 880
Temperature (°C)

25

N C HB94-B
‘g’ 20 - 200MPa
3

w 15 1

o An45
10

£

Z 97

O 17 1T rrruri

600 640 680 720 760 800 840 880
Temperature (°C)

FIGURE 3.15: Temperature distribution for TK amphiboles at 200 MPa
using the thermometers of Blundy & Holland [1990; BH90 (a)] and
Holland & Blundy [1994; HB94-A (b) and HB94-B(c)]. Temperatures
are calculated for An contents of 30 mol% (grey) and 45 mol% (black).



3.9. Discussion

47

200 MPa Quartz

50

Scaillet and Evans (1999)
7.0 wt.% H,O

866, 0.69 800, 0.61

776. 0.50 720, 0.26
834, 0.67 825, 0.67
/ + 800, 0.43

Costa et al. (2004) 875, 0.84 850, 0.7 & mGT
6.0 wt.% Hzo 900, 0.92 825, 0.51 A pGT
899, 0.88

875, 0.66 O GDT
P O GRT

PTB FCT + fGT

Caricchi and Blundy (2015)
H,O saturated
Albite Orthoclase

FIGURE 3.16: Compositions of TK bulk-rock and liquids from exper-
imental studies projected into the ternary Qtz—Ab-Or system. The
ternary projection is corrected for Anorthite following Blundy & Cash-
man (2001). The TK samples are consistent with the liquids of Costa
et al. (2004) and Holtz et al. (2005). Temperatures are listed in degrees
Celsius followed by the melt fraction after the comma. TK samples
plot between 850 and 900°C. UNZ, Unzen; PTB, Pinatubo; SP, Volcan
San Pedro; FCT, Fish Canyon Tuff.




48 Chapter 3. Evidence for Residual Melt Extraction in the Takidani Pluton

Experimental studies

Chemical analyses of the TK were compared with several relevant experimental
and petrological studies (Whitney 1975, 1988, Sisson & Grove 1993, Scaillet & Evans
1999, Costa et al. 2004, Holtz et al. 2005, Caricchi & Blundy 2015b) to assess further
the P-T-H,0 conditions at and after emplacement. We projected the residual melts
from various experimental studies, equilibrated at different temperatures at around
200 MPa, in the haplogranitic system together with the whole-rock compositions
of the TK rocks by calculating their normative Qtz—Ab-Or abundances (i.e. CIPW;
Figure 3.16). All calculations are corrected for the effect of Anorthite in the Qtz—Ab-Or
ternary projection (Blundy & Cashman 2001). Good correlations of the TK samples
are observed with experimental liquids (at or near water saturation) synthesised at
200 MPa using compositions from Unzen Volcano (Holtz et al. 2005) and Volcan San
Pedro (Costa et al. 2004). The TK samples exhibit compositional variability within this
ternary system compatible with crystallisation within a temperature range of between
850 and 900°C, higher than the temperatures obtained by hornblende thermometry
(Figure 3.15). The TK plagioclase grains span a range of compositions very similar to
those obtained experimentally by (Costa et al. 2004). However, in the experiments
hornblende contains more than 8 wt.% of Al,O3 and is the liquidus phase for water
content above 4 wt.% (Figure 3.17; Costa et al. 2004). The mineral chemistry of
hornblende from the experiments differs significantly from the high-Al amphibole in
the TK. This, together with microscopic observations, suggests that the TK amphibole
crystallised after plagioclase and potentially orthopyroxene (Figure 3.11c). This
implies that at emplacement the magma was not water-saturated and must have
contained less than 4 wt.% water (Newman & Lowenstern 2002). During cooling and
crystallisation, the water content progressively increased until amphibole (>4 wt.%)

and biotite saturation (>5.5 wt.%) was reached (Figure 3.17).

P-T-H,0 summary

Our detailed comparison of bulk-rock and mineral chemistry, available thermometers,
barometers and experimental data allows us to infer the pressure of emplacement and
the evolution of temperature and water content of the residual melt within the TK.
The calculated crystallisation conditions suggest that different pulses of chemically
distinct magmas (at least two main pulses) were emplaced at about 200 MPa and tem-
peratures between 850 and 900°C with bulk water contents of approximately 3—4 wt.%
(Figure 3.17; Costa et al. 2004). Plagioclase stabilised first (i.e. phenocrysts >Ans)
followed by orthopyroxene. Amphiboles with Al,O3 contents above 8 wt.% started
crystallizing at An contents of about 45 mol% and temperature of about 850°C (Fig-
ure 3.17). The sharp drop in An content observed in plagioclase rims to about 30 mol%
indicates that the magma cooled fairly rapidly to temperatures below 800°C, at which
point the water content of the residual melt was appropriate to crystallise biotite (>5.5

wt.%). Microscopic observations and temperature calculations (with An<40) also
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show that most amphiboles record crystallisation temperatures below 800°C (Fig-
ure 3.15), suggesting that the TK magmas spent significantly more time below 800°C
to crystallise amphibole than above 800°C. Considering the relatively small amount of
crystallisation occurring between 900 and 800°C for a water-undersaturated magma
with about 3 wt.% H>O (or in equilibrium with a mixed H,O-CO; fluid and a water
activity of about 0.5; Riker et al. 2015), we can expect a relatively rapid temperature
drop within this range owing to the limited thermal buffering provided by the latent
heat of crystallisation (Huber et al. 2009, Caricchi & Blundy 2015b). In contrast, the
rate of latent heat release produced by crystallisation increases below 800°C, pro-
longing the residence time of magma within this temperature range (Lee et al. 2015)
and leading to the distribution of amphibole compositions (Figure 3.15). Moreover,
at temperatures below 800°C magma crystallinities would have reached values in
excess of 50 wt.% (Figure 3.17; Costa et al. 2004). At such high crystallinity the rheo-
logical locking of the system would account for the homogeneous composition of the
plagioclase rims observed in the TK (Figures 3.8, 3.9).

3.9.2 From emplacement to eruption
Emplacement and growth of the intrusion

Many studies of sill emplacement and pluton growth have illustrated that large
magma reservoirs are most probably constructed incrementally over ten thousand to
millions of years (Bachl et al. 2001, Coleman et al. 2004, Glazner et al. 2004, de Saint-
Blanquat et al. 2006, Kavanagh et al. 2006, Matzel et al. 2006, Lipman 2007, Pasquare &
Tibaldi 2007, Menand 2008, 2011, Michel et al. 2008, Annen 2009, 2011, Leuthold et al.
2012, Annen et al. 2015, Menand et al. 2015). The TK is petrochemically stratified,
suggesting an incremental growth of the magma reservoir. The mGT unit has the
highest 8 Sr/%Sr within the TK; it is isotopically distinct from other units and has
a peculiar mineral chemistry. Moreover, barometric calculations suggest that this
unit was emplaced under the deepest conditions. Reverse zoned plagioclases in
mGT indicate that the magma was reheated after emplacement and, therefore, we
suggest that the mGT was the first unit emplaced at the roof of the intrusion. During
subsequent magma injection, possibly at shallower depths, a certain amount of
mingling must have occurred between the mGT magma and the under-accreted units
(i.e. pGT and GDT). For instance, whereas no or only very few of the P2 plagioclase
grains (characteristic of GDT and pGT units) are present within the mGT unit, some
P1 phenocrysts are found within pGT. This suggests that mGT was still partially
molten when the underlying units were emplaced.

Previous researchers have argued that the construction of the TK reservoir must
have occurred within ~ 600 kyr after the deposition of the 2.4 Ma Hotaka Andesite
(Harayama et al. 2003) but before the deposition of the genetically related Nyukawa
PFD and Chayano-Ebisutoge Pyroclastic Deposits at about 1.76-1.75 Ma (Nagahashi
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1995, Kataoka et al. 2001, Kimura & Nagahashi 2007). Zircon crystallisation ages
of the TK (1.54 Ma = 0.23 Ma; Sano et al. 2002) suggest that magmatic conditions
were maintained after the eruption of these voluminous volcanic units. Older K-Ar
ages of amphibole (i.e. 1.9 Ma; Harayama 1992) may therefore represent older and
solidified parts of the TK that had cooled below 580°C (closure temperature of K-Ar
in hornblende; Harayama 1992). This would imply that parts of the pluton had to be
re-melted.

We argue that the TK was incrementally under-accreted to form one large coherent
magma reservoir. The top mGT unit represents the first magma batch, which was
still partially molten upon the intrusion of subsequent units (e.g. GDT and pGT). The
granitic units at the base of the pluton may present a third and last period of magma

injection.

Origin of pGT: evidence for internal differentiation and segregation of upper

crustal residual melt

A unique feature of the pGT unit is the presence of features suggesting a two-stage
cooling from an initially crystal-free or crystal-poor magma. All other magma bodies
of the TK body show evidence for steady cooling from, presumably, crystal-rich
magma upon intrusion. These differences suggest that a detailed study of the pGT
may reveal important information about transport of melt in the TK pluton. As
discussed below, a combination of field relations, mineral chemistry and mass-balance
calculations provides strong evidence to suggest that pGT formed as a consequence
of internal differentiation followed by segregation and accumulation of the interstitial
melt as a discrete magma body. If correct, the GDT-pGT units present a rare example
of upper crustal melt segregation from a stagnant crystal-liquid mush, which in
turn lends credence to the multiple theoretical and numerical studies that have
suggested such a process (Hildreth 1981, Marsh 1981, Brophy 1991, Srogi & Lutz 1996,
Vigneresse et al. 1996, Bachmann & Bergantz 2004, 2008, Hildreth & Wilson 2007,
Dufek & Bachmann 2010, Deering et al. 2011, Gelman et al. 2014, Lee & Morton 2015).

Three lines of evidence support an origin of the pGT through internal differen-
tiation of the GDT, followed by melt extraction. First, and most significant, is the
sigmoidal variation in both major and trace elements defined by the GRT, GDT, pGT
and mGT shown in Figure 3.5. This is entirely consistent with the successive intrusion
of three different bodies of granodioritic magma, which underwent in-situ crys-
tallisation. For whatever reason, the first and third intrusions underwent complete
crystallisation to form the mGT and GRT whereas the second intrusion underwent
incomplete crystallisation, followed by melt extraction and segregation. The pGT
unit represents the more evolved extracted melt whereas the GDT represents the
seemingly less evolved cumulate remainder, which together lead to the sigmoidal
pattern. Second, the gradual contact between the GDT and pGT is consistent with
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extraction and segregation of an interstitial melt. Third, the fact that the plagioclase
rims of the GDT are compositionally identical to the fine-grained matrix plagioclase
of the pGT strongly suggests a genetic relation between the two.

Radiogenic isotope compositions and assimilation-fractional crystallisation mod-
els (AFC; DePaolo 1981) support fractionation-dominated differentiation (Figure 3.18).
The isotopic and trace element variation of the GDT, pGT and mGT can be explained
by 45-65% fractional crystallisation of GDT magma, accompanied by a small amount
(2-6%) of incorporation of the overlying mGT. Given that P1 is the only plagioclase
type in mGT, its presence in pGT is consistent with the assimilation of partially molten
mGT required by the AFC calculations (Figure 3.18). The higher silica content and
lower Zr concentration of the pGT (Figure 3.5), with respect to the GDT, suggest
that the residual melt was extracted from the crystallizing granodioritic magma at
a temperature near or lower than its zircon saturation temperature (731°C £+ 7°C;
Watson & Harrison 1983). This temperature is a lower limit because the calculations
of zircon saturation were performed considering the bulk-rock composition (Harrison
et al. 2007).

Based upon a comparison with the experimental results of Costa et al. (2004),
we can attempt to identify the conditions at which the extraction of the residual
melt occurred. Partly resorbed bytownite cores in plagioclase (up to Angg) can be
reconciled with the ascent of water-undersaturated magma containing a few plagio-
clase crystals formed at relatively high pressure (Sisson & Grove 1993, Nandedkar
et al. 2014). These Anorthite-rich cores (<1 total area%; Table ??) change rapidly
into andesine compositions (Ansp_49) within the plagioclase domain characterised by
oscillatory growth zones. In addition, the Anorthite content of plagioclase included in
amphibole is never higher than 45 mol%, suggesting that amphibole becomes stable
when Anys plagioclase crystallised. According to Costa et al. (2004) contemporaneous
crystallisation of amphibole and Anys occurs at about 850°C for an H,O content of
4 wt.% (Figure 3.17). Traces of orthopyroxene were found within amphibole phe-
nocrysts. Orthopyroxene is stable at higher temperature than amphibole: at water
contents of about 3 wt.% its presence indicates temperatures above 925°C. Altogether
these lines of evidence suggest that after a period of crystallisation at relatively high
pressure (700 MPa; Nandedkar et al. 2014), water-undersaturated melt was trans-
ported to shallower depths where the crystallisation of Anys plagioclase occurred
contemporaneously with amphibole at ~ 850°C (Figures 3.15, 3.17).

Following the temperature—crystallinity diagram obtained from the experiments
of Costa et al. (2004), the TK magmas would have reached water saturation at about
800°C and 50 wt.% crystals, after progressive cooling and the onset of amphibole
crystallisation (Figure 3.17). The chemical variations between the GDT and pGT can
be explained by crystal fractionation of up to 65 wt.% (Figure 3.18).
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These lines of evidence suggest that the extraction of the residual melt from the
GDT occurred at crystallinities between 45 and 65 wt.% and resulted in the formation
of the pGT (Figures 3.18, 3.19), which is in agreement with the optimal extraction
window identified by the thermomechanical models of Dufek & Bachmann (2010).
The coincidence between the crystallinity at which melt extraction seem to have
occurred and the achievement of water saturation suggests that the residual melt
extraction may have been triggered by the exsolution of excess volatiles (Sisson &
Bacon 1999, Fowler et al. 2015).

Pressure quenching and the porphyritic texture of pGT

One of the most striking textural observations of the various units of the TK is
the gradual transition from a holocrystalline to a porphyritic texture seen from the
top of GDT into pGT. The fine-grained matrix of the porphyritic unit is difficult to
explain by temperature quenching given the gradual transition of the major and
trace element geochemistry observed from GDT to pGT (Figure 3.5). An alternative
explanation for the fine-grained nature of pGT is a sudden decompression that
would result in the rapid exsolution of H,O (Newman & Lowenstern 2002), an
increase of liquidus temperature and consequent rapid crystallisation. Because the
transition from holocrystalline to porphyritic is gradual, such decompression cannot
be associated with the rise of magma toward the surface. A viable process producing
a rapid pressure drop and triggering rapid crystallisation could be an eruption. The
observation that the proportion of phenocrysts in the pGT varies across the unit
suggests that the melt was mobile before it was quenched.

3.10 Conclusion and future work

Our detailed field and petrographic investigations, bulk-rock and mineral analyses of
the TK along the Shiradashi-zawa valley lead to the following conclusions regarding

its magmatic evolution.

1. The TK represents an evolved magma reservoir in the upper crust comprising
five distinct units of granodioritic to granitic composition. The pluton was emplaced
incrementally at about 9.5-6.5 km depth. The intrusion of successive magma pulses

led to the formation of one large, interconnected magma body.

2. The chemical variations observed in the upper part of the TK are best explained
in terms of fractional crystallisation acting together with segregation of the residual
melt. The chemical and isotopic com positions of the pGT are best explained by
its extraction during crystallisation of the GDT (45-65 wt.% crystals) after minor
assimilation of 2-6 wt.% of the overlying mGT unit (Figure 3.19).
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3. Rapid crystallisation must have occurred to create the fine-grained porphyritic
texture of the pGT near the roof of the TK. A volcanic eruption is a plausible mecha-
nism that can lower the pressure, trigger volatile exsolution and cause rapid crystalli-

sation of the remaining melt in the magma reservoir.

Our results suggest that chemical evolution towards the roof of the TK was
controlled by melt extraction from crystallizing magma in the upper crust. The
presence of a porphyritic unit might be evidence for volcanic activity, making the
TK an exciting location to investigate the magmatic build-up to caldera-forming
eruptions. A study of trace element variations (i.e. Sr and Eu) in single zoned
feldspar grains is currently being undertaken with the aim of shedding more light
on the Takidani magmatic system and its genetic association with the Nyukawa and
Chayano-Ebisutoge deposits (Kimura & Nagahashi 2007).
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Chapter 4

The role of H>O on the extraction
of melt from crystallising magmas

4.1 Abstract

The segregation and accumulation of felsic melts, from crystallising crustal magma
reservoirs, is essential for the chemical evolution of the crust and is a phenomenon
preceding some of the largest eruptions on Earth. The physical properties of residual
melt and magma and the time over which the conditions remain appropriate for
melt extraction are important factors controlling the efficiency of melt extraction
and the distribution of melt in magma reservoirs. Here we focus on the initial
magma H,O content as it affects both the physical properties of the residual melt
and the timescales at which conditions remain appropriate for melt extraction during

progressive magma crystallisation.

We use rhyolite-MELTS simulations to evaluate the physical evolution of crys-
tallising granodioritic (or dacitic) hydrous magma (i.e. >1 wt.% HO) at shallow
depth at 200 MPa. To constrain the solidification timescales of reservoirs containing
magmas with initially different water content, we perform 2.5D thermal modelling.
We combine these results with calculations of melt extraction velocity by compaction
and hindered settling to identify the optimal conditions at which melt segregation
occurs. These calculations suggest that hydrous felsic magmas that attain water
saturation after 40 wt.% crystallisation (rheological locking point) are best suited for
melt extraction. Once water-saturation is achieved, the rate of release of latent heat
of crystallisation and with it the time magma spends within a given temperature
interval increases while the viscosity of the residual liquid and crystal-liquid density
contrast remain favourable for melt segregation. We first test our findings on the
Takidani pluton (Japan) because it shows evidences of residual melt segregation from
crystallising magma, and is associated with caldera-forming eruptions. We finally
generalise our results to crustal magma reservoirs containing hydrous felsic magmas.
Our results suggest that if segregation starts at rheological locking (i.e. crystallinity of
40-50 wt.%) upper crustal reservoirs of >100 km? granodioritic (i.e. dacitic) magma
with more than 2 wt.% HO can produce large melt-rich caps at the top of partially
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crystallised magma reservoirs in few hundreds to few thousands of years. The forma-
tion of separate melt lenses could become more likely when segregation of melt starts
at high crystallinities (i.e. >0.6).

Our results suggest that the initial water content of magma may play an important
role in modulating the distribution of eruptible melt in upper crustal reservoirs.
Reservoirs of felsic and water-poor magmas (<2 wt.%) tend to be associated with the
formation of isolated melt pockets of crystal poor and eruptible magma, which could
account for the often-observed geochemical heterogeneity of the products of large
caldera forming eruptions in the Snake River Plane. The limited dimensions of these
eruptible magma pockets make their detection by geophysical methods challenging.

4.2 Introduction

The accumulation and storage of viscous high-silica melt in shallow magmatic reser-
voirs is a process preceding some of the largest explosive eruptions on Earth. The
distribution of crystal poor and eruptible lenses of magmas within highly crystallised
magma reservoir cannot be resolved by geophysical methods for intrinsic limit of
spatial resolution (Bedrosian et al. 2018, Huang et al. 2015). The timescales of ex-
traction of viscous felsic melt from highly crystallised magmas are also only broadly
constrained varying from months to thousands of years (Bachmann & Huber 2018,
Druitt et al. 2012, Gualda et al. 2018, Huber et al. 2012, Wilson & Charlier 2016).
Here we use a field example of extraction of felsic melt from crystallising magma
in combination with thermal modelling to investigate the role of water content on
the distribution and timescales of extraction of felsic melts from crystallising felsic

magma.

Segregation of interstitial melt from a rheologically-locked partially-crystallised
magma body is a potential mechanism for the accumulation of crystal-poor and
eruptible rhyolite (Bachmann & Bergantz 2004, Dufek & Bachmann 2010, Hildreth
2004, 1981, Hildreth & Wilson 2007, Marsh 1981). Thermo-mechanical simulations
suggest that the efficiency of melt extraction for common hydrous silicic magma
compositions is highest at crystal contents between 50% and 70% (Dufek & Bachmann
2010). Moreover, these studies emphasise that the probability of extraction and
the amount of interstitial melt segregated is not only controlled by the physical
properties of residual melt and magma, but also by the time spent by magma at
conditions best suited for melt extraction (Dufek & Bachmann 2010, Huber et al. 2009).
This, in turn, is a function of the ratio between the rate of heat loss and the rate of
release of latent heat of crystallisation during progressive cooling and solidification
of magma reservoir, and evolution of the physical properties of the residual melt
and magma with increasing crystallinity (Caricchi & Blundy 20154, Huber et al. 2009,
Lee & Morton 2015, Melekhova et al. 2013). The results of these studies permit to
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draw some general conclusions about extraction of residual melt in felsic systems: i)
Independently of the process leading to the extraction of residual melt in crystallising
felsic magmas, the separation between residual melt and crystals occurs when magma
is rheologically locked (i.e. crystal fraction >0.4; Dufek & Bachmann 2010, Huber et al.
2010, Marsh 1981); ii) The velocity of residual melt extraction is directly proportional
to the ratio between the density difference of crystals and residual melt and the
viscosity of the residual melt (Bachmann & Bergantz 2004, Dufek & Bachmann 2010) ;
iii) The longer magma spends at conditions suitable for residual melt extraction, the
larger is the amount of residual melt extracted (Dufek & Bachmann 2010, Huber et al.
2009).

Large-scale segregation of rhyolitic melts from highly crystallised magmas is com-
monly inferred to precede the eruption of rhyolitic magmas (Bachmann & Bergantz
2004, Deering et al. 2011, Hildreth & Wilson 2007), however, evidences for such
segregation processes remains scarce or obscure in the intrusive record (Coleman
et al. 2004, Gelman et al. 2014, Lee & Morton 2015, Vigneresse 2014). In recent years,
various studies have targeted melt extraction processes in the geological record us-
ing radiogenic isotopes (Andersen et al. 2017), whole-rock and mineral chemistry
(Barnes et al. 2017, Hartung et al. 2017), and rock fabrics (Holness et al. 2017). The
Takidani pluton in Central Japan shows evidence of melt segregation processes and
is used here as a case study to investigate the formation of bodies of crystal-poor
and eruptible melt in the upper crust (Hartung et al. 2017). This pluton has been
shown to present the source of dacitic and rhyolitic volcanic eruptions (Harayama
1992, Kimura & Nagahashi 2007, Nagahashi et al. 2000). The pluton is texturally
zoned, with a gradual transition (over about 50 m) from equigranular granodiorite
to porphyritic granite (Figure 4.1). Whole rock and mineral chemistry suggest that
the porphyritic unit (pGT) was extracted from underlying granodiorite (GDT) once
the residual melt fraction dropped to 40-50 wt.% (Figures 4.1, 4.2a; Hartung et al.
2017). The initial water content of the granodiorite associated with melt segregation
is estimated between 3 and 4 wt.% H,O based on mineral chemistry, crystallisation
sequence and relative abundance of the mineral phases (Hartung et al. 2017).

In this study, we focus on the effects of the initial water content on the timescales
the magma spends at crystallinities larger than about 40 wt.%, which are considered
favourable for the extraction of residual melt (Bachmann & Bergantz 2004, Dufek &
Bachmann 2010). We first calculate the evolution with temperature and crystallinity
of the physical properties of magma and residual melt for granodioritic (i.e. dacitic)
magmas with water contents (H>O;) between 1 and 6 wt.%. The velocity of melt
extraction for crystallinities between 40 and 80 wt.% are estimated using hindered
settling (Davis & Acrivos 1985) and compaction-driven segregation (McKenzie 1984).
To constrain the maximum timescales available for segregation to occur we perform
thermal modelling for reservoirs of different volumes and shapes. The aims of this
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study are (1) to constrain the effect of H>O; content on the efficiency of melt extraction,
(2) to identify the conditions that led to the extraction of residual melt from the
Takidani pluton and estimate the timescales of this process, (3) to define the impact
of H,O; content on the architecture of upper crustal magma reservoirs.

4.3 Material and methods

4.3.1 The Takidani Pluton: Evidences for melt segregation

In the following we provide a summary of the main results of a geochemical study
previously performed on the Takidani pluton (Hartung et al. 2017), which provides
the background and motivation for this study. The Takidani pluton is a well exposed
and young pluton (1.6 Ma; Harayama 1992, Ito et al. 2017), located in the Central
Japan Alps. The pluton is vertically exposed over 1800 m (Harayama et al. 2003)
from a tectonic contact at the base to a magmatic roof contact with older volcanic
rocks (i.e. Hotaka Andesite; Harayama 1994). Textural, chemical and isotopic ev-
idence of large-scale melt segregation is observed in the upper part of the pluton
(Figures 4.1, 4.2; Hartung et al. 2017). The rock textures of the Takidani pluton change
from holocrystalline to progressively more porphyritic appearance from the base and
centre to the roof of the intrusion. Whole-rock geochemistry shows that the rocks
immediately below the porphyritic unit are depleted in incompatible elements, while
the porphyritic unit is enriched in incompatible elements (Figure 4.1; Hartung et al.
2017). Data obtained through quantitative evaluation of minerals by QEMSCAN
and electron microprobe analyses (EPMA) are used to determine the area percent
and chemical composition of the matrix components (equivalent to residual melt
composition) throughout the upper section of the Takidani pluton, where evidence
for melt extraction is observed (Figure 4.1; Appendix C: Table C.1). These data show
progressive enrichment in the residual melt components defined by quartz (Qtz),
alkali feldspar (Kfs) and albite-rich plagioclase (Plg<An30) from the equigranular gra-
nodiorite (GDT) to the porphyritic granite (pGT; Figure 4.1; Appendix C: Table C.1).
The relative amounts of quartz (Qtz), albite (Ab), and orthoclase (Or) and therefore
the melt compositions, however, do not change across the textural and chemical
transition (Figure 4.1; Appendix C: Table C.2). This suggests that the residual melt
had a chemical composition close to the granitic minimum after emplacement at ap-
proximately 200 MPa (Johannes & Holtz 1996) and that the extraction of the residual
melt, now represented by the porphyritic unit, occurred once magma crystallised
sufficiently for the residual melt to acquire a composition close to the granitic mini-
mum (Figure 4.1). Mineral chemistry provides additional support for the extraction
of residual melt once the magma was rheologically locked (Hartung et al. 2017).

Plagioclase phenocrysts in the granodioritc unit below the porphyritic have cores
of different chemistry that are overgrown by a distinct rim of common composition,
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FIGURE 4.1: Evidence for melt segregation in the upper section of
the Takidani Pluton. (left) QEMSCAN images collected from the gra-
nodiorite (1; GDT) to the porphyritic portion of the pluton (5; pGT).
(top right) Variations of Rb and Sr whole-rock content from GDT to
pGT. (bottom right) Interstitial residual melt variations represented
by quartz (pink), orthoclase (green) and plagioclase with anorthite
content <30 wt.% (orange). The fraction of interstitial residual melt
(Xpmert), gradually increases from the GDT unit towards the pGT unit.
The content of quartz, orthoclase and albite, normalised to a fraction
of 1, remain relative constant and suggest that the residual melt com-
position was buffered at the granitic minimum (Johannes & Holtz

1996).
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FIGURE 4.2: Chemical variability in whole rock (a) and mineral chem-
istry (b). (a) Assimilation and fractional crystallisation (AFC) models
(Hartung et al. 2017) performed on whole rock analyses show that
compositional diversity is dominantly produced by crystal fractiona-
tion. The grey dashed lines and numbers on the side show the amount
of melt (i.e. 60 wt.%) and assimilation (i.e. 3.2 wt.%). The evolution
of Rb concentration as function of 8Sr/%”Sr is calculated for different
bulk partition coefficients (Dgy). (b) Concentrations of Rb in plagio-
clase phenocrysts (i.e. sample EH70) increase from 0.54 to 1.31 ppm
from core to rim, respectively, and point towards a progressive enrich-
ment of the incompatible element Rb in the melt phase through crystal
fractionation. The grey dashed lines and number below indicate the
amount of melt fraction.

which is consistent with the composition of plagioclase in the matrix of the porphyritic
unit (Hartung et al. 2017). An increase in Rb (incompatible during crystallisation of
the Takidani granodiorite; Hartung et al. 2017) in plagioclase phenocrysts increases
by more than a factor of two from the core to the common outer rim. This suggest
that once magma crystallised to approximately 40-50 wt.%, plagioclase acquired the
same composition indicating rheological locking (Figure 4.2). Within this crystallinity
range the residual melt was extracted leading to the formation of the porphyritic unit
of the Takidani pluton that contains matrix plagioclase with the same composition of

the plagioclase rims of the underlying granodioritic unit.

Inclusions of orthopyroxene in amphibole, amphibole thermometry, plagioclase
composition, and comparison with the phase equilibria experiments of Costa et al.
(2004), highlight that amphibole became stable once the magma achieved crystallini-
ties of 40-50 wt.% (Hartung et al. 2017). The late appearance of amphibole at low
temperatures and core to rim plagioclase chemistry indicate that the Takidani magma
was not initially water-saturated (Costa et al. 2004) and contained initially between 3
and 4 wt.% H,O.

On the basis of the collected evidences we conclude that the pGT unit represents a
lens of residual melt extracted from the underlying GDT granodiorite. The extraction
of residual melt from the crystallising magma occurred after the magma became
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rheologically locked, at which point the residual magma had reached water satura-
tion (Costa et al. 2004, Hartung et al. 2017). The evidence supporting initial water
undersaturation of the magma and melt extraction for the Takidani pluton motivate
us to investigate the role of initial water content on the extraction of felsic melt from

crystallising magmas.

4.3.2 Rhyolite-MELTS simulations

Existing experimental data do not cover the entire range of temperature and water
content required to trace the evolution of residual melt during cooling and crystalli-
sation of magma in the upper crust (Costa et al. (2004), Holtz et al. (2005), Scaillet &
Evans (1999)). Thus, we use rhyolite-MELTS (Gualda et al. 2012) to calculate the chem-
ical and physical evolution of residual melt of dacitic (or granodioritic) magma from
liquidus to near solidus temperature and over the entire range of initial water content
between 1 wt.% and water saturation. Because granodiorites represent about 95 wt.%
of the upper crust (Rudnick & Gao 2003) with a composition similar to the starting
material of Costa et al. (2004), we use the latter for the rhyolite-MELTS calculations.
While rhyolite-MELTS it currently not capable of correctly identifying the stability of
hydrous phases such as amphibole and biotite, here we use rhyolite-MELTS, espe-
cially, to trace general evolution of residual melt chemistry and magma crystallinity.
To test the performance of rhyolite-MELTS we compare the calculated residual melt
compositions with residual melts produced experimentally by Costa et al. (2004)
using the same starting composition. For all calculations, the confining pressure was
fixed at 200 MPa, which are the conditions applied in the experiments of Costa et al.
(2004) and comparable to the inferred emplacement depth of many granitic intrusions
including the Takidani pluton (Hartung et al. 2017). The oxygen fugacity was initially
set to the nickel-nickel oxide buffer (NNO) to calculate the liquidus temperature (for
different H>O;), but remained unconstrained during progressive heat extraction. The
evolution of the residual melt chemistry as function of temperature and initial water
content calculated with rhyolite-MELTS is comparable to that obtained in the experi-
ments of Costa et al. (2004; Figure 4.3). Importantly, rhyolite-MELTS can accurately
reproduce the evolution of silica content of the residual melt, which together with
H>O plays a dominating role in controlling the viscosity of melts (Hess & Dingwell
1996). Additionally, the decrease of melt fraction with temperature for different initial
water content follows paths that are comparable to those determined experimentally
by Whitney (1988; Figure 4.4b), hence we consider the rhyolite-MELTS calculations
appropriate to compare the evolution of physical properties of hydrous magmas
during progressive crystallisation.

To quantify the time magma spends within different temperature interval we
perform rhyolite-MELTS simulations by removing an equal amount of enthalpy (i.e. 1
] 1) at constant pressure from the system at each step (1) starting from the liquidus
temperature down to a temperature (T) of about 740°C, which corresponds to a
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residual melt fraction of about 0.1. If a fixed amount of enthalpy is extracted from the
magma during solidification, which would be appropriate for quasi-eutectic magma
compositions (Gualda et al. 2018), the number of modelling steps within a given
temperature interval becomes proportional to the time spent by the magma within
a given interval of temperature. This is important to be able to quantify the total
time that magma spends within the temperature and crystallinity range at which the
conditions are most conducive to melt extraction (Dufek & Bachmann 2010). Consid-
ering that the rate of heat loss will decrease during magma crystallisation because of
the decreasing temperature difference between magma and host rocks, our approach
increasingly underestimates the time spent within a given temperature range. This
is especially the case at intermediate to high crystallinities, where segregation of
interstitial melt takes place. The differences between this scenario and one more
appropriate for non-eutectic magmas, for which the non-linear rate of heat release
over time must be considered, is addressed by thermal modelling.

4.3.3 Thermal models

To provide constrains on the timescales of melt extraction, we use thermal modelling
to compute the temporal evolution of temperature in instantaneously emplaced
cylindrical magma bodies of various volumes, aspect ratios and initial water contents.
We solved the two-dimensional axisymmetric formulation of the heat conduction
equation, which can be written as:

5T 16 ( 6T\ & (6T 5

were T is the temperature, t is the time, r is the radial coordinate relative to the
symmetry axis, z is the depth, k is the thermal conductivity, L is the latent heat of
crystallisation, p is the density, c is the specific heat and X, is the fraction of crystals in
the magma. For a list of the parameters used in the modelling the reader is referred
to Table C.3. The calculations were performed on a numerical grid using an explicit
finite difference discretisation of the above equation. The model considers latent
heat of crystallisation, which was implemented using our rhyolite-MELTS results to
parametrise the crystal fraction (X;) versus temperature for the different initial water
contents used in this study (Figure 4.5a). As the dependence of X, on T is non-linear,
the governing equation was solved using an iterative strategy. In all models, we
integrated an initial geothermal gradient of 25°C km~! and a temperature-dependent
thermal conductivity (k) as described in Whittington et al. (2009) for average crust.
The upper (i.e. surface) and lower boundary (i.e. 25-35 km) in the models was set
to a fixed temperature determined by the initial geothermal gradient, while zero
flux boundary conditions were imposed on the left and right side. Cooling due to

circulation of hydrothermal fluids around the magma reservoir was neglected in
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FIGURE 4.3: Comparison between rhyolite-MELTS simulations (lines)
and the matrix glass compositions (circles) measured between 950°C
and 800°C by Costa et al. (2004). The colour contouring indicates
the initial water content of the starting material (Costa et al. 2004).
Rhyolite-MELTS and experiments are in broad agreement and show
the effect of initial water content on the chemical evolution (i.e. SiO,,
AlyO3, NayO, Ky0) of residual melt with decreasing temperature. No
experimental data is available below 800°C.
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the modelling and the potential effects of this simplification are discussed in the
following.

The setup consists of a 25 x 25 km domain for magma volumes of 100 and 1000
km?3, and a 35 x 35 km domain for intrusion of 10.000 km?, using 400 x 400 numerical
grid for all simulations (Figure C.1). In each model the magma body was intruded
instantaneously at 10 km depth at its liquidus temperature and crystallised to near
solidus conditions, as determined by the rhyolite-MELTS simulations. To test the
effect of reservoir shapes on the solidification history, we ran models with intrusion
aspect ratios of 2 and 10 for magma volumes of 100 and 1000 km?, while model pluton
volumes of 10.000 km? were only performed with an aspect ratio of 10, due to the large
vertical extent of such reservoirs, which makes the application of a single melt fraction-
temperature relation unreasonable. Finally, to compare melt segregation velocities to
solidification timescales we tracked the temporal propagation of isotherms and melt

fraction with depth in the centre of the intrusion.

4.4 Results

4.4.1 Thermal, chemical and physical evolution of dacitic magma

Water has an important effect on phase equilibria as it depresses liquidus temperatures
and modifies the relationships between temperature, crystallinity, and the physical
properties of magmas over a wide range of chemical compositions (e.g. viscosity
and density of the residual melt; Blatter et al. 2013, Caricchi et al. 2007, Giordano
et al. 2008, Lange 1994, Melekhova et al. 2013, Miintener & Ulmer 2018, Ulmer et al.
2018, Whitney 1988, Hess & Dingwell 1996). Crystallisation of magma leads to a
non-linear increase of silica and H>O content in the residual melt (Figure 4.4a-d).
Once the residual melt becomes water saturated, H,O;-undersaturated magmas
join the T-melt fraction trajectory of initially water-saturated magma (Figure 4.4b).
The non-linear relationships between melt fraction and temperature, contributes
to modulate both the timescales magma spends at different temperatures, and the
temporal evolution of the physical properties of the residual melt during progressive
magma crystallisation. In crystallising magma reservoirs, magma spends relatively
more time at temperatures at which the rate of crystallisation (i.e. rate of latent heat
release) is highest (Marsh 1981, Caricchi & Blundy 2015a). Thus, if the crystallisation
rate increases once rheological locking is achieved, magma will spend relatively more
time at these temperature conditions (Huber et al. 2009, Caricchi & Blundy 2015a).The
time is even larger considering that the rate of heat release from magma reservoirs
drops with cooling and progressive decrease of the thermal gradient between magma
and host rocks.
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FIGURE 4.5: Physical melt fraction and physical properties of residual
melt and magma calculated with rhyolite-MELTS. (a) Relationship
between melt fraction and temperature. (b) Evolution of melt viscos-
ity (logarithmic) as function of melt fraction. (c) Density difference
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Magmas with lower water contents will achieve rheological locking at higher
temperatures with respect to more water-rich magmas, which will, in turn, impact
viscosity, density and velocity of residual melt extraction (Figure 4.5b, ¢; Bachmann
& Bergantz 2004). Our calculations show that regardless of the initial water content
of the magma, residual melt viscosity increases down to melt fractions of 0.5 to
0.4 because of decreasing temperature and increasing silica content. At lower melt
fractions (<0.4) and once volatile saturation is achieved, the viscosity of the residual
melt remains relatively constant independent of the initial water content (Figure 4.5b).
Relatively dry melts (H>O; 2 wt.%) reach a maximum in viscosity before joining the
same trajectory of water-richer magmas at lower temperatures (Figure 4.5b). The
contrast in density between the solid phase and residual melt spans a wide range
of values near liquidus conditions (for different H,O;) but becomes less dependent
on H,O; for melt fractions <0.6 (Figure 4.5c). The ratio of the difference in density
between crystals and residual melt and the viscosity of the residual melt, which
is directly related to the velocity of melt extraction (Bachmann & Bergantz 2004),
generally increases with water content (Figure 4.5b, c).

Based on the physical properties of residual melt and magma, the melt extraction
velocity is the fastest for H>O;-saturated magmas. However, the total time spent by
magma at melt fractions <0.6 (i.e. rtheologically locked conditions) is inversely pro-
portional to the initial water content (Figure 4.5d). To assess the relative importance
of the initial water content on the physical properties of magma and the timescales
available for melt segregation to occur, we calculate the velocity of melt extraction by
hindered settling (Bachmann & Bergantz 2004) and compaction (McKenzie 1984) for
granodioritic-dacitic magma for melt fraction <0.6. We notice that the formulations
used to calculate the velocity of melt extraction are rather simplified, however, such
order of magnitude estimates are important to compare the efficiency of residual melt
for magmas with different H,O;. We do not consider the presence of excess magmatic
fluids (i.e. H,O, CO,, S) during melt extraction, which can have both positive and
detrimental effects on the efficiency of melt extraction (Boudreau 2016, Caricchi et al.
2018, Parmigiani et al. 2016, Pistone et al. 2015, Sisson & Bacon 1999).

4.4.2 Velocities of melt segregation

Hindered settling and compaction-driven segregation describe the relative motion
and separation of liquid (i.e. melt) and solid (i.e. crystal) in a two-phase system (i.e.
crystallising magma). The process of particle settling in a monodisperse suspension is
described by hindered settling (Equation 4.2). Compaction-driven segregation defines
the process of compacting a porous crystalline mush and resulting melt expulsion
(Equation 4.3). A detailed evaluation of hindered settling and compaction-driven
segregation processes is presented in Bachmann & Bergantz (2004) and Lee & Morton
(2015).
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To obtain velocities for hindered settling (Uj;) and compaction-driven segrega-
tion (Veomp) for crystallising dacitic magma we use the physical properties obtained
from rhyolite-MELTS simulations. We calculate segregation velocities following the
equations provided by Bachmann & Bergantz (2004; and references therein):

_2r’ghp (1—c)?

Ups

(4.2)

Vieomp = (1 — gb)Ap‘LiP 4.3)

Where  is the crystal radius, g is gravitational acceleration (9.81 m s™1), Ap is the
density difference between crystal and melt, y is the viscosity, c is the crystal fraction,
x is the permeability and ¢ is the porosity. The permeability is calculated from the
porosity, crystal radius and permeability coefficient (K) after McKenzie (1984):

_ P
K= W (4.4)

We consider that porosity is equal to melt fraction and we use K values between 50
and 200 (Bachmann & Bergantz 2004, Pistone et al. 2015). Here we assume monodis-
perse suspensions of melt and crystals. As magmas contains crystals of different
sizes, and this tends to reduce the permeability with respect to monodisperse systems
(Bachmann & Bergantz 2004, Rust & Cashman 2011), the volumetric rates of melt

extraction calculated here for each grain size are maximum estimates.

To calculate and compare segregation velocities for dacitic magmas with different
initial water content, we first assume that no convection occurs and that magmas
are rheologically locked at crystallinities >40 wt.%. Based on Equation 4.2, velocities
for hindered settling vary between 3.6 and 0.06 m yr~! for water-saturated magmas
and melt fractions decreasing from 0.6 to 0.2 (Figure 4.6a) using a crystal radius of 3
mm. Velocities for under-saturated magmas are lower (i.e. 1 wt.% HO;; Figure 4.6a)
and decrease from about 0.22 to 0.02 m yr~! with increasing crystallinity. Segregation
velocities for H,O; >3 wt.% increase in similar fashion as water saturated melts
within the rheologically locked interval (Figure 4.5a, 4.6a). Melt segregation of
undersaturated magmas with water content <3 wt.% occurs on timescales up to one
magnitude slower as they become water saturated at lower temperature and at higher
crystallinities resulting in slower melt extraction velocities. The timescales of melt
extraction processes strongly depend on the crystal size and vary by more than one

order of magnitude when considering crystal radii of 1 to 5 mm (Figure 4.6b).

We also calculate the velocity of melt extraction considering compaction using a
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fraction for magma with different water content for hindered settling
(a, b) and compaction-driven segregation (c, d). (a) Hindered settling
velocity for different initial water contents (H,0;) and crystal radius of
3 mm. (b) Hindered settling velocity for water saturated magma con-
taining crystals of different radii (r). (c) Velocity of compaction-driven
segregation for different initial water content and magma with crystal
of 3 mm radius. (d) Compaction-driven segregation velocity for water-
saturated magma, calculated for different permeability coefficients (K)
and crystal radius of 3 mm. Segregation velocities are calculated using
the physical properties obtained from rhyolite-MELTS simulations.
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permeability coefficient of 50 and a crystal radius of 3 mm and obtain values between
22 myr ! and 5.0 x 107* m yr~! for water saturated magma and between 1.4 x
107! myr~! and 3.9 x 107* m yr~! for water undersaturated magma. Segregation
velocities decrease up to one order of magnitude when applying larger permeability
coefficients (i.e. 100-200; Figure 4.6d). Velocities of melt extraction for compaction-
driven segregation and hindered settling are similar at melt fractions between 0.6
and 0.5, however, compaction velocities decrease more rapidly with decreasing melt
fraction than hindered settling (Bachmann & Bergantz 2004, Lee & Morton 2015).
Below melt fractions of 0.2, the velocity of compaction driven segregation has been
shown to increase relative to hindered settling (Lee & Morton 2015). Our results show
that residual melt separates most effectively from highly crystallised dacitic magmas
if the initial water concentration is equal or greater than 3 wt.%, independently of
the extraction mechanisms considered (Figure 4.6). As phase equilibria and H,O
solubility are both affected by pressure, 3 wt.% HO,; is a threshold value appropriate
for confining pressures of 200 MPa. The increase of H,O solubility with pressure
could increase the efficiency of melt-extraction at mid to deep crustal levels (i.e. 15-20
km depths), where potentially larger H>O; would result in lower melt viscosity and
accelerate segregation processes. At such depths, the rate of heat release from magma
reservoir is also lower, which would also increase the time available for segregation
of residual melt.

4.4.3 Crystallisation timescales of hydrous felsic magma

The thermal modelling results allow us to constrain the crystallisation timescales
of hydrous dacitic magmas at melt fraction between 0.6 and 0.2, where segregation
is most efficient (Dufek & Bachmann 2010). We track the position of the isotherm
corresponding to a given melt fraction along a vertical section through the middle
of the intrusion. Each isotherm propagates from the base and the top of the intru-
sion toward its inner portions (Figure 4.7a). We define the “maximum segregation
timescale” as the time difference between the moment the isotherms corresponding

to melt fractions of 0.6 and 0.2 reach the centre of the intrusion (Figure 4.7b).

The thermal models show that magmas with low initial water contents (i.e. <3
wt.% H>O;) spend substantially more time at rheologically locked conditions than
magmas that are initially water-saturated (Figure 4.8). For reservoir volumes of 100,
1000, and 10.000 km3, the maximum timescale for segregation increase from 13 kyr,
61 kyr and 274 kyr for water saturated magmas to 19 kyr, 84 kyr and 349 kyr, and 20
kyr, 94 kyr and 444 kyr for magmas with initial water contents of 3 and 2 wt.% H,0;,
respectively. The timescales available for melt segregation increase by a factor of 4 to
5 with decreasing aspect ratios from 10 to 2 (Figure 4.8).

To estimate the maximum melt migration distances, we first calculate the average
segregation velocity of hindered settling and compaction (Equation 4.2, 4.3) for each
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FIGURE 4.7: (a) Vertical position of the isotherms, corresponding to
different melt fractions (My), along a vertical section through the centre
of the intrusion as function of time. Reservoir thickness of 0 m presents
the top. Location of isotherms are shown for a dacitic magma with
initial water content of 2 wt.%. (b) Maximum segregation timescales
for magma reservoirs with different initial water content. Isotherm
curves are shown for a magma reservoir of 1000 km? with an aspect
ratio (AR) of 10. The Maximum segregation timescale increases with
decreasing initial water content of the magma.

melt fraction interval of 0.1 between 0.6 and 0.2. Secondly, each of these values
are multiplied by the time required by the corresponding isotherm to reach the
core of the intrusion, once the melt fraction within the reservoir has reached 0.6
(Figures 4.7a, 4.9a,b). Because of the relatively high segregation velocities at melt
fractions between 0.6 and 0.5, the residual melt can migrate large distances over the
duration of isotherm propagation from 0.6 to 0.5 (Figures 4.6, 4.9a,b). For example,
maximum segregation distances fall in the order of tens of kilometre for a magma
reservoir with a volume of 1000 km3 (Figure 4.9a,b). The timescales for melt to travel
to the roof are fastest for water saturated magma increasing from 600 to 2500 yr
for water-saturated magmas and magmas with an initial water content of 2 wt.%,
respectively (Figure 4.9b). These values decrease to about 300 to 1200 yr for reservoir
volumes of 100 km? and increase to about 1300 and 5400 yr for magma reservoirs
with a volume of 10.000 km?® (Figure 4.9b). For a reservoir of 1000 km?, the time
required for the extracted melt to reach the roof by compaction-driven segregation is
twice as long and range from 1300 to 5700 yr for water saturated and magma with 2

wt.% H,0O;, respectively.

4.5 Discussion

4.5.1 Segregation timescales of the Takidani Pluton

Magmas of the Takidani Pluton were initially HyO-undersaturated with water con-
tents of about 3 to 4 wt.% (Hartung et al. 2017, Costa et al. 2004). During crystallisation
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and melt evolution the residual liquids would have reached volatile saturation at melt
fractions between 0.70 (i.e. 4 wt.% H>0;) and 0.55 (i.e. 3 wt.% H>O;) and temperatures
around 820°C to 780°C (Figure 4.5a,b). At this point an increase of crystallisation rate
and release of latent heat of crystallisation would have resulted in near isothermal
crystallisation. A potential indication of this process may come from amphibole
thermometry, which suggest the crystallisation of this phase occurred almost entirely
in between 800°C and 750°C (Hartung et al. 2017). This could support our hypothesis
that magma was thermally buffered over long time periods by the release of latent

heat of crystallisation.

Based on our rhyolite-MELTS simulations and thermal modelling we estimate the
maximum and minimum timescales over which melt segregation took place in the
Takidani Pluton. We consider that the column of melt (k) is equal to the thickness of
the porphyritic unit (270 m; Figure 4.1, Hartung et al. 2017). Velocities of hindered
settling segregation of magma with initial water content of 3 to 4 wt.% range from 3.1
m yr~! to about 0.06 m yr~—! between 0.6 and 0.2 melt fraction for an intermediate
crystal radius of 3 mm, which is considered appropriate for granitoids (Bachmann
& Bergantz 2004, Lee & Morton 2015) including the Takidani pluton (Figure 4.1,
Hartung et al. 2017). This would imply that the extraction of the melt producing the
porphyritic unit of the Takidani pluton required between about 100 yr and 5000 yr. If
we considered a smaller crystal size (i.e. 1 mm) the time required for segregation by
hindered settling would increase by approximately one order of magnitude to 1000 yr
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and 45 kyr. Velocities for compaction-driven segregation for the same water contents
and crystal size (i.e. 3 mm) vary between 0.5 m yr~! and 0.0001 m yr~! leading to
much slower extraction timescales of about 800 yr to 2 Myr.

The Takidani Pluton has an exposed horizontal extension of about 14 km and
exposed vertical extension of about 2 km, which implies a minimum volume of 300
km? considering a cylindrical shape. The results of our thermal models show that the
time available for segregation in the Takidani Pluton with magmas containing 3 to 4
wt.% H,O; varies between 40 and 120 kyr for aspect ratios of 10 and 2, respectively
(Figure 4.8). The thermal modelling and velocity calculations we performed, show
that compaction-driven segregation generally operates at timescales that are larger
than estimated solidification timescales and therefore cannot explain the observed
segregation in the Takidani Pluton. Hindered settling, on the other side, is a much
faster process that can explain the observed melt segregation in the Takidani Pluton.
Only in the eventuality that segregation would have started at melt fraction smaller
than 0.3, the porphyritic unit of the Takidani pluton would not represent a melt-rich
cap near the roof of the pluton. Considering that the base contact of the pluton is
tectonic and therefore its volume could be considerably larger than 300 km?, our
results show that sufficient time was available for melt segregation to occur and to
form a melt cap via hindered settling (Figure 4.10) or processes that operate at similar
timescales (i.e. gas filter pressing; Sisson & Bacon 1999). Moreover, evidence from
quartz hosted fluid inclusion studies suggest that the Takidani Pluton developed
a liquid-dominated hydrothermal systems at some point in the past (Bando et al.
2003, Sekine et al. 2001). Heat advection associated with hydrothermal circulation is
not considered in our calculations but would have increased the rate of heat release
depending on the vigour of fluid convection (Delaney et al. 1995). This directly
decreases the time available for melt segregation (Dutrow et al. 2001), thus increasing
the potential for melt to form isolated melt lenses instead of a large cap on top of

magmatic reservoirs.

4.5.2 The control of H,O; on the extraction of residual melt from crys-
tallising magmas

Geochemical and petrologic studies show that crystal poor rhyolites are sourced either
from caps at the top of partially crystallised reservoirs (Bachmann & Bergantz 2004,
Hildreth & Wilson 2007), or from the amalgamation of isolated melt pockets dispersed
within a highly crystallised magma (Wotzlaw et al. 2014, Ellis et al. 2014). The
processes responsible for the generation of reservoirs with such distinct architecture
are not yet fully understood. The total distance over which melt migrates before the
system cools to its solidus temperature, controls the final distribution of crystal-poor
felsic melt in magmatic reservoirs. Thus, the maximum amount of rhyolitic melt that
can potentially be accumulated depends on the initial water content and temperature
of the magma, the volume and shape of the magma body and the temperature
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difference of the intruding magma and the host rock (i.e. thermal gradient). We
have illustrated that the initial amount of water dissolved in magmas affects (1) the
physical properties and segregation velocities of residual melts (Figures 4.5, 4.6) and
(2) the total amount of time spent within the rheologically locked temperature interval
(Figures 4.7, 4.8; Caricchi & Blundy 20154).

Our calculations show that crystal size is an important factor controlling segre-
gation velocities of residual melt (i.e. Bachmann & Bergantz 2004), while the initial
water content affect both the melt extraction velocity and the release of latent heat,
which, in turn, modulates the time spent by the magma within different temperature
intervals. Volume and shape of the magma reservoir affect the thermal evolution
and timescales of reservoir solidification. In case of hindered settling, residual melts
of magmas that contain at least 2 wt.% H,O; are extracted sufficiently fast to form
melt rich caps at or near the roof of the magma reservoir (Figure 4.8) considering an
intermediate crystal size of 3 mm. Magma reservoirs that have a minimum volume
of 1000 km? can facilitate complete melt segregation for smaller crystal sizes (Fig-
ure 4.10a). On the other hand, smaller magma bodies (i.e. 100 km?) with less than 2
wt.% H,O; are less likely to form any melt-rich body. Although magmas with 1 wt.%
H,0; spent half of their solidification time within the rheological locking temperature
window (Figure 4.5d), the high viscosity of the residual melt (i.e. low segregation ve-
locity) does not favour the formation caps or melt-rich lenses of crystal poor rhyolite
under the modelled conditions. The boundaries between caps and lenses, thus, may
largely depend on the segregation velocity of the residual melt. Slower segregation
of the residual melt, for instance through compaction or through hindered settling
in magma with smaller crystals (<3 mm radius; Bachmann & Bergantz 2004), will
decrease the probability of forming caps of crystal-poor rhyolitic melt and increase
the probability of forming isolated melt-rich lenses.

The onset of melt segregation processes can play an important role in the for-
mation of crystal-poor rhyolite (Figures 4.9, 4.10). The likelihood of forming a
crystal-poor cap is very high when segregation processes start early within the
rheologically locked crystallinity window, and segregation velocities remain elevated
(Figures 4.6a, 4.10a). Unless magmas are extremely dry (1 wt.% H>0;), the initial
water content of the magma does not seem to play a major role in controlling the
architecture of the reservoir and melt distribution when melt extraction occurs at high
melt fractions (i.e. 0.6; Figure 4.9a,b). The timescales of melt accumulation, however,
are strongly dependent on the type of segregation process (i.e. hindered settling and
compaction) and on the initial water content: melts containing higher amounts of
water migrate faster (Figure 4.9a,b) because of their lower viscosities (Figure 4.5b).
When the onset of melt segregation occurs at relatively low melt fractions (i.e. 0.3), the
initial water content may influence whether caps or separate lenses are formed. Water
undersaturated magmas may have a higher chance to form melt caps compared to
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magmas with higher water contents, because of their prolonged cooling timescales at
rheologically locked conditions (Figure 4.10c). Overall, at low melt fraction timescales
for melt segregation are short, which together with low segregation velocities de-
crease the capacity of these magmas to form thick melt rich bodies near the roof of

the reservoir and the formation of isolated melt-rich lenses becomes more likely.

4.6 Conclusion

The interplay between magma water content, the viscosity of residual melt, the
density contrast between residual melt and crystals, and the time spent within the
rheologically locked crystallinity interval, favoured the extraction of residual melt
from the Takidani pluton (Figure 4.5). Our time estimates for melt segregation indicate
that the extraction of residual liquids in silicic reservoirs like the Takidani Pluton
occurs over centuries and millennia which is consistent with similar studies (also see
Bachmann & Huber 2018).

While the initial water content in magma has a significant control on the segre-
gation timescales of magmatic reservoirs, the architecture of magmatic reservoirs is
controlled by the magma crystallinity, crystal size and permeability at the onset of
melt segregation processes. The results from our models suggest that hydrous felsic
magma are prone to form large melt caps at the roof of a magma reservoir if segrega-
tion occurs early at intermediate melt fractions (e.g. 0.6-0.5). However, if segregation
starts at low melt fractions (i.e. compaction-driven segregation), silica-rich melts may
not be able to reach the roof of magma reservoirs because of their low segregation
velocity and may form isolated melt lenses within highly crystallised magma. A
similar reservoir configuration is likely for water-poor magmas, as residual melt
segregation require longer timescales (Figure 4.7). The drainage of isolated crystal
poor lenses of magma during eruption may account for the chemically heterogeneous
nature of rhyolitic eruptions in relatively dry systems such as Yellowstone (Ellis
et al. 2014, Wotzlaw et al. 2014). We notice that our study focuses on felsic magmas
characteristic of some of the large eruptions on Earth; the dependency of viscosity
and density of magma and residual melt on chemistry does not warrant the extension
of our conclusions to systems of significantly different chemistry.

The timescales of melt segregation vary by several orders depending on the
crystal size and the mechanism that dominates the extraction process (Figure 4.6b).
The extremely short timescales obtained from geochronology and geospeedometry
(months to decades; Druitt et al. 2012, Gualda et al. 2018, Wilson & Charlier 2016), are
difficult to explain by gravity-driven segregation even considering a large crystal size
(>5 mm).
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Despite limitations, our calculations provide a framework to deduce some of the
additional factors that may influence the capacity of magmatic systems to contain
lenses or caps of eruptible felsic melt. For example, large systems such as Yellowstone
host well-developed hydrothermal systems, which increases the rate of heat extrac-
tion from magmatic systems with respect to what we consider here. This directly
decreases the time available for melt segregation (Dutrow et al. 2001), thus increasing
the potential for melt to form isolated melt lenses instead of large caps on top of
magmatic reservoirs. Ultimately the complex feedbacks between magma chemistry
and its physical properties and the thermal evolution of magmatic systems require a
multidisciplinary approach (Gualda et al. 2018, Holness 2018, Huber & Parmigiani
2018) to identify the potential signs of an impending volcanic eruption. Our results
suggest that for hydrous felsic magmatic systems the initial water content of magma
play an important role on the extraction of residual by affecting both the evolution
of the physical properties of magma with temperature and the time magma spends

within different temperature intervals.
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Chapter 5

Relationships between the
Takidani Pluton and
caldera-forming eruptions

5.1 Abstract

The Takidani Pluton is thought to represent the exhumed magma reservoir that fed
two voluminous volcanic eruptions including the Nyukawa Pyroclastic Flow Deposit
and Chayano-Ebisutoge Pyroclastic Deposits. In this study, we use major and trace
element chemistry of whole-rock, glass and minerals to (1) reconstruct the architecture
of the magmatic plumbing system, and (2) to establish genetic links between the

volcanic and plutonic rocks.

Whole-rock and glass compositions of the volcanic and plutonic rocks lie on
parallel trends that range from low-silica dacite and granodiorite to high-silica rhyo-
lites and granites. Trace element variations of the different units also follow similar
trends indicating a genetic relationship between the volcanic and plutonic units.
Trace element variations of the Takidani Pluton, Nyukawa PFD and Ebisutoge PD
can generally be reproduced by crystal fractionation of plagioclase, orthopyroxene
(£ clinopyroxene, amphibole), iron oxides, apatite and zircon from a source that
corresponds to the Hotaka Andesite. The granitic units of the Takidani, on the other
hand, require fractionation of amphibole and biotite and a mineral assemblage that

corresponds to the granodiorites of the Takidani Pluton.

Plagioclase phenocrysts of the Takidani Pluton contain resorbed high-Anorthite
(Angg_7p) cores that are overgrown by an oscillatory zone mantle (Angp—30) and a sodic
rim (Anzg_1p). Trace element chemistry and a sharp decrease in anorthite content in
the plagioclase rims composition are consistent with crystallisation at the granitic
minimum. Plagioclase crystals of the Nyukawa PFD crystals are oscillatory zoned
(Angp—3s) and show a general increase in FeO content towards the rim indicating
replenishment of more mafic melt. The homogeneous trace element content of
plagioclase rims reflect homogenisation prior to eruption. Ebisutoge PD contains
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plagioclase crystals that commonly display resorption and overgrowth of sodic cores
(Angg). The increase in An content and variations in trace elements are consistent
with reservoir replenishment by hotter and more mafic magma. Crystals are normally
zoned towards the rims (Ango_23). Plagioclase of the Takidani Pluton and Nyukawa
PFD are indistinguishable in major, and trace elements suggesting crystallisation from
a common source. Ebisutoge plagioclase, however, have Sr and Eu concentrations
that are much higher and cannot be explained with crystallisation from a Takidani-
type magma. However, Ebisutoge plagioclase contain xenocrystic cores that have
major and trace element compositions comparable to the plagioclase in the Takidani
Pluton and Nyukawa PFD suggesting interaction between these two magma types.

Our data suggests that the crystal-rich Nyukawa Pyroclastic Flow Deposit (>400
km?) is a reactivated portion of a deeper section of the Takidani magmatic reservoir.
The 10 kyr younger Ebisutoge-Chayano crystal-poor rhyolite (>100 km?) is chemically
distinct from Takidani magmas showing evidences for crustal melting. Our petrologi-
cal investigations of the shallow magmatic system and erupted deposits suggest that
the voluminous rhyolites are not extracted melts from the Takidani pluton. Instead
the Chayano-Ebisutoge magmas were produced with a substantial contribution of
crustal melting. The Nyukawa PFD, on the other hand, can be related to the Takidani
Pluton.

5.2 Introduction

The relationship between volcanic and plutonic rocks has important implications
for the evolution of magmas in the continental crust and generation of large silicic
eruptions. Geochemical studies show that volcanic and plutonic rocks are essentially
identical in composition, and add to a common view that plutons resemble frozen
magma reservoirs that fed volcanic eruption (Lyell 1838). Crystal poor high-silica
magmas (i.e. rhyolites) are commonly regarded as products of residual melt segrega-
tion from a crystallising magma reservoir (Bowen 1928, Brophy 1991, Hildreth 2004,
Bachmann & Bergantz 2004). Plutons of intermediate composition (i.e. granodior-
ites) are considered in some cases as crystal residues or cumulates left behind after
extraction and eruption of the interstitial rhyolitic melt (Bachmann & Bergantz 2004).
Evidence for crystal-liquid segregation is drawn from volcanic sequences in systems
where fractional crystallisation appears to control magma evolution, however, few
cases of large melt extraction are found in the plutonic record (Bachl et al. 2001, Walker
et al. 2015, Lee & Morton 2015, Schaen et al. 2017, Hartung et al. 2017). Moreover, a
lack of coexisting plutonic and volcanic deposits makes it difficult to distinguish the
extent of the relationship between plutonic and volcanic rocks.

In Japan, we have the unique opportunity to examine a young and active caldera-

forming system where two types of volcanic deposits (i.e. high-silica ignimbrites and
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monotonous magmas; Huber et al. 2012 and references therein) and a nearly 2 km
thick section of its potential magma reservoir (i.e. Takidani Pluton; Harayama 1992)
are exposed. The eruptive units include the Nyukawa Pyroclastic Flow Deposit (PFD)
and the Chayano-Ebisutoge Pyroclastic Deposit (PD), some of the largest eruptions in
Central Japan near the Plio-Pleistocene boundary (1.75-1.76 + 0.17 Ma; fission track;
Harayama et al. 1991, Nagahashi et al. 2000). The volcanic units comprise pyroclastic
material of about 500 km® DRE (Kimura & Nagahashi 2007, Oikawa 2003), and are
preserved in stratigraphic order in the Takayama Basin (Figure 5.1a; Nagahashi 1995,
Nagahashi et al. 2000). The deposits change from orthopyroxene-clinopyroxene-
bearing crystal-rich dacite (Nyukawa PFD) to orthopyroxene-hornblende bearing
crystal-poor rhyolites (Chayano-Ebisutoge PD) in 10 kyr (Kimura & Nagahashi 2007).
The welded ignimbrites and co-ignimbrite ash fallout of the three deposits spatially
overlap and distribute concentrically around what is supposed to be a common
eruption centre, located about 40 km north-east Hotake-Dake (Figure 5.1b; Kataoka
et al. 2001, Nagahashi et al. 2000), where the young Takidani Pluton is located.

Here we explore the relationships between the volcanic and plutonic units of
the Takidani Pluton and Nyukawa PFD and Chayano-Ebisutoge PD using major
and trace element chemistry of whole rock, glass and minerals. The fundamental
questions that we address in this contribution include: (1) is Takidani Pluton the
exhumed magma reservoir that fed the Nyukawa and Chayano-Ebisutoge eruptions?
(2) How were the Nyukawa dacite the Chayano-Ebisutoge rhyolites generated? (3)
Was the Chayano-Ebisutoge PD generated by melt extraction from the Takidani
Pluton? Our study provides new insights into silicic magmatism and the generation

of caldera-forming eruptions.

5.3 The Volcanic Units

5.3.1 The Nyukawa PFD

The Nyukawa Pyroclastic Flow Deposit (PFD) is a thick welded dacite flow unit
exposed in the Takayama basin (Figure 5.2a) and Matsumoto basin, of up to 100 m
thickness (Kimura & Nagahashi 2007, Nagahashi 1995, Nagahashi et al. 2000). The
erupted volume has been estimated to exceed 400 km® DRE (Oikawa 2003). The
chemical signature and spatial distribution of correlated tephra beds (Hotaka-Kd
39) point towards an eruption centre in the Hotaka area in the central Northern
Japan Alps (Kataoka et al. 2001, Nagahashi et al. 2000). The age of the Nyukawa
PDF is estimated at 1.76 £ 0.17 Ma using fission track dating (Harayama 1999,
Nagahashi et al. 2000). The Nyukawa PDF is crystal-rich (about 30-40%) and contains
plagioclase, orthopyroxene, clinopyroxene, iron oxides and trace amounts of quartz
and hornblende. Zircon and apatite are common accessory phases.
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¥ Ebisutoge PD

quartz veins

FIGURE 5.2: Proximal deposits of the Nyukawa Pyroclastic Flow De-
posit (a) and Chayano-Ebisutoge Pyroclastic Deposit in the Takayama
Basin. (c) Leucrocratic segregation with porphyritic plagioclase in
granodioritic host rock observed on large boulders in the Shiradaashi-
zawa valley. (d) Aplitic dike cross-cuts the granodiorite unit of the
Takidani Pluton and embedded rounded enclave. (e) Mafic-felsic inter-
action in the Takidani Pluton and break-up of a mafic injection in the
granodiorite, observed in a large boulder in the Shiradashi-zawa val-
ley. (f) Intrusion of quartz veins and fracturing of the Hotaka Andesite
welded-tuff at the roof of the Takidani Pluton.
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5.3.2 The Chayano-Ebisutoge PD

The Chayano Tuff and Ebisutoge Pyroclastic Deposit (PD) are a sequence of rhy-
olitic voluminous ash fall and pyroclastic flow deposits (Figure 5.2b). The Chayano-
Ebisutoge PD has an estimated eruptive volume of 380-490 km? (Kimura & Nagahashi
2007, Nagahashi et al. 2000) with a DRE of >100 km? (Kataoka et al. 2001). The outflow
deposits are found in the Takayama Basin and Matsumoto area, and sit on top of the
Nyukawa PDF (Kataoka et al. 2001, Nagahashi et al. 2000). The Chayano Tuff and
Ebisutoge PD have been correlated with the Fukuda-Kd38 ash (Kataoka et al. 2001), a
widespread marker bed distributed across Honshu Island. The stratigraphic location
of the Fukuda tephra beds in sea sediments suggest that the rhyolites erupted only 10
kyr after the Nyukawa PFD at about 1.75 Ma (Harayama 1999, Nagahashi et al. 2000,
Yoshikawa et al. 1996). The overlapping spatial distribution of pyroclastic deposits
suggest that the Chayano-Ebisutoge PD was erupted from the same location of the
Nyukawa PDF (Nagahashi et al. 2000).

The Chayano Tuff consists of pyroclastic fall (Chayano Tuff I) and non-welded
flow deposits (Chayano I and II). The deposit is up to 4 m thick (Figure 5.2b) and
associated with phreato-plinian activity (Kataoka et al. 2001). The Chayano Tuff
contains plagioclase, iron oxides, hornblende, orthopyroxene and traces of clinopy-
roxene, biotite and zircon (Nagahashi et al. 2000). The Ebisutoge PD comprises four
main units (Figure 5.2b; Nagahashi 1995, Nagahashi et al. 2000): Unit-A, a 20 cm
thick pumice fall out containing small amounts of rock fragments; Unit-B, a up to
10 m thick unconsolidated flow unit containing pumice and rock fragments; Unit-C,
a 10 to 20 cm thick pumice fall out containing small amounts of lithics; and Unit-D
a >30 m thick welded ignimbrite containing fiamme (Nagahashi et al. 2000). The
Ebisutoge PD is characterised by the abundance of plagioclase, iron oxides (magnetite
and trace amounts of ilmenite), orthopyroxene and trace amounts of amphibole,
biotite, clinopyroxene and quartz. Zircon is present as accessory phase. Detailed
stratigraphic description and mineral fractions of the proximal and distal deposits
are presented in Kataoka et al. (2001), Nagahashi (1995) and Nagahashi et al. (2000).
Chemical and mineralogical data are presented in Kimura & Nagahashi (2007).

5.4 The Takidani Pluton

The Takidani pluton is one of the youngest exhumed intrusions on Earth (1.6 Ma
£0.1, U-Pb ages of in-situ and detrital zircons; Ito et al. 2017, Harayama 1992). It is
located between Yake-Dake and Hotaka-Dake in the Hida Mountain Range in the
central Northern Japan Alps (Figure 5.1). The Takidani Pluton is emplaced at the
base of the Hotaka Andesite, a co-genetic series of tuffs, lavas and porphyritic sills
constituting a caldera fill sequence. High exhumation rates of the Central Alps and
eastward tilting of the pluton lead to an estimated 2 km vertical exposure of this

zoned intrusion (Harayama et al. 2003).
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The Takidani pluton consists of at least six texturally and chemically distinct
lithological units (Figure 5.1b), which contain plagioclase, quartz, alkali feldspar,
hornblende and/or biotite and iron oxides in varying amounts (Bando et al. 2003,
Hartung et al. 2017). Apatite (0.2-0.3%), titanite (0.1-0.3%) and zircon (0.02%) are
common accessory minerals. A gradual transition in textures and chemistry from
equigranular granodiorite (GDT) to more porphyritic granodiorites and granites
(pGT) is observed in the upper part of the pluton. The simultaneous increase in the
melt-matrix fraction of quartz and feldspars from 50 to 70 area% is interpreted to
result from upwards melt segregation and accumulation (Figure 5.2c; Hartung et al.
2017, Chapter 4). The fine-grained nature of the segregated porphyritic granodiorite
(pGT) near the roof of the reservoir may be indicative of rapid crystallisation of
rhyolitic melt as result of eruption-induced decompression of the magma reservoir
(Hartung et al. 2017). Mafic enclaves and aplitic dikes are present throughout the
pluton (Figure 5.2d). Decimetric to metric scale enclaves are also observed in blocks
at the base of the pluton (Figure 5.2e).

The Takidani Pluton is associated with two large caldera-forming events in the
Late Pleistocene that produced the Nyukawa PFD and Chayano-Ebisutoge PD
(1.76-1.75 Ma; Nagahashi et al. 1996, 2000). Chemical, temporal and field constraints
indicate close relationships between the volcanic and plutonic deposits and sug-
gest the Takidani Pluton as a potential magmatic reservoir that fed those volcanic
eruptions (Figure 5.1; Harayama 1992, Kimura & Nagahashi 2007).

5.5 The Hotaka Andesite

The Hotaka Andesite (2.4 Ma) comprises 3000 m of deposit of andesitic to dacitic
welded tuff sheets and subordinate lavas, collapse breccias, granophyric dikes and
porphyritic sills (Harayama 1992, 1990). The different units were deposited inside a
north-south oriented volcanic caldera. The Maehotakadake Welded Tuff (Wm) is a
1500 m welded tuff sheet that forms the main unit of the Hotaka Andesite (Figure 5.2f).
It was intruded by porphyry dikes and contact metamorphosed to hornblende horn-
fels facies by the intrusion of the Takidani Pluton (Harayama 1990). The Hotaka
Andesite contains high amounts of plagioclase, orthopyroxene, clinopyroxene and
iron oxides (45-60 vol%, Harayama 1990).

5.6 Locations, materials and methods

Rock samples were collected from west-east trending river valleys called Takidani,
Shirasashi-zawa, Nishiho-zawa and Yanagi-dani and from the Nishiho-track between
the Nishihodakaguchi Station and mountain peak of Nishihotaka-dake (Figure 5.1b).
The Nyukawa PFD and Ebisutoge PD were sampled at two different locations in the
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Takayama Basin (Figure 5.1a). Unit B to D of the Ebisutoge PD were sampled from
the outcrop shown in Figure 5.2b .

5.6.1 Whole-rock geochemistry

Whole rock major and trace element analyses were performed for a total of 77 samples
from the Takidani Pluton (25 already published in Hartung et al. 2017), 4 samples from
the Hotaka Andesite and for 9 samples of the volcanic units collected in the Takayama
Basin (Figure 5.1; Tables D.1-D.6). Major elements were determined on glass beads
by X-ray fluorescence (XRF) using a PANalytical AXIOS MAX with a Rhodium
anode tube at 4 W at the University of Lausanne. SY-2, BHVO, JCH-1, NIM-N and
NIM-G standards were used for quality control. Trace element concentrations were
measured on the same glass beads by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) using a Quadrupole spectrometer Agilent 7700 interfaced
to a GeoLas 200M 193 nm excimer ablation system at the University of Lausanne.
The system was operating at 1420 W with a laser repetition rate of 10 Hz and a 120
pum spot size. Each sample was measured three times for 60 s. The background
was measured for 90 s before the three ablations. Trace element concentrations were
recalculated using CaO contents from XRF analyses and NIST SRM 612 as external
standard. Data reduction was performed using the LAMTrace software package
(Jackson 2008a,b, Jackson et al. 1992, Longerich et al. 1996).

5.6.2 Glass and mineral analyses

Major and minor element analyses of minerals and glasses were performed on 100
pm thick thin sections using a JEOL 8200 Superprobe electron probe micro-analyser
(EPMA) at the University of Geneva. The microprobe is equipped with a five-channel
wavelength-dispersive spectroscope system (WDS) and was operated at an accelerat-
ing voltage of 15 keV and a beam current of 15 nA for plagioclase analysis, 20 keV
and 15 keV for oxide analysis and 20 keV and 2 nA for glass analysis. A defocused
beam of 2 ym diameter was used for plagioclase analysis. Oxides were analysed with
a beam diameter of 1 ym. Glass was analysed in pumice, flamme and matrix with a
defocused beam of 10 to 20 ym. Analyses with a maximum error of 1% relative were
retained and cross checked by recalculating the appropriate mineral formula. Glass
and mineral analyses are provided in the Tables D.7-D.23. Analytical conditions are
reported in Tables A.1-A 4.

Trace element concentration profiles were measured in 18 plagioclase crystals with
LA-ICMPS using a sector-field spectrometer Element XR interfaced to a NewWave
UP-193 ArF excimer ablation system at the University of Lausanne. The system was
operating at 1400 W with a laser repetition rate of 20 Hz. The spot size ranged between
25 ym (i.e. high-An cores) and 100 ym for plagioclase analysis. Standards were
analysed with a spot size of 75 ym. For each spot analysis, the background was first
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Flow Deposit (PFD) and Hotaka Andesite in Central Japan. Diagram
contains published data from Bando et al. (2003, BD2003) and Kimura
& Nagahashi (2007, KN2007). Eb, Ebisutoge PD; Ch, Chayano Tuff.

measured for 30 s before ablation and peak measurement of 60 s each. Trace element
concentrations were recalculated using CaO contents of plagioclase from EPMA
analyses as internal standard and NIST SRM 612 as external standard. Data reduction
was performed using the LAMTrace software package (Jackson 20084,b, Jackson et al.
1992, Longerich et al. 1996). Trace element data are reported in Tables D.24-D.30.

5.7 Geochemistry

5.7.1 Whole-rock chemistry

Compositions of the different plutonic and volcanic units are presented in Table D.1
and Table D.7. Bulk rock compositions of the Takidani Pluton and coexisting volcanic
deposits are sub-alkaline and range from dacitic to rhyolitic compositions (Figure 5.3).
Matfic enclaves in the Takidani Pluton cover the range from alkaline to subalkaline
with (basaltic) andesite and (basaltic) trachy-andesite compositions (Figure 5.3, Ta-
ble D.5, D.6). The Hotaka Andesite and Nyukawa PFD form the relatively low silica
end-members with silica contents of pumice and whole rock ranging between 63 to
65 wt.% SiO; and 62 to 68 wt.% SiO,, respectively (Figure 5.5). The composition of
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FIGURE 5.4: Major and trace element binary diagrams of the volcanic
and plutonic deposits. All data are recalculated to anhydrous condi-
tions. (a,b) Al,O3 and MgO content decrease with increasing silica
content along liquid line of descent from enclave to high-silica aplites.
(c) Variations in NayO content with silica content. Nyukawa PFD
and Chayano-Ebsiutoge PD are depleted in Na,O relative to composi-
tions of the Takidani Pluton and Hotaka Andesite. (d) Incompatible
behaviour and enrichment of K,O with from andesite to rhyolite Lig-
uid line of descent from Hotaka Andesite, Nyukawa PFD, Takidani
Pluton to Ebisutoge PD compositions. (e,f) Variations of Sr and Rb
concentrations with increasing silica content. Andesitic enclaves are
enriched in Rb content with respect to dacites of the Hotaka Andesite
and Nyukawa PFD, and show large variations in Sr content. (g) Con-
centrations of Zr from andesite to rhyolite form M-shaped patter with
volcanic units being relatively enriched in Zr. (h) Increase in Ba con-
tent from low to high-silica compositions. Aplites are depleted in Ba
content.
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are in enriched in REE. Trace element trends are comparable between
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and granites. Dacites and granodiorite trends are consistent and do
not display a Sr or Eu anomaly. Rhyolite and granite trace element
variations are also consistent showing negative Sr and Eu variations.
All values are normalised to Chondrite concentration of McDonough
& Sun (1995).

the Takidani Pluton varies from granodiorite to high-silica granite from about 64 to
78 wt.% SiO,. Whole rock analyses of the Ebisutoge PD (including Units B, C and
D) show silica contents of about 73 to 74 wt.% and are consistent with published
analyses of pumice (Figure 5.3; Kimura & Nagahashi 2007). Bulk rock analysis of
Unit C (i.e. pumice fall out) displays a lower silica content of 71 wt.% SiO,. Takidani
granites contain between 73 and 76 wt.% SiO, and overlap with glass and pumice
of the Ebisutoge PD (Kimura & Nagahashi 2007). Aplitic dikes cross cutting the
Takidani Pluton (Figure 5.2d) form a high-silica endmember of the intrusive portion
of the system with composition similar to matrix glass of the Nyukawa PFD (Kimura
& Nagahashi 2007). Glass analyses of the Chayano-Ebisutoge PD and Nyukawa
PFD from Kimura & Nagahashi (2007) show lower Na,O contents with respect to the
Takidani pluton. Our new glass analyses for the Ebisutoge glass matrix (i.e. Units B
to D), however, are consistent with compositions from the Takidani Pluton, which
may suggest that previously reported matrix glass analyses were affected by Na,O
loss.

Spider diagrams overall show compositional similarities between plutonic (Fig-
ure 5.5a) and volcanic units (Figure 5.5b). The granites of the Takidani Pluton are
consistent with granodiorites with exception of a negative Sr and Eu anomaly. Aplitic
dikes are strongly depleted in REE. Enclaves are enriched in REE. Nyukawa PFD and

Hotaka Andesite show similar compositional variability consistent with Takidani
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granodiorites. Pumice and whole rock compositions of Chayano-Ebisutoge PD also
have negative Sr and Eu anomalies, similar to Takidani granites. Major and trace
element variations for selected elements show distinct trends for the volcanic and
plutonic rocks (Figure 5.4). Concentration in major elements of Al,O3 and MgO
generally decrease with increasing silica content from about 18 to 12 wt.% and 4.5 to
0.02 wt.%, respectively (Figure 5.4a,b). Pumice bulk-analyses of Chayano-Ebisutoge
PD display lower MgO and higher Al,O3 with respect to Takidani compositions
(Figure 5.4a,b). Parallel trends of NayO vs SiO, contents are observed for volcanic
and plutonic rocks (Figure 5.4c). The composition of Ebisutoge PD splits into two
groups: Unit B (i.e. unconsolidated pumice flow deposit) and Unit C (i.e. pumice fall
outs) plot together with published pumice analysis from Kimura & Nagahashi (2007).
Bulk analysis of Unit D (i.e. welded ignimbrite) display higher Na,O and lower K,O
contents (Figure 5.4d) and are consistent with compositions of the Takidani Pluton.
K>O content is consistent between volcanic and plutonic units and generally increases
from about 2.0 to 5.5 wt.% from andesite to rhyolite compositions. Concentrations of
Rb are elevated in andesitic enclaves with respect to the dacitic composition of the Ho-
taka Andesite and Nyukawa PFD (Figure 5.4e). A sharp increase in Rb concentrations
at about 73 wt.% SiO; is observed in the volcanic and plutonic rocks (i.e. granites)
followed by a drop at about 75 wt.% SiO, (Figure 5.4e). A wide range of Sr content
is observed in the mafic enclaves ranging from about 200 to 530 ppm (Figure 5.4f).
A continuous decrease in Sr content from about 400 ppm is observed from the Ho-
taka Andesite to aplitic dikes in the Takidani Pluton. Matrix glass of the Nyukawa
PFD contains significantly more Sr than the matrix of the Chayano-Ebisutoge PD
(Figure 5.4f; Kimura & Nagahashi 2007). Zirconium concentrations are distributed
over a M-shaped pattern showing different trends for volcanic and plutonic rocks
(Figure 5.4g). Barium behaves incompatible in all units with concentrations reaching
nearly 1000 ppm in the volcanic glasses. Aplitic dykes become progressively more
depleted in Ba with increasing silica content consistent with fractionation of alkali
feldspar and biotite (Figure 5.4h).

5.7.2 Matrix glass chemistry

Major and trace element analyses of the Nyukawa PFD and Chayano-Ebisutoge PD
are reported in Kimura & Nagahashi (2007). Here, we present new major element
data from glass analyses of the Ebisutoge PD. Glass composition of Ebisutoge PD are
generally in agreement with published data from Kimura & Nagahashi (2007), with
silica contents recorded between 76.6 and 76.9 wt.% SiO, (Tables D.7-D.16). Na,O
content varies between 3.4 and 3.9 wt.% with a mean value of 3.6 wt.%, which is about
0.7 wt.% higher than published data (Figure 5.4c). K;O contents range between 4.2
and 5.0 wt.% with a mean value of 4.6 wt.% consistent with published data (Table D.2;
Kimura & Nagahashi 2007). MgO contents of Ebisutoge glasses display a mean value
of 0.03 wt.% and maximum concentrations of 0.15 wt.% (Table D.7). This is consistent
with MgO concentrations of aplitic dikes but significantly lower than concentrations
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FIGURE 5.6: Back-scattered electron (BSE) images of magnetite-
ilmenite pairs and orthopyroxene in the Nyukawa PFD and Ebisu-
toge PD. (a) Analysis of touching magnetit and ilmenite crystals in
the Nyukawa PFD. (b) Glomerocryst of orthopyroxene, magnetite,
ilmenite and zircon in the Ebisutoge PD. Orthopyroxene contains in-
clusions of ferric amphibole. (c) Large orthopyroxene phenocrysts in
the crystal-rich Nyukawa PFD dacite. (d) Two types of orthopyroxene
in the Ebisutoge PD. Large crystals are iron-rich orthopyroxene. Small
crystal with numbers 8 and 9 presents Mg-rich orthopyroxene. Num-
bers indicate number of compositional analysis. mag, magnetite; ilm,
ilmenite; opx, orthopyroxene; am, amphibole; gl, glass.
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analyses (Kimura & Nagahashi 2007).

in Takidani granites (Figure 5.4b). Trace element trends of Chayano and Ebisutoge
glasses from Kimura & Nagahashi (2007) show negative Eu and Sr anomalies. Rare
earth elements are enriched with respect to dacitic compositions of the Nyukawa
PFD and Hotaka Andesite.

5.7.3 Fe-Ti oxides

Magnetite and ilmenite pairs were analysed from samples of the Nyukawa PFD and
Ebisutoge PD (Figure 5.6a,b; Tables D.17-D.20). Oxide pairs are relatively abundant
in the Nyukawa PFD but sparse in the Ebisutoge PD. Major element compositions are
relatively homogeneous within Nyukawa PFD and within Ebisutoge PD, but show
some chemical differences between the two volcanic units (Table D.17-D.20). Mag-
netite and ilmenite compositions in the Nyukawa PFD are generally characterised by
lower TiO, contents and higher Fe,O3 to FeO ratios. Estimates from Fe-Ti exchange
(Ghiorso & Evans 2008) yield average temperatures of 859°C (4 41°C) and 750°C (+
19°C) for Nyukawa PFD and Ebisutoge PD, respectively, consistent with temperature
obtained in Kimura & Nagahashi (2007). Oxygen fugacity calculated from the oxides
couples are slightly above the nickel-nickel-oxide buffer (NNO) for Nyukawa PFD
(Figure 5.7a). Calculations for the Ebisutoge PD reveal lower fugacities of logiy -1.9
relative to NNO (Figure 5.7a). Slow cooling of plutonic rocks and re-equilibration to
lower temperatures prevents oxide pairs to be used as geothermometers in plutonic
rocks (Carmichael & Nicholls 1967). Magnetite in the Takidani Pluton generally con-
tains less TiO, and MnO with respect to Nyukawa and Ebisutoge deposits (Hartung
et al. 2017).
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REE are normalised to Chondrite composition of McDonough & Sun
(1995)

5.7.4 Orthopyroxene

Orthopyroxene is abundant in all volcanic units and usually occurs as subhedral
crystals. We analysed several crystals in two samples of the Nyukawa PFD and
two samples of the Ebisutoge PD (Unit D; Figure 5.6b-d; Tables D.21- D.22). Our
results are consistent with compositions recorded in Kimura & Nagahashi (2007) and
show that Nyukawa PFD typically contains Mg-rich pyroxene (Engp—s57), whereas
the Ebisutoge PD contains iron-rich orthopyroxene (Enz;_57). Orthopyroxene in
the Ebisutoge PD occasionally contains anhedral iron-rich amphibole inclusions
(Figure 5.6b, Table D.23). A composition similar to this amphibole has been reported
as clinopyroxene in Kimura & Nagahashi (2007) showing high Al,O3; content and
low CaO content. Traces of Nyukawa-type orthopyroxene are found in both samples
from the Ebisutoge PD (Figure 5.6d).

5.7.5 Plagioclase

Plagioclase is the dominant mineral phase in the Ebisutoge PD, Nyukawa PFD and
Takidani Pluton. We analysed major and trace element concentrations along core-to-
rim transects including nine plagioclase crystals from the Takidani Pluton, three crys-
tals from the Nyukawa PFD and six crystals from the Ebisutoge PD. Back-scattered

images and chemical profiles of representative crystals from the different units are
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FIGURE 5.10: Compositional variability of 18 plagioclase phenocrysts

from the Ebisutoge PD, Nyukawa PFD and Takidani Pluton. (a) FeO

vs. anorthite content; (b) Two chemical trends are shown in Sr con-

centrations with high content in Ebisutoge plagioclase; (c) Rimward

increase in Ba content in the Ebisutoge PD and decrease in the Takidani

plagioclase; (d) Concentration in Eu in Ebisutoge plagioclase are twice
as high as in Nyukawa and Takidani crystals.

shown in Figure 5.8. Rare Earth element trends are compared in Figure 9. BSE images

of all analysed plagioclase are provided in Appendix D (Figures D.1-D.18).

Ebisutoge PD plagioclase are both euhedral and subhedral laths of up to 2 mm
maximum length. In agreement with previously published values Anorthite content
varies between 27 and 43 mol% (Kimura & Nagahashi 2007). Back-scattered electron
(BSE) images and chemical analyses reveal that some of the crystals contain resorbed
Albite-rich cores (Angp) that are overgrown by a more calcic growth band. Outer rims
are typically sodium rich with Anorthite contents of 28-30 mol%. Finely spaced oscil-
latory zoning of 1 mol% Anorthite is common across all crystals. The compositional
heterogeneity in major elements measured in core and overgrowth band is reflected
in trace element variations (Figures 5.8-5.10). Concentrations of Sr increase with
the increase in Anorthite from core to rim while Ba, La, Ce and Pb concentrations
decrease. FeO content remains relatively unchanged (Figure 5.10a). Some plagioclase

phenocrysts in the Ebisutoge PD contain xenocrystic cores that are texturally and



08 Chapter 5. Relationships between the Takidani Pluton and caldera-forming
eruptions

Nyukawa PFD core rim
m 0O plag1
® O plag?
900 1 y A A plag3
//
_ /
g %
/
2 800 /!
& AN A
/ '....._........_........_...'.\.
\
700 — *

0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52
Anorthite (mol%)

FIGURE 5.11: Sr-Anorthite trajectories for three plagioclase phe-
nocrysts of Nyukawa PFD from core (black fill) to rim (white fill).

chemically distinct from the resorbed albitic cores (Figure 5.8). Xenocrystic cores are
subhedral and have Anorthite contents of about 40 to 50 mol% that are distinctively
higher than common Ebisutoge PD plagioclase composition (Figures 5.8-5.10).

The Nyukawa PFD contains subhedral plagioclase with Anorthite contents be-
tween 38 and 60 mol% (Figures 5.8-5.10). Crystals are characterised by oscillatory
zoning between about 40 and 50 mol% Anorthite and occasional high-An zones
of up to 60 mol% Anorthite. A rimward increase in anorthite content is observed,
accompanied with an increase in FeO content from about 0.3 to 0.4 wt.%. All anal-
ysed plagioclase phenocrysts evolve to a common rim composition of about 40 to 45
mol% Anorthite (Figure 5.11). The Nyukawa plagioclase is texturally and chemically
comparable to xenocrystic cores observed in Ebisutoge plagioclase.

Plagioclase phenocrysts in the Takidani Pluton range from Angg to Angzp and are
overgrown by a sodic rim (Ansp-i5), that varies in thickness in the different units.
FeO content generally ranges between 0.4 and 0.2 wt.% and decreases to about 0.1
wt.% FeO in the outer rim (Figures 5.8, 5.10a). Rb concentrations are elevated in rim
plagioclase (Figure 5.10b), whereas Sr, Ba, Pb and REE concentrations are relatively
low (Figures 5.8-5.10). Hartung et al. (2017) have identified at least three distinct
plagioclase populations in the Takidani Pluton. Population 1 comprises plagioclase
mainly abundant in the mGT unit showing characteristic reverse zoning from 30 to 40
mol% Anorthite (Hartung et al. 2017). Crystals of population 2 and 3 are commonly
constituted by resorbed cores of either cellular texture or high-An content (up to 90
mol%), that are overgrown by a distinct oscillatory zoned mantle with An-contents
ranging generally between 40 and 55 mol%. Population 2 crystals are slightly less
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anorthitic and have lower FeO content in average compared to population 3 crystals
(Hartung et al. 2017). The major and trace element chemistry of Takidani plagioclase
overlaps widely with plagioclase composition of the Nyukawa PFD and xenocrystic
cores in the Ebisutoge PD (Figures 5.8-5.10).

5.8 Discussion

5.8.1 Origin of caldera-forming eruptions

The isotopic and geochemical signatures of the Chayano-Ebisutoge PD and Nyukawa
PFD have been previously related to extensive crustal melting and mixing of end-
members (Kimura & Nagahashi 2007) as part of mantle diapir-induced basaltic arc
volcanism (Kimura & Yoshida 1999, Kimura et al. 2002). Considering the thermal and
mechanical limitations on upper crustal melting (Dufek & Bergantz 2005) and mixing
(Sparks & Marshall 1986) we re-evaluate this model using the existing data of Kimura
& Nagahashi (2007) and our new petrological investigations.

Crystal-poor rhyolites

The depth of origin of the crystal-poor rhyolites is constrained between 5 and 10 km
using phase relationships of the Chayano-Ebisutoge PD and experimental results
from Rutherford & Devine (1996). Our pressure estimates from rhyolite-MELTS
barometry using new Ebisutoge glass analyses (Figure 5.12a) are consistent with
estimates of Kimura & Nagahashi (2007) and indicate a melt origin that corresponds
to the emplacement level of the Takidani Pluton (Bando et al. 2003, Hartung et al. 2017).
A decrease in magmatic temperatures from 860°C to 700°C from the Chayano Tuff to
Unit D of the Ebisutoge Deposit, respectively, is recorded from magnetite-ilmenite
thermometry in Kimura & Nagahashi (2007). Two-oxide analyses also reveal low
magmatic temperatures of the Ebisutoge PD of 750°C using the calibration of Ghiorso
& Evans (2008), and are comparable to those recorded by Kimura & Nagahashi (2007).
The oxygen fugacity of Chayano-Ebisutoge rhyolites is estimated at 2 log below the
NNO buffer (Figure 5.7a; Ghiorso & Evans 2008). Given such a low oxygen fugacity
(i.e. below FMQ buffer) the magmatic assemblage of magnetite and ilmenite in the
rhyolites is unusual. The partitioning of Eu between plagioclase and melt strongly
depends on the oxygen fugacity (Wilke & Behrens 1999) and is reflected by the high
Eu content recorded in Ebisutoge plagioclase, which is most likely the result of the

reduced magmatic conditions of the rhyolites.

Melting of pelitic lithologies can lower the oxygen fugacity of magmas. Kimura &
Nagahashi (2007) suggest that extensive melting of the pelitic gneisses and granites
of the Hida belt produced the Chayano-Ebisutoge rhyolites. Evidences for melting
is found in the mineral phases of the Ebisutoge PD. Anhedral amphibole inclusions
exist in Ebisutoge orthopyroxene. These amphiboles have very high Fe-contents
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2014). Calculations for Nyukawa PFD are based on published data
from Kimura & Nagahashi (2007).

(22.9-23.8 wt.%; Table D.23) and low Mg-numbers (0.40-0.36; Table D.23). Melting
of Fe-rich amphibole, thus, is likely responsible for the Fe-rich contents of Ebisutoge
orthopyroxene and the observed iron enrichment relative to magnesium in Ebisutoge
glasses and pumices. Plagioclase in the Ebisutoge PD commonly contains resorbed
Albite-rich cores that are overgrown by more Anorthite-rich plagioclase. The concen-
trations of Sr and Ba are respectively higher and lower in the overgrowth (Figure 5.8)
indicating an injection of more mafic and less fractionated magma. This suggests
that partial melting of pelitic rocks (e.g. amphibolite) produced or contributed to
the generation of the Fe-rich Chayano-Ebisutoge rhyolites. The contemporaneous
Ueno Basalt, which erupted in the southern part of the Norikura Volcanic Chain,
thus, could have produced the Chayano-Ebistuoge PD. Kimura & Nagahashi (2007)
estimated that a minimum volume of 300 km® of Ueno basalt remained in the mid
crust, which could have been sufficient to produce the estimated 100 km? of rhyolite.

Overall, the rhyolitic magmas of the Chayano-Ebisutoge PD show little varia-
tion in major elements reflecting near eutectic conditions. However, a stratigraphic
increase in K;O and Rb contents from 4.20 to 4.96 wt.% and from 134 to 159 ppm
(Kimura & Nagahashi 2007), respectively, indicates that magmatic differentiation
must have acted on top of partial melting. A chemically zoned magma reservoir
may have formed prior to eruption. Moreover, whole-rock analyses of Unit C dis-
play less evolved composition and together with andesitic and dacitic glass analyses
of distal ash beds (Kataoka et al. 2001) indicate mafic magma replenishment prior
the voluminous eruption of Unit D. This highlights that the Chayano-Ebisutoge
magmas are more heterogeneous as previously stated and that rhyolitic melts of the
Chayano-Ebisutoge PD are not pure crustal melts.
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Crystal-rich dacite

The Nyukawa PFD (i.e. pumices and bulk analysis) and Hotaka Andesite are chemi-
cally and mineralogically similar. The Nyukawa PFD can be reproduced by 20-40%
fractionation of a mineral assemblage of 60-70% plagioclase, 20-25% orthopyrox-
ene (£ clinopyroxene) and 10-15% magnetite using partition coefficients for dacitic
compositions. The composition of the rhyolitic melt of the Nyukawa PFD, however,
cannot be produced from Nyukawa bulk and/or pumice compositions with the same
mineral assemblage. To lower Y concentration from bulk concentrations of 22.3 ppm
to 19.4 ppm in the melt, about 15% of amphibole fractionation is required, which is
inconsistent with REE variations. Moreover, the observed increase in Sr content from
259 ppm (or 332 ppm in pumices) to 335 ppm cannot be explained with plagioclase
fractionation. Melting of Sr bearing mineral phases (i.e. feldspars, biotite) could
explain the observed increase in Sr in the melt. This suggests that the melt of the
Nyukawa PFD has a different origin than the crystal cargo. Additional glass analysis
would be required to test this hypothesis, especially in light of few existing analysis

of glass composition of the Nyukawa PFD.

Plagioclase chemistry is controlled by the composition of the magma, temperature
and water pressure (Housh & Luhr 1991, Hammer & Rutherford 2002). Plagioclase
phenocrysts of the Nyukawa PFD show a rimward increase in Anorthite and FeO
content indicating the arrival of a new and hotter magma. Furthermore, trace element
compositions of plagioclase rims are homogeneous ((Figure 5.10) and support the
process of heating and homogenisation of crystal mushes (Bachmann & Bergantz
2006, Huber et al. 2010).

5.8.2 Magmatic evolution of the Takidani Pluton

The samples of the Takidani Pluton show compositions that overlap with the low-
silica dacite to high-silica rhyolite of the volcanic units (Figure 5.4). Similarities in
major and trace element variations of the Takidani Pluton, Hotaka Andesite and
Nyukawa PFD also point towards a common magma source in the mid to lower crust
(e.g. Ueno Basalt, Kimura & Nagahashi 2007). The average composition of the Taki-
dani granodiorite can be produced by crystal fractionation of plagioclase (50-60%),
orthopyroxene (20%), clinopyroxene (15-20%), magnetite (5-10%) and apatite (1%),
and corresponds to the mineral assemblage of the Hotaka Andesite. The granites of
the Takidani Pluton can be produced by 50-60% fractionation of plagioclase (70-85%),
amphibole (8%), biotite (4%), magnetite (3%) and trace amounts of apatite and zircon
using an average partition coefficients for dacitic and rhyolitic compositions (i.e.
Geochemical Earth Reference Model). The required mineral assemblage is consistent
with Takidani granodiorites and suggests that Takidani granites are derived from
Takidani granodiorites. Based on field evidence and isotopic signature (Harayama,

personal communications) the fine-grained biotite granite at the base and roof of
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the pluton present the oldest unit of the Takidani Pluton. However, if the granites
are derived from the granodiorites, this means that the granodiorites were either
remobilised from a deeper part of the pluton or that granodiorites were produced

in-situ by the injection of more mafic melts.

Plagioclase of the Takidani Pluton have chemical characteristic that correlate with
the Nyukawa PFD. Most crystal in the Takidani Pluton have textural and composi-
tional features that are consistent with Nyukawa plagioclase and could indicate that
both crystallised from compositionally similar or potentially identical magmas. The
formation of sodium rich rims in the Takidani Pluton occurs when magmas become
rheologically locked and dive into the granitic minimum. The different trajectories of
rim compositions of the Takidani Pluton and Nyukawa PFD, thus, reflect the different
fates of crystal-rich magmas. The textural and compositional similarities between the
Takidani Pluton, the Nyukawa PFD and xenocrystic cores in Ebisutoge plagioclase
show that a genetic link exists between the volcanic and plutonic deposits. Isotope
analyse of the plagioclase phenocryst would be useful to confirm our hypothesis and
potentially link individual growth zones between different deposits.

5.8.3 Volcanic-plutonic relationships

The magmatic dynamics of the Takidani-volcanic system are revealed in plagio-
clase growth history and major and trace element chemistry. The Takidani Pluton,
Nyukawa PFD and Ebisutoge PD contain plagioclase crystals and xenocrysts that
share the same textural and compositional features and provide evidence for a con-
nected magmatic system.

The chemical signature of Ebisutoge plagioclase points towards a crustal origin
as previously proposed by Kimura & Nagahashi (2007). However, it is unlikely that
the Ebisutoge rhyolites present pure crustal melts, as they show crystal fractionation
trends from the lower to upper units (Kimura & Nagahashi 2007) and evidences
of magma replenishment. The emplacement of the Takidani Pluton likely occurred
between about 100 MPa (i.e. equivalent to the total thickness of the Hotaka Andesite)
and 200 MPa (i.e. pressure estimates from plagioclase-hornblende barometers, Har-
tung et al. 2017). Pressure estimates of the Nyukawa PFD are based on comparison of
mineral assemblages between natural rocks and experiments (Kimura & Nagahashi
2007) and indicate reservoir depth of about 100 MPa. Pressure estimates could be
higher if magmas were undersaturated. Rhyolite-MELTS barometer indicates that
Ebisutoge melts equilibrated at pressures of about 200 MPa (Figure 5.12). The exis-
tence of plagioclase xenocrysts and Nyukawa-type orthopyroxene in the Ebisutoge
PD support melt storage and equilibration at shallow levels prior to eruption.

The formation of the magmatic plumbing system and succession of events is
shown in Figure 5.13. The Hotaka Andesite erupted at 2.4 Ma and created large
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(1) Reheating/replenishment of more mafic magma and
partial eruption of the lower Takidani crystal mush (i.e.
Nyukawa PFD).
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FIGURE 5.13: Model of the Takidani magmatic system. (1) Reactiva-
tion of crystal mush leads to the eruption of the Nyukawa PFD. (2)
Melting of mid-crustal lithologies leads to rhyolite generation of the
Ebisutoge and Chayano eruptions. (3) Rhyolite stagnated and equi-
librates at shallow levels prior to eruption. Petrological cannibalism
of plagioclase and pyroxene. (4) Emplacement of the Takidani Pluton

and (5) tectonic uplift.



104 Chapter 5. Relationships between the Takidani Pluton and caldera-forming
eruptions

caldera infill deposits that were intruded by the Takidani granites. The Takidani
granites could have been extracted or remobilised from a deeper part of the Takidani
system. Injection of hot magma led to partial melting and thermal reactivation of an
existing mush zone, and eruption of the Nyukawa PFD. Extensive melting of crustal
lithologies (e.g. amphibolite) produced the Chayano-Ebisutoge rhyolites, which
incorporated crystals from the overlying Takidani-Nyukawa magmatic system. A last
influx of magma and melt lead to the final emplacement of Takidani granodiorites

below the Hotaka Andesite to form a plutonic-volcanic complex.

5.9 Conclusions

Major and trace element chemistry of whole-rock and minerals provide new insights
into the magmatic plumbing systems of large-caldera forming eruptions in Central
Japan and genetic relationships of volcanic and plutonic systems. Our geochemical
investigations suggest that the Chayano-Ebisutoge PD, Nyukawa PFD and Takidani
Pluton originated from a common source at mid-crustal levels. While the Nyukawa
PFD and Takidani Pluton are likely the result of crystal fractionation, the iron-rich
rhyolites of the Chayano-Ebisutoge PD are dominantly derived from partial melting
of crustal lithologies. This implies that the rhyolites cannot present extracted melts
from the Takidani Pluton. The observed melt extraction in the Takidani Pluton may
have been assocaited to smaller silicic eruptions that have not been identified yet.
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Chapter 6

General conclusions and future
directions

6.1 Summary

Petrological investigations of the Takidani Pluton and the related Nyukawa and
Chayano—Ebisutoge pyroclastic deposits provide new insights into the magmatic
evolution of the upper crust and relationships between plutonic and volcanic rocks.
The Takidani Pluton is one of the youngest exposed plutons on Earth (Harayama
1992). It was constructed by multiple intrusions of granodioritic and granitic magmas
with different mineralogical and geochemical characteristics. Evidence for residual
melt extraction from a partially crystallised magma is observed in the upper section
of the pluton (Chapter 3). Segregation timescales in the Takidani Pluton are estimated
to range from centuries to millennia using thermodynamic and thermal modelling
(Chapter 4).

Our new mineral and glass analysis support an origin of the rhyolite from crustal
melting (Chapter 5), which has been previously suggested by Kimura & Nagahashi
(2007). The extraction of residual melts in the Takidani Pluton did not produce
the rhyolites of the Chayano-Ebisutoge PD as initially hypothesised (Chapter 3).
Whether the Takidani Pluton was feeding silicic volcanic eruptions remains unclear.
Mineral and whole rock chemistry, however, suggest that the Takidani Pluton and the
Nyukawa PFD crystallised from a common source that corresponds to the Hotaka
Andesite (Chapter 5). This implies that the Nyukawa PFD most likely represents a
remobilised part of a larger magmatic reservoir (i.e. crystal mush) consistent with
existing evidences and models of mush remobilisation (Bachmann & Dungan 2002,
Degruyter & Huber 2014, Huber et al. 2011, 2009, Sliwinski et al. 2017, Parmigiani
et al. 2014, Couch et al. 2001, Murphy et al. 2000, Burgisser & Bergantz 2011). Both,
the Nyukawa PFD and Chayano-Ebisutoge PD record mafic replenishment prior to
eruption, which may have been the trigger for the large volcanic eruptions (Pallister
et al. 1992). Mafic enclaves exist in the Takidani Pluton providing additional evidence
for the interation of mafic and felsic magmas at depth. The extent of mafic injections
and interaction in the Takidani Pluton was not constrained during the course of this
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PhD study.

6.2 Ongoing and future research

This PhD study and new comprehensive dataset of textural, geochemical and isotopic
analysis of whole-rock, glass and minerals of the Takidani Pluton, Nyukawa PFD,
Ebisutoge PD and Hotaka Andesite provide a large foundation for future investiga-

tions of upper crustal magmatism in relation to silicic volcanism.

A detailed study on the textures, geochemistry and geochronology of the por-
phyritic unit is needed to better understand the evolution of textures leading to
melt segregation and potentially volcanic unrest. If the fine-grained texture of the
porphyritic unit was indeed caused by decompression crystallisation as result of a
volcanic eruption, we should expect to find evidence of dendritic growth throughout
the porphyritic unit and in the granodiorite sitting below.

To better constrain the thermal and temporal evolution of the Takidani magmatic
system and maximum timescales of residual melt segregation in the Takidani pluton
a detailed geochemical and geochronological study is currently being carried out in
collaboration with Dr Federico Farina at the University of Geneva. The data sets are
omitted from the thesis text, as work is still ongoing. As part of this project, I have
separated zircons from two different units of the Takidani Pluton, the Nyukawa PFD
and Ebisutoge PD and imaged over 300 zircon grains using cathodoluminescence
(CL). Major and trace element analysis of 82 selected zircon grains were performed
using the electron microprobe at the University of Geneva. In addition, oxygen
isotopes of 80 selected zircon grains were measured with technical assistance from
Cindy Luisier at the Swiss SIMS facility in Lausanne. U-Pb dating using ID-TIMS was
performed by Dr Federico Farina at the University of Geneva. The first results are
presented in Figure 6.1 showing 19 zircon ages of the granodiorite and porphyritic
unit. The zircon ages of the two units overlap. Available data give an averaged age
of 1.3 Ma, which is somewhat younger as the published data by Ito et al. (2017). A

manuscript for publication is currently being prepared.

The Ebisutoge rhyolite contains plagioclase with euhedral xenocrystic cores that
are texturally and chemically similar to Takidani and Nyukawa plagioclase phe-
nocrysts. Diffusion chronometry on the plagioclase xenocrysts and overgrowth could
provide additional information on timescales of migration of rhyolitic melt through
shallow magmatic reservoirs. This study would require high-resolution analysis of
plagioclase phenocrysts (i.e. SIMS, LA-ICPMS) coupled with diffusion modelling.
The results of this study could be compared to crystallisation ages of quartz in the
volcanic rocks (Gualda et al. 2018 and references therein).
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FIGURE 6.1: U-Pb ages of zircon grains from the granodiorite and

porphyritic granodiorite in the Takidani Pluton. Ages were measured

by Dr. Federico Farina using ID-TIMS at the University of Geneva.
Ages are Th-corrected.

Detailed investigations on the chemical variability of glasses and minerals of the
Chayano-Ebisutoge PD are required to further constrain the sequence of rhyolite
eruptions and related magmatic processes. Additional glass analysis of Nyukawa
PFD would be useful to better constrain the amount of partial melting of crystal

mushes.

Additional whole-rock radiogenic isotopes of the Takidani granites (fGT and
fGT2) and the Hotaka Andesite will be useful to better constrain the emplacement
sequence of the intruded magmas and to test whether any genetic relationships
exist between the granites and the erupted rhyolites. Isotope analysis of minerals
(i.e. plagioclase) can also help to further constrain potential genetic relationships
of the plutonic and volcanic rocks. More specifically, isotope analysis of Takidani
and Nyukawa plagioclase and xenocrysts in Ebisutoge plagioclase should resolve
any remaining doubts on their genetic relationship. Finally, new isotopic analysis of
whole-rocks and minerals would be useful to better constrain the extent of melting

and fractionation of the high-silica magmas.

To better understand the emplacement of felsic magma in the shallow crust and to
identify the structures associated with magma emplacement I analysed the magnetic
and magmatic fabrics of the Takidani Pluton and Hotaka Andesite (Appendix E).
Measurements of anisotropy of magnetic susceptibility (AMS) were performed for 50
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oriented samples. Magmatic fabrics were determined through direct measurements
of mineral lineations in the field. The magnetic and magmatic fabrics of the Takdani
will be used to determine the orientations of the principle axes of strain related to
magma flow and emplacement (Archanjo et al. 2012, Bouchez 1997, Hutton 1988,
Launeau & Cruden 1998, Paterson et al. 1998, Payacan et al. 2014, de Saint-Blanquat
et al. 2001, Schopa et al. 2015, Trubac et al. 2009, Vernon 2000). All datasets and a
short summary of results are provided in Appendix E. A manuscript for publication
is currently being prepared.

6.3 Concluding remarks

The Northern Japan Alps are an exceptional location to investigate the chemical,
physical and temporal evolution of magmatic systems in the Earth’s crust. The
Takidani-Hotaka volcanic-plutonic complex provides a vertical cross-section of a
young and potentially still active volcanic caldera including contact metamorphosed
intracaldera fills (i.e. Hotaka Andesite) and a 2 km thick subvolcanic magmatic
reservoir (i.e. Takidani Pluton). The complex is located within an active volcanic
chain and also linked to two large caldera-eruptions of crystal-rich dacite and crystal-
poor rhyolites. Additional work is required to better constrain melt segregation in
shallow magmatic reservoirs and the evolution of caldera-forming systems. I am
eager to see the outcomes of future research in this area and hope to be involved in

many projects over the next years and decades.
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Analytical Conditions

TABLE A.1l: Analytical conditions of EPMA analyses of plagioclase
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and alkali feldspar
Element Standard Crystal Time on peak Time on background
Si Wollastonite & Albite TAP 20s 10s
K Orthoclase PETH 20s 10s
Na Jadeite & Albite TAP 20s 10s
Ca Wollastonite PET] 30s 15s
Fe Fayalite LIFH 40s 20s
Al Andalusite & Albite TAP 20s 10s

TABLE A.2: Analytical conditions of EPMA analyses of pyroxene,
amphibole and biotite

Element Standard Crystal Time on peak Time on background
Si Wollastonite TAP 30s 15s
K Orthoclase PETH 20s 10s
Na Jadeite TAP 20s 10s
Ca Wollastonite PET] 30s 15s
Fe Fayalite & Olivine ~ LIFH 30s 15s
Al Andalusite TAP 30s 15s
Cl Scapolite PETH 30s 15s
Mg Olivine TAP 30s 155
Ti MnTi-oxide PET] 30s 15s
Mn MnTi-oxide LIFH 30s 15s

TABLE A.3: Analytical conditions of EPMA analyses of Fe-oxides

Element  Standard Crystal Time on peak Time on background
Si Wollastonite TAP 30s 15s
Ca Wollastonite = PETH 30s 15s
Mg MgO TAP 30s 15s
Ti MnTi-oxide PET] 30s 15s
Fe Hematite LIFH 30s 15s
Al Andalusite TAP 30s 15s
Ni NiO LIFH 30s 15s
Cr Cr;O3 PET] 30s 15s
Mn MnTi-oxide LIFH 30s 15s
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TABLE A.4: Analytical conditions of EPMA analyses of pumice and
matrix glasses

Element  Standard  Crystal Time onpeak Time on background

Na Albite TAP 20s 10s
K Orthoclase PETH 20s 10s
Si Wollastonite TEP 30s 15s
Ca Wollastonite  PET] 30s 15s
Fe Fayalite LIFH 30s 15s
Mg Olivine TAP 40s 20s
P Apatite PETH 40s 20s
Al Andalusite TAP 30s 15s
Ti MnTi-oxide PET]J 30s 15s

Mn MnTi-oxide LIFH 30s 15s
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TABLE B.1: Major and trace elements and radiogenic isotopes of Takidani pluton along Shiradashi-zawa

Unit: mGT pGT pGT pGT pGT pGT pGT GRT GRT GDT GDT GDT GDT GDT GDT GDT GDT
ID: EH5 EH6 EH7 EH9 EH10 EHI11 EH12 EH14 EH15 EH16 EH17 EH18 EH19 EH20 EH21 EH23 EH24
Latitude: 36.2936 36.2936 36.2935 36.2939 36.2937 36.2925 36.2928 36.3001 36.2998 36.2937 36.2937 36.2934 36.2933 36.2931 36.2931 36.2933 36.2931
Longitude: 137.6310  137.6301  137.6300  137.6292  137.6290  137.6281  137.6275  137.6139  137.6153  137.6238  137.6242  137.6247  137.6248  137.6253  137.6257  137.6262  137.6266
Elevation: 2186 2113 2092 2040 2024 2020 1949 1549 1573 1805 1816 1827 1828 1849 1864 1879 1892
wt%

SiO, 67.83 69.21 69.55 69.71 69.02 69.99 66.76 66.54 67.24 64.74 64.32 65.41 65.12 64.28 65.59 65.38 64.92
TiO2 0.54 0.40 0.42 045 0.47 0.38 0.57 0.55 0.58 0.67 0.71 0.61 0.67 0.71 0.63 0.67 0.68
ceAI203 14.97 14.12 14.38 14.35 14.84 14.13 15.13 15.27 14.82 15.41 15.42 15.31 15.29 15.22 15.28 15.17 15.39
FerO3 3.85 3.88 3.40 3.13 3.18 3.13 426 3.86 411 497 5.24 451 491 5.28 4.67 5.01 5.07
MnO 0.08 0.09 0.08 0.04 0.05 0.06 0.09 0.09 0.08 0.09 0.10 0.09 0.10 0.09 0.10 0.09
MgO 1.49 1.14 1.11 1.28 131 1.15 1.74 1.58 1.64 2.09 221 1.95 2.05 2.24 1.92 2.13 214
CaO 3.60 2.88 2.81 2.99 3.38 2.78 3.88 3.99 3.70 4.49 452 427 438 456 434 445 438
NapO 3.65 3.49 345 332 3.53 3.30 3.57 347 3.44 3.36 3.44 3.36 341 3.35 3.39 3.39 3.16
K20 2,93 3.74 3.81 341 3.31 3.64 3.11 3.25 3.31 2.89 2.80 3.10 2.85 2,94 2,96 2.81 2.87
P05 0.16 0.11 0.11 0.12 0.12 0.11 0.16 0.15 0.15 0.18 0.20 0.17 0.18 0.20 0.18 0.19 0.19
LOI 031 0.23 031 045 0.49 0.56 0.29 0.63 0.26 0.34 0.61 0.46 0.46 0.59 031 0.44 0.66
Total 99.40 99.29 99.42 99.26 99.71 99.24 99.55 99.37 99.33 99.23 99.57 99.23 99.31 99.46 99.36 99.73 99.54
ppm

TiOp 0.62 0.48 0.48 0.51 0.53 0.47 0.66 0.62 0.66 0.78 0.81 0.70 0.78 0.82 0.73 0.79 0.79
MnO 0.07 0.09 0.07 0.04 0.04 0.06 0.09 0.08 0.07 0.09 0.09 0.08 0.09 0.09 0.08 0.09 0.09
Sc 11 11 9 11 10 10 13 12 13 14 15 13 14 15 13 15 14
Co 7 6 6 6 6 6 9 9 8 10 11 9 10 11 10 10 11
Ni 5 4 3 4 4 4 5 6 5 7 7 10 6 7 6 7 6
Cu 16 11 48 7 4 6 7 6 8 11 7 11 10 9 10 8 9
Zn 32 37 45 22 21 28 51 44 | 46 51 46 50 47 49 49 51
Rb 88 106 117 113 95 107 99 101 106 88 88 93 91 93 88 89 93
Sr 312 261 232 253 281 249 294 323 282 340 336 327 337 330 330 328 334
Y 20 13 16 15 15 15 19 17 22 18 19 18 18 20 18 19 19
Zr 150 120 118 124 118 126 139 151 169 154 156 149 147 155 157 153 158
Nb 8 8 8 8 7 8 9 7 8 8 8 7 8 8 8 8 8
Mo 0 2 1 0 0 5 1 0 0 1 1 0 1 1 1 1 1
Cs 3 2 3 4 3 3 5 2 4 5 4 3 3 3 3 3 4
Ba 506 527 465 448 498 451 418 570 507 485 482 471 481 512 480 448 490
La 24 23 29 29 28 26 32 27 31 23 29 29 25 38 25 23 25
Ce 45 42 52 52 51 46 60 51 60 46 56 57 48 70 49 46 49
Pr 5 4 5 5 5 5 6 5 6 5 6 6 5 7 5 5 5
Nd 20 15 18 17 18 16 23 20 24 19 23 2 20 26 20 20 21
Sm 4 3 3 3 3 3 4 4 4 4 4 4 4 5 4 4 4
Eu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Gd 3 3 3 3 3 3 4 3 4 3 4 3 4 4 3 4 3
Tb 1 0 0 0 0 0 1 0 1 1 1 0 1 1 1 1 1
Dy 3 2 3 3 2 2 3 3 4 3 4 3 3 4 3 3 4
Ho 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
Er 2 1 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2
Tm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Yb 2 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 2
Lu 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Hf 4 4 4 4 3 4 4 4 5 4 4 4 4 4 4 4 4
Ta 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
w 1 1 2 0 0 1 2 1 1 1 1 1 1 1 1 1 1
Pb 8 14 16 9 9 9 16 15 12 12 14 12 11 11 14 1 11
Th 12 16 20 18 15 19 17 12 16 11 10 12 12 10 13 11 11
U 3 3 4 4 3 4 4 3 3 2 2 3 3 2 3 2 2
M3Nd/1Nd 0512463 0512543 0512514 0512500 0512529  0.512584  0.512488 0.512490 0.512522

875y /865r 0.707535  0.707243 0707234 0707228  0.707149  0.707085  0.707161 0.707183 0.707152

206pp, / 204pL, 1839539  18.40343 18.40059  18.40217 1839883 1839716  18.40050 18.39653 18.39877

207pp / 204pp, 1561338 15.62013 1561529  15.61648 1561580  15.61366  15.61496 15.61591 15.61400

208py, / 204py, 38.77705 3878723 3877786 38.77863 3877249 3875889  38.77153 38.76860 38.76852
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TABLE B.2: (Continued)

Unit: pGT pGT mGT mGT pGT pGT pGT
ID: EH69 EH70 EH71 EH72 EH74 EH75 EH76
Latitude: 36.2916 36.2918 36.2907 36.2901 36.2918 36.2919 36.2921
Longitude: 137.6294  137.6293  137.6299  137.6301  137.6291  137.6290  137.6287
Elevation: 2040 2035 2110 2160 2020 2010 1995
wt%

SiOy 68.88 69.25 67.68 67.41 67.38 66.43 67.03
TiO2 0.48 0.41 0.55 0.59 0.54 0.56 0.54
ALO3 14.67 14.72 14.64 14.88 14.95 15.14 14.84
Fe203 3.45 3.27 411 422 4.01 423 4.02
MnO 0.05 0.06 0.08 0.08 0.06 0.05 0.06
MgO 137 127 1.51 158 1.63 1.70 1.60
Ca0 3.28 3.25 3.47 3.60 3.79 3.66 3.67
NaO 3.12 3.28 3.40 3.64 3.08 2.83 3.31
K20 3.28 3.50 3.26 3.04 3.29 2,99 3.29
P,05 0.13 0.12 0.16 0.17 0.15 0.16 0.15
LOI 0.46 0.35 0.37 0.27 0.41 1.39 0.50
Total 99.18 99.47 99.22 99.47 99.29 99.14 99.02
ppm

TiOy 0.56 0.50 0.64 0.67 0.63 0.65 0.63
MnO 0.05 0.05 0.08 0.08 0.05 0.04 0.06
Sc 10 10 1 11 12 12 12
Co 7 6 8 8 8 9 7

Ni 4 4 4 4 5 4 5
Cu 19 5 5 3 29 28 8

Zn 25 29 35 41 29 28 28
Rb 119 108 95 94 107 922 104
Sr 267 266 302 314 288 306 292

Y 17 16 18 19 18 17 18
Zr 130 131 149 153 137 135 139
Nb 8 8 8 9 8 7 8
Mo 12 2 1 0 6 0 0

Cs 6 5 3 3 5 4 4

Ba 470 471 546 533 445 480 491
La 31 29 37 29 29 23 27
Ce 57 53 69 56 55 45 51

Pr 6 5 7 6 6 5 5
Nd 20 18 25 22 20 18 19
Sm 3 3 4 4 4 3 4

Eu 1 1 1 1 1 1 1
Gd 3 3 3 4 3 3 3

Tb 0 0 0 1 0 0 0
Dy 3 3 3 4 3 3 3
Ho 1 1 1 1 1 1 1

Er 2 2 2 2 2 2 2
Tm 0 0 0 0 0 0 0
Yb 2 2 2 2 2 2 2

Lu 0 0 0 0 0 0 0

Hf 4 4 4 4 4 4 4

Ta 1 1 1 1 1 1 1

w 1 1 0 0 0 1 1

Pb 9 13 9 9 11 12 10
Th 18 17 14 11 16 14 15

U 4 4 2 2 4 3 3
143Nd/144Nd 0.512486 0.512526 0.512540
875y /865r 0.707347 0.707511 0.707324
206py, / 204py, 18.40263 18.40788 18.40258
207pp / 204pp 15.61703 15.62514 15.61689
208pp, / 204pp, 38.78160 38.80612 38.77832
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TABLE B.3: Average composition of plagioclase from TK

Pop1 Pop II Pop 11 Rim I Rim II Rim III Matrix Plg Kfs Matrix Kfs
n: 488 672 442 29 145 99 29 25 33
wt%
SiO, 59.77 (0.81) 57.53 (147) 56.82 (148) 6235 (1.38) 6323 (1.58) 63.00 (1.61) 6231 (1.06) 6547 (0.23) 6527 (0.40)
AlbOs 2466 (0.57) 26.17 (1.02) 26.89 (0.97) 23.00 (0.88) 2257 (096) 2298 (1.05) 23.07 (0.85) 18.14 (0.19) 18.13 (0.22)
FeO 0.19 (0.02) 026 (0.07) 032 (0.05) 017 (0.03) 0.15 (0.03) 0.18 (0.04) 0.15 (0.03) 0.09 (0.02) 0.10 (0.03)
CaO 709 (0.62) 889 (1.16) 957 (1.17) 513 (1.04) 450 (1.16) 470 (1.26) 496 (0.89) 0.07 (0.04) 0.04 (0.03)
Na,O 726 (0.34) 6.6 (0.68) 599 (0.64) 849 (0.60) 8.67 (0.61) 8.78 (0.77) 870 (049) 147 (0.29) 0.12 (0.37)
K>;O 051 (0.25) 044 (0.68) 032 (0.13) 045 (0.09) 050 (0.15) 052 (0.14) 031 (0.09) 14.23 (0.45) 14.80 (0.51)
Total 99.49 (0.35) 9945 (0.29) 9991 (0.51) 99.59 (0.44) 99.61 (0.30) 100.15 (0.49) 9949 (0.57) 9947 (0.39) 99.55 (0.48)
mol
An 0.34 (0.03) 043 (0.06) 046 (0.06) 024 (0.05) 0.22 (0.06) 0.22 (0.06) 024 (0.04) 0.00 (0.000 0.00 (0.00)
Ab 0.63 (0.03) 054 (0.06) 052 (005 073 (0.05) 0.76 (0.05) 0.75 (0.06) 075 (0.04) 0.14 (0.03) 0.11 (0.03)
Or 0.03 (0.01) 0.03 (0.04) 0.02 (0.01) 0.03 (0.01) 0.03 (0.01) 0.03 (0.01) 0.02 (0.00) 086 (0.03) 0.89 (0.03)
Fex10 029 (0.03) 041 (0.04) 048 (0.08) 025 (0.04) 023 (0.05) 026 (0.07) 022 (0.05) 0.14 (0.03) 0.15 (0.05)
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TABLE B.4: Average composition of high-Al amphibole (5.8-8.0 wt.%

A1203) of TK

mGT pGT GDT GRT
n: 7 27 24 4
wt%
SiO, 46.64 (0.72) 47.15 (0.52) 47.32 (0.55) 4747 (0.51)
TiO» 149 (0.12) 1.65 (0.10) 1.61 (0.15) 157 (0.23)
AlL,O3 712 (057) 6.80 (0.43) 658 (0.36) 625 (0.47)
FeO 17.17 (0.33) 15.07 (0.47) 1536 (0.47) 14.70 (1.29)
MgO 11.71 (0.31) 13.34 (0.44) 1332 (0.41) 1391 (0.73)
MnO 0.70 (0.05) 031 (0.05) 036 (0.09) 0.33 (0.08)
CaO 11.11 (0.08) 11.17 (0.09) 11.14 (0.09) 11.24 (0.12)
NayO 152 (0.11) 152 (0.16) 146 (0.08) 1.50 (0.12)
K0 0.64 (0.09) 067 (0.06) 0.65 (0.06) 0.65 (0.04)
Cl 015 (0.02) 0.14 (0.02) 0.14 (0.04) 0.13 (0.04)
Total 98.24 (0.29) 97.83 (0.38) 97.95 (0.37) 97.74 (0.10)
T-sites
Si 6.87 (0.09) 691 (0.06) 694 (0.06) 6.97 (0.07)
ALY 1.13 (0.09) 1.09 (0.06) 106 (0.06) 1.03 (0.07)
8.00 8.00 8.00 8.00
M1-3 sites
AV 0.11 (0.01) 0.09 (0.03) 0.07 (0.01) 0.05 (0.01)
Ti 0.16 (0.01) 0.18 (0.01) 0.18 (0.02) 0.17 (0.03)
Fe3+ 051 (0.02) 044 (0.06) 041 (0.05) 030 (0.08)
Mg 257 (0.06) 291 (0.09) 291 (0.08) 3.04 (0.14)
Mn 0.09 (0.01) 0.04 (0.01) 0.04 (0.01) 0.04 (0.01)
FeZ* 1.55 (0.05) 1.34 (0.10) 1.38 (0.07) 1.39 (0.21)
Ca 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
5.00 5.00 5.00 5.00
M4 site
Fe 0.05 (0.01) 0.07 (0.03) 0.09 (0.02) 0.12 (0.04)
Ca 1.75 (0.01) 1.75 (0.02) 1.75 (0.02) 1.77 (0.01)
Na 0.19 (0.01) 0.18 (0.03) 0.16 (0.03) 0.11 (0.05)
2.00 2.00 2.00 2.00
A site
Ca 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Na 024 (0.03) 025 (0.04) 026 (0.03) 032 (0.05)
K 012 (0.02) 0.13 (0.01) 0.12 (0.01) 0.12 (0.01)
Sum cations 15.36 (0.05) 15.38 (0.05) 15.38 (0.04) 15.44 (0.05)
OH site
e) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
OH 1.96 (0.01) 196 (0.01) 1.96 (0.01) 1.97 (0.01)
F 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Cl 0.04 (0.01) 004 (0.01) 0.04 (0.01) 0.3 (0.01)
Mg# 051 (0.01) 058 (0.02) 058 (0.02) 0.61 (0.03)
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TABLE B.5: Average composition of low-Al amphibole (3.6-5.8 wt.%

A1203) Of TK
mGT pGT GDT GRT
11 16 31 12

wt%
SiO» 49.89 (1.22) 49.14 (0.65) 49.46 (0.67) 49.19 (0.65)
TiO, 081 (0.22) 100 (0.21) 093 (0.17) 0.93 (0.12)
AL O3 456 (0.59) 457 (0.48) 452 (0.53) 446 (0.54)
FeO 1554 (0.83) 1690 (0.46) 16.47 (0.49) 16.95 (0.42)
MgO 1350 (0.64) 12.84 (0.45) 13.36 (0.37) 13.09 (0.42)
MnO 074 (0.07) 082 (0.07) 070 (0.08) 0.63 (0.07)
CaO 1148 (0.38) 10.69 (0.21) 10.82 (0.26) 10.76 (0.25)
Na,O 096 (0.15) 123 (0.17) 114 (0.15) 111 (0.16)
K,O 0.40 (0.10) 0.43 (0.08) 0.42 (0.06) 0.44 (0.07)
Cl 0.16 (0.07) 020 (0.03) 0.17 (0.04) 0.17 (0.02)
Total 98.06 (0.36) 97.81 (0.22) 98.01 (0.50) 97.72 (0.31)
T-sites
Si 728 (0.12) 726 (0.08) 727 (0.08) 727 (0.08)
AV 072 (0.12) 0.74 (0.08) 0.73 (0.08) 0.73 (0.08)

8.00 8.00 8.00 8.00
M1-3sites
AV 0.07 (0.02) 0.05 (0.02) 0.05 (0.02) 0.04 (0.02)
Ti 0.09 (0.02) 011 (0.02) 0.10 (0.02) 0.10 (0.01)
Fe3* 035 (0.06) 029 (0.10) 029 (0.09) 027 (0.08)
Mg 294 (0.12) 2.83 (0.10) 293 (0.08) 2.88 (0.09)
Mn 0.09 (0.01) 0.0 (0.01) 0.9 (0.01) 0.08 (0.01)
FeZ* 146 (0.07) 1.62 (0.07) 155 (0.07) 1.62 (0.06)
Ca 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

5.00 5.00 5.00 5.00
M4 site
Fe 0.09 (0.05) 0.18 (0.05) 0.19 (0.05) 0.20 (0.05)
Ca 1.80 (0.05) 1.69 (0.03) 1.70 (0.04) 1.70 (0.04)
Na 012 (0.02) 0.13 (0.05) 0.11 (0.05) 0.09 (0.05)

2.00 2.00 2.00 2.00
A site
Ca 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Na 0.16 (0.05) 022 (0.06) 022 (0.05) 022 (0.04)
K 0.08 (0.02) 0.08 (0.01) 0.08 (0.01) 0.08 (0.01)
Sum cations 1523 (0.06) 15.30 (0.07) 15.30 (0.05) 15.31 (0.04)
OH site
Q) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
OH 1.96 (0.02) 195 (0.01) 196 (0.01) 1.96 (0.01)
F 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Cl 0.04 (0.02) 0.05 (0.01) 0.04 (0.01) 0.04 (0.01)

Mg# 059 (0.02) 057 (0.02) 059 (0.02) 058 (0.02)
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TABLE B.6: Modal abundances (area%) of mineral phases in GDT, pGT
and mGT units

Unit: GDT GDT pGT pGT pGT mGT
Sample: EHle EH23 EH12 EH76 EH70 EH5
Plagioclase feldspar 43.25 49.27 4347 4110 36.57 46.64
Quartz 26.07 2144 2652 2852 3113 24.12
K-feldspar 14.64 1429 1558 19.04 2193 16.07
Amphibole 524 589 390 317 259 5.69
Biotite/phlogopite 771 600 759 495 567 528
Chlorite 070 140 075 162 075 0.65
Fe-oxides 056 037 050 029 018 0.60
IImenite 018 014 013 008 012 022
Apatite 028 024 029 023 017 027
Titanite 013 025 013 036 012 017
Epidote 027 012 026 016 012 0.02
Zircon 0.02 0.02 0.02 0.01 0.02 0.02
Kaolinite 000 000 000 002 000 012
Others 096 056 086 045 063 0.12

TABLE B.7: Distribution of anorthite content (area%) in GDT, pGT and
mGT created from Ca maps and EPMA analyses

Unit: GDT GDT pGT pGT pGT mGT
Sample: EHl6 EH23 EH12 EH76 EH70 EH5
Anjo-30 117 141 153 159 152 180
Angp_50 216 232 184 168 141 268
Ansg-70 8.4 10.6 6.9 4.9 4.0 14
Anzg_go 0.7 0.2 0.4 0.2 0.3 0.0
Total (anorthite maps) 42.5 48.1 41.0 37.8 33.6 462
Total (QEMSCAN maps) 43.3 493 435 411 36.6  46.6
Normalised (anorthite maps)

Anyo_30 276 293 373 421 452 390
Angzg_sp 50.8 483 448 446 421  58.0
Ansg_70 198 220 168 129 118 3.0
Anzp_g0 1.7 0.4 1.1 0.4 0.9 0.0
Normalised (plagioclase content of mineral maps)

Anyo_30 271 286 352 387 415 386
Anzg_50 499 472 423 409 386 574
Ans-70 195 215 159 11.8 108 3.0
Anzp_g0 1.7 0.4 1.0 0.4 0.8 0.0

TABLE B.8: Abundance of plagioclase population (%) across TK

Population: P1 P2 P3
mGT n==6 100 - -
pGT n=17 24 70 6
GDT n=11 - 91 9
GRT n=_8 - - 100
fGT n. n.a. n.a. na.
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TABLE B.9: Temperature evaluation (°C) at 200 MPa for low-Al and
high-Al amphibole population

Unit: mGT pGT GDT GRT

Holland and Blundy (1994) - equation A
low-Al  Anzy 686 (37) 709 (24) 709 ( (
low-Al  Anzs 693 (38) 717 (25) 717 ( (
low-Al  Ang 703 (39) 728 (26) 727 (22) 730 (17)
low-Al  Anygs 714 (40) 740 (27) 739 (22) 742 (17)
high-Al Anzy 766 (18) 767 (15) 767 (15) 773 (12)

( (

( (

( (

20) 712
21) 719

16)
16)

high-Al Anszs 775 (18) 777 (16) 777 (15) 782 (13)
high-Al  Ang 788 (19) 789 (16) 789 (16) 795 (13)
high-Al Angs 802 (20) 803 (17) 803 (16) 810 (14)

Holland and Blundy (1994) - equation B

low-Al  Anzgp 694 (18) 712 (24) 699
low-Al  Anzs 712 (18) 731 (25) 717
low-Al  Ang 731 (18) 751 (26) 736 (28) 722 (59)
low-Al  Angs 750 (18) 771 (27) 755 (30) 740 (61)

(26) 685 (
( (
E E
high-Al  Angy 754 (9) 754 (11) 749 (8) 733 (21)
( (
( (
( (

27) 703

55)
57)

high-Al Anzs 774 (9) 773 (11) 769 (9) 751 (22)
high-Al Angy 794 (9) 794 (11) 789 (9) 771 (23)
high-Al Angs 814 (9) 814 (12) 808 (9) 790 (24)

Blundy and Holland (1990)

low-Al  Angy 638 (29) 645 (19) 642
low-Al  Angs 647 (30) 654 (19) 651
low-Al  Ang 659 (30) 667 (20) 664 (21) 664 (21)
low-Al  Anys 673 (31) 681 (21) 678 (22) 678 (21)

(20) 642 (
( (
E E
high-Al  Angy 732 (20) 724 (13) 719 (14) 711 (15)
( (
( (
( (

21) 651

20)
20)

high-Al  Angs 743 (21) 735 (14) 729 (14) 721 (15)
high-Al  Ang 758 (21) 750 (14) 744 (14) 736 (16)
high-Al  Angs 776 (22) 767 (15) 760 (15) 752 (16)

Olten et al. (1984)
low-Al 652 (30) 679 (28) 669 (22) 669 (17)
high-Al 743 (16) 763 (13) 758 (20) 753 (30)

TABLE B.10: Chemical composition of alkali feldspar from TK

phenocrysts matrix
n: 25 33

wt%

SiO, 65.47 (0.23) 65.27 (0.40)
ALO; 1814 (0.19) 1813 (0.22)
FeO 009 (0.02) 0.10 (0.03)
CaO 007 (0.04) 004 (0.03)
Na,O 147 (0.29) 012 (0.37)
KO 1423 (045) 14.80 (0.51)
Total 99.47 (0.39) 99.55 (0.48)

An 0.00 (0.00) 0.00 (0.00)
Ab 0.4 (0.03) 0.1 (0.03)
Or 086 (0.03) 0.89 (0.03)

Fex10 014 (0.03) 0.15 (0.05)




137

Appendix B. Appendix Chapter 3

TABLE B.11: Average chemical composition of biotite of TK

Unit: mGT mGT pGT pGT pGT pGT GDT GDT GRT
Sample: EH5 EH72 EH6 EH11 EH70 EH76 EH23 EH16 EH14

n: 21 18 12 12 6 6 17 19 16

wt%

SiO, 3747 (0.28) 372 (0.28) 3777 (0.70) 37.26 (0.26) 37.15 (0.32) 36.67 (0.32) 37.43 (0.35) 37.54 (0.26) 37.83 (0.32)
TiO; 461 (031) 458 (0.34) 432 (044) 478 (037) 473 (0.18) 474 (0.11) 458 (023) 462 (032) 471 (045)
AlLO3 133 (0.16) 13 (0.14) 1256 (0.41) 1293 (0.26) 132 (0.22) 12.83 (0.21) 1298 (0.22) 1333 (0.19) 13.1 (0.23)
FeO 18.69 (0.58) 20.26 (0.42) 2191 (0.50) 2093 (0.30) 215 (0.53) 21.6 (0.57) 20.18 (0.38) 19.75 (0.40) 19.39 (0.70)
MgO 1212 (0.34) 111 (0.34) 10.18 (0.63) 10.62 (0.28) 10.18 (0.53) 1021 (0.35) 11.14 (0.30) 1139 (0.27) 1157 (0.46)
MnO 032 (0.04) 036 (0.03) 046 (0.03) 039 (0.01) 034 (0.02) 029 (0.05) 032 (0.03) 03 (0.02) 027 (0.02)
CaO 0.02 (0.03) 0.02 (0.03) 0.02 (0.02) 0.00 (0.01) 0.010 (0.01) 0.01 (0.02) 0.01 (0.01) 0.04 (0.05) 015 (0.50)
Na,O 0.16 (0.03) 0.14 (0.03) 0.1 (0.04) 016 (0.07) 014 (0.04) 015 (0.02) 015 (0.03) 015 (0.03) 0.14 (0.02)
KO 9.14 (0.13) 911 (0.12) 9.05 (0.11) 9.01 (0.15) 9.11 (0.12) 9 (014) 901 (012) 9.02 (0.18) 9.14 (0.27)
F n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Cl 035 (0.02) 035 (0.02) 036 (0.03) 033 (007) 034 (0.04) 035 (0.06) 038 (0.07) 037 (0.07) 049 (0.08)
Total 96.18 (0.40) 96.12 (0.31) 96.73 (0.37) 96.42 (0.36) 96.7 (0.34) 95.85 (0.32) 96.17 (0.45) 96.51 (0.47) 96.78 (0.45)
Mg # 0.54 (0.01) 049 (0.01) 045 (0.02) 047 (0.01) 046 (0.02) 046 (0.01) 0.5 (0.01) 051 (0.01) 052 (0.02)
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NiO 002 (0.03) 0.02 (0.02
Total 9357 (0.34) 94.02 (0.23

001 (0.01) 000 (0.00) 0.01 (0.01
9345 (0.45) 9355 (0.15) 93.86 (0.46

001 (0.02) 0.02 (0.03) 0.02 (0.03)
93.18 (0.30) 93.67 (0.26) 9353 (0.39)

Unit: mGT mGT pGT pGT pGT GDT GDT GRT
Sample: EH5 EH72 EH6 EHS8 EH11 EH23 EH16 EH14
n: 3 4 14 2 4 3 5 5
wt%
SiO; 0.04 (0.01) 0.04 (0.02) 0.09 (0.08 011 (0.100 0.04 (0.01) 0.05 (0.01) 0.06 (0.02) 0.07 (0.03)
TiO, 086 (0.39) 0.78 (0200 1.22 (1.03) 062 (0.33) 127 (0.32) 059 (0.16) 223 (095) 0.66 (0.26)
Al,O3 0.11 (0.05) 021 (0.10) 0.32 (0.41) 0.11 (0.03) 0.09 (0.05) 019 (0.09) 036 (0.18) 0.14 (0.09)
FeO 9227 (0.15) 92.65 (0.21) 91.49 (1.31) 9254 (0.05) 92.09 (0.34) 92.07 (0.33) 9044 (1.29) 9231 (0.29)
MgO 0.02 (0.02) 0.02 (0.01) 0.04 (0.07) 0.00 (0.00) 0.01 (0.01) 0.01 (0.02) 0.03 (0.02) 0.01 (0.02)
MnO 0.14 (0.03) 0.2 (0.03) 012 (0.03) 0.10 (0.01) 0.15 (0.03) 010 (0.03) 028 (0.22) 0.09 (0.01)
CaO 0.04 (0.01) 0.06 (0.08) 0.07 (0.05) 0.03 (0.00) 0.07 (0.04) 0.03 (0.01) 0.02 (0.02) 0.05 (0.02)
Cr03 0.07 (0.03) 0.1 (0.02) 011 (0.05) 0.05 (0.000 0.14 (0.07) 013 (0.04) 023 (0.09) 0.17 (0.03)
) )
) )
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TABLE B.13: Average chemical composition of ilmenite of TK

Unit: mGT mGT pGT pGT pGT GDT GDT GRT
Sample: EH5 EH72 EH6 EHS8 EH11 EH23 EH16 EH14

n: 10

wt%

5i0; 0.02 (0.02) 0.03 (0.02) 0.03 (0.01) 0.02 (0.02) 0.02 (0.02) 0.00 (0.01) 0.00 (0.01) 0.05 (0.03)
TiO; 50.15 (0.54) 4935 (0.20) 50.63 (0.51) 4951 (1.38) 50.42 (0.41) 5050 (0.37) 49.72 (0.19) 50.18 (0.97)
AlLO3 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 0.00 (0.01) 0.02 (0.03)
FeO 4317 (0.34) 4535 (1.21) 4452 (1.69) 4551 (0.39) 43.88 (045) 4273 (0.70) 4474 (0.84) 4495 (0.12)
MgO 0.03 (0.01) 0.15 (0.02) 020 (0.24) 0.04 (0.01) 0.06 (0.02) 0.08 (0.02) 011 (0.06) 0.04 (0.01)
MnO 6.62 (0.42) 544 (0.83) 459 (1.72) 452 (0.61) 584 (042) 648 (047) 5.07 (1.09) 483 (0.28)
CaO 0.06 (0.03) 0.05 (0.05) 0.06 (0.05) 0.14 (0.22) 0.08 (0.06) 0.02 (0.02) 0.04 (0.06) 0.10 (0.07)
Cr03 0.02 (0.02) 0.05 (0.02) 0.05 (0.05) 0.04 (0.03) 0.04 (0.03) 0.06 (0.02) 0.06 (0.03) 0.05 (0.02)
NiO 0.01 (0.02) 0.00 (0.00) 0.01 (0.01) 0.00 (0.00) 0.01 (0.01) 0.01 (0.02) 0.02 (0.02) 0.01 (0.02)
Total 100.08 (0.20) 100.42 (0.23) 100.07 (0.46) 99.78 (0.62) 100.34 (0.31) 9990 (0.38) 99.76 (0.08) 100.23 (0.61)
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TABLE B.14: Mean temperature and pressure for amphibole of TK

Unit: mgT pGT GDT GRT

n: 18 43 55 16
Temperature (°C; BH90) min max min max min max min max
Anzy 683 (43) 612 749 700 (33) 632 742 685 (33) 631 741 673 (28) 635 727
Anzs 694 (45) 620 764 712 (35) 640 757 698 (36) 639 774 683 (30) 644 741
Pressure (MPa; AS95) min max min max min max min max
Angzy 134 (85) 5 245 161 (67) 17 271 128 (68) 5 226 9 (B59) 19 204
Anzs 124 (74) 6 216 147 (59) 18 251 120 (61) 6 224 92 (3) 19 184
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TABLE B.15: Mean temperature and pressure for low-Al and high-Al

amphibole population

Unit: mGT

pGT

GDT

GRT

Temperature (°C; BH90)
low-Al  Angy 654
low-Al  Angs 663
high-Al  Anzy 729
high-Al Anss 743

Pressure (MPa; AS95)
low-Al  Anjzg 76
low-Al  Anss 73
high-Al  Anzy 226
high-Al Anzs 204

(24)
(25)
(18)
(19)

(48)
(44)
(21)
(15)

660
670
723
737

82
78
208
188

(15)
(16)
(11)
(12)

(36)
(34)
(22)
(20)

658
668
719
731

76
72
196
178

(16)
(16)
(12)
(13)

(40)
(37)
(15)
(12)

659
668
714
727

73
69
177
161

(15)
(15)
(12)
(13)

(42)
(39)
(20)
(17)
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FIGURE C.1: Geometry of the axisymmetric thermal model. Instan-
taneous intrusion of a cylindrical magma reservoir at 10 km depth is
modeled for magma volumes of 100, 1000 and 10.000 km3. The surface
temperature is fixed at 8°C and the initial geothermal gradient is set
to 25°C km~!. Upper and lower boundaries are fixed temperature,
while a zero flux condition is imposed on the right boundary. The
left boundary of the model is the plane of symmetry. This figure was
provided by Gregor Weber at the University of Geneva.
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TABLE C.1: Normalised mineral abundance from QEMSCAN

Sample Qtz Kfs Plg<An30

EH16 26.1 146 11.7
EH23 214 143 14.1
EH12 265 156 15.3
EH76 28,5 19.0 15.9
EH70 311 219 15.2

TABLE C.2: Calculated interstitial melt composition (EPMA calibrated)

Sample Qtz Or Ab

EHI6 050 (0.01) 025 (0.02) 025 (0.04)
EH23 043 (0.01) 027 (0.03) 030 (0.05)
EHI12 046 (0.01) 025 (0.03) 0.29 (0.06)
EH76 045 (0.01) 028 (0.04) 027 (0.07)
EH70 046 (0.01) 029 (0.03) 025 (0.07)

TABLE C.3: Parameters used in thermal modelling

Specific heat 1000 Jkg 'K!
Thermal conductivity as in Whittington et al. (2009)

Latent heat 3.13x10° Jkg!
Density (melt and solid) 2700 kg m—3
Initial geothermal gradient 25 °Ckm™!
Surface temperature 8 °C
Intrusion depth 10 km

Intrusion volumes 100, 1000, 10.000  km?3
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TABLE C.4: Polynomial fits

Aspect ratio 10

HyO-saturated  y = -3E-13x® + 2E-07x? + 0.0053x + 0.9947
3 wt.% HyO y = -1E-13x3 + 1E-07x2 + 0.0033x + 0.9967
2 wt.% H,O y = -1E-13x3 + 9E-08x2 + 0.0031x + 0.9969

Aspect ratio 2

H,O-saturated y = 2E-08x? + 0.0020x + 0.9980
3 wt.% Hp,O y = 1E-08x? + 0.0014x + 0.9986
2 wt.% HyO y = 8E-09x2 + 0.0012x + 0.9988
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FIGURE D.1: Nyukawa PFD - EH61 - plg1; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

FIGURE D.2: Nyukawa PFD - EH61 - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.3: Nyukawa PFD - EH61 - plg3; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

UWIL  CO

FIGURE D.4: Ebisutoge PD - EH63-3 - plg1; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.5: Ebisutoge PD - EH63-3 - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

FIGURE D.6: Ebisutoge PD - EH65a - plgl; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.7: Ebisutoge PD - EH65a - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

FIGURE D.8: Ebisutoge PD - EH65a - plg3; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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65b_pigt -

UWMIL COMP 15,

FIGURE D.9: Ebisutoge PD - EH65b - plg1; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

FIGURE D.10: Takidani Pluton - EH5 - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.11: Takidani Pluton - EH5 - plg3; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.12: Takidani Pluton - EH16 - plg1; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.13: Takidani Pluton - EH16 - plg3; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

HMIL

FIGURE D.14: Takidani Pluton - EH29 - plg1; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses



Appendix D. Appendix Chapter 5 155

UNIL COMF 15.8kN Pl 1EEEE

FIGURE D.15: Takidani Pluton - EH29 - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

}
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FIGURE D.16: Takidani Pluton - EH70 - plg2; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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FIGURE D.17: Takidani Pluton - EH70 - plg3; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses

UWIL  COMF

FIGURE D.18: Takidani Pluton - EH70 - plg4; Location of EPMA (solid
line) and ICPMS (dashed ring) analyses
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TABLE D.1: Average major and trace element composition of the
granodiorite, granites, enclaves and aplites of TK

Unit:  Granodiorites Granites Enclaves Aplites

n: 40

wt%

Si0, 6723 (1.63) 73.69 (1.18) 57.65 (1.94) 76.64 (0.78)
TiO; 055 (0.08) 028 (0.07) 100 (0.13) 0.13 (0.06)
AlLOs 1496 (0.39) 1335 (0.53) 16.84 (0.46) 12.35 (0.25)
Fe,O3 412 (059) 207 (032) 771 (0.79) 0.99 (0.38)
MnO 0.08 (0.02) 005 (0.01) 0.18 (0.05) 0.02 (0.01)
MgO 164 (031) 057 (021) 327 (0.71) 022 (0.16)
CaO 3.75 (0.55) 1.60 (047) 6.01 (098) 094 (0.34)
Na,O 337 (0.18) 324 (0.11) 398 (047) 3.03 (0.20)
K,O 323 (0.31) 4.63 (0.31) 215 (0.38) 5.09 (0.25)
P,0s5 015 (0.02) 007 (0.02) 0.33 (0.05) 0.03 (0.02)
LOI 047 (0.21) 039 (0.09) 0.80 (0.35) 0.24 (0.06)
Total 99.57 (0.31) 99.93 (0.09) 99.92 (0.09) 99.69 (0.32)
ppm

Sc 123 (L6) 89 (0.6) 207 (3.8) 53 (1.7)
Co 82 (1.5) 3.0 (0.8) 141 (3.9) 14 (0.7)
Ni 54 (1.3) 49 (2.0 103 (9.1) 47 (22)
Cu 102 (8.5) 134 (153) 225 (16.8) 46 (1.3)
Zn 55 (24) 71 (7) 116  (13) 36 (18)
Rb 100 (9) 168  (35) 104 (34) 133 (23)
Sr 300 (31) 156 (43) 362 (88) 76  (46)
Y 18 (2) 22 (3) 36 (11) 10 (5)
Zr 143 (13) 144 (17) 168 (24) 83 (12)
Nb 7.8 (0.8) 99 (1.5) 126 (3.3) 6.8 (3.2)
Mo 12 (2.3) 0.7 (0.3) 1.0 (0.8) 0.8 (0.8)
Cs 36 (L.0) 51 (22) 55 (4.7) 21 (0.8)
Ba 497  (39) 584  (50) 361 (118) 233 (137)
La 27 (4) 31 (3) 28 (8) 26 (8)
Ce 51 (8) 64 (6) 65 (18) 46 (l6)
Pr 54 (0.7) 6.8 (0.7) 79 (2.1) 41 (1.5)
Nd 20 (3) 25 (3) 33 (8) 13 4
Sm 3.6 (0.5) 45 (0.3) 70 (1.8) 19 (0.7)
Eu 09 (0.1) 0.6 (0.1) 1.3 (0.2) 03 (0.1)
Gd 32 (0.4) 38 (0.4) 64 (1.7) 1.5 (0.8)
Tb 05 (0.1) 0.6 (0.1) 1.0 (0.3) 02 (0.1)
Dy 31 (0.5) 37 (0.5 64 (19) 14 (0.7)
Ho 0.6 (0.1) 0.7 (0.1) 1.3 (04) 0.3 (0.2)
Er 19 (0.2) 22 (0.3) 37 (1.2 1.0 (0.5)
Tm 0.3 (0.0) 0.3 (0.0) 06 (0.2 02 (0.1)
Yb 20 (0.2) 23 (0.3) 40 (L.3) 14 (0.8)
Lu 0.3 (0.0 0.3 (0.0) 06 (0.2 02 (0.1)
Hf 40 (0.3) 43 (0.5 43 (0.6) 35 (0.8)
Ta 07 (0.1) 1.1 (0.3) 09 (0.3) 1.3 (0.5)
\ 0.8 (0.3) 0.7 (0.3) 09 (0.5) 09 (0.5)
Pb 117  (22) 16.6 (5.0 89 (2.0 15.0 (1.9)
Th 13.7 (2.7) 147 (1.1) 93 (3.4) 32.0 (10.3)
U 30 (0.6) 43 (1.3) 23 (0.8) 67 (2.4)
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TABLE D.2: Average major and trace element composition of Hotaka
Andesite, Nyukawa PFD and Ebisutoge PD

Unit: Hotaka Andesite Nyukawa PFD Chayano-Ebisutoge PD
Analysis: bulk bulk bulk glass
n: 4 2 7 9
wt%

SiO 63.62 (0.97) 66.69 (1.17) 7057 (1.77) 76.71 (0.14)
TiO, 0.71 (0.04) 070 (0.06) 0.16 (0.02) 0.09 (0.01)
ALO; 1629 (0.47) 1611 (0.68) 1456 (1.14) 1270 (0.06)
Fe;O3 528 (0.19) 481 (0.08) 225 (0.24)

FeO 131 (0.17)
MnO 0.10 (0.02) 0.09 (0.00) 0.07 (0.01) 0.05 (0.01)
MgO 210 (0.10) 0.85 (0.06) 0.12 (0.04) 0.05 (0.01)
CaO 5.05 (0.33) 286 (0.46) 127 (0.16) 090 (0.05)
Na,O 3.57  (0.06) 283 (0.10) 295 (0.56) 3.61 (0.25)
KO 2.27 (0.40) 326 (0.32) 446 (0.52) 455 (0.34)
P>0s 0.20 (0.01) 0.17 (0.01)  0.01 (0.00) 0.03 (0.00)
Total 99.88 (0.13) 99.80 (0.19) 9946 (0.22) 95.57 (0.49)
ppm

Sc 149 (0.8) 13.33  (0.8) 8.6 (0.4)

Co 89 (14) 8.72 (0.3) 0.9 (0.2)

Ni 39 (0.5) 3.61 (0.6) 20 (0.2)

Cu 194 (10.8) 8.02 (1.1) 59 (0.9)

Zn 96.8 (14.5) 102.87 (4.4) 954 (7.4)

Rb 721 (20.2) 8624 (37.8) 1215 (7.7)

Sr 382.1 (26.5) 259.33 (37.9) 1497 (22.0)

Y 17.5 (0.9) 2226 (1.1) 309 (6.5)

Zr 166.9 (5.3) 188.06 (46) 186.0 (17.1)

Nb 78 (0.2) 9.48 (0.4) 106 (1.1)

Mo 06 (0.2) 146 (0.5) 22 (0.2)

Cs 25 (1.0) 1.84 (1.7) 55 (0.6)

Ba 4941 (54.4) 70942 (27.3) 7276 (24.7)

La 247 (1.2 3270 (2.0) 429 (14.1)

Ce 485 (2.1) 58.24 (6.2) 724  (5.2)

Pr 53 (0.2) 6.92 (0.3) 9.2 (3.5)

Nd 19.8 (0.8) 25.66 (1.2) 335 (11.9)

Sm 37 (0.2) 4.65 (0.2) 6.1 (2.0

Eu 12 (0.1) 111 (0.2) 12 (0.3)

Gd 32 (0.2 415 (0.2) 53 (1.4)

Tb 0.5 (0.0) 0.59 (0.0 0.8 (0.2)

Dy 31 (0.2) 380 (0.1) 53 (1.2)

Ho 0.6 (0.0 0.76  (0.0) 1.1 (0.2)

Er 1.8 (0.1) 219 (0.0) 32 (0.6)

Tm 0.3 (0.0) 0.33 (0.0 05 (0.1)

Yb 20 (0.1) 241 (0.0) 3.5 (0.6)

Lu 0.3 (0.0 0.35 (0.0) 0.5 (0.1)

Hf 42 (0.2) 486 (0.1) 53 (0.4)

Ta 0.6 (0.0 0.74 (0.0 0.8 (0.1)

W 0.8 (0.2) 0.88 (0.3) 14 (0.1)

Pb 21.3  (23.3) 16.33 (2.5) 17.9 (1.7)

Th 79 (0.8) 11.66 (0.2) 13.8 (1.8)

U 1.7 (0.2) 238 (0.2) 29 (02)
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TABLE D.4: Major and trace element concentration of TK

Appendix D. Appendix Chapter 5

Unit: mGT mGT pGT/GDT GDT GDT GDT GDT GDT GDT GRT GRT GRT GRT GRT fGT fGT fGT2
Sample: EH39 EH73D EH58 EH37 EH43 EH44 EH46 EH47 EH48 EH27 EH29 EH30 EH31 EH32 EH36 EH26 EH38
Latitude: 36.2863 na 36.2677 36.2920 36.3102 36.3103 36.3105 36.3110 36.3114 36.2877 36.2876 36.2868 36.2867 36.2866 36.2957 36.2916 36.2905
Longitude: 137.6283 na 137.6100 137.6222  137.6371 137.6363 137.6351 137.6334  137.6331 137.6078 137.6079 137.6092  137.6094  137.6098 137.6078 137.6047  137.6233
wt%

SiO2 66.58 67.90 69.53 65.68 65.82 66.80 68.88 66.26 69.03 67.40 67.67 68.39 67.92 68.05 73.48 75.93 73.92
TiO2 0.59 0.57 0.46 0.62 0.61 0.55 0.51 0.55 0.50 0.58 0.55 0.52 0.54 0.54 0.28 0.15 0.26
AL O3 1547 14.83 14.84 15.52 15.53 15.46 1443 15.58 14.78 14.75 14.76 14.71 14.65 14.81 13.31 12.32 1347
Fex O3 436 4.09 3.28 4.62 447 4.18 3.79 4.29 3.63 4.28 4.04 3.68 3.97 3.92 2.39 1.64 1.73
MnO 0.09 0.09 0.05 0.09 0.09 0.08 0.07 0.08 0.08 0.09 0.08 0.07 0.08 0.07 0.05 0.03 0.04
MgO 1.62 1.57 1.22 191 1.88 1.64 1.53 1.76 132 1.78 1.63 1.49 1.61 157 0.51 0.24 0.51
CaO 4.00 3.68 244 448 4.34 4.05 3.32 4.36 3.46 3.78 3.70 3.45 3.50 3.63 1.59 0.79 1.39
NayO 3.69 3.72 3.17 342 3.47 3.64 322 347 3.56 329 3.32 3.23 3.26 3.34 3.45 3.27 322
K20 2.84 293 3.62 2.88 3.09 295 3.71 3.00 322 3.48 3.46 3.77 3.71 3.46 4.32 4.86 5.00
P05 0.17 0.16 0.12 0.17 0.17 0.15 0.14 0.16 0.15 0.16 0.15 0.14 0.14 0.14 0.08 0.04 0.07
LOI 0.40 0.40 1.06 0.56 0.55 0.38 0.32 0.37 0.29 0.55 0.48 0.53 0.49 043 0.52 0.48 0.32
Total 99.81 99.93 99.79 99.96 100.01 99.89 99.91 99.89 100.01 100.13 99.85 99.98 99.87 99.95 99.97 99.75 99.93
ppm

Sc 13.1 13.1 10.7 14.2 13.9 12.3 119 134 10.9 14.4 13.3 12.5 13.0 129 8.9 7.8 8.8
Co 79 59 7.3 9.5 9.1 8.5 7.8 8.7 7.0 8.7 8.0 7.6 7.5 7.8 24 2.6 22
Ni 49 53 3.8 42 54 5.8 6.3 6.2 45 75 6.5 5.7 59 5.8 37 87 49
Cu 39 54 7.1 8.0 8.8 9.7 15.7 7.7 5.0 6.2 52 6.6 47 5.6 9.5 44.0 45
Zn 88 70 84 87 86 88 84 92 85 87 80 78 77 91 73 67 69
Rb 88 104 110 89 96 103 110 95 95 113 110 108 115 109 114 147 194
Sr 349 278 245 341 325 319 269 337 300 294 294 278 277 278 173 73 147
Y 18.7 24.8 143 16.9 17.6 15.8 15.0 17.1 15.8 21.4 19.1 18.1 18.8 18.1 19.2 19.6 20.8
Zr 159 156 126 138 150 143 131 134 140 163 159 148 149 148 168 132 124
Nb 8.6 119 8.0 72 7.6 7.7 7.3 73 7.8 8.4 8.2 74 74 7.6 8.1 8.6 11.1
Mo 0.2 6.6 0.9 0.7 13 0.4 0.5 0.5 0.2 0.4 0.7 0.6 0.5 0.6 0.5 0.9 0.6
Cs 34 45 32 4.0 37 4.8 4.8 37 22 34 32 3.0 27 32 23 24 71
Ba 579 473 516 514 468 437 498 467 504 544 521 555 576 531 674 554 597
La 26 37 22 28 24 28 22 22 25 26 30 25 20 26 36 34 26
Ce 50 72 42 55 47 53 42 43 49 53 58 49 41 51 72 68 54
Pr 54 75 4.6 58 5.1 53 43 47 5.0 58 6.0 52 4.6 55 7.5 73 5.8
Nd 20 27 17 21 19 19 16 17 18 22 22 19 17 21 27 27 21
Sm 3.8 49 3.6 3.8 35 33 29 32 34 43 3.9 3.7 35 37 4.1 4.6 42
Eu 1.0 1.0 0.9 11 1.0 0.9 0.9 09 09 0.9 0.9 1.0 09 09 0.7 0.5 0.6
Gd 33 43 3.0 33 32 29 27 29 29 3.8 3.6 33 33 34 3.6 37 34
Tb 05 0.6 04 05 0.5 0.4 04 04 04 0.6 0.5 0.5 05 05 0.5 0.6 0.5
Dy 32 42 2.8 3.1 3.1 2.7 2.6 29 27 37 33 32 33 33 34 33 35
Ho 0.6 0.9 0.5 0.6 0.6 0.5 0.5 0.6 05 0.7 0.7 0.6 07 0.7 0.7 0.7 0.7
Er 1.9 25 17 17 1.8 1.6 1.6 24 1.7 22 1.9 1.9 2.0 2.1 2.0 1.8 23
Tm 03 0.4 0.3 03 0.3 0.3 0.2 03 03 0.3 0.3 0.3 03 03 0.3 0.3 0.3
Yb 2.0 3.0 21 19 2.0 1.9 17 2.0 1.8 25 22 2.1 2.1 2.1 2.2 22 22
Lu 03 0.5 0.3 03 0.3 0.3 0.3 03 03 0.4 0.4 0.3 03 03 0.4 0.4 0.3
Hf 42 44 3.7 37 42 4.1 3.7 3.6 37 4.4 4.5 4.3 4.3 43 5.1 4.0 3.7
Ta 0.7 1.2 0.9 0.6 0.7 0.8 0.7 0.7 0.7 0.7 0.8 0.7 0.7 0.7 0.9 0.7 1.2
w 0.4 0.5 0.4 0.5 0.5 0.9 0.5 0.8 0.4 0.8 0.6 0.7 0.9 0.6 0.5 0.8 0.6
Pb 9.8 8.5 10.0 9.2 11.5 12.6 13.5 16.5 9.0 114 11.4 13.6 13.3 111 14.9 23.6 21.1
Th 8.1 155 16.0 10.3 11.9 14.2 144 115 11.2 13.5 15.2 13.8 13.1 13.1 13.6 12.9 155
U 1.6 3.6 3.7 22 2.6 3.4 3.1 31 22 28 33 2.8 29 29 3.0 29 52
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TABLE D.6: (Continued)

Unit: Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave Enclave
Sample: EH66 EHB80A EH80B EH80C EHS80E EHB80F EH80G EH80H EH801 EHB80] EH80K EHS80L EH80M EH80N EHS80P EHB80R
Latitude: na na na na na na na na na na na na na na na na
Longitude: na na na na na na na na na na na na na na na na
wt%

SiO2 61.61 57.21 56.83 55.95 57.82 56.63 57.86 56.38 57.02 54.30 56.37 57.90 56.30 53.49 59.34 58.66
TiO2 0.72 0.90 1.07 0.98 1.05 117 1.04 0.98 0.94 1.11 121 1.00 0.92 1.36 0.89 0.92
Al,O3 16.48 16.94 17.09 16.86 16.74 17.29 16.55 17.11 15.60 17.01 16.76 16.99 16.11 18.17 17.09 16.79
Fe2O3 6.21 7.52 8.21 8.34 8.04 8.50 743 7.76 9.28 8.92 8.18 7.59 8.14 8.79 6.89 6.84
MnO 0.11 0.19 0.21 0.22 0.16 0.19 0.23 0.16 0.22 0.24 0.17 0.17 0.25 0.18 0.15 0.21
MgO 2.28 3.38 3.21 4.00 3.00 3.09 3.62 3.99 4.53 4.25 3.65 3.16 4.48 353 243 3.23
CaO 5.58 6.36 5.18 6.32 5.74 6.16 6.48 8.19 4.98 6.80 7.76 5.62 7.11 7.67 5.21 6.20
NaO 3.59 4.14 4.28 4.23 4.30 4.20 4.16 2.86 391 4.12 3.08 4.32 371 3.24 4.50 3.94
K20 2.32 1.94 2.98 2.04 1.66 1.84 2.18 1.60 2.36 2.09 1.63 2.02 1.87 2.15 242 242
P20s 0.42 0.27 0.33 0.28 0.32 0.36 0.29 0.27 0.26 0.31 0.31 0.41 0.30 0.38 0.39 0.31
LOI 0.65 0.93 0.54 0.62 1.02 0.53 0.05 0.58 0.92 0.83 0.70 0.92 0.57 0.81 0.57 0.51
Total 99.96 99.78 99.94 99.85 99.84 99.96 99.89 99.90 100.06 99.98 99.83 100.10 99.79 99.77 99.88 100.04
ppm

Sc 10.8 20.8 21.7 247 228 22.0 239 25.1 23.1 25.1 22.8 17.1 243 232 16.3 19.3
Co 10.5 14.6 14.5 17.8 15.3 143 14.8 18.9 12.8 19.2 19.1 12.3 18.0 209 11.1 14.1
Ni 32 8.4 7.3 22.6 8.1 41 59 14.0 324 20.3 6.5 8.1 35.7 39 44 145
Cu 234 14.2 9.2 9.9 60.2 52.5 7.7 224 36.3 8.3 45.1 184 9.5 39.2 54 16.4
Zn 85 112 128 120 116 122 124 110 144 114 126 109 124 128 105 116
Rb 74 85 127 107 100 94 79 85 230 96 69 108 85 126 111 103
Sr 460 344 303 301 336 382 296 428 208 306 472 286 334 472 320 397
Y 22 34 35 53 28 47 32 22 46 46 21 36 45 23 29 31
Zr 162 152 182 187 185 155 160 166 135 152 165 202 183 120 192 160
Nb 75 10.7 12.8 18.0 11.6 164 11.0 8.0 15.9 16.2 82 145 137 9.0 11.8 10.7
Mo 0.9 0.7 3.5 0.4 1.0 0.7 0.7 0.4 2.0 1.5 0.5 0.4 0.4 1.6 0.5 0.4
Cs 3.8 4.5 5.8 6.3 6.8 4.6 2.3 4.6 252 4.8 27 53 41 5.8 59 3.3
Ba 366 376 621 414 274 260 367 189 115 441 316 438 301 271 410 380
La 26 27 42 43 27 16 30 23 32 26 21 22 37 23 22 26
Ce 54 62 90 102 57 43 71 48 66 70 46 55 89 49 53 60
Pr 6.2 75 10.2 124 6.5 6.1 8.3 5.6 7.5 9.2 54 7.0 11.1 5.9 6.7 7.1
Nd 25 31 40 50 26 29 33 23 28 40 23 31 45 25 27 29
Sm 4.8 6.2 7.5 10.2 53 7.6 6.7 47 6.4 9.1 4.8 6.7 9.2 52 59 6.1
Eu 1.3 1.3 1.3 14 1.2 1.4 1.5 1.3 0.7 1.5 1.3 1.2 1.5 14 1.2 1.2
Gd 4.1 5.8 6.7 9.3 51 75 58 43 6.5 8.2 43 6.4 8.2 48 54 54
Tb 0.6 0.9 1.0 14 0.7 12 09 0.6 1.1 12 0.6 1.0 12 0.7 0.8 0.8
Dy 3.8 5.8 6.3 9.1 5.0 82 5.6 41 7.7 82 39 6.3 8.0 44 5.2 53
Ho 0.8 12 12 1.8 1.0 17 11 0.8 1.6 1.6 0.7 1.3 1.6 0.8 1.0 1.1
Er 22 35 3.6 54 29 5.0 33 24 4.9 48 2.1 37 46 24 29 32
Tm 0.3 0.5 05 0.8 0.4 0.8 05 0.3 0.8 0.7 03 0.6 0.7 03 0.4 0.5
Yb 24 3.8 39 6.0 3.0 55 37 2.3 6.1 53 22 4.0 48 24 33 34
Lu 0.4 0.6 0.6 0.9 0.5 0.8 05 0.4 0.9 0.8 03 0.6 0.7 04 0.5 0.5
Hf 3.9 42 4.8 5.2 4.8 41 4.2 4.0 34 4.2 4.1 4.8 4.7 3.2 5.0 4.2
Ta 0.5 0.9 0.9 14 0.9 1.2 0.9 0.5 0.8 11 0.5 0.9 1.0 0.5 0.9 0.8
4 0.6 0.9 11 0.5 1.0 0.7 0.9 0.8 2.6 1.3 0.7 0.8 0.8 1.5 0.7 0.5
Pb 12.5 11.7 8.4 6.6 10.8 6.1 9.2 6.1 10.1 6.7 7.5 8.3 7.1 6.4 8.2 9.2
Th 7.5 12.0 13.4 17.4 11.2 7.7 10.0 4.8 5.8 7.5 5.6 9.4 10.6 4.6 13.9 10.1
U 1.7 29 3.0 4.2 2.8 2.3 2.0 11 24 2.0 12 2.6 24 1.0 3.1 2.5
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TABLE D.8: Glass composition (wt.%) of Ebisutoge PD Unit B, EH63-3
(pumice)

1D: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 8 gl9 gl 10 gl 11

510, 7646 7714 7655 7650 76.86 76.67 7616 7658 77.10 76.68
TiO; 008 008 004 003 000 013 012 0.01 007 011
ALOs 1298 1227 1275 1271 1276 1253 1291 12.68 1219 12.68
FeO 148 143 134 151 134 152 147 151 156 149
MnO 005 008 000 002 000 003 008 001 0.07  0.04
MgO 009 007 006 007 005 004 007 0.08 005 0.06
CaO 094 08 093 091 08 093 093 08 093 093
Na,O 371 398 405 403 372 390 405 401 404 397
KO 422 408 427 421 427 418 420 411 399 405
P>0s5 000 003 000 0.00 011 007 000 014 0.00 0.00
Total 94.12 9557 9570 9544 94.61 95.03 94.32 95.05 9429 94.90

1ID: gl 12 gl 13 gl 15 gl 16 gl 18 gl 19 gl 20 gl 21 gl 22 gl 23

S5i0O, 76.63 7650 7724 7617 76.62 7694 76.65 7613 7654 77.06
TiO; 006 006 000 004 004 014 009 0.06 005 012
Alb,O3 1243 12.89 1259 1295 1262 1247 1275 1293 1256 1247
FeO 152 154 153 156 144 147 145 153 145 152
MnO 009 004 004 000 003 009 004 003 003 0.08
MgO 007 006 005 009 006 005 006 005 005 0.02
CaO 095 093 08 098 09 088 095 091 092 087
Na,O 412 400 366 395 384 366 358 418 395 362
KO 412 399 400 427 439 424 440 414 436 422
P>0Os 000 000 001 000 000 005 005 005 0.09 002
Total 96.03 9529 9495 9420 9529 94.68 95.07 9524 9517 95.13

1D: gl24 gl 25 gl26 gl28 gl29 gl 30

510, 7626 7670 7653 7691 76.87 7637
TiO; 010 0.11 003 004 006 0.16
ALOs 1286 12.61 12.79 1278 12.67 12.68
FeO 1.36 1.40 1.40 1.35 146  1.53
MnO 0.08 0.01 014 009 0.08 0.07
MgO 002 003 002 006 0.06 0.08
CaO 099 09 094 087 079 087
NaoO 397 397 386 371 3.86  4.07
KO 437 421 430 420 414 417
P>Os5 0.00 000 0.00 0.00 0.01 0.00
Total 95.14 9479 9522 9548 9477 96.20
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TABLE D.9: Glass composition (wt.%) of Ebisutoge PD Unit B, EH64
(pumice)
1D: gl 1 gl 2 gl 3 gl 4 gl 6 gl7 gl 8 gl9 gl 10 gl 12
SiOp 76.66 76.73 7639 7655 77.08 7649 7612 7647 76.02 76.22
TiO; 0.14 0.09 0.12 0.20 0.03 0.13 0.11 0.07 0.11 0.21
AlL,O3 1265 1258 1275 1255 1254 1264 13.01 1255 1291 1299
FeO 1.48 1.50 1.64 1.44 1.46 1.48 1.61 1.63 1.57 1.49
MnO 0.10 0.06 0.08 0.05 0.10 0.00 0.04 0.06 0.05 0.02
MgO 0.03 0.06 0.06 0.04 0.08 0.03 0.04 0.06 0.04 0.03
CaO 0.92 0.93 0.94 0.89 0.90 0.89 087 0.73 1.01 0.86
Na,O 399 3.83 3.73 3.99 3.58 4.03 387 412 3.99 3.79
K>,O 404 420 429 429 423 4.25 418 429 427  4.39
P>0s5 0.00 0.00 0.00 0.00 0.00 0.05 0.16 0.01 0.03 0.00
Total 96.09 9496 9486 9531 9514 9556 9443 9555 94.63 94.15
ID: gl 13 gl 14 gl 16 gl 17 gl 20 gl 21 gl 23 gl 24 gl 25 gl 26
SiO; 7711 76.89 76.77 7667 7656 7652 7619 7652 7678 76.46
TiO; 0.14 0.15 0.03 0.02 0.08 0.09 0.03 0.10 0.03 0.10
Al,O; 1228 1240 1274 1289 1248 1256 1289 1246 1251 12.84
FeO 1.35 1.32 141 1.35 1.39 1.38 1.35 1.46 1.49 1.48
MnO 0.06 0.05 0.07 0.07 0.08 0.02 0.09 0.02 0.11 0.05
MgO 0.02 0.08 0.06 0.07 0.06 0.02 0.06 0.03 0.04 0.05
CaO 0.94 0.95 0.82 1.00 0.97 1.04 0.90 0.98 0.92 0.93
Na,O  3.69 3.98 3.88 3.87 4.10 408 416 415 4.00 3.88
K,O 441 4.15 4.20 4.06 4.22 4.29 4.34 4.27 411 4.07
P>0Os5 0.00 0.03 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.15
Total 9440 9551 9528 9433 9496 9472 9552 9465 9530 94.18
1D: gl 27 gl 28 gl 29
SiO, 7628 7632 76.88
TiO; 0.16 0.16 0.05
AlL,O3 1292 1280 1251
FeO 1.50 1.36 1.60
MnO 0.06 0.14 0.06
MgO 0.08 0.09 0.04
CaO 0.93 0.88 0.95
Na,O 391 3.87 373
KO 416  4.39 4.15
P>0s5 0.01 0.00 0.03
Total 9496 94.38 95.10
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TABLE D.10: Glass composition (wt.%) of Ebisutoge PD Unit C, EH65a (pumice)

1D: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl10 gl 11 gl 12 gl 14 gl 15 gl 16 gl 17 gl 19
SiOp 76.26 7571 7639 7632 7676 7592 7615 7644 7696 7614 7626 7680 77.09 7679 7695 7643 76.67
TiO; 0.09 0.18 0.12 0.08 0.17 0.12 0.07 0.16 0.13 0.10 0.07 0.07 0.17 0.10 0.09 0.06 0.12
AlL,O3 1268 13.00 12.71 1278 1286 12.77 1299 1261 1257 1294 1279 1253 1253 1288 1244 12.86 12.55
FeO 1.51 1.50 1.42 1.55 1.29 1.40 1.43 1.47 1.31 1.63 1.61 1.49 1.41 1.43 1.42 1.38 1.43
MnO 0.07 0.07 0.00 0.04 0.07 0.00 0.06 0.04 0.01 0.00 0.04 0.07 0.03 0.05 0.02 0.05 0.06
MgO 0.06 0.09 0.03 0.09 0.04 0.04 0.04 0.05 0.07  0.02 0.06 0.05 0.10 0.04 0.04 0.02 0.06
CaO 0.95 1.01 0.94 0.90 0.86 1.01 0.84 1.00 1.04 0.96 1.02 1.01 0.93 0.91 0.92 1.03 0.88
Na,O 393 410 4.00 4.00 3.62 427 400 4.01 352  4.02 3.53 3.58 3.78 376 388 4.06 3.94
K>,O 4.41 434 430 4.21 4.33 440 442 415 441 4.19 462 439 3.90 4.04 423 412 4.26
P>0s5 0.04 0.00 0.09 0.03 0.00 0.07  0.00 0.07 0.00 0.00 0.00 0.00 0.07  0.00 0.03 0.01 0.04
Total 9495 9443 9474 9558 9422 9445 9443 9470 9441 9489 9490 94.63 9556 9494 9464 9489 94.99
1D: gl 20 gl 21 gl 22 gl 23 gl25 gl27 gl 28 gl29 gl 31 gl33 gl34 gl35 gl36 gl37 gl38 gld40 gl 43
SiO; 76.17 7638 7628 7630 7622 7731 7617 7616 7664 7612 7639 7665 7655 7686 7647 7640 77.12
TiO; 0.09 0.10 0.03 0.12 0.14 0.05 0.05 0.06 0.17  0.04 0.07 0.08 0.12 0.00 0.00 0.00 0.03
AlL,O3 1266 1290 12.84 1280 1285 1233 12.82 13.10 1280 13.00 12.89 12.64 12.68 1284 12,69 1278 12.32
FeO 1.71 1.53 1.48 1.36 1.41 1.40 141 1.47 1.41 1.38 1.49 1.44 1.53 0.89 1.60 1.51 1.31
MnO 0.07 0.08 0.06 0.04 007 0.00 0.00 0.00 0.08 0.09 0.00 0.13 0.04 0.04 0.00 0.11 0.10
MgO 0.03 0.07  0.02 0.00 0.04 0.07  0.05 0.04 0.05 0.01 0.03 0.12 0.04 0.05 0.07 0.08 0.02
CaO 1.08 0.96 1.03 1.00 1.00 0.98 1.02 0.81 0.96 0.86 1.01 1.00 0.90 0.89 0.95 0.91 0.89
Na,O 390 3.75 3.65 3.95 3.99 3.67 395 4.09 3.70 427 379 3.76 394 354 384 3.99 3.95
K,O 4.29 4.23 4.62 4.38 417 4.15 447 4.22 4.17 4.20 4.26 4.18 4.20 4.87 431 4.19 4.16
P>Os 0.01 0.00 0.00 0.04 0.10 0.04 0.05 0.05 0.03 0.02 0.07  0.00 0.00 0.01 0.07 0.03 0.11
Total 95.67 9460 9455 9452 9492 9551 9459 9480 9427 9475 94.09 9440 9478 94.16 9447 9520 95.05
1D: gl 44 gl 45 gl 46 gl 47 gl 48 gl 49 gl 50 gl 52 gl 53 gl 54 gl 55 gl 5 gl57 gl58 gl5 gl60

Si0, 76.89 76.09 7642 7681 7690 7739 7656 77.07 7698 7610 76.80 7625 7730 76.87 7640 76.48

TiO, 0.06 0.08 0.07 0.08 0.11 0.13 0.08 0.09 0.00 0.19 0.10 0.10 0.05 0.12 0.12 0.08

AlL,O3 1242 1284 1265 1276 1247 1245 1247 1238 1252 12.84 1257 1266 1233 1243 12.87 1271

FeO 1.56 1.51 1.49 1.49 1.31 1.28 1.59 1.43 1.47 1.72 1.48 1.49 1.47 1.38 1.44 1.47

MnO 0.02 0.05 0.07 0.10 0.08 0.04 0.05 0.09 0.02 0.01 0.08 0.07  0.00 0.07 0.06 0.12

MgO 0.08 0.04 0.06 0.05 0.04 0.04 0.08 0.07 0.03 0.09 0.03 0.04 0.06 0.04 0.07 0.05

CaO 0.86 1.02 0.93 0.88 0.93 0.92 0.93 0.96 1.05 0.91 0.89 0.95 0.98 0.98 087 0.85

Na,O 395 4.06 4.10 3.60 3.89 3.64 3.92 3.73 3.53 3.90 3.84 3.93 3.64 392 387 3.81

K>,O 414 433 422 421 4.18 4.07 429 417 436 423 422 442 418 420 429 444

P>05 0.01 0.00 0.00 0.01 0.09 0.04 0.02 0.00 0.05 0.01 0.00 0.09 0.00 0.00 0.01 0.00

Total 94.88 9430 9414 9421 9516 9467 9515 9481 9531 9524 9464 9476 9483 9572 9533 95.60
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TABLE D.11: Glass composition (wt.%) of Ebisutoge PD Unit D, EH65b
(flamme)

ID: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10
SiO; 7681 7697 7655 7661 7690 7679 7634 7679 7749 7691
TiO, 0.14 011 009 012 016 0.05 0.07 0.07 0.11 0.05
Alb,Os3 1283 1257 12.82 1282 1282 13.00 12.79 1264 1257 12.62
FeO 1.16 1.23 1.42 1.38 1.18 117  1.60 145  0.69 1.43
MnO 0.05 000 007 002 006 0.06 000 0.01 0.01 0.00
MgO 0.09 002 005 003 002 004 006 0.03 001 0.03
CaO 0.85 0.93 1.00 094 090 0.96 1.04 093 1.02 0.96
NaoO 377 392 394 400 372 350 38 392 354 3.89
K,O 4.28 4.16 4.07 4.09 4.20 4.33 4.25 4.16 4.46 4.10
P>0s5 0.01 008 000 000 004 012 000 0.00 0.11 0.00
Total 9624 95.09 95.84 96.09 9580 9542 9514 95.16 9571 96.74
1D: gl 11 gl 12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 21
SiO, 76.84 7647 76.61 7718 77.00 7712 7664 7641 76.65 77.02
TiO, 0.08 014 0.11 006 012 0.05 006 003 013 0.04
AlL,O3 1248 1288 12.81 1244 1234 1272 1270 1321 12.63 12.63
FeO 1.51 1.40 1.54 1.43 1.49 1.44 1.45 1.45 1.48 1.29
MnO 0.00 003 0.02 005 0.03 0.00 009 0.04 0.03 0.07
MgO 0.07 003 0.03 003 0.03 004 006 002 0.01 0.03
CaO 0.90 1.01 085 084 094 08 08 098 094 096
NapO 398 376 388 38 376 352 38 358 392 3.89
K>,O 413 426 414 408 428 423 428 425 410 4.06
P>Os 0.00 0.01 0.00 0.04 0.00 0.00 0.01 0.02 013 0.00
Total 96.62 95.04 9581 96.22 96.02 9525 9646 9513 96.55 96.70
1ID: gl 22 gl 23 gl24 gl25 gl26 gl27 gl28 gl29 gl 30 gl3l
SiO, 7728 7749 7653 76.66 76.88 76.67 7673 76,60 7679 7691
TiO; 0.12 0.01 0.12 0.11 0.13 0.11 0.12 0.01 0.14 0.07
AlL,O3 1246 1267 13.02 1284 12.78 1271 1266 1286 1270 12.76
FeO 1.34 1.05 1.46 1.36 1.46 1.43 1.40 1.36 1.32 1.40
MnO 0.07 003 0.05 009 0.00 0.05 0.01 0.05 0.00 0.00
MgO 0.00 000 0.06 005 0.05 003 003 007 004 0.09
CaO 0.93 0.88 1.01 085 084 096 090 093 1.04  0.96
Na,O 367 3.65 359 380 362 394 392 393 366 3.60
KO 413 420 416 413 419 404 417 420 431 4.20
P>0s5 0.00 003 0.00 0.11 0.05 006 0.06 0.00 0.00 0.00
Total 95.74 96.19 95.09 9554 9645 96.69 96.13 96.05 9534 96.37
ID: gl 32 gl 33 gl34 gl35 gl36 gl37 gl39 gl40
SiO, 7630 76.67 7653 7741 76.82 77.00 7638 76.21
TiO, 0.16  0.09 0.10 0.04 0.10 0.11 0.09 0.08
AlLOs; 1277 1293 1278 1254 1245 1248 1290 1291
FeO 1.50 1.19 1.41 1.26 1.38 1.33 1.46 1.51
MnO 0.05 006 006 005 012 0.03 012 0.06
MgO 0.07 006 0.06 003 0.03 0.06 0.07 0.06
CaO 092 096 1.00 098 091 0.93 1.01 1.01
Na,O 390 348 364 355 364 376 353 379
K>,O 433 454 432 406 449 431 446 437
P>0Os 0.00 002 011 008 006 0.00 000 0.00
Total 95.87 9568 95.00 9596 9640 96,51 9559 95.75
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TABLE D.12: Glass composition (wt. %) of Ebisutoge PD Unit D, EH65b
(matrix)

1ID: gl 1 gl 2 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10 gl 11

5i0O, 76.78 7687 7713 7695 7696 76.69 7653 7730 7675 76.65
TiO; 014 015 006 010 005 014 005 011 0.08 0.14
ALOs 1253 12,63 12.60 12.65 1277 12,67 1270 1251 1280 12.89
FeO 157 138 127 150 139 150 155 133 1.08 144
MnO 008 011 003 004 009 005 006 009 011 0.02
MgO 000 009 009 004 008 006 008 001 003 005
CaO 1.00 09 08 094 08 08 08 08 1.06 0.83
Na,O 348 356 358 355 344 380 38 352 349 347
KO 443 424 439 422 428 424 431 424 457 450
P>Os 000 000 000 0.00 008 000 0.01 0.03 0.02 0.00
Total 9564 9631 96.05 96.35 96.09 9642 9656 9581 9516 95.09

ID: gl12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 20 gl 21

510, 7645 7682 7692 7685 7631 7688 7659 7696 77.08 76.85
TiO, 019 010 008 009 004 007 015 004 007 013
ALOs 1298 1277 12.64 1266 13.06 1270 1257 1271 1238 1243
FeO 143 114 140 1.51 143 142 174 141 1.39  1.50
MnO 005 013 009 004 013 005 003 006 014 011
MgO 005 005 007 003 004 008 005 004 0.02 005
CaO 094 097 091 089 099 09 09 087 1.01 094
NapO 348 351 344 354 371 358 356 360 348 355
KO 441 447 435 434 430 426 436 433 443 442
P>Os5 002 003 009 004 000 000 004 0.00 000 0.04
Total 9553 9645 9555 96.33 9540 9574 9624 9592 9593 96.23

1ID: gl 22 gl 23 gl24 gl25 gl26 gl27 gl 28 gl29 gl 30 gl31

5i0, 7656 7715 7743 7751 7656 7678 7734 77.08 7753 77.09
TiO; 015 009 0.08 0.11 009 007 018 007 0.09 0.14
ALOs 1276 1237 1234 1253 12,60 1255 1270 1276 1215 12.23
FeO 133 146 139  0.79 135 131 0.81 123 139 151
MnO 005 009 005 004 001 002 003 008 0.00 0.02
MgO 002 004 003 002 003 007 004 0.04 006 0.09
CaO 08 08 087 08 090 09 086 081 090 0.85
Na,O 372 354 333 366 393 369 340 351 336 3.65
KO 452 441 448 444 450 446 465 442 448 442
P>0s 003 003 000 002 003 010 000 000 0.05 0.00
Total  96.65 96.88 9537 95.67 96.64 96.69 96.10 9599 9625 96.69

ID: gl 32 gl 33 gl34 gl35 gl36 gl37 gl38 gl39 gl40

SiO, 76.67 76.68 76.64 7655 7623 7655 7653 7770 7697
TiO, 015 008 008 004 025 006 012 020 017
ALOs 1273 1254 1290 1286 1293 12.69 12.69 1265 1293
FeO 132 145 098 151 1.51 130 140 055 0.79
MnO 008 005 000 002 003 000 004 0.07 0.08
MgO 005 008 000 008 003 008 005 004 0.01
CaO 098 097 092 098 09 08 08 076 0.89
NapO 353 363 361 334 369 38 377 320 331
KO 449 453 486 455 442 458 445 480 478
P>Os 000 000 000 007 000 000 005 0.02 0.08
Total 9593 9595 9525 9551 9648 9640 9621 96.18 96.07




Appendix D. Appendix Chapter 5 169
TABLE D.13: Glass composition (wt. %) of Ebisutoge PD Unit D, EH65¢
(flamme)
1D: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10
SiOp 76.18 7655 7659 7643 7712 7695 7740 76.72 76.88 76.94
TiO, 0.10 0.09 012 012 0.06 008 0.06 014 0.10 0.15
AlL,O3 1292 1272 12.82 1294 1271 1286 1290 1297 12.82 12.54
FeO 1.29 1.18 1.11 08 092 0.75 060 065 082 098
MnO 0.10 0.07 0.07 007 0.00 0.01 004 004 0.06 0.09
MgO 0.06 0.09 0.07 0.05 0.00 0.00 0.01 0.00 0.06 0.00
CaO 0.91 0.91 086 099 094 09 090 082 0.85 0.87
Na,O 356 344 281 354 332 349 330 3.07 345 344
KO 486 493 552 500 494 490 479 546 492 499
P>0s5 0.01 0.00 0.00 0.00 0.00 0.00 0.00 013 0.04 0.00
Total 9583 96.13 9557 9572 9649 9488 9622 9583 9640 95.67
ID: gl 11 gl 12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 20
SiO; 7671 7685 77.05 7698 7631 7696 7665 7611 76.65 77.08
TiO, 0.13 010 014 003 004 010 000 0.11 0.08 0.07
AlL,O3 1266 1276 1253 1269 13.19 1271 1276 13.18 12.82 12.83
FeO 1.30 1.09 1.09 0.64 0.70 0.74 1.06 0.98 1.07 0.78
MnO 0.07 0.09 0.00 0.08 0.05 006 006 0.05 0.03 0.04
MgO 0.03 002 006 000 004 0.05 004 0.02 0.00 0.01
CaO 090 0.81 093 097 094 095 097 090 098 0.90
NapO 337 332 336 360 374 347 353 372 345 347
K>,O 480 497 485 494 492 492 483 490 493 4.82
P>Os5 0.03 0.00 0.00 0.07 0.08 0.05 0.08 0.04 0.00 0.01
Total 96.47 9524 9564 9591 9424 9580 9542 95.76 95.18 96.38
ID: gl 21 gl 22 gl 23 gl24 gl25 gl26 gl27 gl28 gl29 gl 30
Si0, 76.72 7747 7718 76.75 7723 7670 7783 77.02 7685 77.19
TiOy 0.00 0.09 0.05 0.11 0.10 0.10 0.06 010 0.06 0.01
AlL,O3 1263 1246 1251 1242 1256 1252 1248 1261 1271 12.71
FeO 132 071 1.13 157 155 1.52  0.39 1.33 1.23 1.11
MnO 0.11 006 004 007 004 004 008 005 006 0.00
MgO 0.05 000 006 002 004 0.05 0.03 0.05 0.00 0.01
CaO 0.89 0.91 097 097 095 0.91 095 094 099 0.92
Na,O 349 3.29 324 330 288 320 340 321 336  3.29
K>,O 474 499 473 480 462 486 477 465 469 475
P>05 0.04 002 010 000 004 010 000 004 0.04 0.01
Total 9627 9649 9658 96.75 9633 9656 9648 96.08 96.82 95.95
1D: gl 31 gl 32 gl 33 gl34 gl35 gl36 gl37 gl38 gl39 gl40
SiOp 7748 7761 7748 7695 77.04 77.03 7668 7773 7698 76.35
TiO; 014 006 012 012 0.10 004 003 012 0.11 0.10
Alb,O3 1235 1254 1257 1282 1271 1262 1293 1246 1275 13.02
FeO 1.03 0.91 086 057 117 1.16 1.15 043 1.32 1.29
MnO 0.01 002 015 010 0.00 007 0.02 0.03 0.02 0.04
MgO 0.05 000 0.04 007 006 0.00 002 0.00 004 0.05
CaO 0.85 087 08 075 087 097 094 092 082 0.84
NapO 335 339 330 336 320 330 350 312 330 351
K,O 4.74 4.61 4.68 5.18 4.85 4.77 4.73 5.09 4.67 4.70
P>0s5 0.00 000 0.00 007 0.00 003 0.02 010 0.00 0.11
Total 9529 9628 9634 9530 9566 96.03 9522 96.12 96.77 95.20
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TABLE D.14: Glass composition (wt. %) of Ebisutoge PD Unit D, EH65¢c
(matrix)

1ID: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10

5i0O, 7624 7672 7652 7676 7613 7741 7698 76.61 7659 7644
TiO; 0.10 0.11 005 010 008 014 008 013 0.04 0.06
ALOs 12.80 1255 12,62 1274 1294 1235 1239 1259 1262 1292
FeO 1.39 1.43 147 1.04 149 088 144 141 147  1.52
MnO 0.11 0.11 0.05 0.01 008 007 004 007 010 012
MgO 008 006 004 017 003 0.01 003 006 010 0.06
CaO 077 079 069 083 078 081 077 087 085 0.82
Na,O 346 332 376 304 354 336 353 349 346 347
KO 506 491 480 531 494 485 474 471 469 456
P>Os 0.00 000 0.00 0.01 000 012 000 0.06 0.09 0.04
Total 9566 9595 96.21 94.85 9521 96.05 9580 96.27 9574 96.29

ID: gl1l gl 12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 20

510, 7681 7716 77.07 7759 77.00 7630 7655 7651 76.68 76.37
TiO, 012 009 006 004 004 004 014 012 011 0.12
ALOs 1275 12,63 1239 1278 1278 1281 1284 1266 12.67 13.02
FeO 1.34 098 134 057 090 147  1.03 147 128 156
MnO 007 006 012 003 010 009 007 014 006 0.05
MgO 002 003 008 007 004 003 004 005 003 0.04
CaO 086 078 088 081 083 097 09 081 090 0.87
NapO 339 339 346 343 340 345 344 359 350 320
KO 461 478 4.6l 468 491 480 497 464 477 477
P>Os5 0.04 011 0.00 000 000 003 000 000 0.00 0.00
Total 9556 95.88 9598 9556 94.84 9440 94.05 9633 9478 94.69

1ID: gl21l gl 22 gl 23 gl24 gl25 gl26 gl27 gl28 gl29 gl 30

5i0, 7747 7714 7692 7684 77.00 77.07 7676 76.65 7653 76.53
TiO; 0.11 0.11 007 005 015 013 0.09 009 011 0.07
ALOs 1237 12,65 1288 1251 1252 1249 1262 1287 1280 12.79
FeO 094 114 131 1.31 143 144 1.48 152 128 1.32
MnO 008 003 011 006 006 000 010 000 008 013
MgO 008 008 003 006 007 006 006 0.07 006 0.08
CaO 0.81 087 089 081 0.81 080 075 096 082 0.86
Na,O 355 332 319 346 341 332 328 3.08 335 349
KO 460 459 462 484 453 465 485 476 492 473
P>0s 000 008 000 0.06 001 006 000 000 0.04 001
Total  96.67 96.15 9635 9699 96.62 9644 9634 9589 9574 96.04

ID: gl 31 gl 32 gl 33 gl34 gl35 gl37 gl38 gl39 gl40

SiO, 76.84 7647 76.64 7654 7712 7661 77.06 7739 76.90
TiO, 006 019 016 021 008 014 007 005 0.04
ALOs 1240 13.00 1261 1251 1237 1252 1239 1272 1242
FeO 158 118 153 156 140 163 149 074 151
MnO 003 002 007 006 005 006 005 004 0.07
MgO 003 006 005 006 006 001 004 001 0.07
CaO 088 082 080 08 092 079 08 077 070
NapO 335 327 324 340 322 332 315 323 335
KO 483 497 482 476 480 488 493 505 494
P>Os 000 002 010 010 000 0.04 0.01 0.00 0.01
Total 9644 9498 96.38 9643 96.69 9631 9648 9639 96.73
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TABLE D.15: Glass composition (wt. %) of Ebisutoge PD Unit D, EH65d
(flamme)
ID: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10
SiO; 76.84 7650 76.80 7671 7644 7627 76.66 7679 76.44 76.10
TiO; 0.05 0.04 0.10 0.11 0.07  0.06 0.07 0.21 0.09 0.11
Al,O3 1295 13.02 1314 1279 13.12 13.08 13.07 1293 13.19 13.21
FeO 0.42 067 0.74 0.90 0.86 0.89 0.86 041 077 076
MnO 0.10 0.01 0.05 0.10 0.04 0.05 0.04 0.00 0.11 0.00
MgO 0.02 0.00 0.03 0.00 0.09 0.04 0.03 0.00 0.02 0.06
CaO 0.94 1.11 0.96 0.91 0.86 0.88 1.00 1.00 097 097
Na,O  3.65 3.58 3.26 3.49 347 354 349 3.35 3.42 3.66
K,O 4.99 5.04 4.92 5.00 4.96 5.08 4.75 5.30 494 5.14
P>0s5 0.04 0.03 0.00 0.00 0.08 0.11 0.02 0.00 0.05 0.00
Total 9538 9442 9474 94.68 9433 9443 9547 9525 9414 9471
1D: gl11 gl 12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 20
SiO, 76.14 76.00 76,52 76.09 7652 7650 7689 7676 77.02 76.58
TiO, 0.18 0.14 0.09 0.09 0.09 0.08 0.10 0.04 0.05 0.06
Al,O3 13.01 13.10 1298 13.10 1320 1299 13.15 12.89 12.77 1298
FeO 1.06 1.30 0.90 0.96 1.07 0.67 057 090 0.66 0.41
MnO 0.04 0.09 0.09 0.12 0.00 0.07  0.00 0.00 0.04 0.11
MgO 0.01 0.01 0.03 0.06 0.05 0.03 0.04 0.00 0.07 0.01
CaO 0.94 0.99 0.84 1.00 0.80 0.89 0.83 0.94 0.84 0.97
Na,O 3.51 341 3.46 3.48 332 3.68 3.40 3.38 3.50 3.88
K,O 5.09 493  5.04 5.03 493 5.06 5.02 5.03 5.04 497
P>05 0.03 0.04 0.04 0.08 0.00 0.03 0.00 0.06 0.00 0.03
Total 9448 9420 9516 9598 95.07 9517 9561 9496 95.60 95.26
ID: gl 21 gl 22 gl 23 gl24 gl25 gl26 gl27 gl28 gl 29 gl 30
SiOp 76.32 7630 76.11 76.64 7663 7677 7655 76.84 7651 76.71
TiO; 0.05 0.01 0.07 0.12 0.16 0.09 0.15 0.09 0.13 0.11
Alb,O3 13.03 1299 12.85 1288 1227 12.88 1253 1245 12.83 12.58
FeO 1.36 1.51 1.50 0.91 1.49 1.29 1.48 1.28 1.42 1.38
MnO 0.02 0.09 0.05 0.11 0.05 0.10 0.00 0.06 0.07 0.06
MgO 0.01 0.05 0.07 0.04 0.02 0.04 0.08 0.07 0.05 0.02
CaO 0.86 0.91 0.87 095 0.95 0.89 1.03 0.85 0.87 093
Na,O 3.32 3.32 3.42 2.92 3.49 3.15 3.33 3.55 2.87 3.44
KO 496 482 5.01 543 487 4.79 4.86 4.80 524 475
P>0s5 0.06 0.00 0.04 0.01 0.07 0.01 0.00 0.02 0.00 0.02
Total 96.14 9565 9594 9594 96.07 9631 96.16 9653 96.39 95.90
1D: gl 32 gl 33 gl34 gl35 gl36 gl37 gl38 gl39 gl40
SiO; 76.88 7697 7749 7728 7739 7729 7683 7684 7695
TiO, 0.07 013 0.06 0.07 0.02 0.11 0.09 0.10 0.05
AlL,O3 1283 1238 1257 1247 12.69 1255 1266 1257 1254
FeO 1.30 1.50 1.03 1.00 1.18 1.15 1.39 1.35 1.34
MnO 0.14 0.03 0.04 0.06 0.04 0.00 0.05 0.06 0.06
MgO 0.00 0.04 0.03 0.03 0.08 0.04 0.05 0.02 0.04
CaO 0.93 0.88 0.81 0.88 0.88 0.82 091 0.85 0.92
Na,O 3.15 2.74 3.30 344 298 241 3.39 342 3.46
K,O 4.70 534 468 478 471 5,62 457 479 463
P>05 0.00 0.00 0.00 0.00 0.03 0.00 0.04 0.00 0.00
Total 95.67 96.79 9598 9649 96.17 96.74 9693 9640 96.32
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TABLE D.16: Glass composition (wt.%) of Ebisutoge PD Unit D, EH65d
(matrix)

1D: gl 1 gl 2 gl 3 gl 4 gl 5 gl 6 gl 7 gl 8 gl9 gl 10

5i0O, 76.04 7634 76.64 7638 7696 7647 7712 7697 7592 76.62
TiO; 0.10 007 007 016 012 0.08 0.11 0.10 0.03 0.10
Alb,O3 1293 13.01 13.01 1254 12,63 1250 1292 12,67 1259 12.52
FeO 126 149 125 151 116 160 078 107 176 136
MnO 005 000 003 011 003 007 004 006 0.09 0.02
MgO 000 000 007 004 006 006 006 004 0.06 005
CaO 08 084 08 08 075 08 082 079 091 0.88
Na,O 381 333 324 348 324 344 335 337 346 349
KO 489 491 473 486 503 491 480 491 504 495
P>Os 006 000 006 005 002 001 000 002 015 0.01
Total 9628 94.66 95.60 96.92 9628 96.01 9577 9596 96.23 96.15

1D: gl1l gl 12 gl 13 gl 14 gl 15 gl 16 gl 17 gl 18 gl 19 gl 20

510, 76.37 7635 7679 7655 7610 76.04 7673 7628 7636 75.90
TiO, 007 015 013 011 005 007 006 017 016 0.11
ALOs 13.09 12.86 1298 12.69 1298 1291 1266 12.84 12.67 12.68
FeO 0.90 134  0.63 140 147 162 096 130 126 1.68
MnO 007 007 014 006 003 007 000 0.02 005 013
MgO 0.11 007 006 003 008 008 002 005 005 0.05
CaO 08 08 075 087 083 073 074 085 081 0.84
NaoO 280 341 317 320 338 343 350 339 335 358
KO 570 488 534 508 508 505 531 512 521 5.00
P>0Os5 0.00 0.01 0.00  0.01 000 000 0.00 000 0.08 0.03
Total 95.62 9640 96.05 95.11 95.68 95.84 95.63 94.77 96.68 9591

1D: gl 21 gl 22 gl 23 gl24 gl25 gl26 gl27 gl28 gl29 gl 32

510, 76.67 7681 7632 7693 76.68 78.03 7694 7644 7654 76.53
TiO; 0.11 010 020 012 010 008 008 013 016 0.10
ALOs 1266 1242 12,63 1274 1242 1190 1235 1241 1263 12.62
FeO 1.41 1.32 126  1.29 1.60 1.23 1.43 154 148 149
MnO 008 006 004 000 005 008 000 002 008 004
MgO 005 007 008 005 003 006 009 0.09 005 0.05
CaO 0.81 084 084 0381 074 069 094 08 080 079
Na,O 344 345 35 333 346 328 340 350 337 349
KO 476 494 494 472 486 462 476 493 489 483
P>0s5 000 000 014 0.1 006 003 000 0.06 0.00 0.06
Total 96.02 95.67 9690 9644 96.83 96.25 96.19 96.38 96.07 95.16

ID: gl 33 gl 34 gl 35 gl36 gl37 gl38 gl39 gl40

510, 7737 7687 7735 76.85 7637 7677 7654 7591
TiO, 007 011 018 004 007 015 0.07 007
AlLOs 1254 1296 12.84 1271 1275 12,67 12.65 13.14
FeO 0.81 112 077 130 1.55 1.25 1.49 1.45
MnO 000 002 007 009 005 002 011 0.13
MgO 004 009 007 004 005 0.01 0.06  0.07
CaO 0.81 0.81 0.81 091 078 078 071 0.83
NapO 339 295 315 317 340 336 341 3.42
KO 496 508 475 489 498 496 496 497
P>Os5 0.00 0.00 0.01 0.00 000 004 000 0.00

Total 96.61 9556 9599 95.65 96.04 9645 96.36 95.61
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TABLE D.18: (Continued)

Sample: EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH62 EH62
Magnetite mag5.4 mag5.5 mag5.6 magb.1 mag6.2 mag6.3 mag6.4 mag?7.1 mag?7.2 mag7.3 mag8.2 mag8.3 mag9.4 mag9.5 magl0.1 magl0.2 magl0.3 magl.1 magl.2
wt%

SiO2 0.06 0.06 0.09 0.09 0.09 0.07 0.05 0.06 0.04 0.05 0.08 0.09 0.17 0.05 0.06 0.07 0.07 0.04 0.06
TiO2 10.00 9.92 10.27 12.52 9.52 9.22 9.67 10.18 9.93 10.57 9.22 9.64 8.62 8.90 10.08 8.90 9.10 11.99 11.92
AlLO3 2.14 2.03 2.14 1.86 1.89 1.88 1.96 2.02 191 1.94 211 2.19 2.34 2.18 1.96 2.01 2.05 177 179
FeO(T) 80.86 81.94 81.29 78.34 82.07 82.28 82.16 81.53 82.24 81.79 82.11 82.03 79.62 82.23 81.12 82.84 82.56 79.85 80.22
MnO 0.72 0.73 0.76 0.89 0.77 0.73 0.73 0.83 0.76 0.75 0.70 0.72 0.64 0.55 0.70 0.67 0.69 0.55 0.54
MgO 0.42 0.38 0.39 0.44 0.37 0.35 0.40 0.36 0.38 0.40 0.36 0.37 0.34 0.36 0.37 0.37 0.39 0.61 0.61
CaO 0.01 0.04 0.04 0.12 0.09 0.07 0.04 0.04 0.01 0.02 0.06 0.03 0.12 0.09 0.02 0.03 0.03 0.03 0.03
Cr203 0.10 0.08 0.10 0.07 0.10 0.11 0.10 0.12 0.12 0.08 0.08 0.08 0.08 0.11 0.08 0.10 0.09 0.11 0.05
NiO 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.06 0.04 0.06 0.01 0.01 0.01 0.00 0.03 0.00 0.00 0.02 0.00
Total 94.33 95.20 95.08 94.33 94.91 94.71 95.11 95.19 95.41 95.67 94.72 95.16 91.93 94.47 94.42 94.99 94.99 94.96 95.22
Recalculated after Carmichael (1967)

Fer O3 wt% 46.42 47.39 46.35 4157 48.10 48.59 47.94 46.76 47.66 46.48 48.34 47.67 46.98 48.76 46.55 49.33 48.87 43.39 43.74
FeO wt% 39.09 39.30 39.59 40.93 38.79 38.55 39.02 39.45 39.35 39.97 38.62 39.13 37.35 38.36 39.23 38.45 38.59 40.81 40.87
Total 98.98 99.95 99.72 98.49 99.73 99.58 99.91 99.88 100.19 100.33 99.56 99.94 96.64 99.35 99.08 99.93 99.89 99.31 99.60
limenite il5.4 il5.5 il5.6 il6.1 il6.2 i16.3 il6.4 i17.1 i17.2 7.3 i18.2 i18.3 i19.4 i19.5 il10.1 i110.2 il10.3 ill.1 il1.2
wt%

SiO2 0.02 0.00 0.04 0.04 0.23 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00
TiO2 4517 46.78 47.24 47.02 46.64 4717 46.93 44.03 44.09 43.67 45.08 47.07 43.25 44.14 44.08 44.03 44.06 46.25 44.42
AlO3 0.12 0.10 0.09 0.10 0.11 0.19 0.18 0.16 0.13 0.17 0.15 0.08 0.19 0.19 0.13 0.13 0.14 0.12 0.14
FeO(T) 51.17 50.02 49.43 49.11 49.37 48.89 48.87 52.78 5249 52.82 51.55 49.67 52.40 52.09 5222 52.04 52.15 50.40 51.78
MnO 1.58 1.74 1.85 1.80 172 191 1.83 1.60 1.62 1.54 1.51 1.76 117 124 144 1.46 145 0.75 0.70
MgO 0.55 0.62 0.61 0.63 0.66 0.70 0.71 0.49 0.53 0.48 0.53 0.63 0.52 0.54 0.51 0.53 0.53 118 1.06
CaO 0.00 0.02 0.06 0.07 0.10 0.11 0.05 0.04 0.01 0.01 0.02 0.03 0.25 0.06 0.05 0.05 0.05 0.04 0.03
Cr203 0.03 0.01 0.02 0.00 0.01 0.06 0.03 0.04 0.04 0.04 0.00 0.00 0.01 0.03 0.01 0.00 0.02 0.02 0.01
NiO 0.02 0.00 0.00 0.00 0.03 0.01 0.01 0.03 0.05 0.03 0.00 0.00 0.00 0.01 0.01 0.03 0.00 0.00 0.00
Total 98.65 99.29 99.35 98.76 98.88 99.04 98.61 99.18 98.96 98.77 98.85 99.26 97.79 98.30 98.45 98.27 98.40 98.78 98.14
Recalculated after Carmichael (1967)

Fep O3 wt% 14.54 12.04 11.03 10.89 11.33 10.87 10.92 17.47 17.14 17.73 15.00 1141 17.69 52.09 16.65 16.59 16.65 12.98 16.07
FeO wt% 38.09 39.18 39.50 39.31 39.17 39.11 39.04 37.06 37.07 36.86 38.05 39.40 36.48 37.42 37.24 3712 37.17 38.72 37.32
Total 100.11 100.50 100.46 99.85 100.01 100.12 99.70 100.93 100.68 100.54 100.35 100.41 99.56 99.93 100.12 99.94 100.07 100.08 99.75
Ghiorso and Evans (2008)

Temperature (°C) 848 808 804 853 792 772 786 875 864 885 829 794 847 835 867 833 840 868 903
log1g fO2 (NNO) 0.40 0.12 -0.04 -0.18 0.09 -0.03 -0.02 0.57 0.58 0.57 0.49 0.06 0.71 0.63 0.54 0.64 0.63 0.13 0.42
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TABLE D.20: Composition and temperature and oxygen fugacity of magnetite-ilmenite pairs of the Ebisutoge PD

Sample: EH63-4  EH63-4  EH63-4 EH63-3 EH63-3 EH63-3 EH63-3  EH63-3 EH65¢ EH65¢ EH65¢
Magnetite magl mag2 mag3 63ii_mag4.1 magd.2 magd.3 magd.4 magd.5 mag.6.1cpl  mag.6.2cpl mag.6.3cpl
wt%

SiOz 0.09 0.07 0.09 0.08 0.11 0.13 0.07 0.10 0.07 0.08 0.11
TiO2 16.82 16.81 16.63 15.88 16.90 17.91 17.00 16.02 16.87 16.83 17.09
Al O3 148 1.53 1.49 1.60 1.56 153 1.46 1.54 145 1.50 1.46
FeO(T) 77.25 76.93 77.18 76.93 76.03 74.51 76.80 77.54 76.83 76.66 76.60
MnO 0.70 0.71 0.74 0.70 0.76 0.73 0.71 0.71 0.71 0.74 0.73
MgO 0.33 0.33 0.33 0.34 0.32 0.33 0.34 0.33 0.36 0.33 0.32
CaO 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.02 0.01
Cr203 0.00 0.00 0.02 0.04 0.01 0.00 0.00 0.02 0.04 0.04 0.02
NiO 0.02 0.00 0.03 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 96.70 96.38 96.52 95.62 95.68 95.13 96.39 96.27 96.33 96.20 96.33
Recalculated after Carmichael (1967)

Fep O3 wt% 34.84 34.63 35.08 35.83 33.77 31.29 34.36 36.09 34.55 34.43 33.99
FeO wt% 45.90 45.77 45.62 44.69 45.64 46.36 45.88 45.07 45.74 45.68 46.02
Total 100.19 99.85 100.04 99.21 99.07 98.27 99.83 99.89 99.80 99.65 99.74
Ilmenite i1 i2 il3 il4.1 il4.2-4.3 4.2 .43 il4.4 il4.5 il.6.1cpl il.6.2cpl il.6.2cpl
wt%

SiO2 0.02 0.01 0.00 0.02 0.00 0.00 0.00 0.03 0.01 0.01 0.01
TiO2 50.83 50.97 50.77 50.52 50.76 50.76 50.55 50.66 50.54 50.32 50.32
Al O3 0.06 0.06 0.04 0.05 0.05 0.05 0.05 0.06 0.07 0.08 0.08
FeO(T) 47.41 47.35 47.45 47.11 47.67 47.67 47.72 47.72 47.63 47.66 47.66
MnO 1.09 1.09 1.07 1.47 1.12 1.12 1.16 1.12 1.12 1.12 1.12
MgO 0.60 0.61 0.56 0.65 0.66 0.66 0.64 0.63 0.57 0.61 0.61
CaO 0.02 0.01 0.00 0.02 0.01 0.01 0.00 0.01 0.01 0.03 0.03
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02
NiO 0.01 0.07 0.05 0.02 0.00 0.00 0.01 0.01 0.02 0.03 0.03
Total 100.05 100.16 99.94 99.87 100.27 100.27 100.13 100.24 99.98 99.88 99.88
Recalculated after Carmichael (1967)

Fep O3 wt% 4.29 4.10 4.28 4.80 4.81 4.81 5.06 4.86 4.80 5.16 5.16
FeO wt% 43.55 43.66 43.60 42.79 43.34 43.34 43.17 43.34 43.31 43.02 43.02
Total 100.48 100.57 100.37 100.35 100.75 100.75 100.63 100.73 100.46 100.40 100.40
Ghiorso and Evans (2008)

Temperature (°C) 728 723 728 740 756 773 766 745 754 769 773
log1p fO2 (NNO) -2.120 -2.190 -2.090 -1.880 -1.880 -1.900 -1.760 -1.810 -1.860 -1.710 -1.720
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TABLE D.22: Composition of orthopyroxene of the Ebisutoge PD

Sample: EH65b EH65b EH65b EH65b EH65b EH65c¢ EH65¢ EH65¢ EH65¢c
1ID: opx_4 opx_5 opx_6 opx_7 opx_11 opx 5 opx 6 opx 9 opx_10
wt%

SiO; 49.55 49.32 49.57 49.20 49.22 49.29 49.93 48.72 49.22
KO 0.01 0.01 0.02 0.00 0.01 0.02 0.03 0.01 0.00
NaO 0.01 0.02 0.02 0.04 0.00 0.04 0.03 0.04 0.02
CaO 1.07 1.19 1.18 1.14 1.19 1.22 1.03 1.25 1.06
FeO 38.55 39.75 40.04 39.86 39.83 39.51 38.04 39.25 37.85
Al,Os3 0.37 0.28 0.18 0.27 0.18 0.30 0.32 0.33 0.39
MgO 9.90 8.56 8.76 8.61 8.88 8.75 10.01 8.88 10.91
TiOy 0.10 0.12 0.04 0.10 0.07 0.12 0.10 0.08 0.10
MnO 1.50 1.72 1.57 1.67 1.55 1.73 1.49 1.57 1.45
Total 101.07  100.98 101.37 100.89 100.94 100.99 100.98 100.13 101.00
En 0.31 0.27 0.27 0.27 0.28 0.28 0.31 0.28 0.28
Fs 0.67 0.70 0.70 0.70 0.70 0.70 0.66 0.69 0.70
Wo 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03
Mg# 0.31 0.28 0.28 0.28 0.28 0.28 0.32 0.29 0.29
Sample: EH65¢ EH65c EH65¢c EH65c EH65b EH65b EH65b EH65b

1D: opx_11 opx_16 opx_17 opx_8 opx_1 opx_2 opx.8 opx 9

wt%

SiOp 48.83 50.04 49.46 52.64 52.87 52.51 52.62 52.69

KO 0.02 0.00 0.00 0.00 0.01 0.04 0.01 0.02

NayO 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00

CaO 1.14 1.00 1.21 1.02 1.36 1.15 1.04 1.14

FeO 39.87 37.44 39.78 24.96 16.17 21.21 25.29 24.35

Al,O3 0.22 0.26 0.30 0.55 2.38 1.53 0.49 0.53

MgO 8.95 11.22 8.69 20.57 26.29 22.36 20.07 20.50

TiO, 0.10 0.11 0.09 0.11 0.31 0.30 0.14 0.14

MnO 1.65 141 1.75 0.95 0.41 0.66 0.95 0.89

Total 100.81 101.48 101.29 100.81 99.81 99.77  100.62 100.27

En 0.28 0.34 0.27 0.58 0.72 0.64 0.57 0.59

Fs 0.70 0.64 0.70 0.40 0.25 0.34 0.41 0.39

Wo 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.02

Mg# 0.29 0.35 0.28 0.59 0.74 0.65 0.59 0.60
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TABLE D.23: Composition of amphibole inclusion in orthopyroxene

in Ebisutoge PD
Sample: EH65¢c EH65¢ EH65c¢ EH65c EH65¢
ID: am_1 am_2 am_3 am_4 am_b5
wt%
5i0; 43.52 4341 44.15 44.39 44.04
TiO; 1.86 1.84 1.80 1.78 1.81
Al,O3 8.54 8.95 8.16 8.01 8.09
FeO 23.74 23.84 23.73 22.86 23.25
MnO 0.46 0.50 0.51 0.46 0.47
MgO 7.65 7.52 8.02 8.53 8.28
CaO 9.88 9.94 9.76 10.02 9.96
NayO 1.94 2.06 1.96 2.04 1.99
K,O 0.72 0.75 0.65 0.74 0.75
Total 98.31 98.81 98.74 98.83 98.64
Mg# 0.36 0.36 0.38 0.40 0.39
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TABLE D.24: Trace element concentration of plagioclase phenocrysts in the Nyukawa PFD

Sample: EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH61 EH6l EH61 EH61 EH61 EH61
ID: pll.1 pl1.2 pll.3 pll.4 pll.5 pl2.1 pl2.2 pl2.3 pl2.4 pl2.5 pl2.6 pl3.1 pl3.2 pl3.3 pl3.4 pl3.5
ppm

Sc <0.101  0.109 0.265 0.210 0.240 <0.288 0.272 0.284 0.226 0.244 0.292 0.324 0.256 0.492 0.301 0.291
Rb 0.718 0.797 0.816 0.721 0.713 4122 2727 1.804 0.709 0.661 0.735 1.105 0.826 0.653 0.862 0.775
Sr 824 840 899 842 871 803 815 923 870 843 850 891 815 819 848 869
Y 0.230 0.198 0.211 0.342 0.371 0.343 0307 0.242 1.617 0.623 0.350 0.260 0.281 0.623 0.424 0.386
Zr 0.027 0.056 0.087 0.356 0.026 <0.062 0.139  0.099 0.020 0.057 0.072 0.084 0.024 0.566 <0.015 <0.011
Nb 0.005 <0.002 <0.002 0.003 0.014 0.052 0.017 0.007 <0.002 0.005 0.003 0.007 0.011 0.177 0.007 0.002
Cs <0.014 <0.014 <0.026 <0.018 <0.022 <0.067 0.019 <0.017 <0.012 <0.011 <0.013 <0.017 <0.014 <0.033 <0.014 <0.016
Ba 314 352 361 333 362 360 365 406 343 351 375 383 341 298 377 377
La 10.4 10.8 9.5 11.1 11.0 11.9 13.1 13.4 12.9 10.7 11.5 10.5 10.2 11.6 11.8 11.6
Ce 13.6 14.4 12.7 15.0 16.0 14.5 16.3 16.8 19.5 15.5 16.0 13.4 13.6 17.5 16.3 16.3
Pr 1.01 1.05 0.93 1.20 1.26 1.05 1.19 1.20 1.71 1.25 1.23 0.99 1.02 141 1.32 1.29
Nd 2.84 2.78 2.51 3.61 3.88 2.99 3.38 3.19 5.69 3.80 3.72 2.86 2.93 4.16 3.81 3.87
Sm 0.240 0.236 0.233 0.343 0.409 0.257 0291 0.281 0.696 0.427 0.384 0.239 0.291 0.472 0.402 0.438
Eu 1.45 1.47 1.63 1.70 1.86 1.59 1.68 1.87 1.90 1.81 1.84 1.82 1.64 1.66 1.86 1.92
Gd 0.116 0.102 0.161 0.198 0.222 0.135 0.138 0.118 0.537 0.269 0.202 0.127 0.141 0.263 0.198 0.224
Tb 0.012 0.012 0.010 <0.068 0.022 0.022 0.016 0.014 0.059 0.029 0.019 0.014 0.015 0.026 0.021 0.019
Dy 0.050 0.085 0.049 0.086 0.103 0.076  0.069  0.060 0.328 0.160 0.113 0.070 0.063 0.137 0.110 0.089
Ho 0.011 0.008 0.009 0.013 0.017 0.013 0.019 0.008 0.055 0.022 0.015 0.010 0.011 0.021 0.017 0.020
Er 0.019 0.017 0.019 0.028 0.033 0.034 0.029 0.023 0.145 0.058 0.028 0.020 0.030 0.062 0.035 0.028
Tm 0.003 0.002 0.002 0.003 0.003 0.003 0.003 0.002 0.019 0.006 0.005 0.003 0.006 0.008 0.004 0.003
Yb 0.013 0.010 0.009 0.011 0.018 0.026 0.022 0.029 0.127 0.036 0.021 0.016 0.055 0.026 0.022 0.046
Lu 0.002 0.002 0.002 0.003 0.001 0.004 0.004 0.002 0.017 0.004 0.002 <0.002 0.002 0.005 0.002 0.003
Pb 8.14 8.20 8.54 7.63 7.80 6.87 7.54 8.37 7.80 7.35 7.05 8.29 7.51 7.60 8.09 7.80
Th 0.003 0.005 0.001 0.001 0.007 0.033 0.032 0.013 0.078 0.015 0.001 0.008 0.013 0.023 0.007 0.004
U 0.002 0 0 0 0.001 0.006 0.008 0.003 0.017 0.004 0.001 0.002 0.004 0.005 0.004 0.001
An 0.44 0.43 0.46 0.46 0.45 0.40 0.39 0.44 0.46 0.45 0.44 0.45 0.44 0.51 0.45 0.46
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TABLE D.25: Trace element concentration of plagioclase phenocrysts
in the Ebisutoge PD
Unit: Unit B Unit B Unit B Unit B Unit B Unit B Unit B Unit B Unit B Unit B Unit B Unit B
Sample: EH63 EH63 EH63 EH63 EH63 EH63 EH63 EH63 EH63 EH63 EH63 EH63
1D: plil pl1.2 pl1.3 pll4 pll5 pll.6 pl17 pll.8 pl2.1 pl22 pl23 pl2.4
ppm
Sc <0.075 0.247 0.236 0.269 0.248 0.286 0.258 0.258 0.314 0.276 0.316 0.311
Rb 0.786 0.849 0.839 0.862 0.65 0.549 0.449 0.665 0.782 0.843 0.764 0.78
Sr 907 887 884 889 1109 1127 1030 822 918 913 978 848
Y 0.161 0.159 0.159 0.15 0.157 0.163 0.154 0.166 0.167 0.151 0.189 0.162
Zr 0.014 <0.015 <0.009 <0.085 <0.011 0.034 <0.008 0.06 <0.008 <0.013 0.049 0.054
Nb <0.001 0.003 0.008 <0.002 <0.002 0.003 0.002 <0.073 <0.001 <0.001 0.002 <0.002
Cs <0.011 <0.011 <0.012 <0.010 <0.012 <0.015 <0.016 <0.043 <0.015 <0.014 <0.011 <0.012
Ba 542 553 526 532 361 300 255 389 480 512 490 479
La 9.3 9.3 8.8 8.3 6.5 58 5.2 7.3 9.5 9.6 9.9 84
Ce 11.8 119 114 111 9.0 8.0 7.4 9.5 11.8 12.2 13.0 11.0
Pr 0.922 0.917 0.879 0.855 0.727 0.653 0.608 0.76 0.908 0.914 0.987 0.839
Nd 2.68 2.66 2.55 2.50 2.21 2.09 1.93 2.38 2.63 272 291 2.52
Sm 0.267 0.259 0.246 0.228 0.22 0.198 0.189 0.215 0.234 0.224 0.258 0.227
Eu 4.00 4.14 4.09 4.12 443 429 3.97 3.59 3.34 3.56 3.77 3.82
Gd 0.113 0.139 0.141 0.119 0.112 0.105 0.103 0.144 0.102 0.109 0.113 0.122
Tb 0.011 0.009 0.010 0.011 0.012 0.010 0.009 0.014 0.013 0.009 0.012 0.012
Dy 0.057 0.069 0.050 0.046 0.042 0.055 0.046 0.058 0.046 0.050 0.053 0.049
Ho 0.009 0.008 0.007 0.009 0.005 0.006 0.007 0.008 0.006 0.007 0.008 0.005
Er 0.014 0.017 0.014 0.018 0.018 0.014 0.013 0.021 0.012 0.014 0.017 0.015
Tm 0.001 0.002 0.001 <0.001 0.001 0.002 0.002 <0.001 0.001 0.001 0.008 0.001
Yb 0.007 0.007 0.043 0.005 0.004 0.007 0.007 <0.012 <0.006 0.004 0.006 0.004
Lu <0.001 <0.001 0.001 0.001 0.001 0.001 0.001 <0.002 0.001 0.001 0.001 0.001
Pb 8.682 8.961 8.611 8.414 6.192 5.279 4.650 5.800 7.905 7.792 7.865 7.049
Th 0.001 0 0.001 0 0 0 0 0.004 0 0.001 0 0
U 0 0 0 0 0 0 0 0.001 0 0 0.001 0.001
An 0.30 0.29 0.30 0.29 0.35 0.36 0.34 0.30 0.31 0.30 0.34 0.30
Unit: Unit C Unit C Unit C Unit C Unit C Unit C Unit C Unit C Unit C Unit C Unit C Unit C
Sample: EH65a EH65a EH65a EH65a EH65a EH65a EH65a EH65a EH65a EH65a EH65a EH65a
1D: pll.1 pl1.2 plL3 pll4 plL5 pll.6 plL.7 pl2.2 pl2.3 pl2.4 pl2.6 pl3.1
ppm
Sc <0.069 0.313 0.229 0.293 0.386 0.369 0.449 0.386 0.322 0.335 <0.104 <0.581
Rb 0.393 0.985 0.412 0.45 0.431 0.468 0.722 0.904 0.837 0.799 0.836 0.981
Sr 1209 1284 1284 1304 1221 1163 970 922 858 852 861 842
Y 0.185 0.279 0.188 0.179 0.174 0.17 0.185 0.167 0.15 0.161 0.16 0.236
Zr 0.021 2.07 0.076 0.014 0.056 0.016 <0.035 0.031 0.038 <0.010 0.024 0.49
Nb <0.003 0.069 0.018 0.009 <0.002 <0.002 <0.007 <0.002 <0.002 <0.002 <0.003 0.044
Cs <0.012 <0.064 <0.012 <0.013 <0.016 <0.016 <0.057 <0.018 <0.020 <0.013 <0.013 <0.114
Ba 226 265 244 253 278 301 413 543 515 492 518 532
La 5.0 51 52 5.1 59 6.2 8.1 9.3 8.5 8.3 85 8.2
Ce 71 74 7.6 7.3 8.4 8.6 104 11.7 11.1 10.9 11.2 10.1
Pr 0.606 0.614 0.64 0.617 0.686 0.699 0.834 0.89 0.843 0.839 0.843 0.798
Nd 1.99 1.94 2.04 1.88 222 217 2.50 2.67 245 249 248 2.28
Sm 0.214 0.199 0.201 0.218 0.215 0.206 0.277 0.258 0.223 0.238 0.226 0.224
Eu 3.87 3.78 4.13 4.15 4.32 4.31 3.91 4.09 3.95 3.99 3.86 3.52
Gd 0.123 0.152 0.114 0.113 0.115 0.117 0.116 0.123 0.114 0.113 0.114 0.574
Tb 0.011 0.014 0.011 0.011 0.011 0.014 0.014 0.010 0.010 0.011 0.010 0.012
Dy 0.050 0.063 0.048 0.055 0.049 0.041 0.053 0.049 0.049 0.041 0.040 0.020
Ho 0.007 0.011 0.008 0.006 0.008 0.007 0.007 0.007 0.006 0.013 0.006 0.012
Er 0.017 0.021 0.017 0.015 0.016 0.014 0.015 0.014 0.012 0.013 0.014 0.018
Tm 0.002 0.004 0.002 0.002 0.002 0.002 <0.002 0.002 0.001 0.002 0.001 0.006
Yb 0.010 0.017 0.010 0.007 0.006 0.011 0.012 0.006 0.004 0.009 0.004 0.004
Lu 0.001 0.004 0.001 0.002 0.001 <0.001 <0.003 0.005 0.007 0.001 <0.001 0.006
Pb 3917 3.665 3.830 3.661 4.305 4.604 5.937 7.950 7.101 6.942 7.447 6.124
Th 0.002 0.043 0.008 0.002 0.001 0 <0.002 0.003 0.001 <0.001 0.006 0.030
U 0.001 0.019 0.008 0.003 0.001 0 0 0 0 0 0.007 0.012
An 0.40 0.40 0.40 0.40 0.39 0.36 0.33 0.30 0.29 0.29 0.29 0.28
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TABLE D.26: (Continued)
Unit: UnitC UnitC UnitC UnitC UnitC UnitB UnitD UnitD UnitD UnitD UnitD
Sample: EH65a EH65a EH65a EH65a EH65a EH65a EH65b EH65b EH65b EH65b  EH65b
1D: pl3.2 pl3.3 pl3.4 pl3.5 pl3.6 pl3.7 pll.11  pll12  pl1.13  pll14  pll.l6
ppm
Sc <0.535 <0.473 0.193 0.319 0.257 <0534 <0250 <0.289 <0.255 <0.253  0.292
Rb 0.479 0.476 0.385 0.569 0.503 0.583 0.828 0.766 0.809 0.773 0.867
Sr 1334 1137 1067 1217 1058 1117 856 870 877 860 857
Y 0.188 0.17 0.175 0.164 0.171 0.147 0.184 0.159 0.175 0.164 0.55
Zr <0.077 0.352 0.045 0.017 <0.013 <0.094 <0.032 <0.038 <0.063 0.052 0.323
Nb <0.019 <0.014 0.01 <0.003 <0.003 <0.014 <0.006 <0.006 <0.007 <0.006 0.049
Cs <0.114 <0.115 <0.018 <0.015 <0.012 <0.130 <0.049 <0.028 <0.048 <0.038 <0.012
Ba 319 312 217 325 274 319 494 510 499 495 544
La 5.6 5.8 4.8 6.2 5.6 5.8 8.8 8.7 8.5 8.5 9.0
Ce 7.5 7.7 6.6 8.3 7.8 7.6 11.3 11.1 10.7 11.0 13.1
Pr 0.625 0.616 0.559 0.676 0.633 0.638 0.897 0.839 0.849 0.855 0.927
Nd 1.96 1.96 1.77 2.14 1.97 1.92 2.55 2.61 2.51 2.44 2.79
Sm 0.247 0.208 0.167 0.192 0.205 0.191 0.244 0.235 0.234 0.198 0.317
Eu 3.84 3.86 3.23 4.19 3.74 3.58 3.65 3.88 3.75 3.68 3.97
Gd 0.156 0.459 0.102 0.113 0.107 0.072 0.127 0.123 0.225 0.154 0.182
Tb 0.009 0.012 0.012 0.010 0.011 0.010 0.010 0.013 0.012 0.012 0.022
Dy 0.053 0.080 0.079 0.049 0.050 0.045 0.043 0.048 0.055 0.047 0.132
Ho 0.032 0.008 0.006 0.008 0.007 <0.005 0.012 0.005 0.005 0.006 0.026
Er 0.086 0.017 0.016 0.015 0.018 0.011 0.016 0.018 0.018 0.019 0.067
Tm <0.005 <0.005 0.001 0.002 0.003 <0.003 0.004 <0.003 0.004 0.003 0.011
Yb 0539 <0.017 0.009 0.007 0.008 0.462 0.010 0.009 0.005 <0.009 0.080
Lu 0.006 <0.005 0.007 0.002 0.001 <0.007 <0.003 <0.002 <0.003 <0.002 0.013
Pb 3.978 4.248 3.675 4.957 4.751 4.257 6.998 6.666 6.351 6.502 7.622
Th 0.003  <0.003 0 0 0.008 <0.005 <0.002 <0.001 0.002 <0.003 0.032
U 0.011 0.001 0 0 0 0 0 0 0 0.001 0.027
An 0.39 0.35 0.35 0.38 0.35 0.35 0.30 0.30 0.30 0.30 0.29
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TABLE D.27: Trace element concentration of plagioclase phenocrysts

in TK
Unit: pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT
Sample: EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH70
1D: pl2.1 pl2.2 pl2.3 pl2.4 pl2.5 pl2.6 pl2.7 pl3.1 pl3.2 pl3.3 pl3.4 pl3.5
ppm
Sc <0.518 <0.365 <0.388 <0.381 <0.460 <0.486 <0.676 <1.081 <0.658 <0.282 <0.457 <0.680
Rb 0.598 0.602 0.584 0.809 0.908 1.311 0.539 0.78 7.88 0.532 0.839 0.884
Sr 915 826 843 877 846 679 794 827 854 816 866 920
Y 0.262 0.341 0.289 0.25 0.192 0.144 0.344 0.752 1.924 0.313 0.219 0.31
Zr <3543  <0.061  <0.038 0.206 <0.054  <0.069  <0.053 0.667 3.346 0.198 <0.100  <0.107
Nb <0.012 <0.010 <0.010 <0.216 <0.016 <0.019 <0.018 0.122 0.273 0.061 <0.014 <0.017
Cs <0.063  <0.048  <0.044  <0.055 <0.049 <0072  <0.065  <0.211 9.394 0.038 <0.090  <0.079
Ba 316 283 304 361 336 269 248 103 122 257 326 281
La 11.0 10.4 117 118 114 11.2 8.9 3.8 2.8 9.1 11.7 11.8
Ce 14.5 134 15.3 14.7 13.6 12.3 11.9 6.6 5.1 11.6 141 14.5
Pr 1.064 1.04 1.176 1.068 0.897 0.804 0.944 0.647 0.544 0.883 0.994 1.016
Nd 3.20 2.95 3.49 3.06 2.62 1.95 2.76 2.39 2.05 257 2.57 2.80
Sm 0.335 0.353 0.335 0.259 0.23 0.188 0.393 0.421 0.467 0.266 0.224 0.351
Eu 1.64 1.52 1.53 1.57 1.39 1.48 1.42 0.73 0.65 1.33 1.38 1.37
Gd 0.188 0.144 0.19 0.209 0.134 0.09 0.167 0.372 0.38 0.151 0.132 0.214
Tb 0.059 0.021 0.02 0.016 0.009 0.009 0.014 0.024 0.063 0.011 0.016 0.014
Dy 0.074 0.075 0.084 0.049 0.052 <0.057 0.109 0.11 0.324 0.067 0.027 0.072
Ho 0.013 0.069 <0.115 0.014 0.012 0.005 0.014 0.017 0.076 0.014 <0.008 0.042
Er 0.047 0.02 0.039 0.014 0.009 0.019 0.027 0.067 0.175 0.106 0.238 0.017
Tm 0.005 0.061 0.005 <0.005 <0.002 0.006 0.04 0.005 0.027 0.018 <0.003 0.057
Yb <0.014 0.025 <0.009 0.14 <0.013 <0.011 <0.033 0.118 0.176 0.015 0.04 0.025
Lu 0.004 <0.008  <0.002  <0.004 <0.002  <0.004 <0.008  <0.008 0.028 <0.002  <0.007  <0.006
Pb 8.51 7.46 7.55 8.32 8.48 10.75 6.81 5.93 7.02 8.31 9.00 11.03
Th <0.002 0.004 0.056 <0.002  <0.004 0.006 0.019 0.052 0.077 0.006 <0.003 0.005
U 0 0.001 0 0 0.001 0.005 <0.002 0.004 0.009 0.002 0.001 <0.170
An 0.51 0.47 0.45 0.44 0.40 0.30 0.46 0.82 0.82 0.44 0.41 0.46
Unit: pGT pGT pGT pGT pGT pGT pGT GDT GDT GDT GDT GDT
Sample: EH70 EH70 EH70 EH70 EH70 EH70 EH70 EH16 EH16 EH16 EH16 EH16
1D: pl3.6 pl4.1 pl4.2 pl43 pl44 pl4.6 pl47 pll1 plt.2 pll3 pll4 plL5
ppm
Sc <0.288 <0277 <0334 <0233  <1.050 <0909  <0.531 <0542 <0358 <0326 <0305  <0.246
Rb 1.23 0.867 0.523 1.006 1.307 1.824 0.933 0.307 0.587 0.711 1.054 3.243
Sr 726 839 857 854 242 204 387 801 859 969 961 916
Y 0.191 0.166 0.311 0.148 <0.180 0.21 0.2 0.219 0.289 0.329 0.248 0.19
Zr 0.528 <0.077 0.271 <0.027 <0165  <0.138 0.082 <0.082 0.042 <0.033  <0.045  <0.045
Nb <0.149  <0.007  <0.007  <0.007  <0.033  <0.029 <0.019 <0015  <0.011 <0.009  <0.007  <0.009
Cs <0.041  <0.048  <0.042 <0.035 <0159  <0.135 0.129 <0.058  <0.039  <0.038 0.047 0.087
Ba 331 269 281 232 38 32 182 228 302 357 414 413
La 14.0 125 11.0 11.0 7.9 19.8 13.8 9.4 10.4 12.2 12.5 11.5
Ce 15.3 139 13.7 12.7 9.2 21.8 13.8 11.9 13.1 16.4 15.4 14.4
Pr 0.981 0.992 1.035 0.848 0.611 1.289 0.896 0.884 0.937 1.238 1.079 1.022
Nd 2.46 2.75 2.82 217 1.65 2.83 2.32 2.25 2.54 3.39 3.03 2.64
Sm 0.178 0.194 0.302 0.179 0.297 0.333 0.189 0.18 0.271 0.389 0.33 0.212
Eu 1.75 147 1.62 1.31 0.64 0.75 1.08 121 1.52 1.68 1.67 147
Gd 0.102 0.293 0.167 0.349 0.142 <0.109 0.1 0.073 0.171 0.152 0.151 0.12
Tb 0.045 0.026 0.017 <0.009 <0.014 0.017 <0.005 0.01 0.012 0.016 0.071 0.012
Dy 0.023 0.124 0.081 0.083 0.017 0.064 0.075 0.047 0.06 0.062 0.05 0.052
Ho 0.007 0.006 0.035 0.01 0.01 <0.003 0.018 0.014 0.011 0.014 0.011 0.006
Er 0.17 0.014 0.028 <0.047  <0.039  <0.010  <0.018  <0.008 0.023 0.028 0.027 0.022
Tm <0.002  <0.003 0.003 0.031 <0.004 0.002 <0.003 0.005 0.004 0.004 <0.002 0.002
Yb 0.218 0.011 0.013 0.262 0.021 0 0 0 <0018  <0.016 0.218 0.014
Lu <0.004  <0.004  <0.002  <0.003  <0.011 0.009 0.083 <0.006  <0.002  <0.005 0.012 <0.004
Pb 13.06 7.59 8.02 9.58 10.89 13.49 1147 5.72 6.81 7.89 9.04 10.06
Th 0.022 0.011 0.005 0 <0.007  <0.002 0.013 0.011 0.006 0.001 <0.001 <0.002
U 0.001 0.004 0.001 0 <0.003 0 <0.002 0.001 0.001 <0.001 0 0
An 0.30 0.42 0.46 0.39 0.23 0.23 0.23 0.44 0.43 0.50 0.46 0.41
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TABLE D.28: (Continued)

Unit: GDT GDT GDT GDT GDT GDT GDT GDT GDT GDT mGT mGT
Sample: EH16 EH16 EH16 EH16 EH16 EH16 EH16 EH16 EH16 EH16 EH5 EH5
1D: pll.6 plL7 pl3.1 pl3.2 pl3.3 pl3.4 pl3.5 pl3.6 pl3.7 pl3.8 pl2.1 pl2.2
ppm

Sc <0.248 <0.523 <1.230 <1.235 <1.857 2932 <0.399 <0.321 <0.337 <0.374 <0.519 <0.345
Rb 0.955 4.101 0.41 19.018 <0.201 0.881 0.856 0.73 1.661 3.736 1.23 0.829
Sr 898 293 734 763 835 890 1015 805 768 149 814 813
Y 0.174 0.203 0.261 0.428 0.406 0.832 0.248 0.157 0.183 0.074 0.44 0.17
Zr <0.035 <0.096 <0.231 <0.194 <0.140 0.309 <0.048 <0.035 0.232 <0.073 <0.079 0.086
Nb <0.007 0.071 0.025 <0.035 <0.027 <0.044 <0.009 0.016 <0.006 <0.012 <0.013 <0.172
Cs <0.042 0.081 <0.170 4.527 <0.116 <0.213 <0.043 <0.027 0.075 0.135 0.076 0.058
Ba 392 57 43 78 131 158 365 315 277 44 341 308
La 12.0 24.6 0.9 22 53 5.7 12.3 10.7 11.7 10.2 8.6 9.6
Ce 14.3 25.8 1.6 3.8 8.1 9.2 15.8 13.0 14.2 11.2 10.4 11.3
Pr 0.975 1.568 0.172 0.35 0.744 0.737 1.143 0.913 0.976 0.643 0.855 0.836
Nd 2.37 3.47 0.75 1.30 3.23 3.58 3.23 2.30 2.50 1.29 227 2.24
Sm 0.208 0.233 0.163 0.27 0.304 0.284 0.571 0.201 0.321 0.301 0.264 0.168
Eu 1.46 1.04 0.39 0.64 1.09 1.50 1.56 1.29 1.38 0.63 1.82 1.72
Gd 0.121 0.174 0.13 0.675 0.102 0.221 0.143 0.097 0.099 0.061 0.128 0.105
Tb 0.011 0.01 <0.008 <0.019 0.019 0.035 0.015 0.009 0.006 0.001 0.01 0.008
Dy 0.157 0.02 0.229 0.089 0.073 0.121 0.059 0.27 0.05 0.023 0.077 0.046
Ho 0.004 0.005 <0.009 0.011 0.015 0.037 0.009 0.007 0.008 0.006 0.015 0.01
Er 0.011 0.021 0.539 <0.055 0.037 0.139 0.017 0.01 0.016 0.014 0.028 <0.011
Tm <0.002 0.081 <0.015 0.008 <0.010 <0.012 <0.002 0.003 <0.003 0.003 <0.003 0.004
Yb 0.01 0.021 <0.080 0.027 <0.059 0.223 <0.013 0.015 0.009 0 0.031 <0.012
Lu <0.003 <0.004 <0.010 <0.019 <0.011 <0.014 <0.004 <0.003 <0.003 <0.003 0.005 <0.005
Pb 8.63 19.96 4.20 4.67 5.53 5.80 8.30 7.23 10.78 11.47 11.09 10.60
Th <0.001 0.009 0.168 0.031 0.006 0.079 0.005 0.024 0.029 0.001 0.011 0.003
18] 0 0.001 0 0.012 0.001 0.011 0 0.02 0.017 0.002 0.004 0
An 0.42 0.38 0.86 0.74 0.67 0.68 0.51 0.38 0.42 0.18 0.32 0.32
Unit: mGT mGT mGT mGT mGT mGT mGT mGT mGT mGT mGT mGT
Sample: EH5 EH5 EH5 EH5 EH5 EH5 EH5 EH5 EH5 EH5 EH5 EH5
ID: pl2.3 pl2.4 pl2.5 pl2.6 pl2.7 pl2.8 pl2.9 pl2.10 pl2.11 pl3.1 pl3.2 pl3.3
ppm

Sc <0.617 <0.370 <0.379 <0.554 <0.380 <0.529 0.106 0.175 0.231 0.132 0.19 0.178
Rb 1.114 1.301 0.875 0.737 0.681 1.034 0.825 1.141 1.795 0.839 0.899 0.921
Sr 829 873 896 907 808 236 872 796 214 869 884 845
Y 0.176 1.736 0.147 0.229 0.187 0.532 0.152 0.209 0.416 0.152 0.158 0.168
Zr <0.071 <0.042 <0.053 0.159 <0.043 <0.118 <0.022 0.062 <0.016 <0.013 <0.009 <0.007
Nb <0.011 <0.011 <0.008 <0.013 <0.008 0.015 <0.003 0.005 0.004 <0.002 <0.002 <0.001
Cs 0.063 0.197 <0.039 <0.065 <0.033 0.173 0.028 0.015 0.105 0.016 <0.009 <0.009
Ba 285 296 298 237 281 53 285 341 45 289 264 250
La 11.6 14.9 13.2 13.0 13.3 9.2 13.1 8.1 6.4 13.2 13.0 12.8
Ce 13.7 18.8 153 15.7 15.1 9.9 15.7 10.4 8.1 15.2 15.2 15.1
Pr 0.952 1.576 1.011 1.095 1.017 0.661 1.009 0.804 0.589 1.079 1.021 1.008
Nd 241 4.71 2.52 287 257 1.94 2.63 230 1.57 279 252 251
Sm 0.244 0.549 0.189 0.222 0.196 0.201 0.213 0.197 0.148 0.213 0.194 0.199
Eu 1.84 1.73 1.76 1.63 1.71 0.78 1.74 1.89 0.82 1.69 1.60 1.58
Gd 0.65 0.457 0.087 0.125 0.136 0.156 0.102 0.096 0.087 0.095 0.092 0.086
Tb 0.109 0.044 0.013 0.011 0.011 0.012 0.011 0.012 0.009 0.008 0.012 0.007
Dy 0.029 0.239 0.044 0.107 0.066 0.065 0.041 0.055 0.055 0.035 0.057 0.036
Ho <0.003 0.051 0.004 0.007 0.034 0.017 0.008 0.014 0.012 0.007 0.007 0.005
Er 0.025 0.144 0.007 0.04 0.022 0.035 0.012 0.02 0.026 0.014 0.015 0.015
Tm <0.003 0.018 0.003 0.129 0.006 0.022 0.002 0.002 0.004 0.001 0.001 0.002
Yb <0.013 0.095 <0.012 <0.017 0.011 <0.028 0.014 0.018 0.017 0.01 0.009 0.011
Lu <0.005 0.01 <0.002 <0.003 0.003 0.005 <0.002 <0.001 0.003 0.001 0.007 0.001
Pb 11.29 11.74 10.85 11.83 11.70 8.92 1117 10.99 10.68 11.79 11.33 11.43
Th <0.002 0.05 <0.001 0.015 0.002 0.02 0.001 0.012 0.006 0.001 0.001 0.001
18] <0.001 0.028 0 0.001 0.043 0.016 0.001 0.003 0.006 0.001 <0.000 0

An 0.34 0.35 0.34 0.41 0.36 0.21 0.34 0.32 0.21 0.35 0.35 0.36
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TABLE D.29: (Continued)

Unit: mGT ~ mGT GRT GRT GRT GRT GRT GRT  GRT  GRT  GRT  GRT
Sample:  EH5 EH5 EH29  EH29  EH29  EH29  EH29  EH29 EH29 EH29  EH29  EH29
ID: pl3.4 pl3.5 pll.l pli.2 pl13 pl14 pl1.5 pll6 pl1.7 pl2.1 pl2.2 pl2.3
ppm

Sc 0.266 <0.351 <1.199 <0.654 <0.548 <0.249 <0.107 0.157 0.215 0.143 0.178 0.206
Rb 1.329 0.989 25.731 0.947 3413 10.17 253 1.795 6.005 2.685 0.64 1.364
Sr 275 782 1088 953 98 195 128 1057 974 1115 1006 1013
Y 0.364 0.144 3.713 0.494 0.177 0.117 0.139 0.435 0.477 0.53 0.838 0.683
Zr <0.045 <0.041 0.087 0.071 <0.091 <0.034 <0.014 0.058 0.051 0.043 0.228 0.579
Nb 0.012 <0.005 <0.028 <0.014 <0.013 <0.006 0.002 <0.004 0.003 <0.002 0.015 0.012
Cs 0.046 <0.028 0.123 0.053 0.158 0.102 0.064 0.115 0.158 0.14 0.018 0.011
Ba 45 263 269 302 23 53 40 379 334 302 242 261
La 16.9 10.7 9.7 10.9 12.0 11.1 11.2 12.9 11.7 10.6 85 89
Ce 17.6 12.4 17.8 15.6 145 13.1 13.2 18.0 17.0 15.6 13.3 13.5
Pr 1.097 0.846 1.87 1.355 0.926 0.856 0.835 1.505 1.399 1.372 1.239 1.244
Nd 2.57 227 8.30 4.15 212 1.84 191 473 4.52 4.55 4.33 4.16
Sm 0.189 0.217 1.495 0.447 0.176 0.125 0.159 0.439 0.484 0.494 0.577 0.493
Eu 1.07 1.60 2.08 1.76 0.53 0.66 0.78 2.00 197 1.90 1.73 1.62
Gd 0.096 0.1 1.183 0.304 0.108 0.072 0.07 0.234 0.277 0.286 0.348 0.308
Tb 0.013 0.011 0.123 0.033 0.006 0.006 0.008 0.023 0.03 0.035 0.042 0.033
Dy 0.054 0.033 0.689 0.127 0.051 0.045 0.036 0.121 0.122 0.124 0.218 0.167
Ho 0.013 0.037 0.157 0.02 0.003 0.003 0.005 0.017 0.02 0.024 0.034 0.028
Er 0.037 0.021 0.371 0.027 0.081 0.005 0.01 0.045 0.035 0.078 0.082 0.065
Tm 0.003 <0.001 0.047 0.009 <0.002 <0.002 <0.002 0.005 0.006 0.004 0.011 0.008
Yb <0.017 <0.014 0.304 0.013 <0.026 0.008 0.01 0.036 0.023 0.026 0.067 0.039
Lu 0.003 <0.003 0.024 <0.004 <0.004 0.003 0.001 0.007 0.003 0.004 0.007 0.004
Pb 10.86 9.81 8.07 6.99 17.84 10.91 16.22 9.88 9.09 9.10 7.07 7.14
Th 0.017 0.002 0.164 <0.001 0.001 0.001 0.004 0.002 0.012 0.006 0.047 0.037
18] 0.003 0.002 0.025 0 0.004 0.001 0.002 0.002 0.001 0.002 0.01 0.008
An 0.25 0.32 0.67 047 0.17 0.17 0.17 0.47 0.47 0.51 0.51 0.51
Unit: GRT GRT GRT GRT GRT GRT

Sample: EH29 EH29 EH29 EH29 EH29 EH29

1D: pl24 pl25 pl2.6 pl27 pl2.8 pl2.9

ppm

Sc 0.183 0.207 0.259 0.245 0.249 0.233

Rb 0.397 1.128 0.968 3.142 2.771 1.913

Sr 960 842 971 773 136 146

Y 0.517 0.316 0.292 0.29 0.237 0.065

Zr 0.055 0.153 0.043 0.522 0.356 <0.013

Nb 0.003 0.011 0.006 <0.002 0.013 <0.001

Cs <0.011 0.022 0.011 0.074 0.275 0.231

Ba 220 270 349 351 57 63

La 8.5 8.8 11.6 11.1 8.5 5.6

Ce 14.2 13.1 15.0 144 10.5 6.7

Pr 1.267 1.07 1.12 1.167 0.673 0.446

Nd 421 3.30 3.12 341 1.64 1.08

Sm 0.534 0.337 0.309 0.342 0.16 0.092

Eu 1.57 1.37 1.76 1.54 0.64 0.85

Gd 0.281 0.173 0.153 0.174 0.075 0.045

Tb 0.029 0.018 0.015 0.019 0.008 0.003

Dy 0.131 0.072 0.073 0.074 0.046 0.016

Ho 0.022 0.013 0.011 0.015 0.007 0.003

Er 0.047 0.029 0.026 0.022 0.014 0.009

Tm 0.004 0.003 0.004 0.004 0.002 <0.001

Yb 0.039 0.021 0.015 0.016 0.011 <0.006

Lu 0.004 0.003 0.002 0.003 0.003 0.001

Pb 7.17 7.13 8.23 8.69 11.95 11.66

Th 0.004 0.046 0.004 0.004 0.021 0.001

18] 0.001 0.013 0.001 0.002 0.022 0.002

An 0.57 0.44 0.47 0.33 0.15 0.15
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TABLE D.30: Trace element concentration of plagioclase xenocrysts in the Ebisutoge PD

Unit: UnitB UnitB UnitD UnitD UnitD UnitD UnitD UnitD UnitD UnitD UnitD UnitD UnitD
Sample: EH65a EH65a EH65b EH65b EH65b EH65b EH65b EH65b EH65b EH65b EH65b  EH65b  EH65b
1D: pl2.1 pl2.5 pll.1 pl1.2 pll.3 pl1.4 pl1.5 pll.6 pll.7 pl1.8 pl1.9 pl1.10  pl1.15
ppm

Sc 0.381 0342 <0432 <0.310 <0209 <0.224 <0204 <0274 <0.291 0.37 <0.241 0314 0.214
Rb 2.269 1.278 1.446 0.682 0.388 0.55 0.459 0.9 0.739 0.583 0.568 0.642 0.542
Sr 654 711 738 790 661 798 576 847 821 843 819 804 873
Y 0.453 0.531 0.141 0.519 0.415 0.337 0.26 0.335 0.492 0.544 0.523 0.571 0.346
Zr 0.292 0.355 <0.068 0.212 0.276 0.136 0.095 <0.058 0.053 <0.054 0.099 <0.056 0.043
Nb 0.051 0.052 <0.010 0.156 0.055 0.017 0.01 0.016 <0.007 <0.006 0.012 <0.014 0.005
Cs 0.038 0.02 <0.069 <0.040 <0.047 <0.049 <0.032 <0.050 <0.034 <0.042 <0.052 <0.055 <0.014
Ba 411 372 346 268 198 292 229 343 302 380 380 338 391
La 12.3 11.7 4.447 8.463 7.111 8.696 7242  11.061 10204 11.929 10943 11.772 11.9
Ce 16.0 16.6 5.481 12.865 11.075 12186 9.576 14214 14.796 15.818 14.723 16.6 15.9
Pr 1.24 1.29 0.41 1.08 0.95 0.95 0.74 1.13 1.21 1.25 1.18 1.39 1.27
Nd 3.68 3.84 1.068 3.475 2.885 2.814 1.98 3.181 3.775 3.871 3.524 4.064 3.75
Sm 0.38 0.405 0.145 0.417 0.43 0.321 0.221 0.33 0.413 0.39 0.36 0.458 0.351
Eu 2.08 2.05 1.40 1.40 1.19 1.47 1.07 1.65 1.67 1.78 1.78 191 1.89
Gd 0.177 0.226 0.073 0.232 0.181 0.171 0.117 0.194 0.178 0.183 0.222 0.276 0.177
Tb 0.021 0.024 0.016 0.023 0.022 0.02 0.013 0.018 0.025 0.026 0.024 0.03 0.020
Dy 0.105 0.140 0.065 0.123 0.161 0.091 0.076 0.082 0.119 0.112 0.137 0.154 0.097
Ho 0.016 0.019 <0.006 0.023 0.018 0.016 0.007 0.016 0.018 0.019 0.02 0.016 0.013
Er 0.047 0.043 0.007 0.036 0.038 0.037 0.022 0.037 0.033 0.041 0.06 0.055 0.032
Tm 0.006 0.005 <0.006 0.004 0.005 0.003 0.003 0.002 0.006 0.007 0.005 0.004 0.004
Yb 0.037 0.041 <0.017 0.023 0.029 <0.018 0.025 0.02 <0.029 0.034 0.022 0.093 0.052
Lu 0.006 0.006 <0.004 0.004 0.005 <0.003 0.003 <0.003 0.005 0.004 0.009 0.005 0.002
Pb 10.88 10.28 6.28 6.26 5.16 6.27 4.72 7.07 6.82 741 8.35 9.40 8.20
Th 0.117 0.063 <0.010 0.024 0.046 0.018 0.006 0.013 0.015 0.015 0.027 0.01 0.007
U 0.014 0.014 0 0.003 0.019 0.008 0.004 0.013 0.003 0.003 0.008 0.002 0.003
An 0.28 0.31 0.31 0.46 0.41 0.44 0.30 0.45 0.49 0.43 0.40 0.45 0.44
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Appendix E

AMS measurements

Magnetic and magmatic fabrics are determined by measurements of anisotropy of
magnetic susceptibility (AMS) and measurements of mineral orientations in the field,
respectively, to identify the structures associated with magma emplacement of the
Takidani Pluton. Mineral alignments in igneous rocks occur as result of deformation
and magma flow (Bhattacharyya 1966, Bouchez 1997, Callahan & Markley 2003,
Mamtani & Greiling 2005, Mamtani et al. 2011). The direction of the mineral alignment
largely depends on the aspect ratio of the mineral, the rheology of the matrix material,
the concentration and interaction of particles and strain. Quantification of rock fabrics
is used to determine the orientations of the principle axes of strain that can be related
to magma flow and emplacement (Archanjo et al. 2012, Bouchez 1997, Hutton 1988,
Launeau & Cruden 1998, Paterson et al. 1998, Payacén et al. 2014, de Saint-Blanquat
et al. 2001, Schopa et al. 2015, Trubac et al. 2009, Vernon 2000.

Magmatic rock fabrics are determined by measurement of mineral lineation within
a foliation plane. This can be achieved by directly measuring mineral alignment in
the field and by indirect measurements of shape-preferred orientations (SPO) of
minerals in oriented thin sections. Granitic rocks are often deprived of visible mineral
alignment. Determination of magnetic fabrics, thus, is used to select samples to

further constrain magmatic fabrics.

Magnetic susceptibility of rocks was measured in the field using a hand-held
magnetic susceptibility meter (KT-10 v2) from Terraplus, and in the laboratory using
a MFK1 Kappabridges from AGICO. Measurements in the field were carried out
on flat rock surfaces mainly along 30 cm to 100 cm transects using the scanning
function of the Kappameter. Where surface exposure is limited, shorter or single
point measurements were taken. In total, over two hundred sites were measured
with more than ten thousand bulk susceptibility readings combined. Measurements
in the laboratory were carried out on cylindrical specimens (25.4 x 22 mm) using peak
field intensity of 300 Am .

The orientation and magnitude of the three principal axes of the magnetic suscep-
tibility ellipsoid (K1, K2, K3) were determined for 240 oriented cores from 49 rock


http://www.terraplus.ca
http://www.agico.com
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samples. The magnitude of the principal directions is used to calculate the mean sus-
ceptibility (Km), degree of magnetic anisotropy (P), magnitude of magnetic lineation
(L), magnetic foliation (F) and shape parameter (T). The results are summarised in
Figure E.1 and E.2. The pole to the magnetic foliation is attributed to K3 and the
magnetic lineation is attributed to K1. The mean bulk susceptibility overall varies
between 7.9 x 107> and 4.4 x 1072 SI across the different lithological units of the
Takidani Pluton and mimics the major and trace elements composition variability
measured in the whole rock samples (Tables ??, ??, D.3- D.5). The magnetic fabrics
of the Takidani Pluton are generally characterised by triaxial ellipsoids of magnetic
susceptibility (Figure E.3). Strong magnetic foliations are observed at the western
contact of the pluton in the fine-grained granite (fGT) and base of the granodiorite
(GRT) potentially indicating shearing and deformation along the tectonic contact.
Magnetic lineations and foliations are oriented in NE-SW direction (Figures E 4, E.5).

Amphibole lineation were measured at several locations of the Takidani plu-
ton. The magmatic foliations were determined using the Stereonet 10.0 software
(Allmendinger et al. 2011, Cardozo & Allmendinger 2013). Magmatic foliations are
oriented in NE-SW direction and sub-parallel to the magnetic foliation of the Takidani
Pluton (Figures E.5, E.6). Shape preferred orientations of amphibole was addition-
ally measured by image analysis of scanned oriented thin sections using the Image]
software package (Rueden et al. 2017, Schindelin et al. 2012). The results of SPO
investigations are currently being processed.

Field and petrological investigations suggest that the chemical zoning of minerals
in various portion of the intrusion and the lack of clear internal contacts within the
Takidani Pluton are the result of successive magma emplacement indicating that the
magnetic and magmatic fabrics likely formed during magma emplacement of the
felsic magmas of the Takidani Pluton. This project complements our petrological
investigations and aims to improve our understanding of the construction and evolu-
tion of zoned magma reservoirs in the upper crust. Ongoing investigations of SPO
will help to better constrain the fabric strength of magmatic rocks and to identify

strain gradients in the Takidani Pluton.
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FIGURE E.3: K1 and K3 principle axis of the magnetic susceptibility
ellipsoid plotted in stereonets (Allmendinger et al. 2011, Cardozo &
Allmendinger 2013). Stereonet projections show the magnetic fabric
of the Hotaka Andesite and the six lithological units of the Takidani
Pluton. Kamb contours are created for K1 (blue) and K3 (red) using
an interval and significance level of 1. Contour lines are smoothed.
Solid curved line indicates the magnetic foliations determined for each
lithological unit using Bingham analysis.
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FIGURE E.4: Orientation of magnetic lineation of the Takidani Pluton

in Central Japan. Magnetic lineations are determined by measure-

ments of anisotropy of magnetic susceptibility (AMS) of oriented cylin-

drical samples. Black lines show NE-SW running faults. Blue lines
indicate NW-SE running faults.
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FIGURE E.5: Orientation of magnetic foliation of the Takidani Pluton

in Central Japan. Magnetic foliations are determined by measurements

of anisotropy of magnetic susceptibility (AMS) of oriented cylindrical

samples. Black lines show NE-SW running faults. Blue lines indicate
NW-SE running faults.
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FIGURE E.6: Orientation of magmatic foliation of the Takidani Pluton
in Central Japan. Magmatic foliations are established from direct

measurements of amphibole lineation in the field using Stereonet.

Black lines show NE-SW running faults. Blue lines indicate NW-SE
running faults.
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TABLE E.2: (Continued)

Unit: pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT
Sample: EH9 EH9 EH9 EH9 EH9 EH9 EH9 EH9 EH10 EH10 EH10 EH11 EH11 EHI1 EH11 EH11 EH11 EHI1
ID Al A2 B1 C1 C2 DO D1 D2 Al B1 C1 Al A2 A3 A4 B1 B2 B3
Km 2.30E-03  248E-03  3.45E-03  1.80E-03  1.79E-03  2.94E-03  3.05E-03  2.74E-03  1.11E-02  122E-02  1.06E-02  1.17E-02  134E-02  1.09E-02  126E-02  1.16E-02  9.79E-03  1.35E-02
L 1.018 1.02 1.017 1.02 1.02 1.021 1.041 1.019 1.026 1.036 1.047 1.022 1.027 1.029 1.024 1.043 1.038 1.027
F 1.033 1.026 1.043 1.022 1.03 1.03 1.025 1.024 1.056 1.049 1.044 1.042 1.025 1.038 1.032 1.022 1.037 1.055
P 1.052 1.047 1.061 1.042 1.05 1.052 1.066 1.044 1.083 1.087 1.093 1.065 1.052 1.068 1.057 1.065 1.077 1.084
Pj 1.052 1.047 1.063 1.042 1.051 1.052 1.067 1.044 1.084 1.087 1.093 1.066 1.052 1.068 1.057 1.067 1.077 1.085
T 0.299 0.141 0.426 0.058 0.2 0.181 -0.236 0.124 0.363 0.158 -0.035 0.301 -0.045 0.132 0.139 -0.323 -0.023 0.343
u 0.288 0.13 0.414 0.048 0.188 0.168 -0.251 0.113 0.346 0.138 -0.057 0.286 -0.057 0.116 0.125 -0.338 -0.042 0.325
Kid 220.3 237.3 243 238.7 231.1 251.2 218.7 2174 64.4 70.2 64.7 41.6 42.5 44.4 37.6 39.1 36.5 34.1
K1i 6.3 0.4 233 15.7 4.3 7.2 15 16.9 13 1.9 8.2 123 21.1 245 171 17.8 227 14.8
K2d 3229 327.7 57 348.6 325.1 348.2 3424 335.7 296.3 3322 319.7 267.1 278.8 2232 260.2 2323 240.3 246.9
K2i 63.4 435 515 50.5 43.1 437 64.2 574 69.5 764 60.9 72.8 55.2 65.5 67.3 71.7 65.4 72.6
K3d 127.3 146.9 139.3 137.3 136.5 153.8 1229 1185 158.1 160.6 159 1342 1435 314.2 1322 130.3 130.3 126.5
K3i 25.8 46.5 28.8 35.1 46.5 454 205 27 15.5 135 27.7 119 26.3 0.4 14.4 3.9 8.9 9.1
MFd 307.3 326.9 319.3 317.3 316.5 333.8 302.9 298.5 338.1 340.6 339 314.2 323.5 1342 312.2 310.3 310.3 306.5
MFi 64.2 43.5 61.2 54.9 43.5 44.6 69.5 63 74.5 76.5 623 78.1 63.7 89.6 75.6 86.1 81.1 80.9
AK1 6.9 0.6 26.8 19.3 6.3 10.3 16.1 19 13.5 2 9.2 12.5 23.7 245 17.7 17.9 23 15
Unit: pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT pGT
Sample: EH11 EH12 EH12 EH12 EH12 EH12 EH12 EH70 EH70 EH70 EH70 EH70 EH70 EH74 EH74 EH74 EH74 EH74
1D B4 Al A2 A3 B1 B2 B3 Al A2 A3 B1 B2 B3 Al A2 A3 B1 B2
Km 9.69E-03 2.00E-02 2.06E-02 2.50E-02 1.94E-02 1.91E-02 2.01E-02 5.36E-03 6.11E-03 4.01E-03 7.09E-03 6.73E-03 5.08E-03 4.41E-03 4.25E-03 6.36E-03 3.71E-03 4.51E-03
L 1.028 1.048 1.017 1.026 1.032 1.029 1.047 1.023 1.048 1.021 1.026 1.065 1.021 1.014 1.015 1.017 1.019 1.025
F 1.045 1.034 1.031 1.021 1.027 1.013 1.003 1.029 1.033 1.038 1.028 1.041 1.035 1.037 1.044 1.021 1.041 1.041
P 1.074 1.083 1.048 1.048 1.06 1.042 1.05 1.053 1.083 1.059 1.055 1.109 1.057 1.052 1.059 1.038 1.061 1.066
Pj 1.074 1.084 1.049 1.048 1.06 1.043 1.057 1.053 1.083 1.06 1.055 1.11 1.057 1.054 1.062 1.038 1.063 1.067
T 0.223 -0.162 0.3 -0.093 -0.091 -0.37 -0.879 0.123 -0.174 0.291 0.044 -0.219 0.262 0.445 0.486 0.112 0.357 0.246
U 0.206 -0.181 0.289 -0.104 -0.106 -0.379 -0.881 0.11 -0.193 0.278 0.031 -0.244 0.249 0.435 0.475 0.103 0.344 0.23
Kid 40.4 215.3 238.1 219.4 237.5 236.7 232.4 45.5 427 229.8 231.1 253.9 229 254.7 211.9 280.7 195.1 233
K1i 37.8 27.7 52 15.7 239 27.5 30.2 7.8 13.2 0.5 2.8 19 1.5 29.7 438 15 32 20.1
K2d 230 29.6 343.8 3285 54 67.3 66 266.6 270.1 321.1 331.3 33.3 3222 67.8 100.8 175.8 89.4 118
K2i 51.8 62.2 713 49.3 66 62.1 59.1 79.6 70.8 67.6 74.7 65.5 65.8 60.1 20.5 43.8 234 49.1
K3d 134 124 146.4 117.4 147 329 325.9 136.4 136 139.6 140.4 158.7 138.3 163 353.1 249 330.1 337.2
K3i 4.7 23 179 36.3 13 44 6 6.7 13.6 224 15.1 14.8 24.2 3 39.1 42.3 48.6 33.8
MEFd 314 304 326.4 297.4 327 149 1459 316.4 316 319.6 320.4 338.7 318.3 343 173.1 204.9 150.1 157.2
MFi 85.3 87.7 72.1 53.7 88.7 85.6 84 83.3 76.4 67.6 749 75.2 65.8 87 50.9 47.7 414 56.2
AK1 38 27.7 55 19.6 239 27.6 30.4 7.9 13.6 0.6 29 19.7 1.6 29.8 63.1 20.6 532 245
Unit: pGT pGT pGT pGT pGT pGT pGT GDT GDT GDT GDT GDT GDT GDT GDT GDT GDT GDT
Sample: EH74 EH75 EH75 EH75 EH75 EH75 EH75 EH16 EH16 EH16 EH16 EH16 EH16 EH18 EH18 EH18 EH18 EH18
1D B3 Al A2 Bl B2 C1 C2 Al A2 Bl B2 C1 C2 Al A2 Bl B2 C1
Km 6.86E-03 4.99E-03 5.56E-03 5.02E-03 9.34E-03 4.67E-03 4.99E-03 2.57E-02 2.22E-02 2.37E-02 2.23E-02 2.22E-02 2.22E-02 1.95E-02 2.25E-02 2.10E-02 2.14E-02 2.31E-02
L 1.023 1.028 1.036 1.026 1.036 1113 1.022 1.017 1.005 1.005 1.005 1.015 1.016 1.019 1.007 1.019 1.027 1.016
F 1.061 1.027 1.014 1.047 1.019 1.011 1.004 1.009 1.021 1.019 1.032 1.028 1.022 1.006 1.027 1.006 1.008 1.016
P 1.085 1.055 1.05 1.074 1.055 1.125 1.025 1.026 1.026 1.025 1.037 1.043 1.038 1.025 1.034 1.025 1.034 1.032
Pj 1.088 1.055 1.052 1.075 1.056 1.139 1.027 1.027 1.027 1.026 1.04 1.044 1.038 1.026 1.036 1.026 1.036 1.032
T 0.438 -0.014 -0.445 0.285 -0.306 -0.807 -0.705 -0.317 0.593 0.558 0.703 0.311 0.166 -0.491 0.606 -0.493 -0.557 0.027
U 0.422 -0.027 -0.455 0.269 -0.318 -0.817 -0.709 -0.323 0.589 0.554 0.698 0.301 0.157 -0.495 0.601 -0.498 -0.563 0.019
Kid 102.5 31.8 32.6 17.1 288 221.2 54.5 64 78.9 49.2 242.8 63.8 59.6 62.6 246 742 59.3 2474
K1i 4.1 16.2 15.1 20.3 527 37.8 38.1 13.6 314 6.4 37 8.1 24.7 16.1 27 21.2 0.5 1.8
K2d 198.9 266.4 262.5 210.8 243.2 353 248.8 162 219 141.8 1427 164.3 181.5 168.9 145.5 229.2 316 343.7
K2i 57 63.4 67.2 69.1 322 40.6 51 29.9 51.5 221 69.7 52 48.9 442 75.7 66.8 88 73.6
Kad 9.9 128 127.2 108.8 1423 108.4 150 312.5 336.1 304 334.1 327.7 313.9 317.9 336.7 340.7 149.3 156.9
K3i 32.7 20.5 16.6 45 16.9 26.6 7 56.5 19.9 66.9 20 36.9 30.5 414 14 89 1.9 163
MFd 189.9 308 307.2 288.8 3223 288.4 330 1325 156.1 124 154.1 147.7 133.9 137.9 156.7 160.7 329.3 336.9
MFi 57.3 69.5 734 85.5 73.1 63.4 83 335 70.1 23.1 70 53.1 59.5 48.6 76 81.1 88.1 737
AK1 49 173 158 20.4 56.2 43.3 38.4 25.3 33.7 16.4 4 10.1 29 21.7 2.7 21.5 0.5 19
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TABLE E.4: (Continued)

Unit: GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT GRT
Sample: EH27 EH27 EH29 EH29 EH29 EH29 EH29 EH29 EH31 EH31 EH31 EH31 EH31 EH31 EH32 EH32 EH32 EH32
ID C D A B C D E F Al A2 A3 Bl B2 B3 A B C D
Km 2.67E-02 2.97E-02 1.90E-02 1.75E-02 1.73E-02 1.78E-02 1.76E-02 1.58E-02 3.60E-02 3.45E-02 4.30E-02 -7.91E-05 1.01E-06 1.17E-06 9.45E-07 9.16E-07 1.00E-06 9.78E-07
L 1.037 1.042 1.038 1.03 1.019 1.018 1.024 1.025 1.014 1.014 1.017 1.843 1.377 1.049 1.005 1.266 1.167 1.212
F 1.125 1.118 1.116 1.135 1.138 1.138 1.138 1.13 1.053 1.048 1.044 -0.286 1.161 1.121 1.637 1.351 1.257 1.323
P 1.167 1.165 1.159 1.169 1.159 1.158 1.166 1.158 1.068 1.063 1.062 -0.528 1.599 1.176 1.644 1.711 1.467 1.604
Dj 1.175 1171 1.165 1.181 1.175 1.173 1.179 117 1.071 1.066 1.064 0 1.616 1.181 1.771 1.713 1.471 1.609
T 0.532 0.461 0.492 0.617 0.745 0.759 0.692 0.668 0.582 0.543 0.447 0 -0.364 0.41 0.982 0.121 0.192 0.185
18 0.504 0.43 0.464 0.592 0.728 0.744 0.672 0.648 0.571 0.532 0.435 0.684 -0.462 0.376 0.977 -0.012 0.099 0.07
Kid 195.9 187.1 196.1 197.3 198.7 200.8 200.1 197.8 54.4 55.9 52 50.2 135.3 211.8 33.9 40.1 181.8 1154
K1i 45.1 53.5 51.1 439 33.1 35 59.8 53.9 7.3 7.8 7.4 241 242 49.2 319 36.8 2.3 47.1
K2d 40.6 29.9 36 323 33 32.5 31.2 29.6 167.5 169 163.2 209.4 305 317.1 170 219.9 87.4 240.7
K2i 422 343 37.1 45.1 56 54.5 29.8 35.5 71.8 70.8 70.4 64.4 65.5 129 49.2 53.2 61.7 283
K3d 298.9 2923 298.5 294.6 293.1 294.6 298.4 295.5 3222 323.4 319.5 316.6 43.5 57.3 288.8 310 273 3483
K3i 127 11 9.8 7.5 6.6 5.5 48 5.6 16.5 174 18.1 8 3.9 37.9 22.7 0.1 282 293
MFd 118.9 112.3 118.5 114.6 113.1 114.6 118.4 115.5 142.2 143.4 139.5 136.6 2235 237.3 108.8 130 93 168.3
MFi 773 79 80.2 82.5 83.4 84.5 85.2 84.4 735 72.6 719 82 86.1 52.1 67.3 89.9 61.8 60.7
AK1 46.5 55 522 44.4 33.4 35.2 60.1 54.3 7.7 8.2 7.8 243 242 73.6 349 36.8 2.7 57.1
Unit: GRT GRT fGT fGT fGT fGT fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2 fGT2
Sample: EH32 EH32 EH26 EH26 EH26 EH26 EH38 EH38 EH38 EH38 EH38 EH38 EH40 EH40 EH40 EH40 EH40 EH41
1D E F 26A 26B 26D 26E 38A 38B 38C 38D 38E 38F 40A 40B 40C 40D 40E 41A
Km 8.93E-07 1.02E-06 4.73E-03 2.71E-03 5.94E-03 4.59E-03 9.61E-03 9.63E-03 1.03E-02 9.72E-03 9.32E-03 1.03E-02 20E-02 1.12E-02 1.21E-02 9.32E-03 7.60E-03 9.28E-03
L 111 1.532 1.037 1.045 1.035 1.044 1.196 1.18 1.188 1.148 1.16 1.177 1.136 1.115 1.128 1.112 1.093 1.054
F 1.487 1.414 1.056 1.031 1.081 1.053 1.122 1.132 1.143 1.156 1.136 115 1.212 1.191 1.167 1.161 116 1.131
P 1.65 2.166 1.095 1.077 1.119 1.099 1.342 1.336 1.357 1.326 1.318 1.354 1.377 1.328 1.316 1.291 1.268 1.192
Pj 1.696 2.169 1.096 1.077 1.122 1.099 1.345 1.337 1.358 1.326 1.318 1.354 1.38 1.331 1.317 1.292 1.271 1.198
T 0.584 -0.104 0.199 -0.178 0.385 0.085 -0.218 -0.141 -0.128 0.024 -0.076 -0.076 0.203 0.234 0.125 0.167 0.251 0.398
U 0.498 -0.291 0.177 -0.196 0.361 0.062 -0.287 -0.211 -0.202 -0.046 -0.144 -0.151 0.125 0.167 0.057 0.104 0.195 0.361
Kid 171.8 197 272.9 260.8 262.8 262.2 349 32 43.4 49.7 38 474 166.2 89.7 83.6 106.1 74.7 81
K1i 69.7 0.7 40.6 34.5 39.8 353 79.3 83.9 79.8 87.2 82.2 82.8 81.1 79.3 76.4 86.3 77.6 88.3
Ka2d 423 306.9 244 28.1 9.8 15 226.9 2222 225.7 226.1 2228 229.4 35.9 206.6 207.5 219 215.6 226.5
K2i 132 87.9 232 41.4 19.3 28.7 10.4 6 10.2 2.8 7.8 7.2 5.8 49 7.7 1.5 9.7 14
K3d 308.7 107 135.8 147.9 119.5 133.7 136.5 132.1 135.6 316.1 132.7 139.4 305.2 2974 299.1 309.1 306.9 316.5
K3i 15.1 2 40.5 29.4 43.9 413 22 11 0.4 0.2 0.6 0.3 6.8 9.5 11.2 34 7.7 1
MEFd 128.7 287 315.8 327.9 299.5 313.7 316.5 3121 315.6 136.1 3127 319.4 125.2 117.4 119.1 129.1 126.9 136.5
MFi 749 88 49.5 60.6 46.1 48.7 87.8 88.9 89.6 89.8 89.4 89.7 83.2 80.5 78.8 86.6 823 89
AK1 76.3 0.7 58.9 40.6 62.7 50.3 79.6 84 79.8 87.2 822 82.8 84.2 85.1 82.1 88.5 80.2 88.6
Unit: fGT2 fGT2 fGT2 fGT2 fGT2

Sample: EH41 EH41 EH41 EHA41 EH41

D B C D E F

Km 8.91E-03 8.46E-03 6.97E-03 9.73E-03 8.57E-03

L 1.053 1.034 1.032 1.02 1.03

F 1.158 1.145 1.143 1.155 1.134

P 1.219 1.183 1.179 1.179 1.167

Pj 1.228 1.195 1.191 1.197 1.179

T 0.481 0.607 0.62 0.757 0.622

18 0.443 0.58 0.594 0.739 0.598

Kid 176.6 107.1 120.7 204.3 1929

K1i 80 89.5 87 78 84

K2d 474 224.8 225.4 46.7 46.4

K2i 6.3 0.2 0.8 11.1 5

K3d 316.6 314.8 315.5 3159 316.1

K3i 7.7 0.4 29 4.5 3.3

MEFd 136.6 134.8 135.5 135.9 136.1

MFi 82.3 89.6 87.1 85.5 86.7

AK1 83.6 89.8 89.2 78.9 85
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Appendix E. AMS measurements
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TABLE E.6: Field measurements of magnetic susceptibility

ID: 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250
Latitude: 36.2938 36.2936 362936 362937 362937 362937 362936 362936 362936 362936 362935 36.2935 362938 362938 362938 36.2938 36.2940 36.2941
Longitude:  137.6300  137.6306  137.6306  137.6319  137.6319  137.6319  137.6310  137.6310  137.6301  137.6301  137.6300  137.6300  137.6294  137.6294  137.6294  137.6294  137.6293  137.6295
Elevation: 2099 2182 2182 2203 2203 2203 2186 2186 2113 2113 2092 2092 2051 2051 2051 2051 2043 2056
Km (avg) 224E-02  3.83E-02  3.36E-02  191E-02  159B-02  1.89E-02  1.85E-02  223E-02  162E-02  268E-02  198E-02  203E-02  7.46E-04  7.00E-04 359E-03  7.77E-04  132E-02  135E-02
Km (std) 2.18E-03  554E-03  6.42E-03  470E-03  6.82B-03  599E-03  208E-03  160E-03  138E-03  208E-03  1.19E-03 251E-03 569E-05 838E-05 441E-04 105E-04  162E-03  196E-03
Km (max)  2.69E-02  478E-02  472E-02  2.66E-02  267E-02  271E-02  225E-02  254E-02  189E-02  293E-02  231E-02  250E-02  8.61E-04  9.60E-04  4.84E-03  9.94E-04  172E-02  1.73E-02
Km (min) 171E-02  3.18E-02  273E-02  9.18E-03  3.79E-03  1.05E-02  154E-02  186E-02  137E-02  241E-02  180E-02  168E-02  6.17E-04 576E-04 270E-03  573E-04  8.13E-03  9.35E-03
ID: 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265 266 267 268
Latitude: 36.2940 36.2938 36.2938 362930 362930 362930 36.2998 36.2998 362998 362998 363000 362997 362976 362976 362937 362937 362935 36.2935
Longitude:  137.6294  137.6293  137.6293  137.6276  137.6276  137.6276  137.6138  137.6138  137.6138  137.6138  137.6149  137.6151  137.6181  137.6181  137.6239  137.6239  137.6244  137.6244
Elevation: 2059 2040 2040 1896 1896 1896 1549 1549 1549 1549 1568 1573 1805 1805 1816 1816
Km (avg) 150E-02  257E-03  259E-03  151E-02  195E-02  184E-02  180E-02  258E-02  545E-02  3.06E-02  157E-02  165E-02  156E-02  295E-02  2.17E-02  2.35E-02  2.72E-02  2.46E-02
Km (std) 3.02E-03  731E-04  6.67E-04  140E-03  134E-03  259E-03  261E-03  271E-03  228E-02  339E-03  155E-03  1.64E-03  2.88E-03  1.12E-02  1.66E-03  271E-03  228E-03  2.87E-03
Km (max)  220E-02  393E-03  3.86E-03  174E-02  227E-02  246E-02 229E-02  3.13E-02  855E-02  3.68E-02  186E-02  201E-02  248E-02  4.88E-02  262E-02  290E-02  3.17E-02  2.94E-02
Km (min) 985E-03  1.59E-03  160E-03  1.19E-02  175E-02  147E-02  127E-02  216E-02  291E-02  235E-02  1.I3E-02  1.I7E-02  1.03E-02  1.39E-02  1.83E-02  194E-02  200E-02  1.93E-02
ID: 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286
Latitude: 36.2934 36.2934 362934 362934 362934  36.2933 36.2933 36.2933 362933 362933  36.2931 362931 36.2931 36.2931 36.2931 36.2931 362931 36.2931
Longitude:  137.6246  137.6246  137.6246  137.6246  137.6246  137.6247  137.6247  137.6247  137.6248  137.6248  137.6254  137.6254  137.6254  137.6255  137.6255  137.6255  137.6257  137.6257
Elevation: 1820 1820 1820 1820 1820 1827 1827 1827 1828 1828 1849 1849 1849 1857 1857 1857 1861 1861
Km (avg) 220E-02  214E-02  208E-02  288E-02  3.06E-02  245E-02  248E-02  260E-02  220E-02  216E-02  225E-02  232E-02  221E-02  18IE-02  1.68E-02  193E-02  228E-02  2.27E-02
Km (std) 1.15E-03  1.05E-03  1.16E-03  221E-03  168E-03  138E-03  155E-03  177E-03  155E-03  185E-03  145E-03  137E-03  165E-03  9.05B-04  122E-03  2.14E-03  1.16E-03  1.17E-03
Km (max)  251E-02  237E-02  237E-02  3.30E-02 340E-02 276E-02  286E-02  292E-02  259E-02  272E-02  264E-02  266E-02  266E-02  203E-02  1.89E-02  234E-02  2.62E-02  2.59E-02
Km (min) 199E-02  1.87E-02  1.83E-02  249E-02  272E-02  2.18E-02  2.14E-02  229E-02  192E-02  179E-02  195E-02  204E-02  188E-02  161E-02  134E-02  154E-02  2.03E-02  2.05E-02
ID: 287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 303 304
Latitude: 36.2932 36.2932 362932 362932 362932 362932 36.2932 36.2931 36.2931 36.2931 36.2929 362931 36.2931 362918 362918 36.2918 36.2918 36.2918
Longitude:  137.6257  137.6258  137.6258  137.6261  137.6261  137.6261  137.6261  137.6263  137.6263  137.6263  137.6266  137.6268  137.6268  137.6042  137.6042  137.6042  137.6042  137.6042
Elevation: 1867 1868 1868 1873 1873 1870 1870 1878 1878 1878 1879 1891 1891 1472 1472 1472 1472 1472
Km (avg) 225E-02  206E-02  201E-02  224E-02  210E-02  197E-02  163E-02  202E-02  194E-02  213E-02  2.18E-02  242E-02  244E-02 270E-04 17I1E-03  6.14E-04 158E-04  3.04E-03
Km (std) 1.01E-03  205E-03  163E-03  2.11E-03  2.13E-03  124E-03  450E-03  153E-03  672E-04 152E-03 148E-03 1.13E-03  172E-03  506E-05 3.73E-04 433E-05 1.14E-05  240E-05
Km (max)  246E-02  2.60E-02  239E-02  2.80E-02  2.65E-02  226E-02 221E-02  234E-02  198E-02  261E-02  249E-02  275E-02  280E-02  3.74E-04 222B-03  6.89E-04 178E-04  3.06E-03
Km (min) 207E-02  163E-02  165E-02  191E-02  171E-02  157E-02  7.35E-03  172E-02  1.89E-02  1.80E-02  197E-02  2.19E-02  203E-02  1.66E-04 973E-04 532E-04 132E-04  3.00E-03
ID: 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321 322
Latitude: 36.2918 362918 36.2918 362918 362916 362877 362877 362877 362877 362877 362877 362877 362877 362877 362877  36.2876 36.2875 36.2875
Longitude:  137.6042  137.6042  137.6042  137.6042  137.6048  137.6076  137.6076  137.6076  137.6076  137.6076  137.6076  137.6076  137.6076  137.6076  137.6076  137.6078  137.6079  137.6079
Elevation: 1472 1472 1472 1472 1490 1600 1600 1598 1598 1598 1598 1598 1598 1598 1598 1599 1602 1602
Km (avg) 304E-03  208E-03 768E-03 567E-03 536E-03 357E-02  329E-02  3.06E-02  233E-02  239E-02  244E-02  2.85E-02  297E-02  194E-02  1.66E-02  252E-02  156E-02  1.97E-02
Km (std) 353E-04  353E-04  2.19E-05  141E-04  1.14B-03  3.69E-03  2.19E-03  327E-03  264E-03  234E-03  601E-03  145E-03  407E-03  253E-03  171E-03  234E-03  124E-03  263E-03
Km (max)  3.24F-03 25203  7.69E-03  5.78E-03  7.29E-03  4.82E-02  3.63E-02  3.58E-02  3.06E-02  3.14E-02  348E-02  3.05E-02  391E-02  241B-02  226B-02  299E-02  179E-02  259E-02
Km (min) 232B-03  154B-03  7.66E-03  542E-03  3.89B-03  3.12E-02  2.65E-02  236E-02  194E-02  209E-02  166E-02  260E-02  199E-02  146E-02  137E-02  212E-02  133E-02  158E-02
ID: 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340
Latitude: 36.2875 36.2875 36.2868 362866  36.2866 36.2865 36.2864 36.2865 362865 362956 36.2956 362956 362956 362956 362957 362921 362921 36.2905
Longitude:  137.6080  137.6080  137.6091  137.6094  137.6095  137.6098  137.6099  137.6100  137.6100  137.6079  137.6079  137.6079  137.6079  137.6079  137.6079  137.6221  137.6221  137.6233
Elevation: 1605 1605 1646 1658 1661 1665 1669 1669 1669 1447 1447 1447 1447 1447 1446 1851 1851 1941
Km (avg) 147E-02  142E-02  1.09E-02  270E-02  328E-02 293E-02  247E-02 252E-02 937E-05 7.06E-03  9.54E-03  546E-03  236E-03  214FE-03  1.04E-02  270E-02  257E-02  8.03E-03
Km (std) 101E-03  6.19E-04  141E-03  204E-03  442E-03 181E-03  159E-03 281E-03  874E-06 179E-03  130E-03  9.09E-04  9.70E-04 272E-04 187E-03  341E-03  2.18E-03  1.42E-03
Km (max) 1.66E-02  155E-02  133E-02  324E-02  458E-02  337E-02 288E-02  3.10E-02 113E-04 885E-03 1.11E-02  6.82E-03  430E-03  250E-03  141E-02  3.37E-02  3.01E-02  1.13E-02
Km (min) 128E-02  131E-02  6.66E-03  238E-02  255E-02  251E-02  214E-02  174E-02  790E-05 394E-03  693E-03  3.67E-03  9.23E-04 175603  7.19E-03  175E-02  225E-02  6.49E-03
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