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Abstract

Aqueous fluids in subduction zones play importaigs in geochemical and
geophysical processes, such as slab seismicitynagoatism, metamorphism, mantle
metasomatism, and the transport of several competethe surface from deep parts
of the Earth. In order to determine the chemicahgositions of deep fluids, this study
examines in detail fluid inclusions trapped in hjglessure type metamorphic rocks.
Part 1 of this study determines the density otimlfinclusion in metamorphic
quartz, the entrapment timing of which is estimasgrograde stage. Detailed
morphological study was performed by microsamplismg a focused ion beam (FIB)
system and high-resolution X-ray computed tomogydCT). The volumetric data
obtained from CT data, combined with microthermainetata and Raman microscopy,
enable precise estimation of the bulk compositimh density. The isochore calculation
from the estimated bulk property yielded signifittatower pressure conditions
compared with the peak pressure-temperat+€) (conditions of the host rock even
though the studied inclusion was expected to hadetgone reequilibration during the
pressure increase. According to Kister and Stotkh@87), fluid inclusions trapped in
metamorphic quartz can record & conditions present at approximately 300 °C,
which is highly consistent with the data obtainedeh This fact attests that the densities
of fluid inclusions in metamorphic quartz veinsaigirretain the condition of their
entrapment or peaR-T conditions they suffered, even at #d conditions (<700 °C,

<2.5 GPa) of the Sanbagawa metamorphic belt.

Part 2 of this study deals with the chemical contposof fluid inclusions

extracted by the crush-leach method. On the béslietailed textural observation of the



fluid inclusions and host quartz veins, we canigligtish the entrapment stage of the
fluid inclusions relative to the stage of metamasph The investigated samples were
collected from the Sanbagawa metamorphic belt, 894, covering the metamorphic
grade from the pumpellyite-actinolite facies (3@ 0.5 GPa) to the quartz-eclogite
facies (550-650 °C/ 1.5-2.5 GPa). The results shavquartz veins can be classified
into the following three groups on the basis ofrtfabrics: polygonal type (P-type),
deformed-interlobate-grain type (DI-type) and psivaly-deformed-domain type (DD-
type). P-type fabrics in the studied samples inditextural development under the
conditions of very low differential stress witha@Vely high temperature and the
absence of subsequent brittle deformation, thusesponding fluid inclusions should
have been trapped during the peak metamorphic stagehe early stage of
exhumation. On the contrary, fabrics of DI- and Bfpe, such as those with
deformation lamellae and undulatory extinction, laegeved to be formed under high
differential stress and low temperatures (<400i@jng the later stage of exhumation;
thus, fluid inclusions in DI- and DD-type veins d@n@ught to be trapped in association
with the later-stage deformation event and corredpg fluid infiltration. P-type veins
tend to contain relatively high saline aqueousdBui5-10 massf@cieq and their
compositions are mainly Na-Cl dominated. DI- and-YPe veins contain dilute
aqueous fluids (<5 massfeie) and some are characterized by the dominance @i;HC
in the anions. The relative B-Li-Cl compositionstio¢ studied fluids are characterized
by high (B+Li)/Cl ratio, which is characteristict Arima-type hydrothermal fluids,
believed to be derived directly from the subducthap at the present fore-arc region of
the Japanese island chain. The Li/B ratios of théied fluids show a large variation

from a low value of 0.02 obtained from the samgléhe pumpellyite-actinolite facies



with DD-type fabric, to a high value of 1.99 obtihfrom the sample of the eclogite
facies with P-type sample. These results suggashigh-saline and B-Li-enriched
fluids are supplied from subducting slabs to thegiag wall mantle wedge in the
subduction zone. Furthermore, the geochemical @fd®ron and lithium on the basis
of the aforementioned deep fluid composition wernesidered. Previous studies have
reported that the boron and lithium concentratgutsducted together with sedimentary
and mafic rocks are mostly at the order of 100-1,0§/@. Deep-origin fluids would
contain approximately 30@g/g of boron and lithium. Given the dehydration amo
from the subducting metamorphic rocks as a few rpassentages, the released fluids
with each 30Qug/g of boron and lithium would remove approximateéfug/g of the
solute from the rock. This finding indicates thatdn- and lithium-enriched aqueous
fluid can be generated without large impact oncbrpositions of the subducting
materials. Furthermore, ascent of deep-origin boaowl lithium-enriched fluids from
the surface of subducting materials to the shafiaw of the crust, a disequilibrium
fluid transport is the essential process involvadrétaining high concentrations of
boron and lithium. This process may suggest thaflthd ascended in the style of the

channelized flow.
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Preface

Of many the special features of the planet Eanih gikistence of water is one of the
most fantastic. Despite its small abundance congpaith other components in the
solid Earth, water can make significant impactsmamy of the earth processes, such as
slab seismicity (e.g., Hacker et al., 2003), mgl rocks (e.g., Kushiro et al., 1968),
weathering of the surface (e.g., Miller and Dre\i®77), and rheological properties of
deeply-seated rocks (e.g., Karato et al., 19863sé&leffects of water are scarcely
observed in other terrestrial planets; thus, ts&idution of water is of importance for
understanding the past, present, and future gblteet Earth. With respect to aqueous
fluid activity in the Earth processes, a numbestaflies, covering observation of
natural samples, experiments at high-pressure ighdtémperature conditions, and
numerical model calculations, have been perforronetbtument and predict the

dynamics and evolution of the Earth.

L. Rocks as tools for the fluid study

Metamorphic rocks are accessible, deep-origin nads$aihat provide records of
geological processes occurring at root zones ofe@gent margins, such as plate
subduction and continental collision zones, theldepwhich exceeds 100 km (e.qg.,
Chopin, 1984; Smith, 1984). Thus these rocks aveepioll tools for investigating the
physicochemical properties of deep-parts of therE&onventional studies using
petrographical descriptions, chemical analyses tlamenodynamic calculations have
revealed complicatel-T histories of metamorphic rocks which are now erplasn the

land surface.



After the development of quantitative chemical gsas using an electron
microprobe (e.g., Bence and Albee, 1968), we cyrilsd the progress in petrology
depends on the advancements in the analytical itpodsuch as improvements in
spatial resolution and sensitivity of concentratiBecent progress in more sensitive
analytical techniques such as mass spectrometrinbi@asingly enriched our
knowledge of the geochemical processes occurritigeirsolid part of the Earth. We can
now obtain images of the structures of minerakh@resolution of individual atoms by
using transmission electron microscopy (Bell et2012). Moreover, we can determine
the abundance of trace elements in the order stthes parts per million by using
several mass spectrometers (Jochum et al., 19B8jefbre, we can examine objects in
an extremely fine scale. Trace element analyssold phases combined with the
reaction textures of minerals revealed vestigdiim-rock interactions, such as B-
enriched rims of white mica in metamorphic rockeiiikad-Schmolke and Halama,
2014). On the basis of such composite petrograpsiiadies, petrologists are now

interested in deciphering paleo-fluid activity teegict future Earth processes.

II. Subduction zone emissions

Volcanic rocks are typical materials of emissiomsrf subduction zone processes and
are expected to record the fluid-rock interacticouring beneath the volcanoes.
Several specific elements have generated a suiadtmmount of attention as trace
element of deep fluids. For example, Nakamura ardriori (2009) performed
geochemical studies with respect to the isotopstesyatics (Nd and Sr) of arc lavas
obtained from Japan island arc and revealed theianhwod the contribution of slab-

derived fluid for the generation of these arc lavdse imprint of slab-derived fluid in

Xi



arc lavas is also observed in the composition®tfanic rocks that show depletions of
high field strength elements (HFSE: Ti, Zr, Nb)atele to large ion lithophile elements
(LILE: Sr, K, Ba) and light rare earth elements &8), indicating the penetration of
some metasomatic agents enriched with fluid malmleponents (Hawkesworth et al.,
1993; Kelemen et al., 1993; Brenan et al., 1994).

Several recent studies on hot- and mineral-spiimgsked that specific springs,
which are known as “Arima-type hydrothermal fluiqatsubaya et al., 1973)
occurring mainly in southwest Japan, have the ae&gpr component that directly
comes from the subducting slab (e.g., Kusuda g2@14; Amita et al., 2014; Kazahaya
et al., 2014). Ohsawa (2004) and Kazahaya et @L.4(2found hot-springs that have
high Li/Cl ratio and attributed them to the sigmatof deep-origin. Their detailed
geochemical studies show their characteristicdgif kalinity, high®He/He ratio,
heavy oxygen isotope value, and light hydrogeropsetvalue compared to the modern
seawater. Ohsawa et al. (2010) also reported Biezulihot-springs from the Miyazaki
plain, in the fore-arc region of southwest Japamgctvare attributed to the preferential
release of boron by a smectite/illite transitioaaton occurring at approximately 130°C

during diagenetic processes.

III. Metamorphic rocks as markers of fluid-rock interaction

Records of fluid activities can be detected in metigphic and metasomatic rocks in the
whole rock chemistry and also in the compositiaraalations of independent minerals.
Fluid—mobile elements such as boron and lithiunvisiegood clues for deciphering
the fluid-rock interaction in subduction zone preges (e.g., Bebout et al., 1993;

Marschall et al., 2009). Such elements tend to nakagively high concentration in

Xii



altered oceanic crusts and pelagic sediments (8hal, 1977; Donnelly et al., 1980;
Leeman and Sisson, 1996) through the high-temperaitdrothermal processes
(Seyfried et al., 1984). During the subduction pgses, these elements are believed to
be released from the subducting slab due to floak-interactions (Bebout et al., 1993;
Marschall et al., 2006; 2007). However, some resardies indicated that the process
of releasing these elements is not significant beedhe released fluid-mobile elements
are storedn situ by other favored minerals and therefore underdestgbution

(Nakano and Nakamura, 2001; Bebout et al., 2013).

On the contrary, Marschall et al. (2009) invesigiatmnetamafic rocks collected
from Greece by comparing B/Be and Li/Be ratioshafse rocks with those obtained
from metasomatic rocks. They concluded that lithwoncentration is a good indicator
of retrograde metasomatic processes and that latmamdance can be used to trace

prograde dehydration.

Whole rock abundances of boron and lithium arectéii by several factors such
as infiltration of external fluids and fluid relesadue to the dehydration. In order to

document the details of these phenomena, informatialeeply-seated fluid is required.

IV.  Fluid inclusions as deep fluid samples

The emissions from volcanic activities indicatet thapecific amount of aqueous fluid
with fluid mobile components undergoes a geochemaigze. Therefore, information
on the nature of deeply-seated fluid itself is @udespite the progress made in
analytical techniques, direct observation of deeggted fluid remains a challenge.
Because the deepest drilling core is far less tvanty kilometers, it is impossible to

obtain samples tens of kilometers deep. Fortunatelyever, high-pressure type

Xiii



metamorphic rocks or some kind of mantle xenolkpased on the Earth’s surface
make a clue. Constituent minerals of metamorptitks@ommonly contain fluid
inclusions that can serve as a direct evidencheofieep fluid coexisting with the
metamorphic rocks. The syn-metamorphic fluid inidosan be defined as inclusions
originating from fluids in equilibrium with a givemineral assemblage (Touret, 2001).
Although such fluid inclusions are generally bedid\to preserve the fluid composition
at the giverP-T conditions, several degrees of reequilibratiothefconstituent fluid
generally occur during the decompression and cgalfrthe rock (e.g., Vityk et al.,
1994; Kuster and Stockhert, 1997; Boullier, 1998uigartner et al., 2014).

Many researchers have reported the chemical asay$uid inclusions with
respect to (1) chemical species, (2) major solatgent of aqueous fluid, and (3) trace
element composition of aqueous fluid. For (1) a) ¢onventional techniques such as
microthermometry and laser Raman microspectrosaopyvailable. For trace element
analysis, however, extraction of inclusion-contieain the host phase can be a powerful
tool for analyzing the trace element compositioa@fieous fluid. Roedder (1970)
published a useful design for a crushing stage faesktraction of the inclusion
content. A laser ablation technique is another ogetor determining the chemical
compositions of fluid inclusions (Heinrich et &003). As a non-destructive approach,
quantitative analysis using proton-induced X-rayssion (PIXE) has also been
established for this purpose (Kurosawa et al., 2a88wever, such analytical strategies
require a considerable amount of inclusion confi@nguantitative analysis. The
aforementioned techniques require an inclusionlsizger than several tens of microns,

which is rare in metamorphic rocks.
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The small sizes of the fluid inclusions in metanfocpocks, which are
commonly < 1Qum in high pressure type metamorphic rocks, creiffieldties in
quantitative determination of the chemical composg of fluid inclusions. In order to
perform a chemical analysis of very small objecisas inclusions, it is advisable to
accumulate an amount of similar materials sufficfen quantitative analysis. For
example, laser-ablation in liquid (Okabayashi et2011) is a powerful method for
trace element analysis of a very thin layer (qufr of solid material. For fluid
inclusion analysis, the crush-leach method (Bdtétehl., 1988; Banks and Yardley,
1992), is appropriate because in this techniqueenaus fluid inclusions are

accumulated by crushing the host material intgaidi medium.

V.  Objective of the thesis

The objective of this thesis is to demonstratestiteduction-related cycle of boron and
lithium, with special focus on the composition gluaous fluid existing in the deep part
of the subduction zone. In order to document thepmsition of the deep-origin fluid
directly, we used metamorphic quartz veins devealggeeallel to the main schistosity of
the host rock, because such veins can work asotitaioer of the deep-origin fluid
trapped as fluid inclusions (Nishimura et al., 2008shida and Hirajima, 2012).
Because the stabReT range of quartz is very wide, once a quartz vewetbps in
metamorphic rocks, the vein is retained throughPf¥etrajectory. Therefore, such
types of veins are suitable for investigating theposition of deep-origin fluid.
However, the wide stability of quartz can be somawitoblematic because it
rarely indicates the formation timing or fluid esgpment timing. In part 1 of this study,

we evaluate the record@dT conditions of the fluid inclusion trapped durirggt
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subduction stage of the rock. By using conventiomalothermometry, Raman
microcopy, and high-resolution three-dimensionatphological study using focused
ion beam microsampling (FIB) and X-ray computedagnaphy (XCT), we estimate
the bulk composition and density of the fluid irgihn. We obtained the result that the
density of the fluid inclusion was frozen at thedfic temperature of the
decompression and cooling stage; therefore, thsitgesf the fluid inclusion was no
longer available for estimating the entrapmentrgmiFIB-microsampling was operated
at the Department of Geology and Mineralogy, Kydtaversity, by A. Miyake. The
XCT imaging experiment was performed at BL47XU Priag-8, with the approval of
the Japan Synchrotron Radiation Research Insfirposal No. 2013B1459, A.
Tsuchiyama), operated by the members of the miogyajroup of Kyoto University.
EBSD analysis was performed by S. Ohi at the Depant of Geology and Mineralogy,

Kyoto University. Other analyses were performedhsyauthor.

Part 2 of this study classifies the fabrics of qlo@rtz veins and microtextures of
the trapped fluid inclusions, on the basis of adrpétrographical observation. In
accordance with the results presented in part Tpags on the textures of the
inclusions. Moreover, we extract the fluid inclusioy using the crush-leach method
and determine the chemical composition of fluighpr@d in the quartz vein. We
combine petrographical observation and chemicalpasition analysis of the extracted
fluids, to reveal the typical characteristics of theep-origin fluids. The obtained
characteristics had high salinity and B- and Liigmnent, which is very similar to
those obtained from specific hot spring water, kn@s Arima-type hydrothermal fluids.
Furthermore, a simple model calculation is perfatrie fluid-related material

transport in the subduction zone. The model caliciandicates that aqueous fluid
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with a considerable amount of lithium and boron bargenerated at the deep part of the
subduction zone without a significant impact on¢bacentration in solid phases due to
the small amount of dehydrated fluid. The considen®del requires disequilibrium

fluid transport in order to maintain the B- anddrfichment of the fluid until the

shallow depth of the crust is reached. These restribngly indicate the existence of
channelized fluid flow from the deep part of théduction zone. The crush-leach
experiment was performed at the Institute for Gewttal Sciences (IGS), Kyoto
University, by the author with the assistance ofmbers of the petrology group of

Kyoto University. Chemical analyses of the extrddtaids were conducted at IGS by T.

Mishima and T. Kobayashi.
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Part 1. Recorded density of fluid inclusionstrapped in
metamor phosed quartz veins. aspects from the mor phological

study by the FIB-XCT technique

1.1. Introduction

Fluid inclusions, which are characterized by a tyafiied with fluid phases within a
solid phase, are a common feature in natural mimefavarious occurrences. The
trapped fluids are often considered to represenettvironment of fluid entrapment,
either chemically or physically, and are thus goaddidates for investigating the
nature of fluid activity under various fluid-rockteraction processes such as ore
formation, metasomatism, and metamorphism (e.go¥awa et al 2010; Scambelluri
et al, 2004; Touret, 2001; Van den Kerkhof et al., 198dshida et al 2011). In the
case of high-grade metamorphic rocks, fluid indasiare thought to be originally
trapped as a homogeneous single-phase (supeigfiticd, but they commonly show
phase-separation into more than two phases uno@rli@ry conditions. In the
laboratory, the bulk density of inclusions can beneated using the experimental
database on pressure, temperature, molar volurdesampositional R-T-V-X
properties. However, when analyzing aqueous inghsswith a considerable amount of
volatile components, such as £@H,, and N, it can be difficult to estimate the bulk
properties of the inclusions (e.g., Bakker and iad) 2006; Raimbourg et al., 2014).
The greatest uncertainty for bulk property estioratf fluid inclusions is generally

derived from the phase volume fraction and bullunte estimations (Diamond, 2003).



Morphological study of small inclusions is sometsneseful for deducing the
thermal history of igneous/metamorphic rocks (eAgada et al., 2002). A few studies
have used the approaches of exposing inclusiotiesawn the surface of a thin section
and observing the wall of the inclusions afterdheiscape. Hochella et al. (1990)
performed detailed surface micro-texture analysanoalbite crystal using an atomic-
force microscope (AFM) and found a faceted pockea @leavage surface, which was
interpreted as the remnant of a primary fluid is@n. Some researchers have carried
out transmission electron microscopy (TEM) on flmderals containing fluid
inclusions, and have described microstructures agdlislocations around inclusions
(e.g., Bakker and Jansen 1994; Boullier et al.9198tyk et al., 2000). These
techniques provide an advantage for studying vagyinclusions, as TEM observations
make it possible to describe the outline of subamescale fluid inclusions (Vityk et al
2000). However, most of these techniques are ddsteuo the fluid inclusions and

therefore make it impossible to estimate the voldraetion of fluid phases.

For fluid inclusions containing fluorescent hydrdman molecule, such as
petroleum-bearing inclusions, volume fractions bardetermined with acceptable
accuracy by using scanning confocal fluorescentaamopy (Pironon et al1998;
Aplin et al, 1999). However, such inclusions are not very comnespecially in
metamorphic rocks. For precise estimation of voluimelata, fluid inclusionists have
developed techniques to determine volume fractimaer an optical microscope with
special equipment such as the spindle stage (Aod&$Bodnar, 1993; Bakker and
Diamond, 2006). Bakker and Diamond (2006) observed syiutfieid inclusions
showing a variety of shapes and investigated tla¢ioaship between their two-

dimensional area-fractions and the calculated velimactions for synthetic conditions.



They suggested that the two-dimensional area-fmactan be approximated as the
volume fraction of phases, when it is observedatangle at which the projection area
is the maximum. This method is acceptable forydatge inclusions (probably better to
apply for inclusions with diameters >@n). On the other hand, a mass balance
calculation can be performed to estimate phasenweslinactions for fluid inclusions
with known densities (Bodnar, 1983). Recently,raproved approach for such mass
balance calculations was proposed for simple systmoh as fD-NaCl-CH, based on

a combination of Raman spectroscopic dataR1dV-xproperties, resulting in good
precision for the estimation of bulk density andhposition (Becker et al2010).
Despite these developments, it remains difficukksbmate the volumetric property of
inclusions with tiny size and complex compositiombjch are common in natural

metamorphic rocks.

X-ray computed tomography (XCT) is a method for 1al@structive three-
dimensional observation of materials. Synchrotauiation-based high-resolution XCT
imaging provides sub-micron scale spatial resotuéiod can be applied for
microstructural analysis of extraterrestrial matks;isuch as cometary particles
(Tsuchiyama et gl2014a; Zolensky et al2006), micrometeorites (Tsuchiyama et al
2009), particles on an asteroid surface (Tsuchiyeinad, 2011; Tsuchiyama et al.,
2014a), and nanoglobules in meteorites (Matsumtoad, 2013). Furthermore, recent
progress on the focused ion beam (FIB) system ¢fas\aed a microsampling from an
area of interest with very good precision (Reyrgj&Puers, 2001; Wirth, 2004).
Combination of these techniques can provide seantese-dimensional (3D)
observation of sample from thin section scale torameter or further fine resolution

(Miyake et al., 2014).



The goal of this study was a detailed morphologes@mination of a fluid
inclusion using FIB microsampling and high-resaatXCT imaging. The high-
resolution XCT image provides precise phase voltramions of the fluid inclusion,
which is indispensable information for determinthg nature of trapped fluid. By using
the volume fractions, we also estimated the buliperties of the inclusion, which
indicate reequilibration of the density during erfation of the metamorphic rock.
Mineral abbreviations are after Whitney and Eva&tslQ) and symbols for fluid

inclusion properties are after Bakker (2011).

1.2. Experimental Methods

FIB microsampling and XCT imaging were performeddae typical fluid inclusion

after conventional petrographical observation ardfinclusions and their host minerals.
Qualitative/semi-quantitative analyses of the flindusions were performed by a laser
Raman spectrophotometer (JASCO, NRS-3100) at tipafaent of Geology and
Mineralogy, Kyoto University, using the 514.5 nmdiof Ar ion at 5-40 mW with a

spot size of 1.Qum on the sample surface. Calibration was perforasgag the 520 cin

! Si-wafer band and neon (Ne) spectrum.

After the petrographical observation, one typicalusion was chosen for XCT
three-dimensional observation. In order to perfé@T on a specific fluid inclusion, a
microsample of quartz containing a fluid inclusiwas picked up from the thin section,
using the focused ion beam (FIB) system (FEI, Qua060 3DS) at the Department of
Geology and Mineralogy, Kyoto University (Miyakeat, 2012; Tsuchiyama et al.,

2014b; Miyake et al., 2014). The FIB system us&@haion gun at the conditions of 30



kV and 3-65 nA. A specific area (ca. 20 x|2@?) of the quartz was cut out to a depth
of ca. 20um like an upside-down “house” shape by FIB. Thetawmled “house” was
held at the tip of a tungsten needle with platiniag. 1.1) and observed by an imaging
tomography system using a Fresnel zone plate at BU4n SPring-8, a synchrotron
facility in Japan (Uesugi et.aR006). The imaging experiment was performed edth
ray energy of 7 keV, with the voxel size of 71.8%6 x 71.6 nm, which provided an
effective spatial resolution of 200-300 nm. CT ireagvere reconstructed from 1800
projection images (0.1 deg/projection) by usingavwolution back-projection algorithm
(Nakano et aJ 2000). It took about 20 minutes to image the damfhe three-
dimensional (3D) structure was obtained by stackingcessive CT images taken of
different slices through the particle. The obtaiB&8dCT images were processed (e.g.,

binarization) and analyzed using the software pgek3lice’ (Nakano et gl2006).

To investigate the relationship between facet$effiuid inclusion and the
crystal orientation of its host quartz, we measuhedcrystal orientation of the host
quartz in the original thin section using a fieldigssion scanning microscope (FE-SEM)
equipped with an electron-backscatter diffractiBB$D) system (JEOL, JSM7001F) at
the Department of Geology and Mineralogy, Kyotouémsity. A thin section polished

with colloidal silica was analyzed, where the speni tilted at 70°.



1.3. Studied Sample

1.3.1. Sample locality

The fluid inclusion sample used in this study wallected from the Sanbagawa
metamorphic belt of the Besshi District, centralk8hku, Japan. The Sanbagawa
metamorphic belt is a high-pressure intermedigte tnyetamorphic belt, exposed
mainly in southwest Japan (Fig. 1.2a), whose edlconditions vary from
pumpellyite-actinolite facies (300 °C/ 0.5 GPagpadote-amphibolite facies (610 °C/
1.0 GPa) (Higashino, 1990; Enami et 4B94). In the higher metamorphic grade part,
eclogite facies rocks are locally present (Taka884; Wallis & Aoya, 2000; Endo et
al., 2012; Aoya et al 2013).

The Iratsu body is the largest coarse-grained dnafité body with an areal
extent of ca. 7 x 2 km in the Besshi District, cahBhikoku (Kugimiya & Takasu,
2002; Endo, 2010; Endo et,@009). The metamorphic history of the westerr pfr
the Iratsu body (WI body) is thought to have twstidict metamorphic stages: early
metamorphism at the high-pressure amphibolite $aoiaditions (660 °C and 1.2 GPa,
Endo et al., 2012) and subsequent eclogite-facetamorphism (525-565 °C and 1.9-

2.1 GPa, Endo, 2010).

The studied sample IR04 was collected from the avashargin area of the Wi
body, where the WI body contacts the Higashi-Akigighidotite body (Fig. 1.2b).
Fluid inclusions were found in a foliation-paraltglartz vein intercalated with a Grt-

Hbl-Ph schist (Yoshida & Hirajima, 2012).



1.3.2. Occurrence of the fluid inclusions

Detailed petrographic studies on the fluid inclasian the quartz vein indicated that
three groups of fluid inclusions (groups 1, 2, &dh chronological order of
entrapment) are observed in the studied quartz(@shida and Hirajima, 2012).
Group 1 inclusions are arranged at intragranulad fihclusion planes, and are
composed of Ckigas and aqueous liquid with a salinity range 0f&7 mass¥ucieq
(Na-Cl equivalent salinity). Rare annular-shapedifinclusions or large inclusion with
implosion halos are observed in group 1 inclusitims textures of which are thought to
have originated from an increase of confining pressnd corresponding internal
underpressure of the fluid inclusions. Group 2usimns are also arranged at
intragranular fluid inclusion planes, but thesdusmns are composed of the mixed
volatile components of CKHN,, CO,, and B. Group 3 inclusions are arranged at
transgranular fluid inclusion planes and are coragad aqueous liquid (8.8-9.5
mass%acieq and mixed gas of CHand N. Based on textural observations and the
finding of annular-shaped inclusions in group Jusmons, Yoshida and Hirajima
(2012) concluded that (1) group 1 inclusions weapped before the peak pressure
stage, (2) group 2 inclusions were trapped nedunng the peak pressure or
temperature stage, and (3) group 3 inclusions wapped during the early stage of
exhumation.

In this study, we selected the fluid inclusion afgp 1 for the morphological
study. Since group 1 inclusions are trapped atrpd®stage, they are expected to have
suffered almost entir@-T evolution. Furthermore, the studied fluid inclusie

composed of the simple system afdHNaCl-CH, and the estimated volumetric



properties and bulk compositions can be comparédtivose estimated by other

methods in order to verify the quality of our arsidy

1.4. Results

1.4.1. Observation of CT images

Within the group 1 inclusions, we observed threwl&iof inclusions: 1) annular-shaped
inclusions; 2) inclusions with an implosion haly;adinary-shaped inclusions that do
not show the above two textures. For the XCT stuwdyselected an ordinary-shaped,
small-sized (~fum) inclusion (Fig. 1.3) because the annular-shapedimplosion halo
type inclusions could have changed from their oagcomposition due to the
separation of fluid during annularization/implosion

A set of CT images of the quartz microsample caointgithe fluid inclusion is
shown in Figure 1.4a. Figure 1.4b shows a spesiite of the CT images. The
observed contrast quantitatively indicates theadgiiice in the X-ray linear absorption
coefficient (LAC) of a material (or void), which &function of the chemical
composition and density (e.g., Tsuchiyama et 81,32. Figure 1.4b clearly indicates
that the bubble consists of a single phase andhbed is no other liquid phase that is
immiscible with the aqueous liquid. The interfae@song the host quartz, the aqueous
liquid, and the bubble have bright and dark cotdrasthe CT image, which are due to
X-ray refraction at the interfaces (a material vathigher density has a brighter edge,
andvice versa The liquid and bubble were extracted from the@Dimages by

binarization (Fig. 1.4c). Since the bubble anditiqpghases have a moderate difference



of LAC, the binarization was done based on theafiSnuous change of the contrasts at
interphase boundaries and the inside of the inteploundaries was treated as a single

continuous phase. The wall of the fluid inclusieems to have smooth surfaces.

Figures 1.5a and 1.5b show bird’s eye views oflthid inclusion. Figure 1.5a
shows the wall of the inclusion together with aesjdal bubble, which exists at the
upper part of the fluid inclusion due to the grgatfect. Figure 1.5b shows only the
inclusion wall. These figures clearly show that tlatline of the fluid inclusion has a
faceted shape (Figs. 1.5a, b). The individual faseem to correspond to the
crystallographic faces efquartz shown in Figure 1.5b. Hereafter, we redethe facets
m’, r’ and z’, adding primes to the correspondimgstallographic faces, m, r and z,
respectively (Figure 1.5b). We identify c’-axis, iain correspond to the c-axis @f

quartz, as the direction of the edge between tweurfaces.

Based on the three-dimensional CT image, the bulitdapies a volume of 11.8
um? whereas the volume of liquid is 86uh°. The uncertainty of the volume cannot be
evaluated theoretically, but it is expected todigyf small (maximum of 1-3m°). The
calculated volume fraction of the vapor phagggy(= volume of vapor / total volume)

from the volumetric data is 0.12.

1.4.2. Morphology of the fluid inclusion

In order to investigate the relationships betwemefs of the fluid inclusion, we
measured the interfacial angles between the fasatg the binary images of the

inclusion.



We made two slices along the directions shown gufé 1.6a for measurement
of the interfacial angles (Fig. 1.6b). Slice A iiglre 1.6b is almost perpendicular to the
c’-axis, thus the sides of the hexagonal shape shewelationship among m’ surfaces.
As shown in this figure, m’ surfaces join togetheangles ranging 116-123°, which are
mostly identical to the crystallographic interfd@agle of m surfaces efquartz (120°).
Slice B shown in Figure 1.6b is almost parallethe c’-axis, and show the relationship
between r'/z’ and m’ surfaces. The interfacial asglange 138-146°, similar to the

interfacial angle between r/z and m surfaces-qbiartz (142°).

The crystallographic orientation of the host quéatzand c-axes) determined by
the EBSD analysis is plotted in a stereo projedtioRigure 1.6c. The c’-axis and the
poles of m’ surfaces of the fluid inclusion, whislere measured by the slice
perpendicular to the c’-axis (Fig. 1.6b-A), areogidotted in the same diagram. Figure
1.6¢ shows clear accordance between the c-axiedidst quartz and c’-axis of the
inclusion. The plane indices of m surfaces-@juartz are {1 0 -1 0} and {1 -1 0 0}, and
thus, the poles of the m’ surface have a direatior30° to the a-axes of the quartz. The
consistent relationship between facets of the sicluand the crystal orientation was

verified by the combination of CT images and EB32lgsis.

1.4.3. Density of the fluid inclusion

Since group 1 inclusions contain a considerableusntnof methane as vapor phase at
room temperature, we estimated the bulk densitycantpbosition of the inclusion based
on the volume fraction and density of each phasey, Nishimura et al. (2008). As

shown in Figure 1.4b, the studied fluid inclusi@stone liquid phase and one bubble.
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Based on the CT image, the bubble has no immispiideses, thus we can treat it as
pure methane gas (whether this is gas or liquadsis checked by the internal pressure
estimation below). The amount o$® in vapor phase and methane in liquid phase is
also discussed below.

In order to consider the equation of state (EoShefoubble, its internal
pressure was determined by Raman spectroscopybulii#e part of the inclusion is
composed of Clkland no other gas species was detected by Rambysian@he
internal pressure of the methane gas can be estinfraim the downshift of the Raman
peak position of the C-H symmetric stretching bénll(e.g., Fabre and Couty, 1986;
Lin et al., 2007). The relationship between dowfisnd internal pressur®(in mega-

pascals) can be expressed as follows (Lu.e2@07):

P(MPa) = -0.014B° — 0.179D"* - 0.847®° - 1.76®? — 5.87®, (1)
where,D is defined a®=vsampie- vo, the difference between the peak position of
the samplevsampid and near zero pressutg, (measured under atmospheric pressure).
The peak position of the methangband was further corrected using the Ne lines of

2851.38 and 2972.44 ¢h{Fig. 1.7) and the following expression (Lin et 2007):

CH, — .,CH, +1( Ne,2851.38 __ Ne,2851.38+ Ne,2972.44 _ . Ne,2972.4 (2)

Vcalibrated - Vmeasured E real measured real measured

The studied inclusion shows the peak position d16298 cni', corresponding to
an internal pressure of 5.5 MPa. Since the vapas@lecoexists with the aqueous liquid,
the vapor phase inevitably contains a small amotimmapor HBO. The amount of vapor
H,O coexisting with aqueous liquid was calculatedh®/thermodynamic model (Duan
& Mao, 2006) under the conditions of the room terapge (24 °C), average salinity of

the group 1 inclusions (7.7 mass%), and coexishathane partial pressure (5.5 MPa).

11



The result shows that vapop®l takes up only 0.59 mol% in the vapor phase. This
fraction is small and negligible compared with naeth, thus methane can be treated as
pure gas, as we assumed. The internal pressune aig¢thane gas was then calculated
into the molar volume of 407.7 émol (0.932 g/cr) (at 24 °C) based on the

thermodynamic property of Angus et al. (1978).

The density of the liquid phase was estimated utsiagoftware package BULK
(Bakker, 2003) based on the thermodynamic modBluain and Mao (2006) and
Spivey et al. (2004) at the same conditions merticabove. Methane solubility in the
aqueous liquid at such conditions is as low as0rddl/kgHO and considered to be
negligible. The molar volume of the liquid phaseswealculated as 17.6 éfmol (at the

salinity of 7.7 mass%).

Using the above-calculated properties, we estimiedulk composition and
bulk molar volume of the fluid inclusion. As memi&d above, the molar volume of the
liquid and the vapor was 17.6 &mol and 407.7 cifmol, respectively. Using these
molar volumes and volume fractions, the bulk contposof the studied fluid inclusion
was calculated as 91.8%®l, 0.5% CH, and 7.7% NaCl (in mass fraction). The bulk

molar volume was then calculated using the follgnielationship:

1 _ ¢qu + ¢vap
Vbulk _Vliq \V VaP

m

resulting in the molar volume of 19.9 &mol.

The isochore of the fluid inclusion was calculafiedthe estimated bulk

composition and bulk molar volume, by using Lone#Phe software package

12



FLUIDS 2 (Bakker, 2003; 2009) and applying the BdBnderko and Pitzer (1993)

and Duan et al. (2003). The calculated isochosd@svn in Figure 1.8.

1.5. Discussion and Implications

1.5.1. Comparison with other methods

Becker et al. (2010) proposed a calculation metbatketermine the bulk density of
H.O-NaClI-CH, fluid inclusions. Their method uses the input datduding
homogenization temperature, salinity of the aqueghase, and pressure of the vapor
phase. They performed the iterative calculatiothefcombination of the EoS for.@-
NaCl-CH, (Duan et al 2006) and the mass balance calculation (Bod®&3)1to

finally obtain reliable bulk properties. We perfardthis calculation with our data
obtained from the studied inclusion (homogenizatemperature = 228 °C, salinity =

7.7 mass%: Yoshida and Hirajima, 2012). The catedlaesults are the following:
pvap=0.12; 91.75% KD, 0.59% CH, and 7.65% NacCl (in mass fraction). The calculated
phase volume fraction is well consistent with thesemated from the CT data.

On the other hand, phase fractions can be approsdhisom the two-
dimensional area fraction of each phase in theugich (Bakker and Diamond, 2006).
Since the studied inclusion is small (41) and the phase boundaries have
obscureness due to the refraction, the exact twialsional area fraction could not be
determined easily. The measured area fractiorhistudied inclusion yields

¢vap=0.17-0.19, a considerably higher value than thed@ra.
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According to the above comparisons, the qualitthefXCT volume analysis is
well comparable to that of the combination of mibeymometry an@®-T-V-x
properties, whereas optical observation seemsve $@ame difficulty due to the small
size of the inclusion. In the case of suitable cositon, microthermometric study can
also be a powerful tool for tiny fluid inclusiortdowever, the important point is that
XCT observation is applicable for volume analydisnolti-phase inclusions
irrespective of their compositions. Morphologicatarolumetric studies on tiny fluid
inclusions by means of the FIB-XCT technique shdaddconsidered to become a new
investigative tool offering an improved understawgdof fluid-rock interaction

processes, especially those of high-pressure mepdmsaocks.

1.5.2. Reequilibration of the fluid inclusion density

Although fluid inclusions are thought to be a natwtrongbox as a first approximation,
it is known that fluid inclusions are generally nifadtl in their volume to several
degrees after entrapment, i.e., they are commeeguilibrated (Pécher, 1981; Sterner
& Bodnar, 1984; Vityk & Bodnar, 1995). This meahattthe reequilibration of fluid
inclusions can be used as a good tool for decippehe history of environmental
change (e.g., Bodnar, 2003; Boullier, 1999; Ku&t&tockhert, 1997; Vityk et al

1994). Our petrographical observation showed thafg 1 inclusions contain annular-
shaped inclusions (Yoshida and Hirajima, 2012}tdlaed inclusions with an implosion
halo, and negative-crystal-shaped inclusions. Sénealler inclusions require higher

differential pressure for non-elastic reequilibvat(Bodnar et al 1989), specific
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reequilibration textures (annular shape and implosialos) are thought to be observed
only in large inclusions.

On the other hand, the densities of small fluidusions showing negative crystal
shapes are also expected to have adapted B Trehange, despite lacking significant
reequilibration textures. When fluid inclusionsfsufa slightly different condition from
the original isochores, a dissolution-crystalliaatprocess would occur to adapt the
density to newP-T conditions with or without significant texture (Gex and Jenatton,
1984, Boullier, 1999). Experimental studies havanaithat such non-textural
reequilibration can be taken place within a fewsdmyseveral weeks at around 500-
600°C, and are thus geologically rapid (SternerBodhar, 1989; Vityk and Bodnar,
1995). Therefore, densities of all group 1 fluidlusions are expected to have adapted
to theP-T conditions near or around the peak pressure $tagé&00 °C, 2.0GPa: Fig.
1.8). However, the estimated isochore of the stutfielusion is located at much lower
pressure than the peak pressure stage of thedubs{rig. 1.8). This result suggests that
fluid inclusions are further reequilibrated durithg decompression and cooling stage of
the metamorphic rocks. Kister and Stockhert (188¥igated that the density of a fluid
inclusion in quartz easily adapts to its surrougd®aT conditions above 300 °C, i.e. the
density closure temperature of the quartz is 3Q®&Sed on the quartz flow law data
set (Paterson & Luan, 1990). However, their indacatonsidered only physical
processes and ignored chemical processes such ds#olution-crystallization process.
Therefore, the mechanism and nature of the clasumgerature of fluid inclusion
density remain unclear to present. Figure 1.8 shbevpeakP-T conditions and
proposed exhumatid®-T paths of the Sanbagawa metamorphic belt fromitin@ture

(Okamoto & Toriumi, 2004; Endo, 2010; Endo et 2012). The estimated isochore of
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the studied fluid inclusion seems to crosscut tifierred exhumatio®-T paths at ca.
560 °C, 0.8 GPa, where fluid inclusions in quartwid easily adapt to tHe-T changes
(Kuster and Stockhert, 1997; Vityk and Bodnar, )99herefore, the recorded density
of the studied fluid inclusion would indicate muoler-T conditions. ExhumatioR-T
conditions of previous studies are based on theiciaé equilibrium of silicate minerals
and are thus mostly at temperatures higher tharf@G50 we extrapolate these T
conditions to the lower temperature side (gray ddsrrow in Fig. 1.8), the
hypotheticalP-T path and estimated isochore would cross at ar80a¢C and 0.2-0.3
GPa (Fig. 1.8), although there could be a largerelue to the low angle difference
between isochore and exhumat+T path. This result possibly suggests that the
density closure temperature of fluid inclusionsjurartz could be near 300 °C as
indicated by Kuster and Stockhert (1997), evenghdheir assumption seems to have

the above-mentioned problems.
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Schematic image of microsampling “house”

Host quartz
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Fluid inclusion

Tungsten needle ——— P

Fig. 1.1

A specific area (ca. 20 x 20 um?) of the quartz was cut out to a depth of ca. 20 um showing an

upside-down “house” shape. Then “house” was held at the tip of a tungsten needle with platinum
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Fig. 1.2

(a) Distribution of the Sanbagawa metamorphic belt in Japan and in the study area, Besshi District,
Shikoku. (b) Metamorphic zone map of the study area. Grayscale shows the metamorphic zonation
of the chlorite, garnet, albite-biotite, and oligoclase-biotite zone defined by the mineral assemblage
of pelitic schists (Higashino, 1990). Representative eclogite masses are abbreviated as: WI, Western
Iratsu body; EI, Eastern Iratsu body; HA, Higashi-Akaishi peridotite body; TN, Tonaru body; and
SB, Seba body. Inside area of the broken line is supposed to have suffered eclogite-facies
metamorphism once (Aoya et al., 2013). The sampling locality is shown as the open diamond

located at the western edge of the WI body near the contact with the HA body.
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Fig. 1.3
Microphotograph of the group 1 fluid inclusion used for XCT study. The inclusion shows an

angulated shape.
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Fig. 1.4

(a) A set of successive three-dimensional CT images of the quartz particle containing a fluid

inclusion, at every 10 slices (0.716 um interval). Concentric rings are artifacts (ring artifact). (b) A

specific slice of the X-ray CT data of the studied fluid inclusion. Grayscale corresponds to the

density of the specimen and shows the darkest CH, bubble, slightly brighter aqueous liquid, and

bright host quartz. (c) Binarized image of Figure 1.4b, showing the distribution of host quartz, CH,

bubble, and aqueous fluid.
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Fig. 1.5

(a) A bird’s eye view of the fluid inclusion shown in Fig. 1.3. The bright-colored faceted object is
the wall of the fluid inclusion and the dark-colored spherical object inby is the bubble. Three
dimensional directions are shown by the capital X, Y, and Z. (b) A bird’s eye view from a different
direction, focused on the inclusion surface and not showing the bubble. “r ™, “z™, and “m ™ are r’,
z’, and m’ surfaces, respectively (please see the text for details). Simplified crystallographic facial

relationship of a-quartz is also shown for comparison. Whether this is right-handed or left-handed is

not shown. “r”, “z”, and “m” are r, z, and m surfaces, respectively.
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m' surface

Fig. 1.6

(a) The slice direction of A and B in Figure 1.6b are shown. The A direction is shown by the broken
line, which is perpendicular to the ¢’ axis, and the B direction is shown as a double dotted line,
which is parallel to the ¢’ axis. X, Y, and Z are the same coordinate as shown in Fig. 1.5. (b) Slice
images of the plane shown in Figure 1.6a. (c) The relationship between the facets of the fluid
inclusion and the orientation of the host quartz. The stereo-plot is shown from the direction of c-axis
of the host quartz. The c-axis of the host quartz and c¢’-axis of the fluid inclusion plot very near one
another, and the poles of m’ surfaces also have a specific relationship with the a-axis of the host

quartz.
29



standard CHg ~sample CH4
(2917.74) (2916.58)
Ne
(2972.44) f
El
L
2
0
f_), Ne
= j (2851.38)
- - - i -’ .\

3000 2900 2800

Raman shift (cm'1)

Fig. 1.7

Raman spectrum of the methane in the studied fluid inclusion, with neon peaks at 2972 and 2851
cm!. The methane peak measured at atmospheric pressure is also shown as the standard methane.
Methane contained in the fluid inclusion shows a downshift of the peak position by ca. 1 cm-,

corresponding to 5.5 MPa (please see text for details).
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The estimated isochore of the studied fluid inclusion is shown as a gray line with a black edge. The
inferred exhumation P-T path of the studied rock from the climax P-T conditions (ca. 650 °C) to the
lower temperature condition (350 °C) estimated mainly by chemical equilibrium. The dotted gray
line is the extrapolation of the previous studies. Abbreviations are: OT04, Okamoto and Toriumi

(2004); E10, Endo (2010); E12, Endo ef al. (2012).
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Part 2. Geochemical features of fluidstrapped in high-

pressur e type metamor phic rocks

2.1. Introduction

Aqueous fluids in subduction zones play an impdntale in geochemical and
geophysical processes, such as slab seismicitynagenatism, metamorphism, mantle
metasomatism, and the transport of several compet@the surface from the deep
part of the earth (Tatsumi, 1989; Bebout, 2007;Kkeac2008). Such fluids are generally
believed to originate from mineral-bound water ytous minerals in the subducting
materials, and pore-fluids carried by oceanic sedis The latter are occasionally
assumed to be expelled at very shallow depths kssdue to compaction (Peacock,
1990; Jarrard, 2003; Hacker, 2008), however, samauat of marine pore-fluids
survive at depths of ~100 km (Sumino et al., 20Athough dehydrated aqueous fluids
have been treated as pure water as a first appatioimin many previous studies,
natural aqueous fluids found from metamorphic ramtsasionally contain a
considerable amount of solute, sometimes showiglgenisalinity than halite saturation
(Yardley & Graham, 2002). The chemical compositbthe fluids, such as the
chlorine content, affects the solubility/mobility sbome specific elements (e.g., Newton
and Manning, 2010; Higashino et al., 2013), thesdifemical compositions of major
elements in natural deep fluids provide indispelesatiormation for understanding the
role of deep fluids in subduction zones.

Minor light elements such as lithium and borontaight to be good tracers

during fluid migration and fluid-rock interactiondluding hydrothermal alteration in
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oceanic crusts and dehydration/hydration reaciiossibduction zones (Bebout, 2007;
Bebout et al., 1999; Konrad-Schmolke et al., 20arschall et al., 2009; Seyfried et

al., 1984). Those elements tend to be relativedfligiconcentrated in altered oceanic
crusts and pelagic sediments (Donnelly et al., 198@w et a] 1977; Leeman &

Sisson, 1996) because of the high temperature thahraal process (Seyfried et al.,
1984). To quantify the mass transport during magroaesses in subduction zones,
behaviors of lithium and boron in hydrothermal sys$ have been investigated
experimentally (You et al., 1996; Kogiso et al.9T9Brenan et al., 1998; Tenthorey &
Hermann, 2004; Kessel et al., 2005). Experimemtdlraatural sample studies have
determined preliminary estimates of partition ciméghts of these elements (Brenan et
al., 1998; Tenthorey & Hermann, 2004; Marscha#let2006). Based on simple mass
balance calculations, some studies indicated tigatdncentration ratios of the above-
mentioned elements in fluid, i.e. Be/B, B/CI, anitBl.increase with dehydration degree,
that is to say, the progress of metamorphism (Beébal., 1993; Scambelluri et al.,
2004; Marschall et al., 2007). It should be noteat such mass balance calculations are
strongly dependent on the whole rock compositiahratated whole rock partition

coefficient (Domanik et al., 1993; Marschall et @007; Yoshida et al., 2011).

Recent geochemical studies of hot- and minerahgprindicate that B- and/or
Li-rich hot-spring waters are directly derived frahe subducting-slab to the surface
region upward to the crustal surface (Ohsawa, 200¥awa et al., 2010; Kazahaya et
al., 2014; Kusuda et al., 2014). Ohsawa (2004)kamhhaya et al. (2014) suggested
that the high Li/Cl ratio of hot-spring water is iadlicator of the deep-origin slab
derived fluid, so called Arima-type hydrothermalifls (Matsubaya et al1973). Such

fluids are characterized by high salinity, hithe/'He ratio, heavy oxygen isotope ratio,
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and light hydrogen isotope ratio compared to theleno sea water. Ohsawa et al.
(2010) also pointed out that the composition of¢ming waters collected from the
Miyazaki plain, in the fore-arc region of southwéapan, are high in B concentrations,
and that their high B/Cl ratio are originated frtime diagenetic dehydration of smectite
at around 130°C. They showed that some Li- ana&Bspring waters originated from
diagenetic/metamorphic processes and also expedesubsequent groundwater

dilution.

Fluid inclusions preserved inRALT metamorphic rocks provide direct
information on the subduction-related fluids whagwvelop under the fore-arc to sub-arc
region, and provide clues to interpret the resafithe geochemical studies mentioned
above. However, few studies deal with the tracmeld chemistry of the fluid phase,
because of the difficulty of the analysis mainlyided from the small size of fluid
inclusions, even though a number of fluid inclusstndies have been performed with
respect to the metamorphic and/or tectonic prosg&aullier, 1999; Kister &
Stockhert, 1997; Bakker & Mamtani, 2000; Touret)20Van den Kerkhof, 2001;
Krenn et al., 2008; Nishimura et al., 2008; Kred®]0). One possible solution to this
problem is the crush-leach method (Bottrell etE38; Banks & Yardley, 1992)
applied to quartz veins developed parallel to tlagnnfoliation of the metamorphic
rocks, which are capable of retaining pre-peakipaatamorphic stage fluids as fluid

inclusions (Nishimura et al2008; Yoshida & Hirajima, 2012).

In order to directly determine the chemical composs of deep fluids and
evaluate their signature with respect to theiragrtrent depth, we carried out

systematic sampling of foliation-parallel quartzngein the Sanbagawa belt, Japan,
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which covers the formation depths from ca. 15 kriQdkm, and performed
petrographical and geochemical studies on fluitusions. Our results show that fluid
inclusions in such quartz veins have highly Li- @dnriched compositions similar to
those of Arima-type hydrothermal fluids. Among 8tadied samples, quartz veins with
less-deformed textures retain fluid inclusions withher salinities and high Li/Cl
and/or B/CI compositions. In this part, we showtiede of occurrence and chemical
characteristics of fluid inclusions trapped in daareins. We also discuss about the
relative B-Li-Cl compositions of the fluids and thsignificance to geofluid evolution
during prograde metamorphism in subduction zoneseMl abbreviations are after

Whitney and Evans (2010).

2.2. Analytical method

Chemical compositions of minerals are analyzed waitlelectron microprobe analyzer
with five wavelength-dispersive spectrometers (JED{A-8105) at the Department of
Geology and Mineralogy, Kyoto University. Some qadive and semi-quantitative
analyses were also performed on a scanning electicnoprobe (HITACHI, S-3500H)
equipped with an energy-dispersive spectrometeA(EPhoenix) at Kyoto University.
Microthermometric measurements of fluid inclusiovere performed using a
heating and cooling stage (LINKAM, LK-600) at thefartment of Geology and
Mineralogy, Kyoto University. The stage was caltbchwith a melting-point of
synthetic fluid inclusion standards (10 mass% Nadltion and pure water). The
accuracy of the ice melting temperatures withinrdrege -80 to 0 °C was estimated to

be £0.1 °C at a heating rate of 2 °C/min, andHerltomogenization temperatures
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within the range from 0 to 400 °C, was £ 1 °C heating rate of 10 °C/min. Melting
temperatures of aqueous fluids were convertedNiat&C| equivalent salinity

(mass%acieq Using the equation of Bodnar (1993).

The qualitative analysis of fluid inclusions wasread out by using a laser
Raman spectrophotometer (JASCO, NRS-3100) at tipafaent of Geology and
Mineralogy, Kyoto University using the 514.5 nmdiof Ar-ion at 10-80 mW with a
spot size of 1.am on the surface. Calibration was performed usiBgGcm' Si-wafer

band and neon spectrum.

To determine the chemical characteristics of theeags fluid of fluid inclusions,
we extracted fluids using the crush-leach metheet &ottrell et al. (1988) and Banks
and Yardley (1992). To prepare pure quartz grairesyein sample was roughly
crushed and sieved into 425-2Q00 size. Quartz grains without extraneous matters
were handpicked under a stereoscopic microscopar&ed quartz grains were boiled
in concentrated nitric acid and rinsed with ultnagwater to eliminate impurities. Some
50 g of cleaned sample was milled into white powdexn agate mortar, in order to
crush-out the fluid inclusions. The milled powdeasythen, transferred to a Teflon
bottle and a solute of fluid inclusions were leathdéth 50-60 mL of ultrapure water
(Wako Pure Chemical Industries, Ltd.: solutes ass than 10 pg/g in each element) as
a “fluid inclusion solution” for major/trace compemt analysis. The solution sample
with quartz powder was filtered out with 0.22 pmsiméilter before chemical analysis.
Na', K*, C&*, Mg**, NH,", F, CI and S@* were analyzed by an ion chromatography
(DIONEX, DX-120) at the Institute for Geothermali@wes, Kyoto University, Beppu,

Japan. The bicarbonate ion content was calculatedeovalance of charge. Li and B
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were analyzed by ICP-MS at TOSOH Analysis and Rebe@enter, Nan-yo City,
Yamaguchi, Japan. Blank values for the crush-leéachnique were obtained either by
water soaked in a Teflon bottle for about 12 hdarsvaluate the contamination from
the Teflon bottles (blank1), by rubbing the agatetar and pouring ultrapure water
into the mortar to be treated in the same mann#reasamples for the contamination
from the air and mortar (blank2). The values oladifrom the blankl is near zero and
negligible, while blank2 contained a low amount.0f0.11 ug/L) and a considerable
amount of B (9.5ug/L), which were subtracted from the raw data efsample

concentrations.

2.3. Geological background

Studied samples were collected from the Sanbagastamorphic belt, which is
exposed in southwest Japan (Fig. 2.1a). The Sankagetamorphic belt is divided
into four mineral zones based on the mineral askayab of pelitic schists (Kurata &
Banno, 1974; Enami, 1982; Higashino, 1990): chdoigtarnet, albite-biotite and
oligoclase-biotite zones. Peak metamorgt conditions of the four mineral zones
were estimated as 300 °C/ 0.5 GPa for the lowestegchlorite zone which is
pumpellyite-actinolite facies equivalent, througt04480 °C/ 0.7-0.85 GPa for the
garnet zone and 520-540 °C/ 0.8—-0.95 GPa for Hiediotite zone, to 610 °C/ 1.0
GPa for the highest grade of oligoclase-biotiteezahich is epidote-amphibolite facies
equivalent (Enami, 1994). In central and easteikdgh, eclogite facies rocks are also
locally present (Takasu, 1984; Wallis & Aoya, 20@Qa et al., 2004). These eclogitic

rocks show a pressure gap against surrounding dogigc rocks, and some of them
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show complex and different metamorphic historig®tgethe juxtaposition with above-
mentioned non-eclogitic rocks of the Sanbagawa(bekasu, 1984; Kunugiza et al.,
1986).

Specifically, the investigated samples were callddtom the Besshi area in
central Shikoku (Fig. 2.1b) and the Wakayama ard4anshu Island (Fig. 2.1€). In the
Besshi area, two eclogite units, the Western Ir@tél) body and the Seba (SB) body,
and their neighboring non-eclogitic areas (Figc2d) were investigated. The WI body
is thought to have suffered two distinct stagesutifduction-related metamorphism,
referred as M1 and M2, whose peak metamorphic tiondiwere estimated as ca. 660
°C/ 1.2 GPa and 550-680 °C/ 1.4-2.0 GPa, resphc(rig. 2.1f: Endo, 2010; Endo et
al., 2012). Peak metamorphic conditions of the $xuly are estimated as 520-640 °C/
1.3-2.4 GPa (Aoya, 2001; Zaw et, &005). Recent studies found remnants of eclogite
facies metamorphism around these eclogite bodigsaggest that these eclogite
bodies once consisted of continuous eclogite-nappelogite facies conditions (Fig.
2.1c: Aoya et al., 2013; Kouketsu et al., 2010;£20/allis and Aoya, 2000). The
surrounding part of these eclogite units mainlyhglto the albite- and oligoclase-
biotite zone of the Sanbagawa metamorphic belt.gBzs1f lower metamorphic grades
were collected from the Wakayama area where thaitdy| garnet and biotite zones are
exposed (Fig. 2.1e: Makimoto et al., 2004). Sinlggoclase is not observed in the
biotite zone, the biotite zone of the Wakayama &¢laought to be equivalent to the
albite-biotite zone of central Shikoku. Thus, thenples investigated in this study cover
the peak pressure range of 0.5-2.5 GPa and thestatape range of 300-610 °C (Fig.

2.1f).
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2.4. Investigated samples

In order to determine the deep fluid charactesstice studied quartz veins developed
parallel with the main foliation of the host rodkereafter foliation-parallel quartz vein)
(Fig. 2.2, 2.3a-c). Some veins show the boudinatpage concordant with the
deformation structure of the host metamorphic raatiicating pre-tectonic existence of
veins, whereas others are only foliation-paraltwrence concordant with the small
deformation structure of the host rock. Such kihdeins has a potential to retain the
fluid trapped during prograde or near-peak metatmorponditions (Fig. 2.2: Nishimura
et al., 2008; Yoshida and Hirajima, 2012). The ddeins are almost monomineralic,
except for some samples contain very small amoluat@essory minerals such as rutile
and phengite. Nishimura et al. (2008) investigatddliation-parallel quartz vein
collected from chlorite zone of the Sanbagawa dheaSaganoseki area, SW Japan.
They investigated the fluid inclusion in the quargéin and found fluid inclusions
possibly trapped at the peak metamorphic stagehifasnd Hirajima (2012) also
investigated a foliation-parallel quartz vein (s#niiR04 used in this study) intercalated
with the eclogite facies rock and found annulampsiaafluid inclusions which suggest
the pressure increase after their entrapment. Tiretiags indicate that foliation-
parallel quartz veins can trap the fluid at thepdeart of the subduction zone and can
work as the container of the deep fluids.

Six samples from the non-eclogitic area and fivegdas from the eclogite unit
were investigated in this study. A quartz vein siEngposscutting the main foliation of
the host rock was also investigated to reveal tiaeacter of fluid activity during the
very later stage of exhumation of the Sanbagawabigj. 2.3d). In this section, we

describe the characteristics of the host rocks.
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Volume fractions of the main constituent minerdlshe host metamorphic
rocks were determined using X-ray mapping of majements for nine samples (Table
2.1). For other two samples, simple point counbaged on either semi-quantitative
multi-point analysis using EDX (Matsumoto & Hira@n2006) or optical microscopic
observation was performed. Among the investigasedptes, potential minerals to
contain boron or lithium as main constituent (sashourmaline, lepidolite...) were not
observed. Representative chemical compositionsad,ramphibole, and apatite which
are candidate for the container of the halogepgak metamorphic conditions, are
shown in Tables 2.2-4. However, all mica and amgleilsontain no or scarce amount
of halogens (mostly <0.01 mass%) and there is n@ab relationship between halogen
content of minerals and fluid inclusion compositaescribed in the following section.
Apatites observed in some samples also contain smalunt of Cl (up to 0.2 mass%)

and are classified as fluorapatite (Table 2.4).

Chlorite zone (mafic: WS04)

One mafic rock sample (WS04) was chosen as a mpas/e sample for the chlorite
zone. WS04 is composed of the main metamorphicnalsef epidote, chlorite,
actinolite, phengite, albite, titanite and quariwa small amount of chalcopyrite. Later

stage calcite veins cutting the main foliation laelly developed.
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Garnet zone (mafic: WS02)

The investigated mafic schist (WS02) mainly cosstdtepidote, chlorite, amphibole,
albite and phengite with small amounts of calditanite and apatite. Later-stage calcite
veins are also observed. Albite porphyroblastsaiargpidote, chlorite, amphibole,
guartz, calcite and titanite. Compositions of arbple are from actinolite to

magnesiohornblende.

Albite-biotite zone (mafic: 07113002)

This sample mainly consists of albite, phengitéd@je, amphibole, titanite and calcite
with accessory apatite and chalcopyrite. Compasstf the amphiboles are barroisite

and magnesiohornblende.

Albite-biotite zone (pelitic: SD09, IR28)

These samples are mainly composed of quartz, pleemhiorite, albite and garnet with
additional phases such as apatite (SD09) and awigh{tR28). The garnet shows Mn
bell shape type zoning withs§sup to 0.31 at their apparent core. SD09 was deltec
from near the boundary between the suggested &slngppe and surrounding lower
grade part, however, no remnant of eclogite-facieamorphism was found in sample

SDO09, thus this sample is treated as a non-eatagaiple.
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Oligoclase-biotite zone (pelitic: IR27)

IR27 is a metapelite composed of quartz, phenpiégioclase, garnet, amphibole and
epidote with small amounts of iron oxide and rutiagioclase contains anorthite
component up to 10 mol%. The garnet shows Mn belps type zoning with gsup to

0.26 at their apparent core.

Eclogite unit (mafic: SSB03, SSB04, SEBA, SSB19)

Four mafic rocks are collected from the Seba etddgddy. They consist mainly of
quartz, phengite, garnet, chlorite, amphibole, egidrutile and hematite. Samples
SEBA and SSB19 contain clinopyroxene (omphacitepddition, sample SEBA
contains biotite frequently associated with gamaiich was probably a product of the
decompression stage. Samples SEBA and SSB19 alsorslatively large grain size
compared to other two samples. Main schistosityhefhost rock is defined by the
oriented occurrence of amphibole, epidote, and giteif it is abundant. The
occurrence of schistosity is relatively weak fag gample SSB03 and SSB04, while
SSB19 and SEBA show the strong schistosity compokedarse grained minerals.
The former characteristic is comparable to tha-a@ype or I-type eclogite reported by
Aoya and Wallis (1999) and the latter is comparable-type eclogite. Samples SSB03
and SSBO04 are free of clinopyroxene even though déine collected from the eclogite
unit, probably because of the bulk rock compositosome other reasons. Samples
SEBA and SSB19 underwent rehydration reactions hvlécomposed clinopyroxene to

symplectite of varying degrees.
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Eclogite unit (metasediment: IR04)

The protolith of IR04 is thought to be a sedimeptack with unique composition with
very low SiQ content and contain very high amount of amphilaolé phengite (>40
vol% respectively) (Yoshida & Hirajima, 2012). Thrin constituent minerals are
amphibole, phengite and garnet with small amouhtstoograde chlorite and albite.

Accessory minerals of rutile, apatite and quaré&zaso observed.

Later stage vein (10A518)

Sample 10AS18 was collected from the chlorite znirithe Asemigawa area, central
Shikoku (Fig. 2.1b). The vein of 10AS18 crosschtsfbliation of the host rock,
indicating that it was formed at the later stagexdfumation after the pe&kT
conditions of the chlorite zone. Therefore, samMjfllaS18 is thought to contain fluids
trapped at the lowest metamorphic conditions (<BD@and <0.5 GPa) during the

retrograde evolution.

2.5. Macro and microscale structure of quartz veins

Macroscale observations show that foliation-pakallertz veins collected from the WI
body and its proximal area (IR04, IR27 and IR2&) @most free from obvious
deformation structure (Fig. 2.3b). On the otherdhajuartz veins collected from the
Seba eclogite body and the Wakayama area expediel®iermation resulting in a
boudinaged shape of several degrees (Fig. 2.3dpwjever, some of the boudinaged

samples have less-deformed microstructure, asideddoelow.
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The studied foliation-parallel quartz veins aressiied into two groups based
on the quartz grain fabrics: one is less-defornmaygonal fabric type (P-type, Fig. 2.4a,
b) and the other is pervasively deformed and realyized type (Fig. 2.4c, d). The latter
type veins are further subdivided into two groupglte basis of their grain size:
interlobate fabric type (DI-type, Fig. 2.4c) witblatively smaller grains (<~1mm) and
pervasively deformed domain type (DD-type, Figd2.ANo quartz grains showed

fibrous textures (e.g., Bons, 2000) among the stlidamples.

Six samples collected from the eclogite bodiestaed proximal area (SSB03,
SSB04, SEBA, IR04, IR27 and IR28) are classifie®dgpe (Fig. 2.4a, b, Table 2.5).
These veins are characterized by polygonal fabitic @oarse grains up to 5 mm in
diameter, which is identical to the “foam microsture” (Krenn, 2010). This type of
texture is thought to be formed under relativelyhhiemperatures (>300—-400 °C) and
low differential stress in the deep crust (Stéckeéal, 1997; Krenn, 2010; Passchier
& Trouw, 2005). Fluid inclusions in P-type veingarranged along specific planes

developed in intragranular and/or transgranulamsgs.

Samples SSB19 and SDQ9 are DI-type, which is chexiaed by interlobate
fabrics with grains of various sizes. Most samoiethis type show seriate grain size
distribution with the largest grain size of ca. thnCoarse grains in DI-type veins
sometimes show deformation lamellae and/or undulaxtinction (Fig. 2.4c),
suggesting that they suffered tectonic stress afmhshation at low-grade metamorphic
conditions (300—400 °C). DI-type veins containdluiclusions comprising specific

planes or dusty clusters.
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Samples collected from the non-eclogitic area emWakayama area (07113002,
WS02, and WS04) and the foliation-cutting vein seEmi®AS18 collected from the
chlorite zone of the Asemigawa area are class#dgeB®D-type. Most parts of DD-type
veins show no obvious grain boundaries (Fig. 2a4d) there appear the pervasive
deformed domains, the sizes of which are sometiargsr than several centimeters.
Most fluid inclusions in DD-type veins occur in domly-oriented transgranular plane

developed at subgrain boundaries.

2.6. Characteristics of fluid inclusions

2.6.1. Microtexture, microthermometry and chemical species

Within the studied quartz veins, single or multifiled inclusion groups are observed in
each sample. Microthermometric data and texturatadteristics are shown in Table
2.5. All the observed fluid inclusions were arrathgéong intragranular (Fig. 2.5a) or
transgranular planes (Fig. 2.5b) except for ongudaif&SB03c) containing isolated
type. Among the observed groups, four fluid inabmsiypes are identified based on
their chemical species and salinity of aqueousl§luiype 1) dilute aqueous fluids near
to or lower than sea-water salinity (<3-5 masg®eq; type 2) relatively high saline
aqueous fluids (>5 massfeieq; type 3) high saline fluids exceeding halite sation;
type 4) anhydrous fluids. Aqueous fluids were meagtheir ice melting temperature
(T and total homogenization temperatufg).(All measured fluid inclusions

homogenized into one phase below 350 °C. Averalyesand ranges af, andT, are
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shown in Table 2.5 and histograms of the microtloenetric data are shown in Figure
2.6.

Type 1 fluid inclusions accompany with or withootrse volatile gaseous
component such as;dr CH,. Type 1 is further divided into the following ct&s: type
1A arranged along intragranular planes, type 1Brayed along transgranular planes
and type 1C scattered along subgrain boundariksdeof transgranular plane, distinct
from ordinary ones). However, microthermometriauissof these subtypes are very
similar. Average€Tl, of type 1 inclusions are concentrated betweented-2.0 °C and

averagel, are between 170 to 241 °C, except for later-slage(10AS18:Ty = 137).

Type 2 fluid inclusions are arranged along intragtar (type 2A) or
transgranular planes (type 2B). Averdgeof type 2 fluid inclusions in four fluid
inclusion groups vary from -4.9 to -8.6 °C, obviguswer (i.e., higher in salinity) than
the modern sea water. Averafigfor each sample also show a range from 202 to 250
°C (Table 2.5). Type 2 fluid in SSB03 (SSB03a) aaslatively wide range dfy, (-3.0
to -18 °C), although the systematic relationshivieen salinity, volatile compositions,

and occurrences are hardly recognized.

Type 3 fluid inclusions are very rare, recognizetyon SSB03 (SSB03c) and
shows isolated occurrence with very high salireyceeding halite saturation (Fig.

2.5Q).

Fluid inclusions of type 4 are characterized bykdanor with one or two phases
without HO (Fig. 2.5d). They are also subdivided into inteauylar type 4A and

transgranular type 4B. All fluid inclusions of tydecontain N and CH except for
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SSBO03b, which contains only,NSamples SD09a and SSB04c containy @@ddition

to N, and CH, and IRO4c additionally has;H

Estimation of the total volume of fluid inclusioosntained in a specific volume
of bulk sample is difficult, since they occur asalete assemblages along healed cracks.
Therefore it is difficult to denote quantitativesshich fluid inclusion group is most
dominant in the sample containing multiple fluidlusion groups, and thus, the

abundances of each fluid inclusion group are rough¢sented in Table 2.5.

2.6.2. Hydrochemical facies of crush-leached fluids

The chemical compositions of the crush-leachedi$lare shown in Table 2.6. Note
that these data do not represent absolute contientcd each element of the fluid
inclusions, but the result of diluted “fluid incloa solutions” obtained by the crush-
leach method. The ratio of the major componergsN&, K*, C&*, Mg®*, CI', HCOy
and SQ* (valence number of ions are omitted hereaftethefcrush-leached fluid are
shown in a “Piper’s diagram” (Fig. 2.7, construcgdtér Piper, 1944). Hydrochemical
characteristics are considered based on the mpnséntrated components among
anions and cations. The studied crush-leachedsflarid divided into three types: Na-Cl
type, X-HCQ type (X refers to Na or K) and intermediate tyjgest fluid samples
have either Cl or HC@as the major anion and are mostly free of F of. &0 CI-
dominated samples contain Na as the primary caborthe other hand, HGO
dominated samples contain Na or K as primary catidwo samples, 07113002 and

WSO02, contain considerable amounts of both Cl a@®}1and are classified as
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intermediate type. The threshold to be includetth@aintermediate type is defined as
0.67 < CI/HCQ < 1.5 (in mass ratio).

As shown in Fig. 2.7, samples SSB04, SSB03, SEBRB4land IR27 are
classified as Na-Cl type, and samples IR28, SSBD®9, WS04 and the later stage
vein of 10AS18 are classified as X-Hgtpe. Two mafic-hosted samples, 07113002

and WS02, are intermediate type.

2.6.3. Relative B-Li-Cl composition of crush-leached fluids

Lithium, boron and chlorine characteristics of thesh-leached fluids are shown in
Bx500-Lix2000-Cl ternary diagram after Ohsawa e{2010), concerning with the
hydrochemical characteristics and lithotype ofwbm-hosting—rock (host rock) (Fig.
2.8a, b). Quartz vein samples hosted by sedimeatadymafic rocks are shown in Fig.
2.8a and 2.8b, respectively. Symbols of circle asgand triangle represent Na-Cl, X-
HCO; and intermediate type hydrochemical charactesistiEspectively. The filled
grey-scale represents the metamorphic grade dfdkerocks, i.e. the darker the color,
the higher the metamorphic grade.

Na-Cl type fluid extracted from metasediment-hosteihs (IR27 and IR04)
have high (B+Li)/Cl ratios and are plotted nearBaki side of the ternary diagram (Fig.
2.8a), although some of them show higher salimigntmodern seawater and have high
Cl contents (cf. Table 2.5). Their Li/B ratios aexy high (1.70 and 1.99, respectively)
compared to other samples, meaning those samg@eghrin both Li and B. Na-Cl
type samples extracted from mafic-rock-hosted veiae all collected from the Seba

eclogite body. The Li/B ratios of these samplessshaange of 0.10-0.44 (Fig. 2.8b),
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which are lower values than those of the metasatimested samples (IR27 and IR28)

(Fig. 2.8a).

X-HCO; type samples obtained from metasediment-hostets wkiow distinct
Li/B values of 0.09 and 0.36 in spite of the sanetamorphic grade of their host rocks,
although they are plotted on the B-Li side. X-HG3¢pe of mafic rocks also shows a

wide Li/B range (0.02-0.19), slightly lower tham#e of the metasediments.

Intermediate type samples (WS02 and 07113002 )oaredfonly in mafic-rock-
hosted veins, as mentioned above, and have rdiatiigher-Cl ratios compared to Na-

Cl and X-HCQ type samples (Fig. 2.8b).

As an overall trend, all crush-leached fluids frquartz veins show very high
(B+Li)/Cl compositions, though some fluid inclusgwere certainly entrapped during
the later stage of the exhumation of the rock. lrdBos of the fluid seem to vary
depending on several factors such as host roaldiffy, quartz grain fabric
(deformation history), and metamorphic grade. HaveR-type samples collected from
high-metamorphic-grade parts, i.e. samples expéotegtain the fluid in the deep part
of the subduction zone, have a tendency to shoghadontent of both Li and B. One
typical example of high saline, Li- and B-enrichHkdd is IR27 collected from the
oligoclase-biotite zone, which contains predomirtgpe 2B inclusions (IR27a) and a
very small amount of IR27b (type undetermined: €dhb), and thus, the composition
of the crush-leached fluid are expected to reptabencomposition of fluids of IR27a.
The Li and B content of crush-leached fluid fron2/R63.89 and 39.pg/L,
respectively) are recalculated into the originalaantration of fluid inclusions, 348 and

256 ug/g based on the Cl-content and microthermomesylte of IR27a. Notably, in
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metasediment-hosted and mafic rock-hosted sanmelgsectively, Na-Cl type fluids
tend to be high in both Li and B and such Li- andrBiched fluids are found from
higher metamorphic grade part, i.e. the eclogifgopaand its proximal area in central

Shikoku.

2.7.Discussion

2.7.1. Entrapment timing of fluid inclusions

As fluid inclusions in the common natural sampleevgenerally trapped through the
multistage fluid activities suffered by the hosttamorphic rock, the extracted fluids
obtained by the crush-leach method usually giverttegyrated result of the whole
history of fluid activity. Therefore careful obsation of the fluid inclusion textures
associated with the deformation texture of the huskrals is necessary to interpret the
compositions of crush-leached fluids. Anhydrousetyfluid inclusions are thought to
have little or no contributions to the chemical garsition of crush-leached fluids,
although they do provide indispensable informafanreconstructing the deep fluid
activity that took place in the subduction zone.

To be noted at first, “primary fluid inclusion” enstrict sense, which is trapped
during the nucleation and crystal growth proceghefhost minerals (quartz in this
study), should be almost absent due to the metariworgcrystallization in the studied
samples. Thus we have to consider the timing ad #utrapment to be linked to the

specific stage of the metamorphism, i.e. progrpdak and retrograde stages.
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Fluid inclusions arranged along intragranular psineP-type veins (Fig. 2.5a;
IRO4a, b, and SSB04c) are possibly trapped duhageécrystallization of the host
quartz. Thus, they are interpreted as fluid indositrapped during the prograde or peak
metamorphic stage. P-type textures in the studietphtes are equivalent to “foam
microstructure” (Stéckhert et al., 1997; Krenn, @)&nd such veins are expected to
have escaped from the deformation and corresporilditaiginfiltration during the later
stage of exhumation. Therefore fluid inclusiongaged along transgranular planes in
P-type veins also would have been trapped duriagp&ak metamorphic stage or early
stage of exhumation with relatively high temperasuf-urthermore, Yoshida and
Hirajima (2012) also found annular shaped fluidus®ns in IR04 (IR04a) suggesting
the increase of confining pressure of the inclusand therefore concluded that fluid

inclusions observed in IR04a were trapped at tbgnade stage of the metamorphism.

On the other hand, fabrics of DI- and DD-type, esginted by deformation
lamellae and undulatory extinction (Figs. 2.4c,ag thought to be formed under high
differential stress and relatively low temperat(x400 °C) (Passchier & Trouw, 2005).
Given the metamorphic history of the Sanbagawa metahic belt, such conditions are
expected for the large scale deformation evennduhe later stage of exhumation (e.g.,
Mori and Wallis, 2010 and references therein).dFlaclusions arranged along
transgranular planes of DI-/DD-type veins are thaug be trapped in association with
the later-stage deformation event and corresporftlirgjinfiltration. However, the

exact timings of fluid infiltration have not beeatdrmined.

Fluid inclusions in the chlorite zone sample (WSaHd4 later-stage vein

(10AS18) are arranged at subgrain boundaries 2F@). Such fluid inclusion arrays
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may have been trapped in conjunction with the rgalljzation of host quartz veins
under high differential stress. Such conditionseagected to be both peak
metamorphic stage of the chlorite zone (300 °CAP4a) and the later exhumation

stage.

In conclusion, P-type veins are capable of retgifimids trapped at pre-peak
metamorphic stages, and further of containing flndusions trapped at the peak
metamorphic stage or early stage of exhumationlDID-type veins have trapped post-
peak metamorphic fluid during the exhumation stageept for WS04, which we
cannot distinguish the conditions of the peak metaimc stage of the chlorite zone and

the exhumation stage.

2.7.2. Hydrochemical characteristics

The results of ion chromatography and ICP-MS amalyesented here (Table 2.6) can
provide fruitful information to constrain the nagusf deep fluids trapped at ca. 15 km
and 60 km depths. Samples containing type 2 afi@ fhclusions (relatively higher
salinity fluids) tend to be characterized by Nai@le hydrochemical characteristics, i.e.
three out of five (IR27, IRO4 and SSB03) are Naypk and one sample (WS04) is
intermediate type (Fig. 2.7). On the other hanth#as free from type 2 and type3
inclusions, i.e. samples containing only the difled, show both Na-Cl type (two out
of seven) and X-HC@type (four out of seven) fluid.

These features are closely correlated with thedalmf quartz grains in the vein:
five P-type veins (out of six) are Na-Cl type atidd- and DD-type veins are

intermediate or X-HC®type (Fig. 2.7). The later stage vein (10AS18v&hthe most
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HCOs-rich composition. Dominance of HG@& known to be characteristic of pore
fluids in near surface fracture of continental ¢ @icher & Stober, 2010) thus, HGO
dominated composition probably indicates one oftyipecal characteristics of shallow-
depth fluid that have infiltrated during the lagtage of exhumation of the Sanbagawa

belt.

Based on reviewing more than thirty published pgpéardley and Graham
(2002) pointed out that there is scarce correlabemveen metamorphic grade and
salinity of corresponding fluid inclusions. Thegalsuggested that fluid inclusions
hosted in metamorphic rocks originated from oceanist or accretionary prisms
would be relatively dilute fluid compared to thasenetamorphic rocks derived from
the continent crustal materials. They indicated there was a large variation in the
salinity of such fluids, from up to 15 masgdeqto mostly solute-free for relatively
high metamorphic grades (400-700 °C). Gao and Ki&tdl) also reported that
aqueous fluids released by the blueschist-eclogitesition reaction in Dabie Shan,
China, have low salinities. Our data presented aks@ show scarce correlation
between salinity, halogen content of minerals (€ald.2-4), and metamorphic
grades/entrapment timing, however, the P-type v&#esn to have relatively high-saline

fluid inclusions.

In this study, a correlation between quartz fatypes in the veins and
hydrochemical characteristics is observed, i.g/d@-gjuartz veins tends to contain Na-
Cl type fluid, and DI- and DD-type quartz veinsdeon have X-HCQ@type fluids. This
correlation suggests that Na-Cl type fluids areeniiely to be produced at deeper

parts of subduction zones, and X-H{§pe fluids are likely to be produced at depths
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shallower than 15 km, which are defined by the gedkconditions (300 °C/ 0.5 GPa)
of the chlorite zone. However, the controlling tastof salinities in fluid inclusions still

remain unclear in this study.

2.7.3. Volatile component of fluid inclusions

Aqueous fluid inclusions investigated in this stuatg commonly accompanied with N
and/or CH (ten samples out of eleven). Chemical compositaisush-leached fluids
also suggest X-HC£ and intermediate type samples contain signifieambunt of
HCOs. We further observed type 4 anhydrous fluid indagroups with (SD09a,
SSBO04c, IR04b) or without (IR28a, SSB03b) £LOmponent. Although there is a
possibility that type 4 fluid inclusions contairs@mall amount of water undetectable by
ordinary Raman microscopy at room temperatureatheunt of water should be less
than a few mol% (e.g., Berkesi et al., 2009) amdlm@anegligible for most discussion.

The origin of N in metamorphic rocks is considered to be the diadaeaction
of NHz-bearing mica and/or feldspar (e.g., Anderson.etl8B3), while that of Cliis
considered to be the reductive reaction of, @GOthermal cracking of organic materials
(e.g., Mazurek, 1999; Herms et al., 2012). Fludusions with CQ are commonly
reported from high grade metamorphic rocks in tleldv(e.g., Kobayashi et al., 2011)
and also from mantle rocks (e.g., Yamamoto e8D;7). HO-NaCl-CH, fluids are
reported as the peak metamorphic stage fluid ottiarite zone of the Sanbagawa belt
(Nishimura et al., 2008) and as the prograde dtagkof the sample IR04 (Yoshida
and Hirajima, 2012), although Yoshida and Hirajifd@12) did not constrain tHe-T

condition of the entrapment of,8-NaCl-CH; fluid (IRO4a). Thus, at the low to
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medium grade part of the Sanbagawa metamorphigctbelexistence of ¥0-NaCl-

CH, fluid is expected. Volatile-free aqueous fluidW#s04 could be similar to the
exhumation stage fluid of the chlorite zone repbiig Okamoto et al. (2008), which is
possibly trapped at early stage of the exhumagame WSO02 from the garnet zone
sample and higher grade samples commonly contalmelring fluid, N is a ubiquitous
species at the depth greater than ca. 15 km. lhigher metamorphic grade samples,
all CH;-bearing aqueous fluids are free from £8t high oxidation state, the oxidation
reaction of CH and BO can generate GODissolved HCQ@in X-HCGQO; type fluid (Fig.
2.7: SD09, IR28) with Cllare possibly originated from the partial oxidatedrCH,.
Nevertheless, existence of g@ee, HCQ-poor and Chtbearing aqueous fluid
suggests that the maximum oxidation states of itjfe grade samples were not so high

as to consume all of CH

Sample SD09 from the albite-biotite zone and SS&W#IR04 from the
eclogite facies rock contain anhydrous£CH,-bearing fluids. Carbon-rich anhydrous
fluids are possibly originated from decarbonatibthe carbonate minerals. Above-
mentioned prograde GHbearing fluids are also available for the carbomrse. All
type 4 fluids are obtained from the higher gradepdas than the albite-biotite zone,
suggesting such anhydrous fluids are expectedegtetigoart. Nevertheless, detailed
discussion on the evolutional changes of carbonoéimer volatile species is beyond the

purpose of this paper.
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2.7.4. Relative B-Li-Cl compositions

The crush-leached fluids of this study are chareetd by high B and Li contents,
corresponding to very high (B+Li)/Cl ratios, thougiicrothermometry results suggest
that some of them have higher Cl content than tbéamn seawater. Among the studied
samples, WS02 and 07113002, whose crush-leachdd fiave intermediate type
hydrochemical characteristics, show slightly lo{#+Li)/Cl compositions. For
comparison, relative B-Li-Cl compositions of hydretmal and metamorphic fluids in
the literatures are compiled in Figures 2.8c a8aambelluri et al., 2004; Ohsawa et
al., 2010; Kazahaya et al., 2014). The modern steemvaad pore water squeezed out
from marine sediments (Ohsawa et al., 2010) show(B+Li)/Cl compositions (Fig.
2.8d). If such fluid infiltrated into the Sanbagamatamorphic terrain and was trapped
in quartz veins during the exhumation stage, thmepmsitions of crush-leached fluids
can be modified towards the Cl-corner of the diagrelowever, this effect is scarce or
limited for all the studied samples (Figs. 2.8a, b)

Crush-leached fluids are enriched in lithium antbbacompared to modern
seawater, but have a large variation in their kéBo, ranging from 0.02 (WS04) to
1.99 (IR04). Dehydration fluids from serpentinitesgoped in metamorphic olivine
grains (400-700 °C, 1.5-2.5 GPa: Scambelluri e2@04) have very high Li/B ratios
(>2) and show large variation in their Li/Cl rafieig. 2.8c). Scambelluri et al. (2004)
estimated the partition coefficients between seipi@ and fluids at eclogite facies
conditions based on their geochemical measurenmehinass balance calculations,
resulting inD"™*™4., =0.01-0.02 an®"™*"% =0.02—0.04 as a first approximation.

Based on their mass balance calculation, the B of the dehydrated fluid from
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serpentinite will be 0.04-0.16 (dashed-lined anelig. 2.8c), overlapping the range of

our data (Figs. 2.8a, b).

Ohsawa et al. (2010) reported high B/Cl and lovBLrétio fluids from the hot
spring waters in the Miyazaki plain located in thee-arc region of Kyushu Island, SW
Japan (Fig. 2.8d). Based on the geochemical dathioed with geochemical
thermometry, they indicated that high B/CI and loyB fluids are derived from
dehydration of smectite interlayers. Ohsawa gR8110) and Amita et al. (2014) also
reported relative B-Li-Cl compositions of hot sgyiwaters obtained from deep wells in
the fore-arc region of southwest Japan (S1, S20321and W in Fig. 2.8d). They
proposed that diagenetic/metamorphic fluids show\anutionary trend of increasing
B/Cl ratio along the CI-B axis and subsequent iaseeof the Li/B ratio with

progressive diagenetic/metamorphic processes.

Recently, Kazahaya et al. (2014) investigatedsb&pic and chemical
compositions of hot spring waters in SW Japan andgsed that Arima-type
hydrothermal fluids (e.g., Matsubaya et al., 1978)e Li/Cl ratios higher than 0.001
(shown in Fig. 2.8d) and high salinities (Cl >200/h). These types of fluids show a
5*80-shift and thus are supposed to be originatedheeftom meteoric water nor from

seawater, but are supposed to have come up difemthylower crust or slab surface.

All of these studies suggest that fluids from teem part of the subduction zone

(e.g., at least 50-60 km depths) are charactehyddgh (B+Li)/Cl ratios.

Enrichment of Li and B can be partly explained g partition coefficient data
between solid phases and aqueous fluids (Brenaln 4998; Tenthorey & Hermann,

2004; Marschall et 312006). We calculated the bulk partition coeffitiéor our
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samples from the mineral abundances and partibefficients of Marschall et al.

(2006) (Fig. 2.9), showing that most partition dméént pairs are much lower than 1.

Published partition coefficient data of B and Liween whole rock and aqueous
fluids are also shown in Figure 2.9. The data a$3&t et al. (2005) has been obtained
experimentally for K-free MORB compositions, inciad aT range of 700—900°C at
4GPa. Marschall et al. (2007) estimated the pantitioefficients of altered oceanic
crust subducting along th& T path of relatively cold slab (~ 3.8 MPa/°C). Yosht al.
(2011) also calculated partition coefficients foe bulk composition of a specific pelitic
schist along the metamorphic field gradient of $fambagawa belt (1.6 MPa/°C, Enami

et al., 1994), following the method of Marschalbét(2007). Figure 2.9 shows that, in

rock/fluid DBrock/fluid

most cased),; and show the value less than 1, suggesting these
elements would be released from the rock duringmeattck interaction (e.g., Marschall
et al., 2006). Since we have not measured the wholeconcentration of Li and B, let
us assume that Li and B concentration of the higisgure type metasedimentary rocks
are 50-10Qug/g and 20-15@g/g, respectively (e.g., Bebout et al., 2013; Nakand
Nakamura, 2001). If these rocks are equilibratetti Wie crush-leached fluid (e.qg.,
IR27: 348ug/g for Li and 256.g/g for B), partition coefficients would k@M =

0.2-0.3 andg™™d = 0.08-0.6 D™ gave higher value than previously estimated,

but D™ falls mostly similar range (Fig. 2.9).

Figure 2.10a summarizes the conclusion of the obseeatures of fluid
composition and fabric of quartz veins. We cantkaethe Li- and B-enriched, high-
salinity, and Na-Cl dominated fluid are storedha P-type quartz veins, whereas B-

enriched, low-salinity, and HCGQlominated fluid are stored in the deformed typk (D
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and DD-type) veins. P-type veins are the presefafedc of the deep part of the
subduction zone, and are thus, fluid charactesistiiserved in P-type veins are the
representative of the deep-origin fluids. On thetary, deformed type veins represent
the later stage deformation, which are sufferefddiyr high-grade and low-grade
metamorphic rocks. Therefore the fluid charactessbbserved in deformed type veins
are attributed to the characteristics of the shatlepth fluids. These facts indicate that
high-salinity aqueous fluids enriched with bothdioand lithium are released at the
deep part of the subduction zone, while dilute agsdluids enriched with boron are

released at the shallower depths (Fig. 2.10b).

2.7.5. Implications for lithium and boron cycle in the subduction zone

process

In this section, we are making a small discussiothe subduction cycle of lithium and
boron, based on the above-mentioned data and ¢h@ps studies’ contributions. Let
us consider the input materials for the subductmme system, at first. Subducting
materials are, as a first order of approximati@suaned as layers of sedimentary rocks,
igneous crust, and mantle (e.g., Hacker, 2008hilih and boron are generally

regarded to be transported by sedimentary rockakeed part of the igneous crust.

I nput into the subduction zones

According to the extensive review of Nishio (2018hium abundance of the
subducting pelagic sediments is up tougdg and altered igneous crust is up tqu88y,

while mantle contain only 1-29/g. Boron content is briefly summarized by Bebetut
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al. (1993), showing seafloor sediments and altepeelous crust both contain up to 300
ug/g. Kawakami (2001) reported boron content ofsb@imentary-origin rock of the
Mino-Tanba belt in the SW Japan, which sufferedegehetic process, as 11g/g.

This value can be regarded as a very early statfecfubduction. These data suggest

that subducting materials contain boron and lithatrthe order of hundredgsy/g.

Water-rock interactionswithin the subduction zones

Nature of the water-rock interactions are inveséidanainly by geochemical study on
the metamorphic and metasomatic rocks. As a frdgroof approximation, we can
assume the equilibrium between rock and fluid. Baod lithium are known as fluid-
compatible elements, and there are a number ofestaétermining the partition
coefficients of these elements between aqueous dod solid phase. Figure 2.11 and
Table 2.7 shows the compile of published partitoefficients between aqueous fluid

and solid phase$ged/Mi

= concentration in solid / concentration in aqueitwisgl),
including individual minerals and bulk rock (Bergsdral., 1988; Hemming et al., 1995;
Brenan et al., 1998; Johnson and Plank, 1999; desyrand Hermann, 2004;
Scambelluri et al., 2004; Kessel et al., 2005; Maad et al., 2006; Caciagli et al.,
2011; Martin et al., 2011; Decarreau et al., 20C)culated bulk partition coefficients
(some data shown in Fig. 2.10: Marschall et al0720vroshida et al., 2011) are ignored.
Although these values are determined for varidsconditions, most partition
coefficient data indicate that boron and lithiurefer aqueous fluid during water-rock
interactions, except for some specific mineralssAswn in Figure 2.11, some

carbonate minerals and white mica can retain censide amount of boron and clay

minerals are compatible for lithium. Under the exree of these minerals, release of
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boron and lithium to the aqueous fluids would bergjly restricted (e.g., Domanik et
al., 1993; Marschall et al., 2006; 2007; Ohsawal.e2010).

Based on the patrtition coefficient of represeneativetamorphic minerals, we
can estimate the change of bulk partition coefficedongP-T changes. Marschall et al.
(2007) performed thermodynamic calculation andestied the phase mass fraction of a
specific bulk composition alongrxT trajectory of highP/T (3.8 MPa/°C), using the
mafic rocks of Syros, Greek. Yoshida et al. (204l performed the similar
calculation using a pelitic rock of the Sanbagavesamorphic belt (1.6 MPa/°C). Both
indicate that bulk partition coefficienD®/™® = concentration in solid / concentration
in aqueous fluid) of boron and lithium is very lawder their calculatioR-T ranges.
However, these calculations indicate that evolaigmnase changes along a sped#it
path do not affect the partition coefficient of borand lithium in the case of highT
type metamorphic rocks, unless tourmaline do netipitate. This is because the modal
amount of phengite, which is the most powerful mahaffecting bulk partition
coefficients of boron and lithium except for toutma, is mainly controlled only by the
whole rock potassium content and does not chantijatardehydration melting

condition.

Some researcher pointed out that the element wanspthe subduction zone is
controlled by the redistribution of fluid-mobileeshents in above-mentioned specific
minerals during water-rock interaction. Nakano &latkamura (2001) investigated the
bulk composition of the metapelitic rocks in a esrof metamorphic rocks in the
Sanbagawa metamorphic belt, the formation conditadrwhich cover th€-T range of
300-600 °C and 0.5-1.0 GPa. They indicate thatrboomtent of the rock is mostly

constant irrespective of the metamorphic gradéefrock. They also measured the
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boron concentration of the representative bororgbtichinerals, showing that boron
concentration of white mica and chlorite decreaa#s the metamorphic grade,
resulting in increase of the modal amount of todimea This means that boron is
progressively released from initial budget suckwhie mica and chlorite, and itiis

situ consumed by the growth of tourmaline. Bebout e24113) investigated change of
the boron and lithium concentration compared withmetamorphic grade using
metapelitic rocks of the Schistes Lustrés in th&i@o Alps and UHP Lago di Cignana
locality (both in Italy), covering thB-T range of 350-550 °C and 1.2-2.8 GPa. They
also reached the same conclusion that whole rdukith and boron had redistributed
among the budget minerals, and had been thus mmifatependently of the

metamorphic grade.

On the other hand, Marschall et al. (2009) indiddkat metamafic rocks
suffered high-pressure type metamorphism show ¢lceedse of boron and lithium with
metamorphic grade. They use Be-normalized valueshod that B/Be and Li/Be
decrease from < 30 to ca. 2 and from < 45 to care®pectively. They also compare
these values with those obtained from metasomaticsrand concluded that lithium
concentration is a good indicator for the retrogratetasomatic processes while boron

abundance can be used to trace prograde dehydration

Output from the subduction zones

In considering fluid extraction from the subductimmes, we have to be aware of the
filtering process of the rocks within the subductmmne. Some researchers tried to
establish the model of the geochemical cycle oers¢kinds of elements. lkemoto and

Iwamori (2014) performed a numerical modelling ba trace element transportation in
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subduction zones. Based on their modelling, leagsportation to the magma source of
the volcanic front would be very limited if the delnated fluid and mantle wedge
materials have complete equilibration, despitehilyd lead content of arc volcanic
rocks. Their calculation suggests that most of kwadld be absorbed into the down-
going hydrated mantle in spite of their high flandbility. Therefore, they indicated
that most of the fluids, which is liberated at tep part of the subduction zone, would
not get equilibrium with the mantle rock just ab@red would arise without water-rock
interactions to the melting region. By assuminghspiocess, liberated fluid can deliver
the key elements to the melting region and repredectain arc lava signatures.
Caciagli et al. (2011) modeled the effective transklocity of the solute in the
agueous liquid, assuming the mantle wedge as anettograph of 100 km in length
(Navon and Stolper, 1987). The solute in the madelkeous liquid would move more
slowly than the liquid itself due to water-rockeraction. Assuming the ascending
velocity of the aqueous liquid as 1 to 10 m/yeagjrtcalculation indicates that lithium
and boron transport velocities in the mantle ard2@ and 92-920 cm/yearr,
respectively. They suggest that boron transpaytiisk enough to follow the pervasive
flow of aqueous liquid. However, the transport w#ies of lithium are so low that they
overlap, at the lower end, with plate convergemtes (0.4-12 cm/year: Jarrard, 1986),
indicating that the zone of lithium enrichment wabble removed from the locus of fluid

influx.

Hot and mineral spring waters are also candidatemvestigating the
compositions of fluids coming out from subducti@mes. The Arima-type brine is
known as a candidate of deep-seated geofluid, spiétific geochemical characteristics

(e.g., Matsubaya et al., 1973; Ohsawa et al., 28fita et al., 2014; Kazahaya et al.,
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2014; Kusuda et al., 2014). On the basis of geod#&rstudy on the hot springs of
Arima-Takarazuka area, Kusuda et al. (2014) inditlaat Arima-type hydrothermal
fluids contain significant amount of lithium andl@hne. They indicate that spring
water of Arima-Takarazuka area are originated ftoensubducting slab whose depth is
approximately 60 km, on the basis of the isotopemasition of hydrogen and oxygen
of slab-fluid. Ohsawa et al. (2010) pointed out tcending deep-seated geofluid has
high B/Cl ratio, based on the investigation of fine-arc hot spring water in the
Miyazaki plain. Furthermore, Amita et al. (20143licated that this high-B/ClI
compositions would change to lithium enriched cosifpans (i.e. high in Li/B ratio)

with increasing of the depth of the subducting $lalow the hot spring. Kazahaya et al.
(2014) also pointed out that Arima-type brine cagnup from slab surface would yield
high Li/Cl ratio (>~ 0.01). These studies suggkat tiscending fluid from the
subducting slab is characterized by boron andulthenriched compositions. On the
other hand, Mottl et al. (2004) studied the drdlicore of the Mariana fore-arc and
determined the pore fluid composition stored th&hey indicate that upwelling waters
from the subducting slab are low chlorine contemnt are thus distinguished from the

sea water, showing increase of their boron contthtthe distance from the trench.

L eaching of boron and lithium from the subducting slab

On the basis of above-mentioned information, singpleulation can be performed for
the geochemical cycle of boron and lithium in thbduction zones. As shown in the
previous sections, deep origin fluids recordedha $anbagawa metamorphic belt (ca.
30-60 km in depth) yield the composition with tieldwing characteristics:

1) Na-Cl dominated
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2) Salinity is higher than sea water (~ 10 mass%)
3) Lithium and boron enriched compositions

Let us assume a droplet of aqueous liquid coexjstith metamorphic rocks. We will
consider the process that initially pure dropletiglaget equilibrium with the rock, and
be removed from the system with its solute. Wegaiiag to consider thB-T ranges of
the Sanbagawa metamorphic belt (up to 600 °C a&BBd&), and therefore, melting of
the silicate phases can be ignored. We also igrtbeedissolved silicate content into
agueous liquids, as for it is considered to becgctor the giverP-T range (e.qg.,
Hermann et al., 2006).

Based on the relative B-Li-Cl compositions and espntative fluid salinity, we
can estimate the released content of boron andritduring the water-rock interaction
taken place at the deep part of the subductionsz@emple IR27 is the available
typical sample for the pelitic-rock-hosted veinuiBlinclusions contained in IR27 are
divided into two groups: IR27a and IR27b. Sinceurtence of IR27b is restricted in
the quartz grains near the wall of the vein and g#n@ount is very limited while IR27a
is abundant in the vein, crush-leached fluid of 1R2e thought to reflect the
composition of IR27a. On the other hand, SSB3 @lable typical sample for the
estimation of the composition of fluid coexistingtlvmafic rocks. SSB3 contains three
fluid inclusion groups: SSB3a, SSB3b, and SSB3coAgnthem, Sample SSB3c is very
rare, while SSB3b is of anhydrous fluid. Therefahese two groups are considered to
have scarce contribution to the composition of lefesched fluid, and the crush-
leached fluid would reflect the composition of S&BBor IR27a and SSB3a, we can

calculate the concentration of lithium and boroslaswn in Table 2.8. Based on these
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data, aqueous fluids coexisting with metamorphaksaat deep subduction zones have
boron and lithium concentration of approximatelY) 3@/g, except for the boron of the

fluid coexisting with mafic rocks yielding ca. 8Q@/g (SSB3a).

The amount of the released fluid would be estimatethe thermodynamic
calculation. Some recent studies indicate that maietent of the subducting slabs
would not change during the progressive subdudragven increase, when they
undergo extremely higR/T trajectory (e.g., Hacker, 2008; Kuwatani et ab.12; Ao
and Bhowmik, 2014). Nevertheless, dehydration efghbducting slab is the common
phenomenon for many subduction zones which are osetpof ordinary thermal
gradient (e.g., Hacker et al., 2003; Hacker, 20B8sed on the thermodynamic
calculation along a speciffe-T path, dehydration timing, its amount, and watexkro
interaction taken place can be modelled (e.g., bhai$ et al., 2007; Konrad-Schmolke
et al., 2011; Konrad-Schmolke and Halama, 2014je ke would like to model rough
estimation of the released amount of boron andihthduring intermediate higR/T
subduction process, such as the Sanbagawa metasmrptl.6 °C/MPa). Given the
temperature range up to 700 °C, correspondingettiitthest metamorphic grade of the
Sanbagawa metamorphic belt, the expected totaldiatign amount from both
metamafic and metapelitic rocks are up to 3-5 masktie whole rock (e.g., Hacker et
al., 2008). Therefore, we can assume a dropletnodsSs% as the maximum single

dehydration event.

If a droplet of 3 mass% with 3Q@®/g solute is removed from the rock, the
element loss of the rock would bei§/g. This element loss accounts for 3 to 10 % of

those initially stored in the subducting rocks (BI® ug/g). In the case of the boron
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loss due to the droplet with 10Q6/g, it corresponds to 3@/g as the whole rock
system, accounting for the similar order of theradat loss (10 to 30 % of the whole
rock elements). This rough calculation suggestisdhang the dehydration process
taken place at the deep part (~30-60 km) of thelsction zone, the subducting rock
would lose approximately 10 % of their boron anhkiilim. Let us consider the impact of

this element loss.

Marschall et al. (2007) performed a thermodynamaicudation on the MORB
composition and modelled the squeezing of boronligmdm from the rock subducting
along a specifi®-T trajectory. They calculated the evolutional chaofjhe partition
coefficients based on the change of phase fractioth,also estimated the dehydration
amount. Using the calculated partition coefficiesmisl dehydration amount at edeiT
stage, they calculated the removal of the elentem the rock during progressive
dehydration. Their model indicates that duringgbbduction of slab with pressure
range of 1.5 to 2.5 GPa, 60% and 40% of boron i#imdrin would be removed from the
rock, respectively. It should be noted that thalcualation are based on the low initial
concentration of boron and lithium (B = g@/g and Li = 14.g/g). On the other hand,
natural rock observation of Nakano and Nakamur@1p@nd Bebout et al. (2013),
using a series of metapelitic rocks, indicate thtadle rock content of boron and lithium
are almost independent from the metamorphic griadeially, the whole rock boron
content reported in Nakano and Nakamura (2001) seeshow slight decrease with
the metamorphic grade. The reported compositiorgebbut et al. (2013) also indicate
the slight decrease of boron and lithium duringghegressive dehydration of the
subducting slab. This is partly depending of th@Mhock composition. Marschall et al.

(2007) uses altered MORB composition for the calitoh while Nakano and
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Nakamura (2001) and Bebout et al. (2013) investdjpelitic rocks, therefore,

calculation of Marschall et al. (2007) ignores finecipitation of tourmaline.

Our simple calculation suggests that the degrexenfient loss from the
subducting slab is not so large, even though thmeved fluid has high concentration of
lithium and boron. This is because the removed amoithe aqueous fluid is small.
Therefore, if we consider the precipitation of boend lithium as minerals such as
tourmaline and lepidolite, boron and lithium areameed more strongly in the solid
phase. Precipitation of tourmaline is common phesmmarin the pelitic rock system and
therefore releasing of boron from pelitic rockexpected to be limited. This is
consistent with the natural sample observationaidho and Nakamura (2001) and

Bebout et al. (2013).

Ascending of thefluid from the slab surface

As mentioned-above, Ikemoto and Iwamori (2014)aatkd the disequilibrium fluid
transport from the slab surface to the meltingardielow the arc volcano. Based on
the model calculation of Caciagli et al. (2011)wewer, lithium transport from the
subducting slab surface to the top of the mantlégeas very limited due to the
downgoing mantle flow.

The similarity in the chemical compositions betweeep fluids stored in the
subduction-related metamorphic rocks and the Arippa-hydrothermal fluids attested
the possibility that Arima-type hydrothermal fluidee originated from the dehydrated
fluid from the subducting slab. These facts sugtiesdtthe transport of the key element,
I.e. lithium, is possibly accomplished by disedurilum process. As the simplest case,

disequilibrium fluid transport is expected for tttgannelized fluid flow, which would
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reduce the contacting surface between fluid and pblase. Although ascending rate,
degree of the reaction, and other detailed prooassecting deep-origin B- and Li-
enriched fluid and Arima-type hydrothermal fluiceastill unraveled, present
geochemical data indicate that disequilibrium fltreshsport is one of the major

processes taking place in the subduction zone.

Most of the previous studies have estimated “dee@ €omposition” by either:
1) qualitatively by some key signature observethéassociated solid phases; or 2)
assuming chemical equilibration using partitionfonts. Such method is, of course,
powerful and useful for investigating the geochahaharacteristic of the fluid activity
in the subduction zone. However, such approaches di#ficulty to treat the
disequilibrium process quantitatively. In this tisesve have attested the approach
investigating fluid composition directly by usingep-origin fluid inclusions preserved
in the metamorphic quartz. The obtained data haveiged a picture of deep fluid
activity qualitatively similar to those previouslyown, and attested the idea of
disequilibrium fluid ascent in the subduction zoAkhough trace element analyses of
individual fluid inclusions still have difficultythe crush-leach method combined with
conventional petrographical observations providesféil information on the chemical
characteristics of the deep fluid in the subductione. Future work should focus on the
chemical compositions of individual fluid inclusioelated to the crystal growth of the
metamorphic minerals, which would open up the higgoslution knowledge of

pressure-temperature-time-fluelolution in the plate convergent margins.
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Fig.2.1. (a) Areal distribution of the Sanbagawa metamorphic belt in SW Japan. (b) Simplified metamorphic

|
200 400

zonal map of central Shikoku with the sample locality of the later stage quartz vein collected in the
Asemigawa area (10AS18). The dashed line shows the newly proposed boundary of eclogite-nappe in the
Besshi area (Aoya et al., 2013). Abbreviations of eclogite units are: Tonaru, TN; Seba, SB; Higashi-Akaishi,
HA; Western Iratsu, WI; Eastern Iratsu, EI. (c) Lithological map of the study area of the Western Iratsu body
(Kugimiya and Takasu, 2002) and sample localities. (d) Lithological map of the study area of the Seba body
(Aoya, 2001) and sample localities. (e) Simplified metamorphic zonal map of the Wakayama area after
Makimoto et al. (2004) and sampling localities. (f) P-T estimation of the Western Iratsu body, Seba body and
non eclogitic part of the Sanbagawa metamorphic belt (Enami et al., 1994; Aoya, 2001; Zaw et al., 2005;
Endo, 2010).
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Fluid inclusion

Fig.2.2. Schematic image of vein formation and fluid activities suffered by the metamorphic rock.
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(2) WS02 g | (b) IR27

Fig.2.3. Typical outcrop photos of (a-c) foliation parallel quartz veins from the Wakayama and Besshi areas;

(d) foliation-cutting vein in the Asemigawa area (10AS18).
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(b) TR04

Fig.2.4. Typical quartz fabrics of (a-b) coarse grained P-type veins; (¢) DI-type vein; (d) DD-type vein.
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(a) IR04a intragranular plane : . (b) IR27a transgranular plane

(d) IR28a -type 4B

(e) fluid 1nclus10ns arranged (f) type 2B solid phase

at subgrain boundaries

10 pm \

———— bubble

Fig.2.5. Typical occurrences of fluid inclusions. (a) Fluid inclusions arranged along intragranular planes

(IR04a). (b) Type 2B fluid inclusions which are characterized by high-saline aqueous fluid, and are generally
arranged along transgranular planes (IR27a). (c) Typical fluid inclusions of type 1B which are characterized
by diluted aqueous fluid and are generally arranged at transgranular planes. (d) Dark colored type 4B fluid
inclusions which are characterize by anhydrous composition and are generally arranged at transgranular
planes. (e) Fluid inclusions arranged at subgrain boundaries observed in 10AS18. (f) Close-up photo of
inclusions of IR27a composed of aqueous fluid and CH,-N, gas. (g) A type 3 inclusion of SSB03 containing
solid, bubble and liquid phases.
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Fig.2.6. Histograms of the results of microthermometry. (a) and (b) are ice melting temperature of type 1 and

2, respectively. (c) and (d) are homogenization temperature of type 1 and 2, respectively.
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Fig.2.7. Hydrochemical characteristics of the crush-leached fluids plotted in a Piper’s diagram. Ternary
diagrams in the left-bottom and right-bottom show relative compositions of cations [Mg?*-Ca?"-(Na, K)*] and
anions [SO,>-HCO,-CI], respectively. Asterisks (*) indicate data obtained from P-type quartz veins. The

rhomboid-cation-anion plot shows that Na and CI are primary components in P-type quartz veins.

85



(a) B x 500 (b) B x 500

Chlorite zone WS04
Garnet zone

Ab-Bt zone &s02 A
Olg-Bt zone
Eclogite-facies

ydrochemical characteristics
(ONa-Cl type
/\ Intermediate type
[] X-HCO3 type

Metamorphic grade

T

IR27

Cl Lix 2000 Cl Lix 2000
(d) B x 500

Diagenetic dehydration fluid
from smectite (O10)

Mixing/Transition on
diagenetic fluids (O10)

-

Modern
seawater,
Squeezed pore water ¥,
from marine sediments®,

(010 '

Cl Lix 2000 Cl Lix 2000

e——
Li/Cl range of Arima-type
hydrothermal fluid (K14)

Fig.2.8. B-Li-Cl ternary diagram plotted after Ohsawa et al. (2010). (a-b) Compositions of crush-leached
fluid concerning the lithotype of host rock, for (a) metasediment and (b) meta-mafic rock hosted veins,
respectively. Shape of marks and filled colors show hydrochemical characteristics of major components and
metamorphic grade of host rocks, respectively. (¢) B-Li-Cl compositions of fluid inclusions contained in
olivine and calculated B/Cl ratio of the dehydrated fluid and mass balance calculation results obtained from
serpentinite dehydration (Scambelluri et al., 2004). (d) Compositions of hydrothermal fluids obtained from
hot springs in the fore-arc region in SW Japan (Ohsawa et al., 2010; Amita et al., 2014) and Li/CI range of
Arima-type hydrothermal fluids (K14: Kazahaya et al., 2014). O10 and A14 represent Ohsawa et al. (2010)
and Amita et al. (2014) respectively. Among the data points of Amita et al. (2014), S1 and S2 are obtained

from the Shikoku area, W is from the Wakayama area, and O1 and O2 are from the Oita area.
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Fig.2.9. Partition coefficient data of B and Li between whole rock and aqueous fluid (concentration in rock/
concentration in aqueous fluid). Methods used in previous studies are also summarized in the right column.
Numbered boxes are samples used in this study. Numbers refer: (1) WS04; (2) WS02; (3) 07113002; (4)
SDO09; (5) IR28; (6) IR27; (7) SSB03; (8) SSB04; (9) SEBA; (10) SSB19; (11) IR04.
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X /

Fig.2.10. (a) Summary of the relationship between fluid composition and fabrics of quatz veins. P-type veins

are considered to preserve the deep-origin features, whereas deformed type veins are considered to be

overprineted at shallower depths. (b) Schematic image of the fluid occurrence in the subduction zone.
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Fig. 2.11. Compile of the previously studied partition coefficient between aqueous fluid and solid phases for

(a) boron and (b) lithium. Abbreviations for the references are as follows: H95, Hemming et al. (1995); Br98§,

Brenan et al. (1998); THO04, Tenthorey and Hermann (2004); S04, Scambelluri et al. (2004); K05, Kessel et

al. (2005); M06, Marschall et al. (2006); C11, Caciagli et al. (2011); M11, Martin et al. (2011); D12,

Decarreau et al. (2012).
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Table 2.2. Representative chemical composition of amphiboles

Sample WS04  WS02 07113002 SD09 1IR28 IR27 SSB03 SSB04 SEBA SSB19 IR04
Mineral Amp Amp Amp - Amp Amp Amp Amp Amp Amp Amp
SiO2 55.37 53.14 5421 - 4549 4456 4836  48.62 4243 4759 4585
TiO2 0.00 0.21 014 - 0.40 034 0.45 0.47 0.32 0.53 0.48
ALO; 1.26 4.16 .70 - 14.52 15.25 10.52 10.30 14.96 12.21 14.51
Cr0;3 0.00 0.09 0.00 - 0.06 0.00 0.02 0.02 0.00 0.00 0.01
FeO* 14.65 10.62 13.59 - 12.62 13.52 13.76 14.76 19.13 13.94 13.65
MnO 0.32 0.20 040 - 0.08 0.07 0.22 0.08 0.10 0.06 0.17
MgO 14.42 16.01 1522 - 11.69 10.37 11.61 12.10 7.48 11.40 11.17
CaO 11.76 10.13 10.19 - 9.63 10.23 8.11 7.42 10.14 8.57 10.32
Na.O 0.78 2.15 1.67 - 2.62 2.53 385 3.67 3.06 3.92 224
K20 0.10 0.12 0.09 - 0.44 0.46 045 0.35 0.78 0.52 0.37
BaO 0.02 0.00 006 - 0.03 0.04 0.00 0.14 0.00 0.01 0.02
F 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-O=F 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.01 0.00 0.00 - 0.00 0.01 0.00 0.00 0.00 0.00 0.00
-O=Cl 0.00 0.00 000 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 98.64 96.82 9720 - 97.55 97.33 97.35 97.75 98.40  98.72 98.78
Number of ions on the basis 0f23 O -
Si 7.92 7.58 777 - 6.50 6.46 6.98 6.91 6.30 6.79 6.51
Ti 0.00 0.02 001 - 0.04 0.04 0.05 0.05 0.04 0.06 0.05
Al 0.21 0.70 029 - 245 2.61 1.79 1.72 2.62 2.05 2.43
Cr 0.00 0.01 000 - 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.11 0.38 053 - 0.71 0.41 0.49 1.03 0.46 -6.64 0.62
Fe** 1.65 0.88 1.10 - 0.80 1.23 1.17 0.73 1.92 7.86 1.00
Mn 0.04 0.02 005 - 0.01 0.01 0.03 0.01 0.01 0.01 0.02
Mg 3.07 3.40 325 - 2.49 2.24 2.50 2.56 1.66 243 2.37
Ca 1.80 1.55 1.57 - 1.47 1.59 1.25 1.13 1.61 1.31 1.57
Na 0.21 0.59 046 - 0.73 0.71 1.08 1.01 0.88 1.08 0.62
K 0.02 0.02 002 - 0.08 0.09 0.08 0.06 0.15 0.10 0.07
Ba 0.00 0.00 0.00 - 0.00 0.00 0.00 0.01 0.00 0.00 0.00
F 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 2.3.

Representative chemical composition of micas

Sample WS04  WS02 07113002  SD09 1IR28 IR27 SSB03 SSB04 SEBA SSB19 1IR04
Mineral Ph Ph Ph Ph Ph Ph Ph Ph Ph Bt Ph Ph
SiO2 51.09  49.82 4830 48.19 4860 4895 4944 5007 50.09 3738 5028  49.35
TiO2 0.07 0.27 0.22 0.21 0.51 0.55 0.47 0.60 0.34 1.29 0.43 0.73
ALO; 2296  26.58 2395 2973 3235 3098 2682 2635 2761 16.05 2775 3211
Cr0; 0.09 0.07 0.00 0.03 0.01 0.03 0.20 0.03 0.00 0.03 0.00 0.05
FeO* 5.08 344 7.22 3.02 1.39 1.66 4.00 3.70 2.46 18.96 293 1.76
MnO 0.03 0.00 0.10 0.00 0.02 0.00 0.00 0.00 0.00 0.08 0.00 0.09
MgO 431 342 3.01 247 1.84 2.10 291 3.00 3.03 10.60 2.97 2.12
CaO 0.09 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.04 0.03
Na.O 0.07 0.52 0.12 0.65 1.27 1.47 0.74 0.63 0.71 0.12 0.66 0.89
K20 10.70 10.62 10.92 9.88 9.01 8.92 10.13 10.06 10.24 9.45 10.12 8.87
BaO 0.04 0.14 0.19 0.03 0.39 0.28 0.21 0.05 0.12 0.08 0.10 0.25
F 0.00 0.02 0.00 0.04 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00
-O=F 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
-O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 94.49 94.75 9385 9417 9497 9470 9472 9443 9447 9395 9518  96.00
Number of the ions on the basis of 11 O
Si 3.50 3.38 3.44 3.26 322 3.26 3.36 3.39 3.37 2.88 3.37 323
Ti 0.00 0.01 0.01 0.01 0.03 0.03 0.02 0.03 0.02 0.07 0.02 0.04
Al 1.85 2.12 2.01 2.37 2.53 243 2.15 2.11 2.19 1.46 2.19 248
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe** 0.15 0.13 0.11 0.10 0.03 0.05 0.14 0.10 0.06 0.00 0.08 0.05
Fe** 0.14 0.07 0.69 0.07 0.04 0.04 0.09 0.11 0.08 1.22 0.09 0.05
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Mg 0.44 0.34 0.32 0.25 0.18 0.21 0.29 0.30 0.30 1.22 0.30 0.21
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.07 0.02 0.08 0.16 0.19 0.10 0.08 0.09 0.02 0.09 0.11
K 0.93 0.92 0.99 0.85 0.76 0.76 0.88 0.87 0.88 0.93 0.86 0.74
Ba 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01
F 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 7.05 7.05 7.60 7.02 6.97 6.98 7.04 7.00 7.00 7.80 6.99 6.92
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Table 2.4. Representative chemical composition of apatites

Sample WS02 07113002 SD09 1R04
Mineral Ap Ap Ap Ap
SiO2 0.04 0.02 0.05 0.00
TiO2 0.09 0.03 0.24 0.00
ALOs 0.00 0.00 0.00 0.01
Cr03 0.02 0.04 0.03 0.00
FeO* 0.08 0.13 0.05 0.15
MnO 0.05 0.04 0.00 0.02
MgO 0.01 0.03 0.00 0.05
CaO 55.16 55.28 55.29 54.62
Na20 0.00 0.00 0.00 0.00
K20 0.00 0.01 0.01 0.00
P20s 4533 44.08 45.93 42.65
BaO 0.00 0.00 0.00 0.00
F 2.95 2.89 3.72 2.39
-O=F 1.24 1.22 1.57 1.00
Cl 0.00 0.00 0.00 0.02
-O=Cl 0.00 0.00 0.00 0.00
total 102.49 101.33 103.75 98.88
Number of cations on the basis of 26 (O, OH, F, Cl)
Si 0.01 0.00 0.01 0.00
Ti 0.01 0.00 0.03 0.00
Al 0.00 0.00 0.00 0.00
Cr 0.00 0.01 0.00 0.00
Fe** 0.01 0.02 0.01 0.02
Mn 0.01 0.01 0.00 0.00
Mg 0.00 0.01 0.00 0.01
Ca 9.33 9.51 9.13 9.72
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
P 6.06 5.99 5.99 6.00
Ba 0.00 0.00 0.00 0.00
F 1.47 1.47 1.81 1.25
Cl 0.00 0.00 0.00 0.01
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Table 2.7. Experiments and natural sample observation for the boron and lithium vs. fluid partitioning.

Reference Applicable rocks/minerals Studied elements P-T conditions

vs. aqueous fluid

Berger et al. (1988) Chl, Sme, Zeo Li, Rb, Cs vapor pressure, 50-260°C
Hemming et al. (1995) Ca-/Mg-carbonate B 100KPa, 20°C

Kogiso et al. (1997) mafic rock (amphibolite) Li, Be, LILE, REE 5.5 GPa, 900°C

Brenan et al. (1998) Cpx, Grt Li, B, Be, Nb 2.0 GPa, 900°C

Johnson and Plank (1999) sediment Li, Be, LILE, REE 2-4 GPa, 650-900°C
Scambelluri et al. (2004) ultramafic rock Li,B 2-2.5 GPa, 550-800°CN
Tenthorey and Hermann (2004) ultramafic rock Li, B, Be, LILE 3.0 GPa, 750°C

Kessel et al. (2005) mafic rock (altered MORB) Li, B, Be, LILE, REE, HFSE 4 GPa, 700-900°C
Marschall et al. (2006) mafic, felsic Li, B, Be 0.6-2.0 GPa, 400-500°C~
Caciagli et al. (2011) Cpx, O, P1 Li 1.0 GPa, 800-1100°C
Martin et al. (2011) Law, Zo Li, B, Be, LILE, REE, HFSE 3.0-3.5 GPa, 650-850°C
Decarreau et al. (2012) Sme Li equilibrium water pressure, 75-150°C

N indicates the data obtained from the natural samples.
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Table 2.8 Calculated fluid composition.

salinity concentration in estimated original
(mass%)  extracted fluid (ng/g)  concentration (ug/g)
Li B Li B
IR27a 7.7 64 38 347 203
SSB3a 12.4 16 59 219 808
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