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ABSTRACT

The relationships between the relative B-Li-Cl casifons of deep fluids and their entrapment
depth were investigated by means of geochemicdiestwof fluid inclusions in foliation-parallel
guartz veins using the crush-leach method and ctioreal petrology. Investigated samples were
collected from the Sanbagawa metamorphic belt, 89, covering the metamorphic grade from
the pumpellyite-actinolite facies (300 °C/ 0.5 GRalhe quartz-eclogite facies (550-650 °C/ 1.5-2.5
GPa). We took a special care on the relationshiywd®n arrangements of fluid inclusions and grain
fabric of their host quartz to evaluate the entrapntiming of fluid inclusions. Our results shovath
guartz veins can be classified into three groupggdan their fabrics: polygonal type (P-type),
deformed-interlobate-grain type (DI-type) and psivaly-deformed-domain type (DD-type). P-type
fabrics in the studied samples indicate texturabtment under the conditions of very low
differential stress with relatively high temperaand free from subsequent brittle deformations,thu
the corresponding fluid inclusions should have beapped during the peak metamorphic stage or in

the early stage of exhumation. On the other hatutjds of DI- and DD-type, such as largely
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deformed lamellae and undulatory extinction, acught to be formed under high differential stress
and low temperatures (<400 °C) during the lategestaf exhumation. Fluid inclusions in DI-/DD-
type veins are thought to be trapped in associatiinthe later-stage deformation event and
corresponding fluid infiltration. P-type veins tetmcontain relatively high saline aqueous fluis (
10 mass%ucieq and their compositions are mainly Na-Cl dominaf@d/DD-type veins contain

dilute aqueous fluid (<5 massieie9 and some of them are characterized by the doroenah

HCG; in anions. The relative B-Li-Cl compositions oétbktudied fluids are characterized by high
(B+Li)/Cl ratio, which is characteristics of theifa-type hydrothermal fluids, thought to be dirgctl
derived from the subducting-slab at the presem-&c region of the Japanese island chain. The Li/B
ratios of the studied fluids show a large variafimm a low value of 0.02 in the pumpellyite-
actinolite facies/ DD-type sample to a high valfid.89 in the eclogite facies/ P-type sample. These
results suggest that high-saline and B-Li-enrictha&ds are supplied from subducting slabs to the

hanging wall mantle wedge in the subduction zone.
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1. Introduction

Aqueous fluids in subduction zones play an impdntale in geochemical and geophysical

processes, such as slab seismicity, arc magmatistamorphism, mantle metasomatism, and the
2



transport of several components from the surfacke&p parts of the Earth (Tatsumi, 1989; Bebout,
2007; Hacker, 2008). Such fluids are generallydveld to originate from mineral-bound water in
hydrous minerals in the subducting materials, aré{luids carried by oceanic sediments. The
latter are occasionally assumed to be expelleémtshallow depths (<~5 km) due to compaction
(Peacock, 1990; Jarrard, 2003; Hacker, 2008); hewwsome amount of marine pore-fluids survive
at depths of ~100 km (Sumino et al., 2010). AltHodghydrated aqueous fluids have been treated as
pure water as a first approximation in many presistudies, natural agueous fluids found from
metamorphic rocks are actually aqueous solutioaisdbntain several solutes, sometimes showing
higher salinity than halite saturation (Yardley &®Bam, 2002). The solute of the aqueous fluids,
such as the chlorine content, significantly incesathe solubility/mobility of crustal components
such as silicate minerals and also REE(rare ethemts)-bearing minerals (e.g., Newton and
Manning, 2010; Higashino et al., 2013), thus thenasical compositions of major elements in natural
deep fluids provide indispensable information foderstanding the role of deep fluids in subduction
zones.

Minor light elements such as Li, B and Be are thug be good tracers during fluid migration
and fluid-rock interaction including hydrotherméteaation in oceanic crusts and
dehydration/hydration reactions in subduction zqBebout, 2007; Bebout et al., 1999; Konrad-
Schmolke et al., 2011; Marschall et al., 2009; Beglfet al., 1984). Those elements tend to be
relatively highly concentrated in altered oceamigsts and pelagic sediments (Donnelly et al., 1980;
Shaw et a| 1977; Leeman & Sisson, 1996) because of thetieigiperature hydrothermal process
(Seyfried et al., 1984). To quantify the mass tpansduring the subduction zone processes,
behaviors of Li, B and Be in hydrothermal systemgehbeen investigated experimentally (You et
al., 1996; Kogiso et al., 1997; Brenan et al., 29@hthorey & Hermann, 2004; Kessel et al., 2005).
Experimental and natural sample studies have datedpreliminary estimates of partition

coefficients of these elements (Brenan et al., 1988thorey & Hermann, 2004; Marschall et al.,
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2006). Based on simple mass balance calculationse studies indicated that the concentration
ratios of the above-mentioned elements in flugl, Be/B, B/CIl, and Li/B, increase with dehydration
degree, that is to say, the development of metanmrp(Bebout et al., 1993; Scambelluri et al.,
2004; Marschall et al., 2007). It should be noteat such mass balance calculations are strongly
depending on the whole rock compositions and rélateole rock partition coefficients (Domanik et
al., 1993; Marschall et al., 2007; Yoshida et20]11).

Recent geochemical studies of hot- and minerahgprindicate that B- and/or Li-rich hot-
spring waters are directly derived from the subihgeslab to the surface region upward to the
crustal surface (Ohsawa, 2004; Ohsawa et al., Zdfahaya et al., 2014). Ohsawa (2004) and
Kazahaya et al. (2014) suggested that the high La#® of hot-spring water is an indicator of the
deep-origin slab derived fluid, so called Arima-dypydrothermal fluids (Matsubaya et, d1973).
Such fluids are characterized by high salinityO value, andHe/"He ratio with lowsD compared
to the modern sea water. Ohsawa et al. (2010)palsted out that the composition of hot-spring
waters collected from the Miyazaki plain, in thegf@rc region of southwest Japan, are high in B
concentrations, and that their high B/CI ratio aiiginated from the diagenetic dehydration of
smectite at around 130°C. They showed that somand-B-rich spring waters originated from
diagenetic/metamorphic processes and also expedesubsequent groundwater dilution.

Fluid inclusions preserved inRA_T metamorphic rocks provide direct information oa th
subduction-related fluids which develop under threfarc to sub-arc region, and provide clues to
interpret the results of the geochemical studiestioeed above. However, few studies deal with the
trace element chemistry of the fluid phase, becatiiee difficulty of the analysis mainly derived
from the small size of fluid inclusions, even thbwgnumber of fluid inclusion studies have been
performed with respect to the metamorphic andfctotéc processes (Boullier, 1999; Kister &
Stockhert, 1997; Bakker & Mamtani, 2000; Touret)20Van den Kerkhof, 2001; Krenn et al.,

2008; Nishimura et al., 2008; Krenn, 2010). Onesfids solution to this problem is the crush-leach
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method (Bottrell et al., 1988; Banks & Yardley, 29@pplied to quartz veins developed in parallel
with the main foliation of the metamorphic rocksyieh are capable of retaining pre-peak-/peak-
metamorphic stage fluids as fluid inclusions (Nistira et al 2008; Yoshida & Hirajima, 2012).

In order to directly determine the chemical composs of deep fluids and evaluate their
signature with respect to their entrapment depthcarried out systematic sampling of foliation-
parallel quartz veins in the Sanbagawa belt, Japhith covers the formation depths from ca. 15
km to 60 km, and performed petrographical and gewdtal studies on fluid inclusions. Our results
show that fluid inclusions in such quartz veinsdighly Li- and B-enriched compositions similar
to those of Arima-type hydrothermal fluids. In atlgh, among the studied samples, quartz veins
with less-deformed textures retain fluid inclusiovith higher salinities, though still high Li/Cl
and/or B/Cl compositions. In this paper, we showiode of occurrence and chemical
characteristics of fluid inclusions trapped in daateins. We also discuss the relative B-Li-Cl
compositions of the fluids and their significanoegeofluid evolution during prograde
metamorphism in subduction zones. Mineral abbrmriatused in this paper are after Whitney and

Evans (2010).

2. Analytical method

2.1. Mineral chemistry

Chemical compositions of minerals were analyzeth art electron microprobe analyzer with five
wavelength-dispersive spectrometers (JEOL, JXA-8aD%he Department of Geology and
Mineralogy, Kyoto University. Some qualitative aseimi-quantitative analyses were also performed
on a scanning electron microprobe (HITACHI, S-35p@Huipped with an energy-dispersive

spectrometer (EDAX, Phoenix) at Kyoto University.

2.2. Microthermometry



Microthermometric measurements of fluid inclusieovexe performed using a heating and cooling
stage (LINKAM, LK-600) at the Department of Geologryd Mineralogy, Kyoto University. The
stage was calibrated with a melting-point of sythithi#uid inclusion standards (10 mass% NaCl
solution and pure water). The accuracy of the ieting temperatures within the range -80 to 0 °C
was estimated to be +0.1 °C at a heating rate®6fiain, and for the homogeneous temperatures
within the range from 0 to 400 °C, was + 1 °C heating rate of 10 °C/min. Melting temperatures of
aqueous fluids were converted into Na-Cl equivasatinity (mass%ucieq using the equation of

Bodnar (1993).

2.3. Fluid inclusion chemistry

The qualitative analysis of fluid inclusions wasread out by using a laser RAMAN
spectrophotometer (JASCO, NRS-3100) at the DepattofeGeology and Mineralogy, Kyoto
University using the 514.5 nm line of Ar-ion at 80-mW with a spot size of 1j{m on the surface.
Calibration was performed using a 520t8i-wafer band and neon spectrum.

To determine the chemical characteristics of theeags fluid of fluid inclusions, we extracted
fluids using the crush-leach method after Botteekl. (1988) and Banks and Yardley (1992). To
prepare pure quartz grains, the vein sample waghigerushed and sieved into 425-2Q00 size.
Quartz grains without extraneous matters were hakedg under a stereoscopic microscope.
Separated quartz grains were boiled in concentratad acid and rinsed with ultrapure water to
eliminate impurities. Some 50 g of cleaned samge milled into white powder in an agate mortar,
in order to crush-out the fluid inclusions. Theledl powder was, then, transferred to a Teflon eottl
and a solute of fluid inclusions were leached WBitk60 mL of ultrapure water (Wako Pure
Chemical Industries, Ltd.: solutes are less thapdl@ in each element) as a “fluid inclusion
solution” for major/trace component analysis. Takison sample with quartz powder was filtered

out with 0.22 pm mesh filter before chemical analya’, K*, C&*, Mg, NH,*, F, CI and SG*
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were analyzed by an ion chromatography (DIONEX, I20) at the Institute for Geothermal
Sciences, Kyoto University, Beppu, Japan. The bmaate ion content was calculated by the
valance of charge. Li and B were analyzed by ICPa#$OSOH Analysis and Research Center,
Nan-yo City, Yamaguchi, Japan. Blank values fordhesh-leach technique were obtained either by
water soaked in a Teflon bottle for about 12 hdarmsvaluate the contamination from the Teflon
bottles (blankl), by rubbing the agate mortar amaking ultrapure water into the mortar to be
treated in the same manner as the samples footitamination from the air and mortar (blank2).
The values obtained from the blankl is near zedoregligible, while blank2 contained a low
amount of Li (0.1ug/L) and a considerable amount of B (fdiL), which were subtracted from the

raw data of the sample concentrations.

3. Geological background

Studied samples were collected from the Sanbagastamorphic belt, which is exposed in
southwest Japan (Fig. 1a). The Sanbagawa metamdrehiis divided into four mineral zones based
on the mineral assemblages of pelitic schists (ta&aBanno, 1974; Enami, 1982; Higashino,
1990): chlorite, garnet, albite-biotite and oligasz-biotite zones. Peak metamordPH€ conditions

of the four mineral zones were estimated as 30Q %GPa for the lowest grade chlorite zone which
is pumpellyite-actinolite facies equivalent, througt0—480 °C/ 0.7—-0.85 GPa for the garnet zone
and 520-540 °C/ 0.8—0.95 GPa for the albite-biatitee, to 610 °C/ 1.0 GPa for the highest grade of
oligoclase-biotite zone which is epidote-amphileofdacies equivalent (Enami, 1994). In central and
eastern Shikoku, eclogite facies rocks are alsallppresent (Takasu, 1984; Wallis & Aoya, 2000;
Ota et al., 2004). These eclogitic rocks show aguree gap against the surrounding non-eclogitic
rocks, and some of them show different metamorpisiories before the juxtaposition with above-

mentioned non-eclogitic rocks of the Sanbagawa(hekasu, 1984; Kunugiza et al., 1986).
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Specifically, the investigated samples were cadlédtom the Besshi area in central Shikoku
(Fig. 1b) and the Wakayama area on Honshu Islaigd {E). In the Besshi area, two eclogite units,
the Western Iratsu (WI) body and the Seba (SB) badg their neighboring non-eclogitic areas (Fig.
1c/d) were investigated. The WI body is thoughtaoe undergone two distinct stages of
subduction-related metamorphism, referred as M1IM2dwhose peak metamorphic conditions
were estimated as ca. 660 °C/ 1.2 GPa and 550&3804-2.0 GPa, respectively (Fig. 1f: Endo,
2010; Endo et al., 2012). Peak metamorphic conditaf the Seba body are estimated as 520-640
°C/ 1.3-2.4 GPa (Aoya, 2001; Zaw et aD05). Recent studies found remnants of ecldgaies
metamorphism around these eclogite bodies by Ranienoscopy and indicated the areal extension
of the eclogite facies metamorphism (e.g., Kouketsai., 2010; 2014). As a result, these eclogite
bodies are considered to have consisted in a eomigeclogite-nappe at eclogite facies conditions
and have been juxtaposed with non-eclogitic roogether (Fig. 1c: Aoya et al., 2013; Wallis and
Aoya, 2000). The surrounding part of these eclagtiés mainly belong to the albite- and oligoclase-
biotite zone of the Sanbagawa metamorphic belt.pBzs1of lower metamorphic grades were
collected from the Wakayama area where the ch|agdaenet and biotite zones are exposed (Fig. le:
Makimoto et al., 2004). Since oligoclase is noteskied in the biotite zone, the biotite zone of the
Wakayama area is thought to be equivalent to thieeabiotite zone of central Shikoku. Thus, the
samples investigated in this study cover the peaggure range of 0.5-2.5 GPa and the temperature

range of 300-610 °C (Fig.1f).

4. Investigated samples

In order to determine the deep fluid charactesstice studied quartz veins developed parallel with
the main schistosity of the host rocks (hereaftBation-parallel quartz vein) (Fig. 2a-c). Somenge
show the boudinaged shape concordant with the mbetoon structure of the host metamorphic rock

indicating pre-tectonic existence of veins (Fig. @awhereas others display a foliation-parallel
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occurrence concordant with the less deformed strecif the host rock (Fig. 2b). Such kind of veins
has a potential to retain the fluid trapped dupnagrade or near-peak metamorphic stages
(Nishimura et al., 2008; Yoshida and Hirajima, 20I2e studied veins are almost monomineralic,
except for some samples containing very small amoluaccessory minerals such as rutile and
phengite. Six samples from the non-eclogitic arghfave samples from the eclogite unit were
investigated in this study. A quartz vein samplesscutting the main schistosity of the host rock wa
also investigated to reveal the character of fagtivity during the very later stage of exhumatodn
the Sanbagawa belt (Fig. 2d). In this section, e&cdbe the characteristics of the host rocks.
Volume fractions of the main constituent minerdlghe host metamorphic rocks were
determined using X-ray mapping of major elementsfoe samples (Table 1). For the other two
samples, simple point counting based on either-sgrantitative multi-point analysis using EDX
(Matsumoto & Hirajima, 2006) or optical microscoisservation was performed. Among the
investigated samples, no boro-minerals or possibia-mineral were observed. Representative
chemical compositions of mica, amphibole, and épathich are candidate for the container of the
halogens at peak metamorphic conditions, are showre supplementary material (Table S1-S3).
However, all mica and amphibole contain no or searnount of halogens (mostly <0.01 wt%) and
there is no obvious relationship between halogenerd of minerals and fluid inclusion composition
described in the following section. Apatites obserin some samples also contain small amount of

Cl (up to 0.2 wt%) and are classified as fluorapdfrable S3).

1. Chlorite zone (mafic: WS04)

One mafic rock sample (WS04) was chosen as a mqed/e sample for the chlorite zone. WS04 is
composed of the main metamorphic minerals: epiddtierite, actinolite, phengite, albite, titanite
and quartz with a small amount of chalcopyrite ek atage calcite veins cutting the main schistosity

are locally developed.



2. Garnet zone (mafic: WS02)

The investigated mafic schist (WS02) mainly cosstdtepidote, chlorite, amphibole, albite and
phengite with small amounts of calcite, titanitel apatite. Later-stage calcite veins are also
observed. Albite porphyroblasts contain epidotégriie, amphibole, quartz, calcite and titanite.

Compositions of amphibole are from actinolite togmasiohornblende.

3. Albite-biotite zone (mafic: 07113002)
This sample mainly consists of albite, phengitéd@je, amphibole, titanite and calcite with
accessory apatite and chalcopyrite. Compositiotseamphiboles are barroisite and

magnesiohornblende.

4. Albite-biotite zone (pelitic: SD09, IR28)

These samples are mainly composed of quartz, pteertplorite, albite and garnet with additional
phases such as apatite (SD09) and amphibole (IRB8)garnet shows Mn bell shape type zoning
with Xspsup to 0.31 at their apparent core. SD09 was delkcear the boundary between the
suggested eclogite-nappe and the surrounding Igveele part, however, no remnant of eclogite-
facies metamorphism was found in the SD09 samiples, this sample is treated as a non-eclogitic

sample.

5. Oligoclase-biotite zone (pelitic: IR27)
IR27 is a metapelite composed of quartz, phengiégjioclase, garnet, amphibole and epidote with
small amounts of iron oxide and rutile. Plagioclasatains anorthite component up to 10 mol%.

The garnet shows Mn bell shape type zoning wighs Xp to 0.26 at their apparent core.
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6. Eclogite unit (mafic: SSB03, SSB04, SEBA, SSB19)

Four mafic rocks were collected from the Seba etdgpdy. They consist mainly of quartz,
phengite, garnet, chlorite, amphibole, epidoteleand hematite. SEBA and SSB19 contain
clinopyroxene (omphacite). In addition, SEBA consabiotite frequently associated with garnet,
which was probably a product of the decompressiages SSB03 and SSB04 are free of
clinopyroxene even though they are collected froendclogite unit, probably because of the bulk
rock composition. SEBA and SSB19 underwent rehyalmakeactions that decomposed
clinopyroxene to symplectite with varying degreghijch is mainly composed of amphiboles and

plagioclases.

7. Eclogite unit (metasediment: IR04)

The protolith of IR04 is thought to be a sedimepntaxck with unique composition with very low

SiO, content and contain very high amount of amphilaolé phengite (>40 vol% respectively)
(Yoshida & Hirajima, 2012). The main constituenneals are amphibole, phengite and garnet with
small amounts of retrograde chlorite and albitec&ssory rutile, apatite and quartz are also

observed.

8. Later stage vein (10AS18)

Sample 10AS18 was collected from the chlorite zofithe Asemigawa area, central Shikoku (Fig.
1b). The vein of 10AS18 crosscuts the foliatioihaf host rock, indicating that it was formed at the
later stage of exhumation after the p&ak conditions of the chlorite zone. Therefore, sample

10AS18 is thought to contain fluids trapped atldveest metamorphic conditions (<300 and <0.5

GPa) during the retrograde evolution.
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5. Macro and microscale structure of quartz veins

Macroscale observations show that foliation-pargjlertz veins collected from the WI body and its
proximal area (IR04, IR27 and IR28) are almost freen obvious deformation structure (Fig. 2b).
On the other hand, quartz veins collected fromS&ba eclogite body and the Wakayama area
experienced deformation resulting in a boudinadeghs of several degrees (Fig. 2a/c). However,
some of the boudinaged samples have less-defornmedstnucture, as described below.

The studied foliation-parallel quartz veins aresslied into two groups based on the quartz grain
fabrics: one is less-deformed polygonal fabric tipeype, Fig. 3a/b) and the other is pervasively
deformed and recrystallized type (Fig. 3c/d). Tateer type veins are further subdivided into two
groups on the basis of their grain size: interleldabric type (DI-type, Fig. 3c) with relatively
smaller grains (<~1mm) and pervasively deformedaartype (DD-type, Fig. 3d). No quartz grains
showed fibrous textures among the studied samples.

Six samples collected from the eclogite bodiestard proximal area (SSB03, SSB04, SEBA,
IR04, IR27 and IR28) are classified as P-type (Bay.b, Table 2). These veins are characterized by
polygonal fabric with coarse grains up to 5 mmiengeter, which is identical to the “foam
microstructure.” This type of texture is thoughb formed under relatively high temperatures

(>300-400C) and low differential stress in the deep crusb¢Bhert et a] 1997; Krenn, 2010;

Passchier & Trouw, 2005). Fluid inclusions in Payins are arranged along specific planes
developed in intragranular and/or transgranulamsggs.

SSB19 and SDO09 are DI-type, which is characteri@enhterlobate fabrics with grains of various
sizes. Most samples of this type show seriate griamdistribution with the largest grain size af ¢
2 mm. Coarse grains in DI-type veins sometimes sthefiermation lamellae and/or undulatory
extinction (Fig. 3c), suggesting that they undereatonic stress and deformation at low-grade

metamorphic conditions (300—400 °C). DI-type veiastain fluid inclusion comprising specific

12



planes or dusty clusters.

Samples collected from the non-eclogitic area eWakayama area (07113002, WS02, and
WSO04) and the foliation-cutting vein sample 10A8b8ected from the chlorite zone of the
Asemigawa area are classified as DD-type. MostgfddD-type veins shows no obvious grain
boundaries (Fig. 3d) and there appear the pervdsif@med domains, the sizes of which are
sometimes larger than several centimeters. Mot ificlusions in DD-type veins occur in

randomly-oriented transgranular plane developedibgrain boundaries.

6. Characteristics of fluid inclusions

6.1. Microtexture, microthermometry and chemical species

Within the studied quartz veins, single or multifiied inclusion groups (FIAs) are observed in
each sample. Microthermometric data and texturatadteristics are shown in Table 2. All the
observed fluid inclusions were arranged along graaular (Fig. 4a) or transgranular planes (Fig.
4b) except for one sample (SSB03c) containing isdléype. Among the observed FIAs, four fluid
inclusion types are identified based on their clvatrspecies and salinity of aqueous fluid: type 1)
diluted aqueous fluids near to or lower than setemsalinity (<3-5 mass%acieq; type 2) relatively
high saline aqueous fluids (>5 masa¥eq; type 3) high saline fluids exceeding halite sation;
type 4) anhydrous fluids. The ice melting tempae(li,,) as well as the total homogenization
temperatureT,) were measured for the aqueous fluid inclusiolsm&asured fluid inclusions
homogenized into one phase below 350 °C. Averalyesand ranges af, andTy, are shown in
Table 2 and histograms of the microthermometria éa¢ available as supplementary data (Fig. S1).

Type 1 fluid inclusions accompany with or withootige volatile gaseous component such as N
or CH,. Type 1 is further divided into the following ctes: type 1A arranged along intragranular

planes, type 1B arranged along transgranular planeésype 1C scattered along subgrain boundaries
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(a kind of transgranular plane, distinct from oedynones). However, microthermometry results of
these subtypes are very similar. Averdgeof type 1 inclusions are concentrated betweente)-2
2.0 °C and averaghp, are between 170 to 241 °C, except for later-lage(10AS18: T, = 137).

Type 2 fluid inclusions are arranged along intragtar (type 2A) or transgranular planes (type
2B). Averagerly, of type 2 fluid inclusions in four fluid inclusiogroups vary from -4.9 to -8.6 °C,
obviously lower (i.e., higher in salinity) than thedern sea water. Averagjgfor each sample also
show a range from 202 to 250 °C (Table 2). Typkid fn SSB03 (SSB03a) has a relatively wide
range ofT, (-3.0 to -18 °C), although the systematic relaiop between 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 salinity, exceeding leasiaituration (Fig. 49).

Fluid inclusions of type 4 are characterized bykdanior with one or two phases without®i
(Fig. 4d). They are also subdivided into intragfantype 4A and transgranular type 4B. All fluid
inclusions of type 4 containNind CH except for SSB03b, which contains only. SD09a and
SSBO04c contain C£n addition to N and CH and IR04c has the further addition of H

Estimation of the total volume of fluid inclusioosntained in a specific volume of bulk sample is
difficult, since they occur as discrete assemblad@sg healed cracks. Therefore it is difficult to
denote quantitatively which fluid inclusion growgomost dominant in the sample containing multiple
fluid inclusion groups, and thus, the abundancesach fluid inclusion group are roughly presented

in Table 2.

6.2. Hydrochemical facies of crush-leached fluids
The chemical compositions of the crush-leached$laire shown in Table 3. Note that these data do
not represent absolute concentration of each eleafi¢he fluid inclusions, but the result of dildte

“fluid inclusion solutions” obtained by the crustalch method. The ratio of the major components,
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i.e. Nd, K*, C&*, Mg*, CI', HCOs* and SQ” of the crush-leached fluid are shown in a “Piper’s
diagram” (Fig. 5, constructed after Piper, 1944)didchemical characteristics are considered based
on the most concentrated components among ani@hsations. The studied crush-leached fluids
are divided into three types: Na-Cl type, X-HE$pe (X refers to Na or K) and intermediate type.
Most fluid samples have either Cl or HE&s the major anion and are mostly free of F of. 30
Cl-dominated samples contain Na as the primarpea®n the other hand, HG@ominated
samples contain Na or K as primary cations. Twopas) 07113002 and WS02, contain
considerable amounts of both Cl and HC&nd are classified as intermediate type. Thestiwld to
be included in the intermediate type is define@.63 < CI/HCQ < 1.5 (in mass ratio).

As shown in Fig. 5, samples SSB04, SSB03, SEBA4I&W IR27 are classified as Na-Cl type,
and samples IR28, SSB19, SD09, WS04 and the lzige sein of L0AS18 are as X-Hg@pe.

Two mafic-hosted samples, 07113002 and WS02, seeniediate type.

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

Li, B and Cl characteristics of the crush-leacHawli§ are shown in the Bx500-Lix2000-

Cl ternary diagram after Ohsawa et al. (2010), eamiag with the hydrochemical characteristics and
lithotype of the vein-hosting—rock (host rock) (F&). Quartz vein samples hosted by sedimentary
and mafic rocks are shown in Fig. 6a and 6b, rdsmdg. Shape of marks and filled colors show
hydrochemical characteristics of major componentsraetamorphic grade of host rocks,
respectively.

Na-Cl type fluid extracted from metasediment-hosteihs (IR27 and IR04) have a high
(B+Li)/Cl ratio and are plotted near the B-Li sioiethe ternary diagram (Fig. 6a), although some of
them show higher salinity than modern seawaterave a high Cl content (cf. Table 2). Their Li/B
ratios are very high (1.70 and 1.99, respectivedyihpared to other samples, meaning those samples

are rich in both Li and B. Na-Cl type samples extd from mafic-rock-hosted veins were all
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collected from the Seba eclogite body. The Li/Bosabf these samples show a range of 0.10-0.44
(Fig. 6b), which are lower values than those ofrtfetasediment-hosted samples (IR27 and IR28)
(Fig. 6a).

X-HCOs type samples whose host rocks are metasedimengdl aollected from the albite-
biotite zone (IR28 and SD09). They show Li/B valoé€9.36 and 0.09, and are plotted on the B-Li
side. X-HCQ type fluids of mafic rocks also show a wide Lidhge (0.02—-0.19) irrespective of the
metamorphic grade of the host rock, which is shiglawer than those of the metasediments.

Intermediate type samples (WS02 and 07113002)oaredfonly in mafic-rock-hosted veins, as
mentioned above, and have relatively higher-Cbeatiompared to Na-Cl and X-HG&pe samples
(Fig. 6b).

As an overall trend, all crush-leached fluids frquartz veins show very high (B+Li)/Cl
compositions, though some fluid inclusions werdaiely entrapped during the later stage of the
exhumation of the rock. Li/B ratios of the fluidese to vary depending on several factors such as
host rock lithology, quartz grain fabric (defornmatihistory), and metamorphic grade. However, P-
type samples collected from high-metamorphic-gizaits, i.e. samples expected to retain the fluid
in the deep part of the subduction zone, have@etary to show a high content of both Li and B.
One typical example of high saline, Li- and B-ehed fluid is IR27 collected from the oligoclase-
biotite zone, which contains predominant type 28usions (IR27a) and a very small amount of
IR27b (type undetermined: Table 2), and thus, treposition of the crush-leached fluid are
expected to represent the composition of fluidsk@7a. The Li and B content of crush-leached fluid
from IR27 (63.89 and 3940g/L, respectively) are recalculated into the orgiconcentration of
fluid inclusions, 348 and 256y/g based on the Cl-content and microthermomesylte of IR27a.
Notably, in metasediment-hosted and mafic rockdwsamples, respectively, 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 eclogite nappdtamoximal area in central Shikoku.
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7. Discussion

7.1. Entrapment Timing of Fluid Inclusions

As fluid inclusions in the common natural sampleevgenerally trapped through the multistage
fluid activities which the host metamorphic rockdenwent, the extracted fluids obtained by the
crush-leach method usually give the integratedlre$iihe whole history of fluid activity. Therefer
careful observation of the fluid inclusion textuessociated with the deformation texture of the hos
minerals is necessary to interpret the compositodresush-leached fluids. Anhydrous type 4 fluid
inclusions are thought to have little or no condtibns to the chemical composition of crush-leached
fluids, although they do provide indispensable linfation for reconstructing the deep fluid activity
that took place in the subduction zone.

To be noted at first, “primary fluid inclusionsénsu stricto, which are trapped during the
nucleation and crystal growth process of the hasemals (quartz in this study), should be almost
absent due to the metamorphic recrystallizaticthénstudied samples. Thus we have to consider the
timing of fluid entrapment to be linked to the stagf metamorphism.

The occurrence of fluid inclusions arranged alorigagranular planes in P-type veins (Fig. 4a;
IRO4a/b and SSB04c) suggests that they were trapgfede the formation of apparent grain
boundaries, i.e. before or during the recrystdilraof the host quartz. Thus, they are interpreted
fluid inclusions trapped during the prograde orkpeeetamorphic stage. P-type textures in the
studied samples are equivalent to “foam microstmact(Stockhert et al., 1997; Krenn, 2010), and
such veins are expected to have escaped from therddion and corresponding fluid infiltration
during the later stage of exhumation. Thereforalfinclusions arranged along transgranular planes
in P-type veins also would have been trapped duhageak metamorphic stage or early stage of
exhumation with relatively high temperatures. /04 and IR27, we have also reported that the

formation of these textures took place near thé& psgtamorphic stage or at the early stage of
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exhumation (Yoshida et.al011; Yoshida & Hirajima, 2012). Furthermore, & and Hirajima
(2012) also found annular shaped fluid inclusiondR04 (IR04a) and concluded that they were
trapped at the prograde stage of the metamorphism.

On the other hand, fabrics of DI- and DD-type, esgnted by largely deformed lamellae and
undulatory extinction (Figs. 3c/d), are thoughb&formed under high differential stress and
relatively low temperature (<400 °C) (Passchierr&uw, 2005). Given the metamorphic history of
the Sanbagawa metamorphic belt, such conditionexected for the large scale deformation event
during the later stage of exhumation (e.g., Mod &vallis, 2010 and references therein). Fluid
inclusions arranged along transgranular planes-@ébD-type veins are thought to be trapped in
association with the later-stage deformation eaaatcorresponding fluid infiltration. However, the
exact timings of fluid infiltration have not beeatdrmined.

Fluid inclusions in the chlorite zone sample (WS&d{l later-stage vein (10AS18) are arranged at
subgrain boundaries (Fig. 4e). Such fluid inclusaorays may have been trapped in conjunction with
the recrystallization of host quartz veins undghhdifferential stress. Such conditions are execte

to occur at both peak metamorphic stage of therithlpone (300C/ 0.5 GPa) and the later

exhumation stage.

In conclusion, P-type veins are capable of retgiffimids trapped at pre-peak metamorphic stages,
and further of containing fluid inclusions trappdhe peak metamorphic stage or early stage of
exhumation. DI-/DD-type veins have trapped postkpaatamorphic fluid during the exhumation
stage, except for WS04, since we cannot distingihisitonditions of the peak metamorphic stage of

the chlorite zone and the exhumation stage.

7.2. Hydrochemical characteristics

The results of ion chromatography and ICP-MS amalysesented here (Table 3) can provide fruitful
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information to constrain the nature of deep fluidpped at ca. 15 km to 60 km depths. Samples
containing type 2 or 3 fluid inclusions (relativdiigher salinity fluids) tend to be characterizgd b
Na-Cl type hydrochemical characteristics, i.e. @élgsamples (IR27, IRO4 and SSB03) are Na-Cl type
(Fig. 5). On the other hand, samples free from &p@ad type3 fluid inclusions, i.e. only the dilute
fluid bearing sample in this study, show both Nay@e and X-HCQ@type fluids.

These features are closely correlated with thedsalof quartz grains in the vein: five P-type
veins (out of six) are Na-Cl type and all DI- anB{ype veins are intermediate or X-Hg®pe
(Fig. 5). The later stage vein (L0AS18) shows tlstrilCQ-rich composition. Dominance of
HCO;s is known to be characteristic of pore fluids irmnsurface fracture of continental crust
(Bucher & Stober, 2010) thus, HG@ominated composition probably indicates shallaptti fluids
that have infiltrated during the later stage ofwexiation of the Sanbagawa belt.

In a review, Yardley and Graham (2002) pointedtbat there is scarce correlation between
metamorphic grade and salinity of correspondinglfiaclusions. They also suggested that fluid
inclusions hosted in metamorphic rocks originatednfoceanic crust or accretionary prisms would
be relatively dilute fluid compared to those in ambrphic rocks derived from the continent crustal
materials. They indicated that there was a larg@atian in the salinity of such fluids, from up 1&
mass%acieqto mostly solute free for relatively high metamuigpgrades (400—700 °C). Gao and
Klemd (2001) also reported that aqueous fluidsased by blueschist-eclogite transition reaction in
Tianshan, China, have low salinities. Our datagmebere also show scarce correlation between
salinity, halogen content of minerals (Table S1;880d metamorphic grades/entrapment timing,
however, the P-type veins tend to have relativagptsaline fluid inclusions.

In this study, a correlation between quartz fabnes in the veins and hydrochemical
characteristics is observed, i.e. P-type quartas/gnds to contain Na-Cl type fluid, and DI- and
DD-type quartz veins tend to have X-Hg®pe fluids. This correlation suggests that Naypke

fluids are more likely to be produced at deepetspair subduction zones, and X-Hg®pe fluids
19



are likely to be produced at depths shallower ttakm, which are defined by the peRk

conditions (300°C/ 0.5 GPa) of the chlorite zonigh-saline aqueous fluid can be generated by the
preferential water consumption due to the hydratibtine water-unsaturated rock (e.g., Scambelluri
et al., 1997; John and Schenk, 2003). Howevergongpositions of the hydrous minerals in host
metamorphic rocks (Table S1-S3) show scarce anafithe Cl content and therefore do not
intimate the hydration reaction as the origin & khigh-salinity of aqueous fluid. The controlling

factors of salinities in fluid inclusions still renm unclear in this study.

7.3. Volatile component of fluid inclusions

Aqueous fluid inclusions investigated in this stialg commonly accompanied with Bind/or CH

(ten samples out of eleven). Chemical compositadrgush-leached fluids also suggest X-HCO
and intermediate type samples contain significardunt of HCQ. We further observed type 4
anhydrous fluid inclusion groups with (SD09a, SS80&04b) or without (IR28a, SSB03b) €O
component. Although there is a possibility thatetypfluid inclusions contain a small amount of
water undetectable by ordinary Raman microscopgah temperature, the amount of water should
be less than a few mol% (e.g., Berkesi et al., 2@08 can be negligible for most discussion.

The origin of N in metamorphic rocks is considered to be the dgiidaeaction of Ni-bearing
mica and/or feldspar (e.g., Anderson et al., 1988)le that of CH is considered to be the reductive
reaction of CQor thermal cracking of organic materials (e.g.zM&k, 1999; Herms et al., 2012).
Fluid inclusions with C@are commonly reported from high grade metamorpdtgs in the world
(e.g., Kobayashi et al., 2011) and also from mamtbis (e.g., Yamamoto et al., 2007»QHNaCl-
CHa fluid are reported as the peak metamorphic staigk df the chlorite zone of the Sanbagawa
belt (Nishimura et al., 2008) and as the prograagesfluid of the sample IR04 (Yoshida and
Hirajima, 2012), although Yoshida and Hirajima (2pPdlid not constrain the-T condition of the

entrapment of bD-NaClI-CH, fluid (IR04a). Thus, at the low to medium gradet jph the
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Sanbagawa metamorphic belt, the existence,@NaCl-CH, fluid is expected. Volatile-free
aqueous fluid of WS04 could be similar to the exhatian stage fluid of the chlorite zone reported
by Okamoto et al. (2008), which is possibly trappedarly stage of the exhumation. Since WS02
from the garnet zone sample and higher grade samphlamonly contain Nbearing fluid, N is a
ubiquitous species at greater depth than ca. 13rkthe higher metamorphic grade samples, all
CHs-bearing aqueous fluids are free from £& high oxidation state, the oxidation reactidrCid,
and HO can generate GODissolved HC®@in X-HCO; type fluid (SD09, IR28: Fig. 5) with CH
are possibly originated from the partial oxidatarCH,;. Nevertheless, existence of gfdee,
HCOs-poor and Chbearing aqueous fluid suggests that the maximudatien states of the high
grade samples were not so high as to consume @Hpf

SDO09 from the albite-biotite zone and SSB04 andIROmM the eclogite facies rocks contain
anhydrous C@CHg-bearing fluids. Carbon-rich anhydrous fluids aosgbly originated from
decarbonation of the carbonate minerals. Above-imeed prograde CiHbearing fluids are also
available for the carbon source. All type 4 fluade obtained from the higher grade samples than the
albite-biotite zone, suggesting such anhydrousl$laire expected at deeper part.

Nevertheless, detailed discussion on the evoluticimanges of carbon and other volatile species

is beyond the purpose of this paper.

7.4. Relative B-Li-Cl Compositions

The crush-leached fluids of this study are chareed by high B and Li content, corresponding to
very high (B+Li)/Cl ratios, though microthermometgsults suggest some of them have higher CI
content than modern seawater. Among the studie@leanmiVS02 and 07113002, whose crush-
leached fluids have intermediate type hydrochenthatacteristics, show slightly lower (B+Li)/ClI
compositions. For comparison, relative B-Li-Cl campions of hydrothermal and metamorphic

fluids in the literatures are compiled in figuresahd 6d (Scambelluri et al., 2004; Ohsawa et al.,
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2010; Kazahaya et al., 2014). The modern seawates@ueezed pore water from marine sediments
(Ohsawa et al., 2010) show low (B+Li)/Cl composisqFig. 6d). If such fluid infiltrated into the
Sanbagawa metamorphic terrane and was trappedtzqueins during the exhumation stage, the
compositions of crush-leached fluids can be modif@vards the Cl-corner of the diagram.
However, this effect is scarce or limited for &k tstudied samples (Fig. 6a/b).

Crush-leached fluids are enriched in B and Li coragdao modern seawater, but have a large
variation in their Li/B ratio, ranging from 0.02 $04) to 1.99 (IR04). Dehydration fluids from
serpentinites trapped in metamorphic olivine gr&#@—700 °C, 1.5-2.5 GPa: Scambelluri et al.,
2004) have very high Li/B ratios (>2) and show &xgriation in their Li/Cl ratio (Fig. 6c).
Scambelluri et al. (2004) estimated the partitioafficients between serpentinite and fluids at
eclogite facies conditions based on their geoch@mieasurement and mass balance calculations,
resulting inD™*™., =0.01-0.02 an®"™™"; =0.02—0.04 as first approximation. Based on their
mass balance calculation, the B/CI ratio of theydedted fluid from serpentinite will be 0.04-0.16
(dashed-lined area in Fig. 6¢), overlapping thgeaof our data (Fig. 6a/b).

Ohsawa et al. (2010) reported high B/Cl and lovBLrétio fluids from the hot spring waters in
the Miyazaki plain located in the fore-arc regidrkKgushu Island, SW Japan (Fig. 6d). Based on the
geochemical data combined with geochemical thernymidey indicated that high B/Cl and low
Li/B fluids are derived from dehydration of smeetihterlayers. Ohsawa et al. (2010) and Amita et
al. (2014) also reported relative B-Li-Cl compamiis of hot spring waters obtained from deep wells
in the fore-arc region of southwest Japan (S1(82,02, and W in Fig. 6d). They proposed that
diagenetic/metamorphic fluids show an evolutiortaend of increasing B/ClI ratio along the CI-B
axis and subsequent increase of the Li/B ratio mitigressive diagenetic/metamorphic processes.

Recently, Kazahaya et al. (2014) investigatedsbtopic and chemical compositions of hot
spring waters in SW Japan and proposed that Arypa-ydrothermal fluids (e.g., Matsubaya et al.,

1973) have Li/Cl ratios higher than 0.001 (showfig. 6d) and high salinities (ClI >200 mg/L). The
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Arima-type hydrothermal fluids show high saliniy°0 value, andHe/"He ratio with lowsD
compared to the modern sea water. Kusuda et dl4j20vestigated geochemical characteristics of
Arima-type hydrothermal fluids of the Arima-Takauka area, SW Japan. On the basis of the
isotopic datad*®0 andsD values), they indicated that Arima-type hydrothat fluids in that area
are originated from the subducting slab locatingpdroximately 60 km depth beneath the land
surface.

All of these studies suggest that a certain amotfitiids achieved upwelling from the deep
part of the subduction zone (e.g., at least 50f68@i&pths) and their compositions are characterized
by high (B+Li)/Cl ratios.

Enrichment of Li and B is partly explained by thetgion coefficient data (Brenan et al., 1998;
Tenthorey & Hermann, 2004; Marschall et @006). We calculated the bulk partition coeffitiéor
our samples from the mineral abundances and partoefficients of Marschall et al. (2006) (Fig.
7), showing that most partition coefficient paire anuch lower than 1.

Published partition coefficient data of B and Liween whole rock and aqueous fluids are also
shown in figure 7. The data of Kessel et al. (2d@B)e been obtained experimentally for K-free
MORB compositions, including &range of 700—900°C at 4GPa. Marschall et al. (R66fimated
the partition coefficients of altered oceanic cawgbducting along the-T path of relatively cold slab
(~ 3.8 MPa/°C). Yoshida et al. (2011) also caladatartition coefficients for the bulk composition
of a specific pelitic schist along the metamordhetd gradient of the Sanbagawa belt (1.64 MPa/°C,
Enami et al., 1994), following the method of Maraitlet al. (2007). Figure 7 shows that, in most

_rock/fluid

C&SQSDU andDBrock/ﬂuid

show a value lower than 1, suggesting these eleswemtld be

released from the rock during water-rock interac{e.g., Marschall et al., 2006). Since we have not
measured the whole rock concentration of Li anteBys assume that Li and B concentration of the
high-pressure type metasedimentary rocks are 5Q:d@Pand 20-15@g/g, respectively (e.g.,

Bebout et al., 2013; Nakano and Nakamura, 200ihele rocks are equilibrated with the crush-
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leached fluid (e.g., IR27: 348y/g for Li and 256.g/g for B), partition coefficients would be
Dy;"°%KMuid = 0.2-0.3 andDg"™¥ = 0.08-0.6 D;"*¥™ js higher than previously estimated values,

while Dg"“™" falls in a mostly similar range (Fig. 7).

7.5. Implications for light element cycles in the subduction zone
The fluid chemistry discussed above suggests lilndtdctivity, which is characterized by relatively
high-saline aqueous fluid (5-10 mas&¥e with B- and Li-enriched compositions (up to ~300
ug/g), could be predominant at certain depths irstii®uction zone. Nevertheless, there is a large
variation in the salinity and Li/B ratio of the itis. Release of high-saline and B-Li-enriched fuid
beneath the subduction zone can supply these elenetine hanging walls of the subducting slab,
such as accretionary prisms and continental cnuta shallow part of the subduction zone, and/or
the mantle wedge in the deeper part. Marschall €2@09) investigated a metasomatizeld H
metamorphic suite in Syros, Greece and indicatatittie whole rock Li abundance of th& H
metamorphic rocks would increase with metasomatcgss, i.e. metasomatic agents would have a
high Li content. The high-saline and Li-enrichadidk observed in this study, i.e. the most typical
samples, IR04 and IR27, have the potential to @xpiee origin of these high-Li metasomatic agents.
Some bulk trace elements studies on the succas&tamorphic suites indicate that most of Li
and B are retained in the rock during progressetgydration and corresponding water-rock
interaction, because of the redistribution of theleenents among the suitable minerals. On the basis
of the whole rock analysis of a series of samptdiected from the Catalina Schist covering from
lawsonite-albite facies to amphibolite facies, Rstom-Dorland et al. (2012) pointed out that the
whole rock concentration of lithium is controlleg the content of AlOs, corresponding to the
modal amount of phengite and chlorite. Nakano aaklaxhura (2001) studied pelitic schists
covering from pumpellyite-actinolite facies to epiie-amphibolite facies and indicated that

progressive releasing of boron from chlorite andrgite aren situ consumed by coarsening of
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tourmaline. Bebout et al. (2013) also indicateithgtu consumption of released lithium and boron
in the pelitic schists, covering from blueschistiés conditions to ultra-high pressure conditidres.

us consider the impact of the releasing of B- andririched fluid during the progressive
dehydration of subducting materials, by a simplelwdation. If we assume a dehydrated aqueous
fluid with 300ug/g of B and Li, and the removed amount of thedfigsias high as 3 mass% of the
rock, the loss of B and Li would be only8/g. This value is considerably small compareddtova-
mentioned bulk concentration of the high-pressype imetasedimentary rocks (20-15§g).
Therefore, most B and Li are retained within thidsphases. Dehydration of 3 mass% are almost
highest limit of the dehydration amount of the hglessure metamorphic rocks under 300-700 °C
(e.g., Hacker et al., 2008; Bebout et al., 20189, thus, these element losses could be the highest
estimation. This simple calculation indicates ttegmhoval of the B- and Li-rich fluids at high-
pressure conditions do not largely invoke the B} Bloss of the bulk rock system because of the
small amount of the dehydrated fluids. HoweverséhB- and Li-rich fluids can be released from the
metamorphic rocks and would invoke some signifigggdchemical signal at the hanging wall of the

subduction zone.

Acknowledgements

This work was partly supported by the JSPS (Gnas#id for JISPS Fellows for KY, No. 25-57,
Grant-in Aid for Scientific Research Nos. 252572081 22244067, and Grand-in Aid for Innovative
Areas 2018 “Geofluid”) and by Nozomi Farm, Ltd. \Aleo would like to thank T. Kawakami, F.
Higashino, S. Tsuchiya, and K. Minagawa in Petrigalggroup of Kyoto University for their fruitful
discussions. This paper benefited from construeeveews by J. Hermann and an anonymous

reviewer, and the editorial handling by D. Castelli

25



Refer ences

Amita, K., Ohsawa, S., Nishimura, K., Yamada, MisMma, T., Kazahaya, K., Morikawa, N. &
Hirajima, T., 2014. Origin of saline waters distribd along the Median Tectonic Line in
southwest Japan: Hydrogeochemical investigatiopassibility of derivation of metamorphic
dehydrated fluid from subducting oceanic platerdalof Japanese Association of
Hydrological Sciences, 44, 17-38.

Anderson, T., Austrheim, H., Burke, E. A. J. & Bhradd, S., 1993. Bland CQ in deep crustal
fluids: evidence from the Caledonides of Norwayefdrcal Geology, 108, 113-132.

Aoya, M., 2001. P-T-D path of eclogite from the $agawa belt deduced from combination of
petrological and microstructural analyses. Jouoh&etrology, 42, 1225-1248.

Aoya, M., Endo, S., Mizukami, T. & Wallis, S. RQP3. Paleo-mantle wedge preserved in the
Sambagawa high-pressure metamorphic belt and itlendss of forearc continental crust.
Geology, 41, 451-454.

Aoya, M., Noda, A., Mizuno, K., Mizukami, T., Miyag Y., Matsuura, H., Endo, S., Toshimitsu, S.
& Aoki, M., 2013. Geology of the Niilhama DistricQuadrangle Series,:80,000, Geological
Survery of Japan, AIST.

Bakker, R. J. & Mamtani, M. A., 2000. Fluid incloss as metamorphic process indicators in the
Southern Aravalli Mountain Belt (India). Contribois to Mineralogy and Petrology, 139, 163—
179.

Banks, D. A. & Yardley, B. W. D., 1992. Crush-leaatmalysis of fluid inclusions in small natural
and synthetic samples. Geochimica et Cosmochimata, 56, 245—-248.

Bebout, G. E., 2007. Metamorphic chemical geodynaraf subduction zones. Earth and Planetary
Science Letters, 260, 373-393.

Bebout, G. E., Ryan, J. G. & Leeman, W. P., 1998eBsystematics in subduction-related
metamorphic rocks: Characterization of the subdlctenponent. Geochimica et
Cosmochimica Acta, 57, 2227-2237.

Bebout, G. E., Ryan, J. G., Leeman, W. P. & BebAuE., 1999. Fractionation of trace elements by
subduction - zone metamorphism - effect of convetrgeargin thermal evolution. Earth and
Planetary Science Letters, 171, 63-81.

Bebout, G. E., Agard, P., Kobayashi, K., Morigtiti,& Nakamura, E., 2013. Devolatilization
history and trace element mobility in deeply sultddsedimentary rocks: Evidence from
Western Alps HP/UHP suites. Chemical Geology, 3420.

Berkesi, M., Hidas, K., Guzmics, T., Dubessy, &dBar, R. J., Szabo, C., Vajna, B. & Tsunogae, T.,
2009. Detection of small amounts of H20 in G@¢h fluid inclusions using Raman
spectroscopy. Journal of Raman Spectroscopy, 41,-1463.

26



Bodnar, R. J., 1993. Revised equation and tablddtermining the freezing point depression of
H20-NaCl solutions. Geochimica et Cosmochimica A6 683—-684.

Bottrell, S. H., Yardley, B. W. D. & Buckley, F.988. A modified crush-leach method for the
analysis of fluid inclusion electrolytes. Bulletiile minéralogie, 111, 279-290.

Boullier, A.-M., 1999. Fluid inclusions: tectoniedicators. Journal of Structural Geology, 21, 1229-
1235.

Brenan, J. M., Ryerson, F. J. & Shaw, H. F., 199& role of aqueous fluids in the slab-to-mantle
transfer of boron, beryllium, and lithium duringosluction: experiments and models.
Geochimica et Cosmochimica Acta, 62, 3337-3347.

Bucher, K. & Stober, 1., 2010. Fluids in the uppentinental crust. Geofluids, 241-253.

Caciagli, N., Brenan, J. M., McDonough, W. . & Rindty, D., 2011. Mineral—fluid partitioning of
lithium and implications for slab—mantle interacticCchemical Geology, 280, 384—-398.

Domanik, K. J., Hervig, R. L. & Peacock, S. M., B98eryllium and boron in subduction zone
minerals: An ion microprobe study. Geochimica esf@ochimica Acta, 57, 4997-5010.

Donnelly, T. W., Thompson, G. & Salisbury, M. H98D. The chemistry of altered basalts at site
417, Deep Sea Drilling Project Leg 75. Institutgp® of DSPS, 51-53, 1319-1330.

Enami, M., 1982. Oligoclase-biotite zone of the I&ayawa metamorphic terrain in the Bessi district,
central Shikoku, Japan. Journal of Geological Sp@éJapan, 88, 887—900.

Enami, M., 1994. Sanbagawa metamorphism: Impliodto evolution of a subduction zone.
Japanese Magazine of Mineralogical and Petrolo@cadnces, 89, 409-422.

Endo, S., 2010. Pressure-temperature historyasfité-bearing eclogite from the Western Iratsu
body, Sanbagawa Metamorphic Belt, Japan. Island X¢c313—-335.

Endo, S., Walllis, S. R., Tsuboi, M., Torres De Lelen& Solari, L. a., 2012. Metamorphic evolution
of lawsonite eclogites from the southern Motagudtfzone, Guatemala: insights from phase
equilibria and Raman spectroscopy. Journal of Metairic Geology, 30, 143—-164.

Gao, J. & Klemd, R., 2001. Primary fluids entrappétlueschist to eclogite transition: evidence
from the Tianshan meta-subduction complex in nogtern China. Contributions to
Mineralogy and Petrology, 142, 1-14.

Hacker, B. R., 2008. #D subduction beyond arcs. Geochemistry Geophyscsystems, 9,
Q03001, doi:10.1029/2007GC001707.

Higashino, F., Kawakami, T., Satish-Kumar, M., k&wa, M., Maki, K., Tsuchiya, N., Grantham, G.
H. & Hirata, T., 2013. Chlorine-rich fluid or medttivity during granulite facies metamorphism
in the Late Proterozoic to Cambrian continentaligioh zone—An example from the Sar
Rondane Mountains, East Antarctica. Precambriaedtel, 234, 229-246.

27



Higashino, T., 1990. The higher grade metamorpbiagon of the Sambagawa metamorphic belt in
central Shikoku, Japan. Journal of Metamorphic Ggpl 8, 413-423.

Jarrard, R. D., 2003. Subduction fluxes of watarbon dioxide, chlorine, and potassium.
Geochemistry Geophysics Geosystems, 4, doi: 10/2002GC000392

John, T. & Schenk, V., 2003. Partial eclogitisatadrgabbroic rocks in a late Precambrian
subduction zone (Zambia): prograde metamorphisggeried by fluid infiltration. Contributions
to Mineralogy and Petrology, 146, 174-191.

Kazahaya, K., Takahashi, M., Yasuhara, M., Niskignamura, A., Morikawa, N., Sato, T.,
Takahashi, H. a., Kitaoka, K., Ohsawa, S., OyamaQfiwada, M., Tsukamoto, H., Horiguchi,
K., Tosaki, Y., Kirita, T., 2014. Spatial distribom and feature of slab-related deep-seated fluid
in SW Japan. Journal of Japanese Association ofdiygical Sciences 44, 3-16.

Van den Kerkhof, A., 2001. Fluid inclusion petrogfng. Lithos, 55, 27-47.

Kessel, R., Schmidt, M. W., Ulmer, P. & Pettke,2005. Trace element signature of subduction-
zone fluids, melts and supercritical liquids at-IIBD km depth. Nature, 437, 724-7.

Kobayashi, T., Hirajima, T., Kawakami, T., Svojti4,, 2011. Metamorphic history of garnet-rich
gneiss at KtiS in the Lhenice shear zone, MoldaamuBione of the southern Bohemian Massif,
inferred from inclusions and compositional zonifiggarnet. Lithos, 124, 46-65.

Kogiso, T., Tatsumi, Y. & Nakano, S., 1997. Tratereent transport during dehydration processes
in the subducted oceanic crust: 1. Experimentdraptications for the origin of ocean island
basalts. Earth and Planetary Science Letters,1883;205.

Konrad-Schmolke, M., O'Brien, P. J. & Zack, T., 20Fluid Migration above a Subducted Slab--
Constraints on Amount, Pathways and Major Elemeabilty from Partially Overprinted
Eclogite-facies Rocks (Sesia Zone, Western Algm)rrilal of Petrology, 52, 457-486.

Kouketsu, Y., Enami, M. & Mizukami, T., 2010. Ompuita-bearing metapelite from the Besshi
region, Sambagawa metamorphic belt, Japan: Progedgite facies metamorphism recorded
in metasediment. Journal of Mineralogical and Regjioal Sciences, 105, 9-19.

Kouketsu, Y., Enami, M., Mouri, T., Okamura, M. Kaaai, T., 2014. Composite metamorphic
history recorded in garnet porphyroblasts of Sarab@gmetasediments in the Besshi region,
central Shikoku, Southwest Japan. Island Arc, B3;280..

Krenn, K., 2010. Fluid inclusions in quartz relatedsubsequent stages of foliation development
during a single metamorphic cycle (Schneeberg FZre, Eastern Alps, Austria). Lithos, 118,
255-268.

Krenn, K., Bauer, C., Proyer, A., Mposkos, E. & kkes, G., 2008. Fluid entrapment and

reequilibration during subduction and exhumatiorcase study from the high-grade Nestos
shear zone, Central Rhodope, Greece. Lithos, 143

28



Kunugiza, K., Takasu, A. & Banno, S., 1986. Thegioriand metamorphic history of the ultramafic
and metagabbro bodies in the Sanbagawa belt. Geal@&pciety of America Memoir, 164,
375-385.

Kurata, H. & Banno, S., 1974. Low-grade progressiatamorphism of pelitic schists of the Sazare
area, Sanbagawa metamorphic terrain in centrak8jktapan. Journal of Petrology, 15, 361—
382.

Kusuda, C., Iwamori, H., Nakamura, H., Kazahayaakd Morikawa, N. (2014) Arima hot spring
waters as a deep-seated brine from subductingstath, Planets and Space, 66, 119.

Kuster, M. & Stockhert, B., 1997. Density changeéfiuod inclusions in high-pressure low-
temperature metamorphic rocks from Crete: A themnoimetric approach based on the creep
strength of the host minerals. Lithos, 41, 151-167.

Leeman, W. P. & Sisson, V. B., 1996. Geochemistityavon and its implications for crustal and
mantle processes. Reviews in Mineralogy and Geordtigm33, 645-707.

Makimoto, H., Miyata, T., Mizuno, K. & Sangawa, £2004. Geology of the Kokawa District.
Quadrangle Series,:30,000, Geological Survery of Japan, AIST.

Marschall, H. R., Altherr, R., Gméling, K. & Kasx&zky, Z., 2009. Lithium, boron and chlorine as
tracers for metasomatism in high-pressure metanorphbks: a case study from Syros (Greece).
Mineralogy and Petrology, 95, 291-302.

Marschall, H. R., Altherr, R., Ludwig, T., Kalt, AGméling, K. & Kasztovszky, Z., 2006.
Partitioning and budget of Li, Be and B in highgsere metamorphic rocks. Geochimica et
Cosmochimica Acta, 70, 4750-4769.

Marschall, H. R., Altherr, R. & Rupke, L., 2007.4&®zing out the slab—modelling the release of Li,
Be and B during progressive high-pressure metanmnptChemical Geology, 239, 323-335.

Marschall, H. R., Korsakov, a. V., Luvizotto, G, Nasdala, L. & Ludwig, T., 2009. On the
occurrence and boron isotopic composition of todimaan (ultra)high-pressure metamorphic
rocks. Journal of the Geological Society, 166, &PB-

Matsubaya, O., Sakai, H., Kusachi, I. & Satake 1973. Hydrogen and oxygen isotopic ratios and
major element chemistry of Japanese thermal wgttems. Geochemical Journal, 7, 123-151.

Matsumoto, K. & Hirajima, T., 2006. Modal analysising scanning electron probe microanalyzer.
Japanese Magazine of Mineralogical and Petrolo§cances, 35, 97-108.

Mazurek, M., 1999. Evolution of gas and aqueousl fil low-permeability argillaceous rocks
during uplift and exhumation of the central SwidpsA Applied Geochemistry, 15, 211-234.

Mori, H. & Wallis, S., 2010. Large-scale foldingtine Asemi-gawa region of the Sanbagawa Belt,
southwest Japan. Island Arc, 19, 357-370.

29



Nakano, T. & Nakamura, E., 2001. Boron isotope featstry of metasedimentary rocks and
tourmalines in a subduction zone metamorphic sBitgsics of The Earth and Planetary
Interiors, 127, 233-252.

Newton, R. C. & Manning, C. E., 2010. Role of salftuids in deep-crustal and upper-mantle
metasomatism: insights from experimental studienfl@ids, 58—72.

Nishimura, K., Amita, K., Ohsawa, S., Kobayashi&THirajima, T., 2008. Chemical characteristics
and trapping P-T conditions of fluid inclusionsgunartz veins from the Sanbagawa
metamorphic belt, SW Japan. Journal of Mineraldgica Petrological Sciences, 103, 94-99.

Ohsawa, S., 2004. Geochemical characteristicsrbboated brines along Median Tectonic Line,
South-west Japan: implication for upward migratwdulehydrated-fluid from subducting
Philippine Sea plate. 2nd KAGI21 International Sysipm Beppu, 2004 Proceeding. B-Con
Plaza, Beppu city, Oita, Japan, pp. 45—46.

Ohsawa, S., Amita, K., Yamada, M., Mishima, T. &dhaya, K., 2010. Geochemical features and
genetic process of hot-spring waters dischargad fteep hot-spring wells in the Miyazaki
Plain, Kyushu Island, Japan: Diagenetic dehydréted as a source fluid of hot-spring water.
Journal of Hot Spring Science, 59, 295-3109.

Ota, T., Terabayashi, M. & Katayama, |., 2004. hin@paric structure and metamorphic evolution of
the Iratsu eclogite body in the Sanbagawa beltrae8hikoku, Japan. Lithos, 73, 95-126.

Passchier, C. W. & Trouw, R. A. J., 2005. Microtetts 2nd Ed., Heidelberg, Berlin: Springer-
Verlag.

Peacock, S. M., 1990. Fluid processes in subduzboes. Science, 248, 329-337.

Penniston-Dorland, S. C., Bebout, G. E., PoggeStoandmann, P. A., Elliott, T. & Sorensen, S. S.,
2012. Lithium and its isotopes as tracers of sutidnzone fluids and metasomatic processes:
Evidence from the Catalina Schist, California, U&Rochimica et Cosmochimica Acta, 77,
530-545.

Piper, A. M., 1944. A graphic procedure in geoclehinterpretation of water analyses.
Transactions, American Geophysical Union, 25, 928-9

Scambelluri, M., Piccardo, G. B., Philippot, P.dR@no, A. & Negretti, L., 1997. High salinity
fluid inclusions formed from recycled seawater @efly subducted alpine serpentinite. Earth
and Planetary Science Letters, 148, 485-499.

Scambelluri, M., Mintener, O., Ottolini, L., Pettke T. & Vannucci, R., 2004. The fate of B, Cl
and Li in the subducted oceanic mantle and in ttigarite breakdown fluids. Earth and
Planetary Science Letters, 222, 217-234.

Seyfried Jr., W. E., Janecky, D. & Mottl, M., 19&dteration of the oceanic crust: Implications for
geochemical cycles of lithium and boron. Geochinat&osmochimica Acta, 48, 557-569.

30



Shaw, D. M., Vatin-Perignon, N. & Muysson, J. Ra7T. Lithium in spilites. Geochimica et
Cosmochimica Acta, 41, 1601-1607.

Stockhert, B., Massonne, H.-J. & Ursula Nowlan,1997. Low differential stress during high-
pressure metamorphism: The microstructural recbedroetapelite from the Eclogite Zone,
Tauern Window, Eastern Alps. Lithos, 41, 103-118.

Sumino, H., Burgess, R., Mizukami, T., Wallis, S, Rolland, G. & Ballentine, C. J., 2010.
Seawater-derived noble gases and halogens presarggdumed mantle wedge peridotite.
Earth and Planetary Science Letters, 294, 163-172.

Takasu, A., 1984. Prograde and retrograde eclogitde Sambagawa metamorphic belt, Besshi
district, Japan. Journal of Petrology, 25, 619-643.

Tatsumi, Y., 1989. Migration of fluid phases ana@gs of basalt magmas in subduction zones.
Journal of Geophysical Research, 94, 4697-4707.

Tenthorey, E. & Hermann, J., 2004. Compositionwfis during serpentinite breakdown in
subduction zones: Evidence for limited boron maohilGeology, 32, 865-868.

Touret, J. L. ., 2001. Fluids in metamorphic rodkghos, 55, 1-25.

Wallis, S. R. & Aoya, M., 2000. A re-evaluationexlogite facies metamorphism in SW Japan:
proposal for an eclogite nappe. Journal of Metammior@eology, 18, 653-664.

Whitney, D. L. & Evans, B. W., 2010. Abbreviatiofes names of rock-forming minerals. American
Mineralogist, 95, 185-187.

Yamamoto, J., Kagi, H., Kawakamo, Y., Hirano, NN&kamura, M., 2007 Paleo-Moho depth
determined from the pressure of £iiid inclusions: Raman spectroscopic barometry of
mantle-and crust-derived rocks. Earth and Plane&amgnce Letters, 253, 369-377.

Yardley, B. W. D. & Graham, J. T., 2002. The orgof salinity in metamorphic fluids. Geofluids, 2,
249-256.

Yoshida, K. & Hirajima, T., 2012. Annular fluid iheions from a quartz vein intercalated with
metapelites from the Besshi area of the Sanbagailta3W Japan. Journal of Mineralogical
and Petrological Sciences, 107, 50-55.

Yoshida, K., Sengen, Y., Tsuchiya, S., Minagawa Ktbayashi, T., Mishima, T., Ohsawa, S. &
Hirajima, T., 2011. Fluid inclusions with high Li/&tio in a quartz vein from the Besshi area of
the Sambagawa metamorphic belt: implications fepdgeofluid evolution. Journal of
Mineralogical and Petrological Sciences, 106, 168-1

You, C. F., Castillo, P. R., Gieskes, J. M., CHarHl. & Spivack, A. J., 1996. Trace element

behavior in hydrothermal experimentsnplications for fluid processes at shallow despiti
subduction zones. Earth and Planetary Sciencerkefté0, 41-52.

31



Zaw, W. K., Enami, M. & Aoya, M., 2005. Chloritoahd barroisite-bearing pelitic schists from the
eclogite unit in the Besshi district, Sanbagawaametrphic belt. Lithos, 81, 79-100.

32



(a) , :
i Besshi Area §§§§3§f$5!|!ﬂ||||||h».

RO

. =0
B 10D

Olg-Bt zone

II ||
l| Chlorit\e‘zongl S . N N
Wakayama Area —_— L Y s
(c) / ‘ 500m (e) | / 2km
) S
? ?

Kino-river

Garnet zone

Chlorite zone
Nogami unit

[__]Grt-Ms-Amphibolite
] Grt-Ep-Amphibolite
[ Cpx-Amphibolite 2
E==Peridotite (f)

arble & Amphibolite
Mafic schist

2 I:lPelilic-Psammitic schist

Il Siliceous schist

Il Metagabbro
I Mafic schist
[T Pelitic schist
[ Siliceous schist

i Western Iratsu

Pressure (GPa)

| |
600 800
Temperature (°C)
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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,
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(Kugimiya and Takasu, 2002) and sample localities. (d) Lithological map of the study area of the Seba body
(Aoya, 2001) and sample localities. (¢) 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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Fig.2. Typical occurrence of (a-c) foliation parallel quartz veins from the Wakayama and Besshi areas; (d) a

foliation-cutting vein in the Asemigawa area (10AS18).
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Fig.3. Typical quartz fabrics of (a-b) coarse grained P-type veins; (c) DI-type vein; (d) DD-type vein.
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Fig.4. Typical occurrences of fluid inclusions. (a) Fluid inclusions arranged along intragranular planes

(IR0O4a). (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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anions [SO,>-HCO,-Cl], respectively. Asterisks (*) indicate data obtained from P-type quartz veins. The

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

arca.
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Fig.S1. 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.




Table S1. 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




Table S2.

Representative chemical composition of micas

Sample WS04 WS02 07113002  SD09 IR28 IR27 SSB03 SSB(4 SEBA SSB19 IR04
Mineral Ph Ph Ph Ph Ph Ph Ph Ph Ph Bt Ph Ph
SiO: 51.09  49.82 4830 4819 4860 4895 4944  50.07 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 1.29 043 0.73
AbLO:s 2296  26.58 2395 2973 3235 3098 2682 2635 2761 16.05 2775 3211
Cn0s 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* 5.08 344 722 3.02 1.39 1.66 4.00 3.70 246 1896 2.93 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 10.60 297 2.12
Ca0O 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:0 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 9.01 892 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
-0=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 9449 9475 9385 9417 9497 9470 9472 9443 9447 9395 9518  96.00
Number of the ions on the basis of 11 O
Si 3.50 3.38 344 3.26 3.22 3.26 3.36 3.39 337 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 2.01 237 253 243 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 044 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




Table S3. 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




