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Japan: Implications for deep-seated fluids and earthquake swarms. Earth Planet. Sci. Lett. 297,
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Relationships between crustal stress fields and geological structures on pathways of
upwelling deep-seated water at Kii Peninsula, southwest Japan
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The natural and hot springs with *He/*He ratios higher than the atmospheric values are recognized
to occur in nonvolcanic regions on the Kii Peninsula in the forearc regions of southwestern Japan
arc (Sano & Wakita, 1985; Wakita et al., 1987; Matsumoto et al., 2003; Umeda et al., 2006, 2007),
indicating that there are upwelling paths of the mantle-derived fluids in this region. A number of
deep groundwater and natural spring water in this region are found to contain the slab-derived
deep-seated fluid component, whose isotopic composition is similar to magmatic with the high Li/Cl
ratio (>0.001 in wt. ratio) (Kazahaya et al., 2014). The upwelling of the deep-seated water
provides significant information to understand the fluid movement in the crust and the water cycle
in the subduction system (e.g. Hacker, 2008).

In this study, we present the upwelling of water and gas along the fractures and the relationships
between orientations of the veins and the upwelling of the deep-seated water in the Shiotakibashi
outcrop located to the north of Median Tectonic Line (MTL). And, we discuss the upwelling process
of the deep-seated water at Kii Peninsula by using the relationships between crustal stress field
and geological structures.

The Shiotakibashi outcrop along the Ishikawa river at the Kawachinagano city of Osaka prefecture is
one of regions where the upwelling of the water and gas containing deep-seated water along the
fractures can be observed (Tanaka et al., 2013). In the upwelling points at the outcrop, the
patches of fractures that cut the Cretaceous granite belonging to the inner zone are filled by the
calcite crystalized from the water. Furthermore, the water and gas are flowing so as to avoid the
filled fractures. And, we can observe many mineral veins with several orientations in this outcrop.
Mineral veins can provide evidences of the ancient fluid migration along the fractures.

In this study, we measured the strike, dip and width of the veins in a single outcrop of the
Shiotakibashi outcrop (~100 veins). On the veins, the fractures that cut the cretaceous granite are
filled by the calcite. The veins have thicknesses with a few mm to 2 cm. The most of the veins have
NNE-SSW and ENE-WSW striking and dip with high angle while some veins have horizontal dip. The
dilation tendency (Ferrill et al., 1999) for the filled fractures in the present stress inferred
from the major active faults in the eastern part of the southwestern Japan including the Kii
Peninsula (Tsutsumi et al., 2012) indicate that the fractures with upwelling of water and gas have
high tendency on the pass ways of deep-seated water. Hence, the present tectonic stress may be
feasible for upwelling of the deep-seated water along the fractures for a part of the fractures.

At the map scale, the Cretaceous-Paleogene accretionary complex, Shimanto Belt is exposed in the
region located to the south of MTL in Kii Peninsula. The most of deformation structures of the
Shimanto Belt have northward plunging thrusts. Based on the relationships between crustal stress
field and attitudes of the geological structures, the dilation tendency is high on the geological
structures. Hence, we suggest that the geological structures of the region under the present
crustal stress are favorable pathways for deep-seated fluids.
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Three dimensional attenuation structure beneath the northwestern part of Kii peninsula,
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Control of episodic tremor and slip by high-pressurized fluids: a new constraint from ScSp
waves
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1. Introduction

High-pressurized fluids are thought to play an important role in controlling episodic tremor and
slow slip (ETS) in subduction zones [e.g., Shelly et al., 2006; Audet et al., 2009]. Therefore,
constraining the along-dip distribution of ETS is necessary to better understand its source
mechanism, and particularly the role played by fluids in ETS generation. Here, we report clear
observations of coherent ScSp phases with a dense seismic array in western Shikoku, Japan. To
reproduce these observations, we performed numerical simulations of elastic-wave propagation using
a finite difference method (FDM) that incorporated a three-dimensional structural model. The
combination of coherent ScSp phases and numerical simulations allows us to investigate the depth
dependence of Poisson’s ratios within the LVZ, and to quantitatively estimate local changes in
fluid pressure in the ETS zone.

2. Data and Method

We deployed a dense linear seismic array from October 2011 to April 2013 on western Shikoku Island,
SW Japan. We also used permanent stations near the array from the Hi-net network, operated by the
National Research Institute for Earth Science and Disaster Prevention [Okada et al., 2004], and
stations of the Japan Meteorological Agency. During the deployment period, we visually inspected
seismograms of Mw >6 deep earthquakes with focal depths greater than 90 km and epicentral distances
D < 25°. Using the transverse components of rotated seismograms from the array, we shifted the Sc$
phases relative to the arrival at the station having the highest S/N ratio by cross-correlating the
ScS phase from the station with other ScS waveforms to achieve the maximum correlations. The
vertical component data at each station were then time shifted by the corresponding time lags,
relative to the station.

3. Results and Discussion

Based on comparisons of transverse and vertical component waveform data, we found clear, coherent
signals arriving before ScS on the vertical components of most stations in the array. The travel
time differences between Sc§ and ScSp increase along the direction of subduction. This means that
the ScS-to-ScSp conversion point deepens to the northwest, indicating in turn that the converted
waveforms propagate from the top of the subducting PHS Plate. Then, we simulated the propagation of
synthetic ScSp waveforms using the JIVSM model [Koketsu et al., 2012]. However, the calculated S¢S
-5cSp travel time differences were systematically smaller than predicted by our observations. To
improve the goodness of fit, we partitioned the LVZ into shallower and deeper parts around the
upper corner of the mantle wedge, because the travel time difference between the observed and
simulated waveforms was larger at the northern stations, toward which the LVZ is subducting. This
change gave two different S-wave velocities in the LVZ. We conducted a grid search over the
three-parameter space defined by two velocities, and the layer thickness h of the LVZ. To quantify
the fit, we averaged the cross-correlation coefficients between observed and simulated ScSp

phases. From the grid search results, the Vp/Vs ratio must be higher beneath the mantle wedge
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corner than at shallow depths, regardless of the assumed LVZ thickness. In the best model, Vp/Vs
ratios within the subducting oceanic crust increase by 0.3 beneath the mantle wedge corner, where
ETS has been observed. This high-Vp/Vs layer indicates the presence of high-pressurized fluids
confined at ETS source depths. Based on extrapolation of laboratory measurements [Peacock et al.,
2011], we infer that the observed changes in Vp/Vs ratios correspond to an increase in fluid
pressure of ~20 MPa relative to the updip, locked zone (Figure 1).
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For the success of unconventional geothermal reservoirs (i.e. EGS), maintaining conduits with
high-fluid-throughput is desirable. Hydraulic stimulation for such reservoirs is recognized as one
of the most general ways to improve or maintain their crustal permeability, which is known as the
key parameter controlling crustal fluid flow [Ingebristen and Manning, 2010]. During the hydraulic
stimulation, in-situ microearthquakes (MEQs) data are basically recorded to capture the underlying
active processes and the permeability evolution within the reservoir [Majer et al., 2007], and
these MEQs are in general regarded as signals that somehow represent permeability change in a
fractured reservoir. If we have an insight into quantitative linkage between the permeability
change and MEQ, such an insight is definitely useful for mapping in-situ permeability evolution in
a reservoir. However, it remains ambiguous how much the fracture permeability is enhanced by a MEQ.

In the present study, we explore a linkage between fracture permeability change and MEQs. For this
purpose, we first prepared heterogeneous aperture distributions for rock fractures with various
combination of fracture length (m), 1, and shear displacement (m), d, according to the method of
Ishibashi et al [2015]. Through the analyses of these aperture distributions, scale dependencies of
fluid flows through joints, i.e. fractures without shear displacement, and faults, i.e. fractures
with shear displacement of d (m), are predicted as followings. Both joint and fault aperture
distributions are characterized by a scale-dependent geometric mean and a scale-independent
geometric standard deviation of aperture. Changes in the geometric means of joint and fault
apertures (mm), e, .. and e .., with fracture length (m), I, are approximated by e, ;. = 1.3x
107" 1% and € fault = 1.3x10(d /1) **1°"", whereas the geometric standard deviations of both joint
and fault apertures are approximately 3. Fluid flows through both joints and faults are
characterized by formations of preferential flow paths (i.e., channeling flows) with
scale-independent flow areas of approximately 10%, whereas the joint and fault permeabilities (m’
)+ Kipine and K., are scale dependent and are approximated as ki, = 9.8x107°1"" and K\, = 2.3
10°°(d /1) "1, By coupling these scaling laws with the concept of moment magnitude [Hanks and

- fautt! € ) and fracture permeability (k
) are successfully linked with moment magnitude of MEQs (M,) during hydraulic stimulation
- taut @ = 1.0x10" ™ and k. /K1, = 116.4x10°*", Validity of the
equation will be discussed through comparisons with some data of real field development/experiments
(e.g., EGS system in Basel and Soultz-sous-Foret).

Kanamori, 1979], quantitative change in mean aperture (e

m, joint
fault/kjoint
for a reservoir as e

m, joint

In summary, such linkages may enable rough inverse-mapping of evolving fracture permeabilities
using in-situ MEQ data. This mapping will facilitate new insights into transport phenomenon within
the Earth’s crust and it relevant to engineering and scientific applications such as the
development of geothermal or hydrocarbon reservoirs and clarification of earthquake mechanisms.
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AHAGEBFTIL— b~ (XRST) L EEICHERABNBEGAEINSDKIE, BHAFFICHITIHME - NBEE
EBEICBRLTVBEEZEZS5NTULS(e.g., Kirby et al., 1996; Nakajma et al., 2013). #(C, XS5
B EEICEET EFHEMREZEDKEZKIME UTEH, CNSOFKIMDBKE S HEBOET
MERRE DZELPTEDDHICEE L TVBIEERXSNTUL S (e.g., Hacker et al., 2003). LT

Mo T, EEMMROFMIRIEBESERESHNCIT DI EE, RSTHRMENDHEE XN Z X LRRHFAH T
[EHITBKERBEEERIT S LTIHREICEETHS.
HELARKFESBOEA R CERASNIZILEERE TOAFEFR S TAMEDEBIRAZEHR(IC(E UL U ILBRELTE
ERDEAINS RSN TUS(e.g., A/ - HIEH, 1980; Abers, 2005). $F(C, XS T EEBRFIHAT
HEETHMEICH L TEHASIN 3 BERISEFUEMBRANEBELEL A7 RETH D EBRRINTLS(Shiina
et al., 2014). A+ REHAERAINDIEHICIEFHSLRTICXSTELTTHH I BBEREE (Kita et al.,
2010, 2012)DEENREETH D, A—DEARTRAINZH 7 BRI, SRREFETHU L SHCEREE
FoOeEXS5NS.

ZC T, KFEWTIEICEERBTOX S TAMETERAINS 1 RROEREE AU TEFUMROMER
REDOHEZSS . BT CEIEFUMRBRATMEPRE UTEE LIz R (quided-PR) ESSRE LU TIGREL
e B3R (quided-SiE)M2DMEEARICEE L, guided-PR(E315(@, guided-SHE(F275@NDMMETRIERZ
EGHNOE. TOER, FI50-100 kmfEE DPREE(36.5-7.5 km/s, SERE(E3.6-4.2 km/s, Vp/Vsl&
1.80R2EDEAREESINIZ. KT, FT80 kmBLXDPE - SHERE(FELEN(CHFI NI MROMERRE
(e.g., Hacker et al., 2003) KD EEL, CHOREETET volSBEDRIENDEFEICKIDFHAT DI ENTE
3. e, FIB0-100 kmT(IHMERREDEMAE R Nz, COFRTEH T LEAMEFO M (Kita et al.
, 2006) 2K DEEK (e.g., Hacker et al., 2003)REUBFES(CHIGL THD, MBRADMERE(C (S
BKICEKDEUTEANEBECBRLTUS CENREL TV S,

R CHE SNISEEMROPERE (L, FI80knlX TIEIL A DER (Shiina et al., 2013) & ER
BTHO, TNEIDERES (80-100 kmiEE) THIUBERIPOPEERENDAMIEL. KFFEISTHRRSHCI
HFAGILBEREBT(E, RILMAICHRTIST LEBRERMADBERGVEEZX SN TS (e.g., Kita et
al., 2010; Abers et al., 2013; Wada et al., 2015). JLBERPETIEIMREIITHRERZUVC &ETEK
T DB RICDETOTADOBENRE MRS & (FRED RN D D. COLDSLEVICKD, dbiEE
RESTMDERT80-100 kmf<HA TIFEALHES T (CHERTROIPRERE MR I NS DOHE LKL,
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To better understand thermal regimes of the interplate and slab-slab contact zone undergoing
subduction upon convergence such as in Kanto to Tohoku, Japan, we developed a parallelepiped
three-dimensional thermal convection model to simulate simultaneous subduction of the overlapped
Philippine Sea and the Pacific plates. We investigated the interactive slab thermal regime and
mantle flow associated with such a unique geodynamic process, using simplified and realistic
models. Results showed that: (1) cold anomaly was found to exist predominantly on the slab contact
zone, resulting in a cold triple-plate junction corner immediately above the zone with an estimated
temperature colder by approximately ~300°C beneath Kanto than Tohoku. As a result, delay in slab
dehydration takes place and accounts for the distribution of low seismic velocities in the slab
contact zone; (2) a relative subduction direction that yields the obliquity or asymmetry of the
thermal structure in the slab contact zone, which corresponds to thermally controlled clustered
seismicity on the southwestern half of the slab contact zone probably due to the delayed slab
dehydration; (3) induced flow in the continental mantle was related to the straight component of
subduction velocity of the lower oceanic plate more than to slab thickness. Interaction between the
two oceanic plates determined the induced poloidal and toroidal convections in the continental
mantle. In the sandwiched mantle wedge, the mantle flow induced by the Pacific plate is
predominant, and reaches depths of 30~100 km beneath Kanto, which is shallower than Tohoku, and
attributable to the double subduction; (4) thermal regime and dehydration of MORB near the upper
surface of the subducted Pacific plate is considered to control distribution of seismicity beneath
Tohoku and Kanto.

F—O—R ! XSTBK ZERHAS. BIEZ=21L -3V, BUEE
Keywords: slab dehydration, dual subduction, numerical simulation, thermal regime
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Geo-fluids distribution in mantle inferred from the electrical conductivity and simulated
thermal structures beneath Kyushu
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The Kyushu Island, at which the oceanic Philippine Sea Plate subducts into the mantle beneath the
continental Eurasia Plate, is characterized by the northern and southern volcanic regions and the
central non-volcanic region. Magmatism in the subduction zones is triggered by the addition of the
oceanic slab-derived aqueous fluids (water) to the mantle, because solidus of the mantle rock falls
by the addition of the aqueous fluids and partial melting of the mantle occurs. Thus the
determination of geo-fluids (the aqueous fluids and the melts) distribution is essential to
understand the magmatism in the Kyushu subduction zone including the non-volcanic region between
the two volcanic regions.

We obtained an electrical conductivity structure (model) beneath the entire Kyushu Island using
three-dimensional inversion analyses and found three conductive anomalies, which indicate the
different intensity and spatial extent for the three regions, at the mantle in the model [Hata et
al., 2015]. The difference is considered to originate in the content of geo-fluids in the mantle.
We determined the temperature and melt fraction distributions (structures), as a function of a
fixed water content, inferred from the electrical conductivity structure beneath the Kyushu Island
by using petrological laboratory-derived results [Hata and Uyeshima, 2015]. The laboratory-derived
results are the relation between electrical conductivity and temperature for four nominally
anhydrous minerals (Olivine, Orthopyroxene, Clinopyroxene, and Garnet) and hydrous basaltic melt in
solid and liquid phases of the mantle, and the relation between melt fraction and temperature for
mantle rocks (peridotites) under a condition of isobaric hydrous mantle melting.

In this study, we aim to determine the content of both geo-fluids in the mantle beneath the Kyushu
Island. Thus we use a fixed thermal structure, which is a simulated thermal model associated with
the subduction of the Philippine Sea Plate [e.g., Yoshioka et al, 2008]. Then we determine the
geo-fluids distribution by integrating the simulated thermal structure of the mantle, field-derived
electrical conductivity structure of the mantle, and laboratory-derived electrical conductivity of
the four mantle minerals and the basaltic melt. We will describe our approach to determine the
content of the geo-fluids and show the water content distribution and the melt fraction
distribution in the mantle beneath the Kyushu Island.
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Dynamics of heat and material transportation during subduction initiation in the Setouchi
Volcanic Belt
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Kowledge of subduction initiation is critical for better understanding dynamics of plate tectonics,
but is difficult to obtain because of its episodic and transient nature resulting in incomplete and
fragmental records. The key issue is elucidation of heat and material transportation in a
subduction zone during the subduction initiation. The aim of this study is clarify spatial and
temporal changes of thermal state and material distribution involved in volcanisms of the Setouchi
Volcanic Belt to scrutinize subduction initiation by exploiting its excellent records of the
processes of subduction initiation.

The Setouchi Volcanic Belt (SVB) in the Southwest Japan arc has a record of igneous activities
which show temporally and spatially continuous distributions in the forearc region in the Miocene
period. The SVB is characterized by the occurrence of primitive volcanic rocks such as high-Mg
andesite (HMA) and basalt. Previous studies in the Shodoshima Island and Osaka argued that HMA
magmas are generated by highly wet melting of the wedge mantle involving slab melt from the
subducting young and hot Shikoku Basin in the early stage of subduction initiation (Furukawa &
Tatsumi, 1999; Shimoda & Tatsumi, 1999; Tatsumi et al., 2006). However, there are several issues
that must be addressed: (1) HMAs are very poor in water; (2) the estimated melting conditions for
HMA and basaltic magmas are very disparate: hydrous and 1050 to 1150 ‘C vs. less hydrous and 1300
C, which are supposed to have been close in time and space in the mantle; and (3) the proposed
magma genesis is highly dependent on data in a particular and restricted domain (< 20 km in width)
in spite of the wide extension of SVB (600 km in width) consisting of several domains with higher
concentration of volcanisms.

There are three sectors of higher frequency of volcanic rock distribution in the SVB on the scale
of about 100km scale, each of which may correspond to a separated domain of magma generation. We
selected north-eastern part of the Shikoku (NE Shikoku), as study area, where magma genesis has not
scrutinized yet. We measured whole rock composition of lavas by using XRF, LA-ICP-MS, and ICP-MS
and mineral chemical compositions of phenocrysts with EPMA, and obtained K-Ar ages for samples
collected from this sector in the SVB.

Our estimation of a primary magma for HMAs in the north-eastern Shikoku, which is based not only
on whole rock major element compositions but also on chemical zoning of phenocrysts, is more
magnesian (> 11.6 wt% Mg0) than that of the previous study. Geothermometer of Sugawara (2000)
combined with liquidus drop after Méderd & Grove (2008) and alpha MELTS program (Ghiorso et al.,
2001; Asimow et al., 2003) constrains melting condition of the primary magma as 1GPa and 1200-1240
C with 1.5-0.9 wt % H20. The pressure and temperature are close to the basaltic magma generating
conditions proposed by Tatsumi (1982). Because of the similarity of major element compositions, the
generation conditions of the HMA magma could be common throughout the SVB. By contrast, the whole
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rock trace element compositions and K-Ar ages show spatial and temporal variations, which suggest
variability in timing and extent of supply of a slab-derived component (marked by high LILE/HREE)
and/or an enriched mantle component (marked by high HREE abundance). There is a tendency that these
components were added in a later stage in a given area.

We argue that achievement of temperature over 1200°C just beneath the crust for generation of HMA
and basalt magmas with temporal changes of source material and involvement of slab-derived fluid
components were caused by several local mantle upwellings. Such upwelling induced by the subduction
initiation might have entrained slab and/or enriched source components at the leading edge of
subducting slab.

F—O—R ! BdHAHBIREA. BMgRILA. BRAANLE
Keywords: subduction initiation, high-Mg andesite, The Setouchi Volcanic Belt
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Deformation and metasomatic histories of Pinatubo peridotite estimated from
microstructural observation
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Deformation microstructures of olivine in naturally deformed peridotites are useful for examining
the rheological properties and deformation history in the upper mantle. Particularly, slip system
of deformed olivine is especially well known as an indicator for the deformation conditions, such
as temperature, stress, pressure or water content. Here, we try to estimate the deformation history
of deformed peridotite by means of the microstructural observation and slip system determination.
Two types of amphibole-bearing harzburgite samples (namely P-3 and P-4) collected from Pinatubo
volcano were analyzed using optical microscope, SEM, EBSD, TEM and STEM. Kawamoto et al. (2013)
suggests that these peridotites were affected by the intense metasomatism. We report the
relationship between the deformation history and metasomatic reaction.

Pinatubo peridotites are composed of relatively coarse olivine grains with several mm in size, and
partly fine orthopyroxene and amphibole aggregate with tens to hundreds pym in size. The fine
grained aggregate in P-4 is more than in P-3. The grain boundaries of the coarse grains exhibit
irregular shapes. And these grains show the undulose extinction and well-developed subgrain
boundaries. The coarse olivine grains contain a lot of fluid inclusions. Additionally, the fine
olivine grains exist along the secondary inclusions within some coarse olivine grains.

The LPO patterns of the coarse olivine grains in the both samples imply the dominant activation of
[100]{0k1} slip system, which is developed under high temperature, low pressure and dry deformation
conditions. On the other hand, the dominant slip systems obtained from the direct characterization
of dislocations by TEM are [100](001), [001](010) or [001](100), which activate under moderate to
high water content condition. The discrepancy of the obtained slip systems is probably caused by
the overprinting due to the changing of deformation conditions. Dislocation microstructures are
more easily modified by later deformation events than LPOs.

We conclude from the characterization of microstructures in combined with the result of Kawamoto et
al. (2013) that Pinatubo peridotite experienced deformation and metasomatic events in the following
manner. Pinatubo peridotites have originally deformed under high temperature, low pressure and dry
conditions in the back-arc region. Then, they have moved to the fore-arc region due to the corner
flow, and have been affected by the fluid-related metasomatism. Finally, they have undergone the
annealing process within the upwelling magma.

Referenece: Kawamoto et al. (2013) PNAS, 110, 9663.

Keywords: Olivine, Deformation, Metasomatism, Slip system
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Dynamics of back-arc spreading
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What control the position of volcanic arc?
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Along-arc variation in the slab-mantle coupling due to a thin, low viscosity layer just
above the slab
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In order to understand how seismic and volcanic activities occur in the subduction zone, it is
critical to better understand the thermal structure there. Previous studies have shown that many
factors affect the thermal structure including slab velocity, plate age, temperature dependence of
viscosity, viscous anisotropy, complex slab geometry, and slab-mantle coupling. Among these
factors, I focus on slab-mantle coupling in this presentation. It is well known mainly based on the
observed low surface heat flow and low seismic attenuation that the forearc mantle is cold and
rigid. To explain such a “cold corner”, the movement of slab and mantle need to be decoupled down
to a certain depth by a thin, low viscosity layer (LVL) just above the slab so that hot material
does not reach the corner of the mantle wedge. Many numerical studies have investigated the effects
of slab-mantle coupling so far, although very few of them focus on its along-arc change. In this
presentation, I will show how LVL at the plate interface affects the along-arc change in the degree
of slab-mantle coupling.

I construct 3D finite element models to investigate a possible role of LVL in the subduction zone.
The model domain is divided into crust, slab, and mantle wedge that includes LVL just above the
slab. The flow is computed only in the mantle wedge and temperature is computed for the whole model
domain. Buoyancy force is not considered and viscosity is assumed to be temperature and strain rate
dependent except for LVL where it is constant. The model setting is exactly the same in the
along-arc direction.

I find that when the viscosity of LVL is sufficiently low, the degree of slab-mantle coupling
starts to change in the along-arc direction at some point and 3D flow and thermal structure
develop. Temperature dependence of viscosity may be a key factor in producing such a feature. I
also find that a thicker LVL leads to a longer wavelength of the 3D flow, and a deeper down-dip
limit of LVL leads to a delayed onset of the 3D flow. In order to explain the spatial distribution
of Quaternary volcanoes in Northeast Japan with this model, the viscosity and thickness of LVL need
to be <5x10"™ Pa.s and ~6 km, respectively. These results show that a detailed understanding of LVL
including its formation process and spatial extent is essential to constrain the thermal structure
in the subduction zone.

F—O—R I EIHFAHFE. X>T - YVVNIVEAYITUVT KLSH
Keywords: subduction zone, slab-mantle coupling, distribution of volcanoes
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Characteristics of slab-derived fluids beneath Kii Peninsula inferred from seismic
traveltime tomography (2)
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Experimental constraints on the serpentinization rate of fore-arc peridotites:
implications for the welling condition of the "Arima-type" hydrothermal fluids
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In order to palce a constraint on the water circulation in subduction zones, hydration rates of
peridotites have been investigated experimentally in fore-arc mantle conditions. Experiments were
conducted at 400-580°C and 1.3 and 1.8 GPa, where antigorite was expected to form as a stable
serpentine phase. Crushed powders of olivine torthopyroxene and orthopyroxene + clinopyroxene were
reacted with 15 wt% distilled water for 4-19 days. The synthesized serpentine was lizardite in all
experimental conditions except that of 1.8 GPa and 580°C in the olivine + orthopyroxene system, in
which antigorite was formed. In the olivine + orthopyroxene system, the reactions were
interface-controlled except for the reaction at 400°C, which was diffusion-controlled.
Corresponding reaction rates were 7.0 x107'2-1.5 x10™"" m-s™' at 500-580°C and 7.5 x10°'® m’-s™' at
400°C for the interface- and diffusion-controlled reactions, respectively. Based on a simple
reaction-transport model with these hydration rates, we infer that leakage of the slab-derived
fluid from an water-unsaturated fore-arc mantle is allowed only when focused flow occurs with a
spacing larger than 77-229 km in hot subduction zones like Nankai and Cascadia, whereas the
necessary spacing is just 2.3-4.6 m in intermediate-temperature subduction zones like Kyushu and
Costa Rica. These calculations suggest that fluid leakage in hot subduction zones may occur after
the fore-arc mantle is totally hydrated, while in intermediate-temperature subduction zones,
leakage through a water-unsaturated fore-arc mantle may be facilitated.

F—TO—R KRG, XSTHRE. BRA. ARV Y L
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Analyses of equilibrium phase relations with recently-developed thermodynamic dataset of
rock-forming minerals has provided us significant information on distributions of stable mineral
assemblage and water content within the Earth’s interiors. However, based on the petrological
observations of metamorphic rocks and serpentinites, thermodynamic equilibrium is not always
attained during metamorphism at individual P-T conditions, and unreacted parts often remain. To
understand the dynamic behavior of the Earth’s interior, it is important to investigate essential
controls on the progress of metamorphic reactions. We have developed a novel model for the coupled
processes of surface reaction, fluid transport and fracturing during metamorphic reactions by a
distinct element method (DEM) (Okamoto and Shimizu, 2015). This model considers a reaction rate as
a function of fluid pressure, and revealed that contrasting fracture patterns are produced between
volume-decreasing dehydration (typical in prograde metamorphism) and volume-increasing hydration
reactions (retrograde metamorphism, or serpentinization).

In this contribution, we focus on the relative rate of fluid transport and surface reaction on the
fracture pattern during the volume-increasing hydration reaction. The new DEM model treats
transport of water in two ways; flow along the fractures and flow through matrix. The latter has
the similar effects to diffusion. For evaluate the system, we introduce two nondimensional
parameters; the ratios of the rates of fracture flow (Y;) and diffusion (Y,) to the surface
reaction rate. We found systematic changes in fracture pattern and system evolution as a function
of Y, and Y.. In the first case that reaction is faster than water transports (Y, <1 and low Y. <1),
the reaction proceeds from the boundaries and forms fine fractures layer-by-layer. In the second
case that reaction is faster than diffusive transport of water but much slower than flow along the
fracture (low Y<1 and high Y, >1000), the reaction proceeds inward effectively to form
hierarchical fracture networks. In the third case with high diffusion rate (Y, >10), the reaction
tends to proceed from the boundaries without fracturing. The dependence of the fracture pattern on
Y. and Y, suggests the importance of the rates of water transport relative to the surface reaction
rate in studying the mechanism and overall rate of water-rock reactions. The fracture pattern
generated in the second case is similar to mesh texture found in the partly serpentinized
peridotite in oceanic peridotites. We also discuss the effects of grain boundaries and will develop
the model to more realistic reaction system which incorporate element diffusion such as silica.

Okamoto and Shimizu (2015) Earth Planet Sci Let, 417, 9-18.

F—O—R ! RIG-YEBE-BROT r—RNRv D BHHRERZEK. BRELER
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Influence of pore size distribution on elastic wave velocities during evaporative drying
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BMERORE (V,, Vo) (E. BADOKEMR (S) . MROY 1 XERAK. BRADDIIREE. AR O BRI
EIHEFITBCEMMOSNTED. ZOKREFUEIEFET SERIT. BiotiEa (Biot, 1956) (CETDUV\EHRA L
ARDNLINTUNSD, LH L. REROIARTIE. KEHIREN S TR (CHIRT ST TICE U SBHEBERENDE
MIERIEDETEEENICHATESICEEDTUVEL, AR TIE. BREDRLEIANL 7HWEE (BEX
300 mD, 20 mD ; LIFZENZENARL 77300, NL 7720 M&EE) EEEWE1TRE (BEX 0.6 mDAME) ZH0)

T, BRICKDKBENRE|ETIELMNSY, VERMELZ (AHPHK 200 kHz, AHISE : 100 kHz) . REBR
Znfm (FAO¥RE) OREBRMNS. AL 7300TIEHI5-100 pmy RL 7720TIEHI1-10 pm. EIEIET(3H#10.4
IMAREDEBRMNZVNC EMDM DT, V, ERIELER. AL 7300 DV TIIUATDIRBEDELNRE SN
[(1) $=1-0.5:V, &, (2) S=0.5-0.3:V, EF. (3) $=0.3->0.1:V, BT, (4) $=0.1>0:V, L

F1., e, FFEBOVELEUTORED TH o2 [(1) $=1-0.15 : EORHLV, ER. (2) $=0.15-0 1 2
BV ER] o RLUT20T(E V, [EDVTIIARL 7300(CEH T DERMETD—EREERRE2, 3, 4ICHEET BIEAM. Vg
[EDVTEARL 7300 ERDIERRE SNz, BEIERRPETIE. V, (CDWVTIEARL 7730003, 4(CHET D
BEDHM VJICDWTIEINRL 73000 7720 RILD. —EBETUZE LRI IEANE SN, TZERMNE
TERIC(E. KRELEBEMNSEIKRRDONDC ERFMSNTULS (Nishiyama et al., 2012) ., Lfe

RoT. BEADEBREDMERAVNSCET. HBIKBURICSVWTEDY 7 IUTORRMNKTHEIZINT
WBSHDD NS, BIFDERICRREDfH CAEEEROERBKFELEDBREMR S EICLD. SOR
LISV, , VORIED K D IEREHRE R B,

F—D—F R, KBRS, EREN . BE

Keywords: Elastic wave, Water saturation, Pore size distribution, Sandstone
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SERCE DIERIRE (CN T SEBRKDMREY Y RILD T v I THORVp/VsDERA
Effect of pore fluid on seismic velocity of serpentinite and the origin of high Vp/Vs in
mantle wedge

Bl K. Uam vy B 85X
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RS I DA S ABICHR TRBUVMIERREPE VR 7Y VTR DT 5N3 120, BHABETHESND
HERDEREBYPEVp/VsEBEOREE UTEEINTULS, ULHMULERS, BEETPLEBEADY Y S
DIVITHRESINTULBELIELWp/Vs (52.0) (&, BRE (FPUFIS ~1.84) OFERL(IITIEIERAM
DO, ZOMEIEHICITIE (LM FRENREEFEL TLIHREEARSL . 2L T, MR TIIEBRRIEETCH
(T2 EMERRE DRI S 27 LOBEEETL, IREOBERRE (CNT SREKRKOMREE EEMNICIREET S
CEERAB, HH, ERTIE, EHEEIZIETRRETCOSYIRERL, ZDODU YO ERIBMNE
HDETHRIERRENE DL SICEILT BN ERR,
ERIILEBRFHRBENRRAEKER B EFHV), EE10-20MPa, RBR/KES-10MPa, HEHRE

0.1mm/min, EEDRETITolz. MRHIMAER (ER20mm, Kd40mm) (CEFEL, MROMAIECEERF
(Vp, Vs) ZEMB CE TEBEICKDBIMERERAE Lz, EdH, BERO ) H—FVTANL, ATREE
EEOE N Stravel-timeZ BEE D, BMERREZHELZ, BREOEBIMERRE FIZFEDOETE EECE
TU, ChEERIFCOSYIRERINDECENRREEZEZR SN D, EH, VslFVpXDEEREETMAETO)
28, ZDLTHBVp/Vs(FEFEEEICER Uz CDEMIZF0 Connel and Budiansky (1974) MR L TUL)
B3USYOETIVERNNTS D, SKKETIEIOSvOBEDEMNICLDVp/VsIFEL D, CDLDIC, 8
WERDOTREDEE KHMESHDZER) HNEINT B ETVp/VsH ER T SEANG SN, SEITEDE
BEI )Y IRYTLEETEHEL, ZRE(CLSIBERRENDELEEENICANDIFETHD. LT, ¥V
VRO T Y ITHONDELWp/VsTERICE DIREDKMEET SOMNERESMIL TULET0),

F—DO— R IERE. MERERE. MERK
Keywords: serpentinite, seismic velocity, pore fluid
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Elastic constants of single-crystal topaz and their temperature dependence studied via
sphere-resonance method

*ERE STke'. Bl T
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Transport of ocean floor sediments by plate motions might play an important role in the circulation
of materials within the Earth. Imaging subducted sediments through seismological observations
requires a thorough understanding of elastic properties of sediment origin hydrous minerals. Topaz
is a hydrous mineral, which can be formed from subducted sediment at high pressures. We have
studied elastic constants of single-crystal topaz and their temperature dependence by the
sphere-resonance method.

A sphere sample (D=6.483(1) mm) was made from a topaz single-crystal (Al, ,Si0,(F, ,0H, ,,))
collected from Nakatsugawa, Gifu Pref. by the two-pipe method. The uniformity of crystallographic
orientation was confirmed with SEM-EBSD (Shizuoka Univ.) measurement. Resonant frequencies were
measured at frequencies from 600 kHz to 1.5 MHz with different specimen-holding forces.
Extrapolating to the specimen-holding force of zero, we obtained frequencies of "free" oscillation.
The temperature was changed from @ to 402C. Elastic constants were determined by comparing measured
and calculated resonant frequencies. The xyz algorithm (Visscher et al., 1991) was employed to
calculate resonant frequencies of the sphere sample. At room temperature (18.72C), C11=281.3,
(22=346.3, (33=294.8, (44=108.5, (55=132.5, (C66=130.3, C12=121.5, (13=80.90, (23=81.73 (GPa). Using
determined elastic constants, compressional- and shear-wave velocities were estimated for an
isotropic polycrystalline aggregate of topaz at high temperature. Compresional- and shear-wave
velocities at 8002C are 9.32 km/s and 5.57 km/s, respectively. These values are significantly
higher than those in minerals like olivine or garnet.

F—DO—REEER. HIRE SKEY. ~I-X

Keywords: elastic constants, resonance method, hydrous mineral, topaz
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A new mechanism to produce chemical heterogeneity of Earth’s mantle: Slab dehydration at
660-km phase boundary
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Introduction

Dehydration-hydration processes are thought to be essential for creating chemical heterogeneity in
the Earth’s mantle: e.g., the mantle geochemical end-member “HIMU" likely represents recycling of
an extremely dehydrated oceanic crust, and mantle geochemical hemispheres (Iwamori and Nakamura,
2012) seem to be originated from dehydration-hydration reactions in subduction zones. We
investigate behaviors of hydrophilic components during mantle convection and water transport using
a self-consistent numerical model in order to reveal the chemical evolution of Earth’s mantle with
geophysical validity.

Methods

A 2-D fluid mechanical simulation with following characteristics is conducted.

(1) Free convection of whole-mantle scale without synthetic forces (Tagawa et al., 2007).

(2) Phase diagrams of hydrous peridotite and hydrous basalt (Iwamori, 2007) to introduce hydration

and dehydration reactions.

(3) Realistic constitutive and state equations for the hydrous rocks to make (1) and (2)
interactive.

(4) Transport of multiple elements that can be partitioned between mantle rocks and aqueous fluid
using a Marker-in-Cell technique.

Results and Discussion

During slab subduction, dehydration reactions occur at specific p-T conditions. Then instantaneous
aqueous fluid enriched in hydrophilic components and less-hydrated residue minerals depleted in the
components are produced. The aqueous fluid is assumed to be immediately incorporated into dry rocks
through which the fluid percolates. The transported hydrophile elements are assumed to precipitate
with the fluid. In each run, three major dehydration and fractionation processes are reproduced as
follows.

[Process 1] (Depth < 200 km; under-arc process) Associated with dehydration of the subducted slab,
discharge of highly hydrophilic elements results in depletion of the slab subducting into deeper
mantle. The hydrophilic elements are deposited into the overlying lithosphere. This process does
not contribute to global redistribution of hydrophile elements, because of high viscosity in the
cold region. The depleted layer is fixed along the subducting slab for a long time.

[Process 2] (Depth = 660 km; slab penetration process) When the slab penetrates into the lower
mantle, the hydrophiles are continuously emitted depending on their partition coefficients during
dehydration associated with wet-Rw —->Pv + Mg0 + Aq transition. This process helps heterogeneity in
terms of the hydrophile elements to horizontally expand. During the slab penetration process, the
depleted rock as a product of 660-km dehydration is produced just below the phase boundary, and
descends into the deeper mantle.
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[Process 3] (Depth = 410 km; upwelling wet plume process) If the water-saturated layer is formed
just above the 660-km phase boundary, wet plumes enriched in the hydrophiles ascend due to their
buoyancy. After plumes reach the 410-km phase boundary, dehydration by Wd —>01 transition and the
corresponding fractionation of the hydrophiles occur. However, the depleted plume tails are not
well separated from the enriched plume head.

Among them, [Process 2] is the most efficient process for creating and distributing the geochemical
heterogeneity. [Process 2] with wet plumes and aqueous porous flows from the 660-km phase boundary
involves a possible mechanism to produce the observed geochemical hemispheres representing a
hydrophile-rich part (eastern hemisphere) and a depleted part (western hemisphere) (Iwamori and
Nakamura, 2012).

F—O—R ! BUKEMETTR. KX, VYRV, 660kmittER AN ERE. V> ~IVHERAEIE, TR A

Keywords: hydrophilic trace elements, water transportation, mantle convection, 66@-km phase
boundary, chemical heterogeneity of mantle, element partition
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B;F 5 VKA KBV Y MILERBHEAD KX
Iron-titanium oxyhydroxides as a water transporter into the Earth’s mantle transition zone
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e5F. EBYY MUVEBRETOBEERICHVT, REFIVEEIRFETIHLLEKEEXIRA +
KDRTHRRE U, {EZHEMN SFe00H-TI0,RDEBATH BN FERINZN. KREDRTIIRIENNS
<O BIRTOXREITCIRDADNRE CH o /zfzoh. BEDERE B2, Fe00H-Ti0, RT 7 BEDHAENE
(x = Ti/(Fe + Ti)[RFtL = 0, 0.125, 0.25, 0.375, 0.5, 0.75) ZFeOOHETi0,MEAETEG L. HEEV
VF 7 VLB TEIS-166Pa, SEEI900-1600°CT SREBEIT o/, TORER. (FeH), Ti0,0{b34E
BERD 2 BEDFeTI/KBILYMHBRER T NE, —DBIE. FellBEARHEMEES (x < 0.23). BRBEE
e-FeOOH (RISER, P2,om) EAUTH Iz (BIR(E Suzuki 2010) o ES5—DIF TIlCEATH D (x >
0.35). a-Pb0, BU(RITRR, Pbcn) DIEREEZEHEL TU\Zo CMDa-Ph0, BIDFeTi/kEE{E¥(INishihara and
Matsukage (2016)(CHVTHRTHINH THE I NIz, a-Pb0, BUDFeTIKEMEME. x = 0.75DFE. ENF
8-18GPa. SRE(I#I1600( X TLE T, IRV Y MILDOFMBNE CEFEAETH B,

FAI2 B3 5 ICKHAE +HKDRTDOFeTIKBEYINREFEHERBICTHANTHS DAL EE1000 ©

C. 8-17GPaDEEH CTRETHBIEMIMN D TULD, 176PaEBX D& FeTiKELMINDERL . TilFCaTiRO T
2N LCPBEIN. KIFAVE S ATZphase-DICHIEMAND (Liu et al.. KRB THRERFTE) . FITHEIC
HUV T, KEEEDBFMR(C(EENDT106PaU L TRELSEKILMHNFHEE T, ZNEHIRBAEMRNER Y
VHIVEBBEE TREESC ERHRLEVERDNTU R, LA L. AHARICELBFHLVEKEOHER(C

L2 T KREDMRNICKE VY RIVEBBYL TRV Y MILETEREV S3FHDN D/,

F—O—R ! EEBVY RV, VY RILBBE. K FIY. SKE. KHEHR
Keywords: deep upper mantle, mantle transition zone, water, titanium, hydrous phase, basaltic crust
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TAE— XU SEOTTRDEEFRIDEHH : bond valence ZDIGA
Prediction of elemental partition between fluid and melt by bond valence method
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TTRPEBICDUVTIE. INB. MFSICLBD TSIV DLEBEICKD., BRAOTF VEORBAEENRDEE
E(CHIEIL TLD M h oz (Matsui et al., Bull. Soc. fr. Mineral. Crystallogr., 1977), &M
ITwvtYREFHDRRETIVOCZOREETIVEFE DT, TEDED FAEER ] FRARKITEDODNTO

Do CNESDEFTILTIE. XIVEPTILT RIFEZENICERDIZRNDNTUEL. CNUEIXILRPRTILT ROBFHR
BEOCYENRI LS DD D> TUOEWZHTH D, TN FIXETIL1 R—XIVEDOTREAEE TS
EFTEEL, B, BE(Ibond valencel ZNDENEBREICHBETERINTIILUAERBODE, ERETH
LTHEECD. FHNICKIVERZSZ. TNETIVTR—XIVLRIEIGATSCEEHABTHED. Z0
RIEDVWTHET B,

bond valence(bv)iBZ&(E. 7 VERPICHUVT. B VDM ZE. ZNICEMLTUVSRTZ Y EDR/S
(CHLUTRAITZDENT (FEH) . juldPaulingdbond strength(CEHX T B, ZNDE. 1.D. BrownS NFEE
TEEEOVETIRRFEEMAEENCERINTUL S (RFHEEBRMNARVEVIINSKESD), bvDEIREID1D
(Fexp((Ry-ry;)/B)DIEEED. r(JRFRIER. R, BETEEED/ISA-ITHSB, BETIE. FLERF
(DU ThvDF(bvsum) ZED & FIDERFDvalence& (FIF—BT D, KELTFNBDHBHIIEECASH DA
BRH D, BEFZTEBOSNZEBEDF T v, ZMRFOMBORE. OHLFEDRIELE [CLEDNTO
Do WEEBET —IN—IZFEOT. HEDRAZV(ECER)ICRUT. BBBTAVDb/ISA—5—MNZF
EAEDTRICDVWTRHOSNTULSD, LIZM> T, BREENRDH >TUONE. ZEDT—F&[FEOT, fc&
Z (S forsteriteMMAE (CIRABHICSIE ANTZIBE DbvsumE BT B ENTED. TENEODEREITETZ 17
VEANERObysumld. Mg SEFAEZT<TFND, COFNIE EH] IRILF—ERRDICEETE
B, HEIES. bvDHAEREI2NERT VI v ILORELRIVF - EBNELDREHTH D, TC

T. misfit = abs(bvsum - Q)& E&HET B QIFDT7 VDFRvalence) , BHEDERDnisfitEEED

E. CNEZOBRAODEEHENLIESNBIENDH oz CDAETTorsteriteM1/M2, opxdD
MI/M2DEEA TOECRE |, garnet/chlorite’™d & DGR D ERE] ZBRLTRICDVWTEIET S

. BRI ERBDNRT—UNESNE, COSRIEIHERICEMTRIABY I +TRZX S, BRELDER
EICHFTDHOREF—EERER b/ IS A —9DHTHDNDT. perovskite/postperovskiteDPEELE £F
BTED, WENRTENEDEURE TR ZDRRE(CEZX D EMDH M nisfitEEDEREHREE S
EEMNCHIESTE DN, MHEOEBREDIROEENEDIRVLE RFERBRTE O TLD,

3T, TILTREXIVEOBFBENRD N> TUNIE. EEEDBETIILT B— XU SEDE O E R
MTEB3, LN L. BEERSZENREIFEILS AN D TUVEL, BTy TILTREXIVRZENZENICDNT
RIENEFEZE1DE X T(ERMMSEE). TNODFEOAET S (RFHEEM) EZEXT. PEBEOELERTH

fzo Pearce(doi:10.1029/2004GC000895)(C LMK, TILT R—XJULET(EBa, Cs, K, Pb, SriRTJL-T R
~. REE, Nb, Ta, ZIr, HFIFEFXILFEINB<EBET I ETNTUD. EDXDE/IRI—VIE. TIL1 REID
EM3.2 AKS0DAETE. XIVHAIMR2.5 AKSLDBEICESNE. NEDEHIEEINTUDIM. CDELD
SEFBEETIVEHEXE. MOTRDIRDIBUVEFHUITDICENTETIESES (COBREXIETZA VD
#H) o BAIBEIUKRES(CLD. DE/INI—VIEIBFABETRKELEDNDSINT. EREDEREHRNRZ DT
RZCTEHINNE. FICTILTREXIVEDEFBEZEHINT BEHEZXDINELNLEL, SE. F—RE
SR ETESI(ICRIET IMERH S S,

F—O—R IRYRNLYRE TRDE. TE. XU, BFEE
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Keywords: bond valence method, elemental partition, fluid, melt, local structure
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SV YPNEIC K BIFBIRIRRENALL DT (ZENITTE D DO ?

Is the non-destructive analysis of carbon isotope ratio useful?
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RERFMEK E(ICEET IEREMTRO—DOTH D, MEREZEEL THIRREDREBICZALIZEESXTE
Jz. BTE, RE-BREEYTHDI _BILRRTBENRERS, BLADEEESHICK > THEINS Z#1L
REMEROSFLERERIEEEZ5 LTV EZEZISNTUSD. “BLRERSHKEEIETHDI VY ~
BB ERCERETEYE U TEHERINDS. KB EEL CTHIEKERASHEIN TCEREEERBELE
1H5E, REOHKKREB(ICHEEIT IREE(ICEMIDEIEND_BIEREZENBRHEINTETEITIAETHD

7, VY RIVEBEE RV CHEKERRRDEFECRRBREZEMR T S & (3, MEKRBREED L DRV ER
([CEDTEETHD.

REDOVY Y VBB ENDREZERMUAL DRI EY Y TILOBIEANMES, BIENOTEDBREDE T EVS R TH
BB SD. CNODBEEERRATETIREUNRGIFIEREFEE LT, SV IYDHEILKDRERMIAL
BIEMRSHSD. ULHL, COFEFVY RIVBEBETORZDEREZ EENCERIKDIZITORBEZZE
FoTULWEL. KIAETIE, FTITHREIDEESREAIREZFTOSVIUONBREALT, RERDEREZ ETEN
(CEMHERDBENEBIET. Tz, BONCHBRERCRENERICDVTEREL, SEOBEALORE
ZlcounTEmLTu<.

BIEDRER, RERMUALLDFTORBE(Z1500/) T1265TH D EMBESHMIE O IZ. COEOIHEBVBEIC
HoTUE2RERELT, AAETHWZS VY AHIMREDRENEINZE(FSND. FKITHETHL
SNESVIUDHAINRELD EARAETHUZREIN/26B80ORETH >R, S/ NE+DICERSZER
BT, E—DTrvTa YIEERICITRENOIZ. Z2CT, LDZBLOADY RHEREBLIZBAIC, £
NEITAEBENRA LT SMEEEZTHSC. ZORBR, SEDAETHOAEREIRS T8 (1 0) THH L
HETEZ. LHAL, VYNIURBEDERRE EEMNCERT BICIIREEREMKETU.
COBRENBERAERBELLER, EREHFCLZIENTIOSVYIITREZRBLTULWEN > ENRERTH
BCEMBEASHEL DTz, COBRERELUER, RIERE(E1500 sec. THISTHRIER K D+9%ME EL

Iz, Tz, BERORECLDIEEEZZRING, KEAGENDIEOOV Y MNUBEBETO _BILRERETE
MOIREZRERD, BREHSDAEETXDCEMBESHICHE O Z.

F—D— R TEGRE. REEEY. SYYANE. VY RIUREE. REREL

Keywords: carbon dioxide, fluid inclusion, Raman spectroscopy, mantle xenolith, carbon isotope
ratio
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