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Plate Subduction and Arc Magmatism
Junichi Nakaima™

The subduction zone system on the Earth is over 40,000 km long, comparable to the circumference of the Earth.
The active processes -brittle deformation, metamorphism, convection and volcanism—- beneath volcanic arcs or
continental margins are all linked with fluids derived from subducting oceanic plates. Here I review recent geophysical
observations in subduction zones and organize our thoughts on ongoing magmatic processes, focusing on a low-
velocity, high-attenuation, and low-resistivity zone in the mantle wedge as an indicator of melt migration paths. In
subduction zones where a plate at moderate to old age is subducting, two types of melt migration paths are observed,
with an inclined migration path for a gently dipping slab and a sub-vertical migration path for a steeply dipping slab.
These observations suggest that melt transportation is primarily governed by the geometry of a mantle upwelling flow
developed sub-parallel to the down-dip direction of the slab. However, melts appear to migrate sub-vertically to
volcanoes in young subduction zones. Release of slab-derived fluids at shallow depths would produce partial melting
only in the fore-arc tip of a mantle upwelling flow, and hence melts may migrate sub-vertically by buoyancy, instead of
effective transportations through the upwelling flow as observed in relatively old subduction zones. An understanding of
subduction zone processes with reference to the more quantitative integration of all earth science categories
(seismology, volcanology, geodesy, petrology, mineralogy, geochemistry, geology, geomorphology, etc.) will be
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required to improve our knowledge of arc magmatism.

Key words: subduction-induced flow, low-velocity zone, melt, buoyancy
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B 2SO T L — O TFIhAAt [ 7L — MRS
THhY, Ik ETHEE - KINEBIA R b IG5 7 Mg o —
DTHD. hAARNTIE, BINE 7213 R o
WZHIEIN IR OCHEE RS b T 7358 L, ibAAL T L —
b (25 7) WEBTIRBEEMNCI D > THESH 2152
B (HhE-N=F 7V =) BAHNDL. Mk Tl
IR PATIRILFIAAEAE L, B 22 Kl 7 1 > b AsA
SNDHEHL .

SR IR SN lEENE 7L — MBI~ (B4R
Dbz Tk e B L, hariiaicfET 5. 7
L — MR ZORMIZRAICTEDON TV,
JETH &2 R E) LT 2 BICHERE D 25 D 1, e LRSI

Ka L GALHBREIR S NG, T2, WKLY i
T ARALERO 7L — M RIS Y (N
YTA YT EMEND), FNICXAEIRISNBICLY
SHMOIEMEITR S NS, EMBIE~ > bV EREE
TELTW2H0bALN, WIEIZH-> TR HRE &
<Y MVEREERICEBEL TV EEZLNRTWS (B2
IX, Raneroeral,2003). ik~ ¥ MUk EEE TRE
L7z ERIE Z AR L, thiaATL 7L — FRIZIER
BOKNEREDE LTELZOND.

G L2 T L — N OIRARIARIZ LY KIKIEB AT &
I ENDZB\BRIILDTOLIIICEZLNTVE. 1) 7
L — D DILAARIAED IREE, IO EHIZ L) EKEE
WKL, WO~y ML (¥ Mvo Ty
D) KR ERIBT A, 2) i Sk v I v EOR
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BET, <Y by YOI T AV kSR
ENAH.3) AN METY MVEFHICE) EREET
FTEIEIND. 4) ERME FIZERH L2 A MIFEH
SALRERZ Ll SWRMNICEAL, v~/ <#lEh ik
WA, 5 v/~ EY MR I N Sk
WZEREL, KUK ER &R, Zo—do#EfE) 5,
D EET) AP 10D CHERETE R A T T O Ak A
OWMERMEY I 2 L—3 3 YI2 X ) FRGHEIE OGS
PHEEEN, AT THHESMREDOLIEL S Nb kL,
FOMGOIFEIME 4 IHEA T WS (B 21X, Hacker et
al., 2003). F72, 4) & 5) X KINFEDOHHT R K ILIEK D
BHWEEZEICLY, v 7/<EBE)OFESREAOE
WL, ENEEIAROWI - AL T O ADR A IZH S
lZshoodh 5 (BIziE, /NEO - M, 2011). —FT,
2) & 3) IZDoWTIE, JhAAART I & AHEENEE O 5 F
AR VIHELH Y, TOHWEHHEA TVEIL
FIARAT & E ) TRVILAARMG D GAET B, T2,
NZENDLAABTTIZ BT A F DR - FA @D
BN EIDLE VIV THFICER D ENTE
TV,

FITCARTIE, WERINEZSI 74 THELRTYS
WROLAAARTFIZBIT DL~ VA ERES L
CVa—L, YV Moy DIlBLvr~AER - EA
BRI OWTHIEE CORHAAEIT 5. RO A
BT DO EREEL T 5 2 L 1d, ~ 7 ~Alk - b
HWBOEREZHES2IZL, ZOBERICH L IEOWH
TULADOMBOMBIZHGTHLEEZONL. &b
BN bE7 T 7 4 ORI HLEE O 43 Ai LB o B
BIKAF T 505, =2 HiEERbOE << Tb~10km T
HLBEDL . LIS o T, ARFETIHRR2 R
il %2 DXIETIE R L, HBIEDYD % b DOKILFEAND~
YRR ERLTVAZ EIZEELTIELY. F 4,
AT L2 WHFENO~Y 7T D IZOWTI,
Lees (2007) TL ¥ 2 — ST 5. Lees (2007) Tl b
BT T 7 4 OB GHRE, RER EOMAENTBY,
FREEHDETHEIET, YV MUYy I i
FCOXTVHIRROMMIRE B LIS D, Kl
DR ZBRES 5 720121%, HETESNLKLEDIL
PRI EETH L. WELEN R MAICIEO v 7=
HRETIAIOWTIE, £ OB (P21, 5'
1995; B4%, 2000; Stern, 2002) Tin L 5N TV 5D TS
ZIZLTE L.

2. R
Fig. 1 I2ABHNA L 912, HFEOKINTILARART (7
L— M) 124, F0afdiEEo LR & IFIET

1TCTHhbH. G727 L— bDSILAALHIE TILAL N
V) L, KRB & 7L — b O AIARIT LT
B HH L ERL TS, 1980 SEL o EFF o
Ko a w734 M2 X, EsRARFEOKINIZFEIZ 2
SOOI Rz >y MRS Kl e o Kl
HEEh, 2R EoKBI T 7L — POBES I
100-120km, 160-180km T& % (] 2 1E, Gill, 1981 ; Tatsumi,
1986). Tatsumi (1986, 1999) ix, AT THEEHARIZ LY
AT 7TE RSN EKEIFERL, Kil7a > b
2B KINEZE S 110km TOMPIG, A INLE S
150-200km CTOEEROPFASHESSIZ LY, B 5
SCREEMICHRAE A MAGTT 2 ET IV EIRB L. Z0E
TIZHEDTIE, Kih7 oy b EFILOE TI2IE =
DOMNL L7271 — T VRO RIS~ v PV oy
SWICHET LI LR D, SOEFMITHIED KNG
i &R O BAEALE A ZZ B ISR T 5 2 L s, W
DORINGAEHHATE2ENRETVO—DLEZHNT
Wz,

—77, 1990 FRLIRE D HEREMHE O, B L ORI
D S\ 7 B foile % Al 72 B E TR &
W&, JLARRIEIC B THE ORI A A B
WM kL (B121Z, Engdahleral., 1998), D 7L —
M ERIOBEREVBETMEEIND L) IZR->TEZ. Z0O
IR LT L — P EF IV E OB UL, K
78y P TOT L — FOESIIILAALTTIT L > TR
ECRRY, F O SHIL 60-130km (England ef al.,
2004) (Fig. 2), ¥ 721 72-173 km (Syracuse and Abers, 2006)
&, EROT =5 LWRTRERESDH D, T2, )
NP SREINI AT THOZRER T T
VRO XU, AT 7 TR VIR
FERH#PTHAREIEZ 5 2 Ehbhh (B 213,
Hacker, 2008), & % $§5E D 12 B TR RIS A EH
LCRILZZLEZVWEEZLOND L) IR >TET.
2F ), AT TRETRAKO~ Y My y IO
KIWEBDEE R 7O AD—2TH 5705, O
EAHFEDKIGA & —3F— 1B T DI TiEa v X
9 Td % (Syracuse and Abers, 2006).

3. TUMVI Iy I TOHL T UEDBRERE
LARRIAEY IRE - EHOLEFIZLY), AT THO
ERE BRI L, v ¥ bvT v VITk
WH SN A, KB SN AR S ZEAAL T L — T
DOIRFEREE T KT L, S Wik ARG TIHIES
120-200 km 7T, 75 < fA LA AR TILE S 40-80
km UL CREFGDOKAY Y MV Ty IR S5
EEZLNTWS (B 213,

Twamori, 1998 ; Kawakatsu
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Fig. 1.

Age-area distribution of the ocean floor (Miiller et al., 2008). Continental margins are light gray, and

continents are white. Black lines denote plate boundaries and red triangles are volcanoes. Subduction zones

described in the text are shown by arrows with names.

and Watada, 2007 ; van Keken ef al., 2011). KD > 5 >~
TORIIE NI KL, #EE 40km TH 1200C
& E 100km T 1400C VA ETH %% (B 2 1F, Hirschmann,
2000), AT THREEGADSY MV Ty DIfHmE
HIEIZEY, BT VEOREIER 1000C F TT T
AT ENHLNTWD (Bl 21F, Kawamoto and Holloway,
1997). EHTNEWE, &KT YT U EHOBE (1000
CT) ZEH FL) IKBEBEALKELRVEWS) 2 &
THY, MEOHIBIZEID A v T VEOBSIZES 40
km CT#J200C, ¥ 100km Tl 400C L E DT 5
R s

T, EBORAZAAFEOREILED L HWTH S )
oYMV Iy VORBEEREHENSZ L IETE RN
B, WL OO FFIZ L) EORESAAHEE ST
b, —OONEE, AT TORRAKRNE) 7 v MV
OEMEY I 2L —2arThb, hAAL AT TEE L

<Y NV L ORI v T Y T B T LI K
0, AT 7HELEOWENAT 7T ORMARIIANIG] &
ViAEN, ZOBHEZMED 5 L) ISR TEEOWE
AREA S LFAT 5 &) EEEDEIV T b (McKenzie,
1969). Z DA, 6 OFEIRWE DAL~ ¥ bV ESA
TLEMHEN, AT TORAMARINESTHEL S 2 KW
L ThHb., ¥ MV EAROIZIRIZ~ > ML ORiER
AT T EHEEOY Y MVIE E OREE, AT T OkA
AR EOYEGMIN A, FHEOMIIGMAR 5
S 5T ZEDBD, INETIZESH TV S HH
Yial—varviZihd WilHo<s by Y
TILIL P T 1000T DL O REE % MERE LG 5 2 & 28
T&5L9THAH (HIZIL, Eberle er al., 2002; Wada er
al., 2008 ; van Keken et al., 2011). —75, NI
V7oA RO 5 1F, Billllo~ > b
VI Ioy Y OMER 1100-1300C & RED STw b
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Fig.2. Distribution of depths to the top of the intermediate-
depth seismicity beneath individual volcanoes, adjusted
to the location of their volcanic fronts (Figure 28 of
England et al., 2004).

(B 212, Nakajima and Hasegawa, 2003 ; Rychert et al., 2008) .
S5, Y MR OG5, Bl 2 EEAC
OO TR E T OHE L 850-1000T & HEE ST
2% (Michibayashi ef al., 2006). WO REDL Y I2B
WTh, vr My VOREIZEEKY VT U EOR
HED RN Ens, BINFTCY 7Y ER SIS
OIIZKOAF N X BRSO CIKEE) 2SAST K
THhEEZLNL. B, ZITikMhws, <
N OVEPE O WA 72 F RS X B RERR D BT TO A
VIEOEBICEREGEEL G2 Tnwbs Il L MehTwn
% (B 21X, Conder et al., 2002).

4. WERNET T 7 1 EBMRLOFEREE

AN NOERIZIZA T 7 H 5 OFAOME & EiRo~
VMV ERBFESEG LTWD L Hv R - Bl
Ralb—varhEPLRIBENGDS, O FARITH
RPN ED L YA A=V U T ENDLTHH D
. B DRARBFEOY Y MV Ty VT, Y7~
TRED L R AR L LT, HERIRARREE - S,
WA (MESUREE) Al S s, —#%lZ, 100C D
RN B MR T HRIE 1% (21X, Duffy
and Anderson, 1989), HIKFTOMB T EIIH 30% (Bl z1L,
Constable, 2006) T&H %75, A )V N2 % FFAET D4,
FEE I ~10 8% LT L (Bl 21E, Takei, 2002),
IPUIHTT/INE L 7 B (Bl 21, McGary etal.,2014). D

TV, AL, BIZAETH - T HFEN SR Ik
P REETSELERER L. S5, DO AN

MEAET 5 E MR OWEIIKRE L 2L 2 L mbsn
T\ % (Jackson et al., 2004). = Z CARRTIL, v b
7Ty D OMGRE - EIEE - AR S R &
DR SN AV N philgia m T EAEL, E oK
LAV O EFREREEET S,

REECILIILO FF R (b A ARG CTHIAEE T LN
TWLHIEEZBE L, < /< E - EAETvIico
WTEFOIEEEHLERZ T LD TARSL. LARARTED
FAULIZIZ T L — P OERRER A R LoD T
A—=FPEZENLD, TITIRAT THOEKRIED O
oK BORAL 1 % SZRC S % iR & & TR BfR 0 H 5 7
L — s O Miiller ef al., 2008) 12 & 1) JLAIARNE % 45
L, ZoWEOH#MEY ATV ZEIZT S (Fig ).
nB, 7= MERICK 25T I BikARDL D &
T BMEERE D Z FLEE I L TV D720, T TICihAR
ATLEST L= FOFERERFLT LI —FH LWV
LIEE LTI L,

-1 HOEROTL — A HT

LTS TIEAEAAT 80-140 Ma FEEE D H W AER DK
FHET L — FORAARDHEITLTBY, HAF Yo h
FEA TR, FICHARN, - NEFEIR AR,
<V 7T FE TOLE 5000km DR KR LARLR Y
AT AT ENT WA, TS OFFEIE TIEIARE 2 Kl
TV IBARLENDD, BINFTORT T OLHAKRA
FEE, AL H AT 30 B2, PR - N EGINCIEAY 45
#, <) 7FITIEIZIZHETH D), hAAARTTIZED
KELERDLZENDIPoTVE. dLTHRFEFEDAT
80Ma & ) HW T L — FANEAAT BN, Mo -7
WRT A TR A Y Tl EDd 5.

Fig. 3 (3 AL )7 % BolA& Ik 712 8] 5 S JRasfE, P
TR OSHE W TH 5. B A S ik AT A F
7L — Ml - R Es R RS, v bvy
Ty DIEEIE OB S 100km 225K 78 > b
IE T ORI E CHEEBAIZD 2085 #Ho OBGHE - ik
AT 5 (Nakajima er al., 2001, 2013). K7 A
T THEERE - RS LT A=V S ENRTWwD
O, LY EEMRNZ LISRRNT S, —H, <
MV Iy Y OFRND O - EEEO E KT
HrH D BNEBRRESEIITL L, BIS R
O OMHREESL, FPHIZ A 100-200C O &5l & £ vol%
DAV N DIFFETHIITE 5. RHE IR O T =)
S5E ANV NOIERED S DTEMT AT M ()
(Takei, 2002) ¥ [A]EF|ZHE%E T &, Nakajima et al. (2005) O
RELVICE DL, B 90km Tl 3-5vol% D A )L b A
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Across-arc vertical cross-sections for (left) S-wave velocity (Nakajima et al., 2001) and (right) P-wave

attenuation structures (Nakajima et al., 2013) beneath Tohoku along three lines in the insert map. Black bars and
red triangles on the surface denote the land area and volcanoes, respectively. Black dots represent earthquakes,
and red and white circles denote low-frequency earthquakes. Black lines represent the Conrad and Moho
discontinuities and the upper surface of the subducting Pacific slab.

F 2 =7 (@~0.1) 12, HE 65km TIE~0.1vol% D A
VESHEWZ T 7 IR (@~0.001) 12, % E 40km Tl
1-2v0l% D AV b AT T v 74K (@~0.01-0.05) \ZAFLET
B, WEHMO AN FEOEALE, ANV EELRTO
TEIRE ZDH A4 ADiEE L Tw b LS iTwn
b, ZO L) RO OMGEE - BEEEIL, dbiRERE
LPEMOILE D RHE S Twd (BI21E, Miller ef al.,
2006; Wang and Zhao, 2008 ; Kita et al., 2014) .

WRE DO AT v 714 v 7T Liug, Filfllo~
YRV Iy VTR T T OERRERT M 0L H
% L (Nakajima and Hasegawa, 2004 ; Nakajima ef al., 2006),
ZORFEDHMEAT TORAARIZE DY IV 1
FAWOHIM ENEIF—FT % (Wadaeral., 2015). ZNHD
FEAE, FHOOMEEE - EIEEEIE AV 2 &Y, S
TEHMEO~ Y MV ERGTTH Y, FRITED XL AT

EREET F THRMIGEIN D Z EERLTWDS,. 7%
B, HRWICERE S NEETF T Wi bES T
T4 AT L UE, REEE R OMAETIE, v vy Ty
TTRIBEN TV LD OMGRERIZ D % THLHS
300km F CHLBAYIZMERE T & % (Nakahigashi ef al., 2015).
C OFEFRITE E 300km 1L T b ILAAT A T TIFAT
Y MV ERRPEET H 2 & RS REE LB SE
TH5b.

B AT o 7RI 160 MBS IR KA 55§
b, FNHOKRINTEEDOFED S I, TE LA
L, WEZL7a >y BRI TwE. —h5T,
FEOIETIEENIGFEE S, Elido k7o >
ML, A LF v v WPRBETTIEAT 7HHE
WEIETH Y, D hy s b BT RE S T
WAHZ ERS, HEENES T T 1 O THh LTV
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% (B 212, Gorbatov er al., 1999). ZDHFERIZ LT,
REFETIRIE AR A T T IIFITTAT 4 34D DI EREE
WS~y Mv oy VORmIEIZA S, FIUKILT
O MENETEBICHMA L TWA. —TF, TTICK
NGB % #% 2 C L & o 72 R BALR ClE 2 Ol T IZIE R
PEA T THEAERET (B 2L, Jiangeral., 2009), “F-Edt
WTIEA T 7O AARIC & B WA LARIZIER S
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TWZw, AAF vy WEEBICBITABIHMFEER, AT
TOUWIARIZ L B~V MV ERTAKBIEE) 25| X
CTEELRFMHETHLILERL TS,

<) T FHETORAAR Y AT ADOKRE REFHIL,
WMo 7L - bhEEETL - (70 EVET
L—1F) ThY, HREEMERSEI TR THEL LT
HbH. Frz, LI E ) ITKFEAR T T OMEF
ATHY, WS 200km IR TIIZDOAEILITIT 90 FEIC
%5, XD T FEEICN o TRILATER S TWw 5
B, T LERY A S B LB O IR LI 12N
S, BB LAARTD—DTHDH I L H
5, TOBETHEEZIIINETHE ) bhro T o,
L LAt s, & oHIgid miiilis o SEscs i L o 745,
BRI, AR 7 & MR 1 | BB R W B AT A
SND 70, Fl TR ERT % F v 7281
PRI TN, B~ v MV E TOMREAE LR
EAHL RIS NODOH L. TOFFRIZLIUL, KiLT
0 MR CIR R ACHEEE - S A NE S 30-100km
ORI AT 5 L, LRI cid bl 7a > M
HARTREVCHERFFERESBIM S 2 &, ik
BRI S N2 BERCA LT I3 S5 50km F Ty
EWAE I ATEAET 5 2 & %2 & (Fig. 4a), ¥ bvw
Ty VIZBWT L HETHRS NS R & s 5 H

Fig. 4. (a) Cross sections of (top) P velocity structure
(Barklage et al., 2015) and (bottom) P attenuation
(1/Qp) structure (Pozgay et al., 2009) in the Mariana
arc. The triangles (from left to right) represent the
locations of the back-arc spreading center (SC), the
volcanic front (VF), and Big Blue serpentinite
seamount (BB). White circle represent earthquake
locations. Red triangles, black curve and blue line in
the insert map denote active volcanoes, the trench axis,
and an approximate location of the cross section,
respectively. (b) A schematic model for magmatism in
the central North Island, New Zealand, viewed from
the east-northeast (Figure 8 of Reyners et al., 20006).
Grey arrows in the mantle wedge denote corner flow,
and the pink region denotes partial melt. Blue arrows
show fluid flow, resulting from both dehydration of the
subducting plate and solidification of ponded magma
at the base of the thicker crust. (c) An across-arc
vertical cross section across the Toba Caldera, Sumatra,
Indonesia, together with a qualitative interpretation
(Koulakov, 2013). SF is the Sumatra Fault. The red
circle depicts the cluster of earthquakes, which is
thought to be responsible for the activation of arc vol-
canoes in the area of the Toba Caldera. The migration
of fluids and melts is schematically depicted by arrows.
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LA DR T E A (B 21X, Pozgay et al., 2009 ; Barklage
etal,2015). 73, K70y N FOMREE - 5=
DILIREEAT, ZIUIAT TOMEFAERER Z & L xf
L TWAEHIZARD.

byﬁ#w7?4v7mfik$¢17fmwﬂ%
HEAO CTIHFECTH ), MR C—HIEFEHES L ik
AIAAFE LTHOENTWE . ZOMITIE, BIERLEH
Bl oD EFE MR -5 T RS, IBERGE
FEHE AR R TR L2 T - A v, b
W~ bV ETOMEIRD SN TS, Bz, b
ST I, T4 Y RV I T, JhA
Wﬁk¥¢177®ﬁi’kﬁﬁ&ﬂ%ﬁﬁ%%ﬁﬁﬁ
L, BBLAREOE T T thﬁkém:&ﬁb
> TV % (Conder and Wiens, 2006). ¥ 72 &5l T (2
ICAT <HE o THEL 72 éﬁLFW#X77%E& Eg
SEATICE S 400km B CHAEL, TIUE ANV M52
BEKLLY Y PV Iy Y THHEEZ LN TS
(Zhao et al., 1997; Wiens et al., 2008). Z O Hbis T3 HbE
WETTVREEOHEE R~ ~ VR OBAEEH R 2 & O 4%
HEATONTB Y, —HDO R F L Wiens et al. (2008)
EFLDHLENTWS

2=V —=F Y NIIBEMBETT 7 Y= ANRL
D, BT TIEREET L — S EEA S Fo 12 iE AR
ATWVEY, BEEOHIH,HLEIMTIEIRFEET L — M
LHAFES, F—ANFY T 7L — bOBTEMTILO
NI AT F—AWE (TS S8 RTEE LT
5. LBOPREIIZKINEE NG FE 2 & 7 R KA A
HHETH, —a—Y—5 Y FTIRILE, %%t%uﬁm
B E RIS 2 R BUNREA R S THB Y, FFIS
WA 2 AL B T OMEFENFEE IOV T iy<®ﬂ
ZEDSR ST\ 4. Reyners et al. (2006) (L7EH A & Iy
HOT— 5 OB X ) LB T oM 2Kk L~ v
FW%L%%IL <Y My Iy ViR G
AT TIAZATICH O OEEES ST 5 2 &,
Z DD Vp/Vs R K&V (>1.80) 2 &2 5
lZL72. Reyners et al. (2006) TGS N7zILEDO~ 7~
KR - BHE TV (Fig. 4b) (&, AT 7 H 5 ORLKEHEPH B
LU EAGROTIRIZ BN THALH R D E 7)1 & LA
Zwv. BB, WEERENEZ T 74 (Hl21X Eberhart-
Phillips and Chadwick, 2002 ; Eberhart-Phillips ez al., 2008)
TOY Y MV Ly VORI IS EE LA 2 —
YTENTEY, ¥ RKUIIEOE T TREIKE W
CELHLNIRoTWAD,

AV FATYTOAYFINE4EE 4000km VL EdH D,
Ty UEOATEKINFIFIF—EREME LTS E
KINEB RO TEFE 2 BIO—>Th 5. [HEIH 2K

O JEA TIRERR BB T E 2 ThILTEB Y, Zi
SOBMN DT — & & O CHIEEN RS - W - B
WrE DB AT H I, Bk~ 7~ ERETFVIREB SN
Twa (Blz X, Koulakov et al., 2007, 2009 ; Bohm et al.,
2013; Koulakov, 2013). Koulakov (2013) I&, A~ b7 &
JEERD M XAV T T DO WAEW R ER S A L, B
S 140km (FED AT TNHBEDOFENERE TH L Z &
H, TORS TS~ Y vy Vs, 1Z
IZSHEIC ANV M ER T Y~ G RERBE L2
(Fig. 4c). TOETFTINVTIEAN MO LEFAREHKIEIAT 7D
R EFAT TRV LIZEETLILENH L. T 72,
VY TEOATEKNTIZBWTY, v 7 <iGEhZ B
T5EEZONDMERGRE - SR E A S

NTWD, LAaL, ASEKNTD AL Fo5hise L
TIE, FESH 120km T AT 7 H 5 KILIZAAD - T
N2 (ZUZERIE 2 TR (Bohm et al., 2013) & FiHlis o 4
K 80km DA T TH s K7\ » Mmoo TE
{7 BIEIR (Koulakov et al., 2007) 258 S ILCHBY, A
U MEHERIZOWTIE L (b Tnwn, HLFETYH
HEMTIED 225, V¥ T BIZEROTEAS 100km 25 &
L, B~y v E R RIS 2 ER A BT E 2

W2 kRS, FiIMlloxY bV Ty DAL A=V 0T
BT ClE e WITREED S V. I 2 HIRIc LD
L WHETIE D A5, BHVE O #EEsR I i bR R & 3%

BT REBNETRTALHZET, Billlo~>y o
ARX=D v RGN LT 5 2 L R L 72w

4-2 FREEOEROTL — bDEHAH

I ZCIEHFRREDEN (BB LZ 40-80Ma) DT L —
ISR ARG HIS O T REE DM E A THR L ). 2D
FERDT L — b DL AARGIFR PR S <, BHA
FIE A CLlEUN 2 S FERINC LA aAte 7 4 ) ¥ U ilE T
L— s Z0EROHFFICH L. T2, 7T AA W
57V 2= v YEE, HET Y TARAT N TR
LR OERD T L — PP IEARA TS,
¥ UHIE TIIERTET L — ARk
Ak, AR 2000 km (2 S EIRADSTER & LTV 225,
FIBIZR - CIEHEBIS 2P %, =~V vy Y
T & IR 12 A A —:/“‘/7“1,7:53?"'“ 3% < v KR
BN TR SN MBI EERL T — Y A HWTT
Vo= v YHEEEO P, S PR A L7
%2 (Abers, 1994) 12 X AUL, FREFEHAIGE O oo Hik iy
Z2M T RREDS & VIR CLE, ThAR D A T 71T
DO S PRI AE & 30-100km OFEPHTA A —
YTENTWVD (Fig. 5a). HILHAS I AF v v 715
EWLMEE DR A b O,
JUIH A 5 BRERFN & T 12

T =

WZikAAL 74 VE VAT TO
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5. (a) Across-arc vertical cross section of S-wave
velocity structure in eastern Aleutians (Abers, 1994).
Open circles and a large triangle denote hypocenter
locations and a volcano. Small triangles represent
station locations. (b) Schematic interpretation of fluid
(aqueous and / or melt) upwelling in south Kyushu
based on magnetotelluric model (Hata ez al., 2012).
‘AF’ and ‘PM’ indicate aqueous fluids released from
the subducting slab and partial melting, respectively.
‘ST’, ‘OM’, and ‘CM’ represent the slab top, oceanic
Moho, and continental Moho, respectively. ‘VF’ is the
volcanic front. (¢) Across-arc cross section of P-wave
attenuation in central Andes (Schurr et al., 2003). Earth-
quakes (circles), volcanoes (triangles), and stations
(small squares) within 20 km of the section are plotted.
The thick white contour indicates regions of good
resolution as measured by the spread value.

AR N TIEW 70 ETH Y, BEIZEDL
ZONTRRMEL 2D, JUNOKINZKILT7 8 > MRy
oxall (FER, Fl, e ) Lokl (Z4)
WCRBIENEDS, K70y NFTIEAT TORSHD
80-120 km FEFE DI A & R E T T CThe < 1TIF8HE
%, AT T OMEFEPAT R MR AGEREE - B - K
Pt R ST s (Bl Z 1, Xia et al., 2008; Hata
etal.,2012; Saita et al., 2015) (Fig. 5b). = DKL - Bk
- RILIERPI OB, By I 2L —YarTEoh
72 AT THARD 53 AG (Zhao et al., 2000) & b KT S
B, ORI TR S 60km LiEIZ b P 7 Mg
WA - BWFES A SN CWw 2705, oM EE
RIS L 2w Eh s, AT TREREIC X
D=y MVH YT VEDERSER &0, arEb LT
W EREN TS (Bl 2L, Abe et al., 2011).

AMOE DS BBEBOEE TR { HEKMDO~ >~ hvy
Ty DI E AR I AN A5 5 A Y (Nakamura et
al., 2003; Wang et al., 2008), ik OHERE S HRED R < 72
W2 ZDIEIR - RS &S A O LIRS Tl L
VL, BET 2R E LIVE I AT A i IR B
EVEBMEOHEKIIOATH Y, BROE SIZHNR
TIHKILNDGHDBD THTH S &V ) D L. &
512, WIKTIRMME 5 70K #EITHTHY, 20
FU N ARBEMTHD, DL BB TS b
=7 A% b OO FEM 7 RS OHEE XS B O E
BRWZERETH L L EZOLND.

BT 7 A (R 20 BEATT) CTIRAERAH 50Ma F2
BEOFANS TV —= M hAAATVS (FAHTL— b
DIEMRULTRE 20 BEAHEA—F L, ZoEibTizzn
L0 HF) (Fig. 1). B 15-25 BEOFPHTIZiLAarTe
AT 7TOMEFNIF 30 ETH Y, #S 300km LLRE THy
BEHESALN, HMERICELOKUDPTAT L. ZOH
T BRI O 7 — 5 2 W72 N 'S T T 4 RN
ThTHBY, HKUETOR T~ > VI IEHEN
DAEE - FHEHA AT 5 2 E¥bhoTnd (i
Z1ZE, Schurr et al., 2003, 2006 ; Koulakov et al., 2006). ¥
VAN BRI A (< v MV Ty Y OHEEREE DT
EEZONDETHEONHEREISIZ, AT 70
X 150-200km fFE T~ ¥ MV Ty DICHAES AR
ENnpZ e, AN MEKLT7E Y MRS TATTO
R AT PATICROIC LA T 2 2 8, = THIMIO
KINANE L IZITIRIED AV MEER DA SND L) 4
BASFRO H A (Fig. 5¢). % B, AT 7% 30 BEoMR
A ChAAL R (R 15-25 ) O®dbTld, A )
WAERP 7 7 >~ 7 2V F ¥ T AURS T & OO s )s
LARATWD ZEDNHENT WD, FEEHEEATL A
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RATWVLEHT T, AT 7OMEFA2NES 100-150km
TIRIKTPA 2 B L v ) BIRIRWE A AL, Z O
WoE I3 KINIER I TB 5, Sl long
HPNIFER T & v, ZoIEXLIHT ORI, 11Tk
SR AT TORMARD Iz~ ¥ MV Ty DITER
DY MV ERARPIER SN E Wz LEZLNTWES
(Bl 21%, Marotetal,2014). HHET ¥ TATHRLIND A
T 7R EKINEE O BRI, KILOEHIZIEZ< > b
Iy VO ARSI RGN R kB KT I AR TH
WEFED—>TH 5.

4-3 EHSBRDPWTL— FDiRAAH

HWTL—FOiLAARIE, THHAR (7410 Vi
TL—=1), WAWTAT (7727 7HTL—1h), o
T X (AARATL—F) BEIABNE. 4D
TLAARTT T, LA AT 7 OMEEHARE X 10-30 B
ThY, AT THOMEFENIEES 50-100km DL THA
ENRL b NS\, T WEHRICRESIND
LI KL 7O Y MR STV e Wil b H
5. B, 1525Ma BEEDFERO T I X T L — N H3EA
Atet g7 21) 7 TlE, HEFRENILE S 200km FEE F
THAEL, WHEZKL7a Y NPFEET S, ZOEDPS
WAE, T A ) AIEEALH AR R Eod T L — b
PL AL BIMOE# A RT A, 22 TldikAhrs 7
L— MOHFEMRIZEDE, BT L — bOLAARIGE L
T .

T YT T AT V— ML IIAL T AT T A T iEAA
A L M ER Y B B SRS 112 AT DAL C v % FE T
HY, Ny —N—BREBTIET L — MERTOMIIR
AU—=AY v 7, <Y MV Iy Y OMRELR &2
TEHE L OMEND L. —T7, AT 7THHREILFES 60
kmAEEE TLD3AE L vz, KILETO~ > v
WEIZOWTOMFENIEZ T EL L v, LAL, &
MOBMEAIEEIZL Y (Bl 21X, McGary ef al., 2014;
Wannamaker et al., 2014), AtE L FEH A H 74 TIZB
WCOKILE T O AT 7EKE (REH 100km) 4513
ITERIE IR S 10 km FEJE F Clli Ay 12040 5 5 FARE 2K
HWIRPTEATEFE S 5 2 E DSH S 2212 7% - 72 (Fig. 6a). 15
5N AR LI PUIEE 1-10vol% @ A )V k THLHI T &
(McGary et al., 2014), ZOfHIZHFILHAPRDO~ >~ b v
Iy VTHELNTWS A i (Nakajima ef al., 2005) &
FRRETH D, B AN T A Tikdirdkin TEITITHEZ
ANV EFRIIEEL TVWDE I EATREEIND.

ZHIGTTHEIRYYHIPIFTOHRET X)) HT
KL 7 e Y FSEE L, AT TNHLEDE S
200km FEEE F CHBMICEAE L TWD. 2O A
T 7 INHE & BEEFELE S O A G DRI L Y, B S

TR 2 WL VEE T~ » by oy DG
FESINTWA (flZ 1, Rychertet al. 2008; Syracuse e al.
2008; Dinc et al. 2011). COFHIETIX, K7 > bF
IZWE AT T B S B RHALTS F TH NS 22 A E
B EEEASEAR IS A L, EOTRIRIEIZEIC LD
RREL 2, IFITHEICGA L TNEEIIIHAZS
(Fig. 6b). B, =H I 7T L aAAY ) S OEBENET
R T L) FEFITFRCEIPT, K7 a >y MoK
40km DA 7Ly bAHY (TAF ) HMHOKLT TS

R ASE D IV, IS Tl AL O LR
KEL BRI EPMOENTYE (FlZIX, Sadofsky et
al. 2008). HUEPEMEHNTICLIUE, IAFUA LD L=
STTONHNBATT, =¥ My Iy Yk b EkEDIE
B nZ EDSbhoTBY (BIZIE, Abersetal.,2003),
WTFTOEKREDEADKINOGAHIFEL G2 TwD
LEZBND.

WEIH IRV T L — P ORAABDFEE SN D
P ~TaR A A% ACHAEL . KFFERT 7O
CZF TV LRI AR KN ZBL L, HRFES
B O O H AR R 12 8 2 =L & BRI
HORTHLD, B Ma T THALEFEME TGRSR
KUNEEY DS - 72 Z EHHTH T 5. Twamori (1992)
i, KILE L O 22 M2 bh 5, KIEEY O JR K
ELTHARBRFEICHLE DD RE~ Y bLVOEKT
W= LERELCWL. —FT, KBB4 1261
BEIL, 17Ma IEIZIZT7 574 b2 EH RILEREAR
WEREIZRRO HND 2 &, mEHT o KilddeES
574N E VAT T ORBOBEIICRERKRT S L) E
T HIE SN TS (Kimura et al., 2005).

INF TN TV L HEFNRER,OE, 74
VE VAT TEHARBNREE TREL TV AN L
(1 21X, Honda and Nakanishi, 2003), 7 1V ¥ ilEA S
T OACR A B ) A & KBS AR E AT T 5 2 &
(Nakajima and Hasegawa, 2007) 2VRIZ &, Thbid e
DBIEKRTN—LAETNELIFFLTVDE L HICARD.
=77, mMMEE & AR S T OMET— 5 & 75w
DIETZZ 74128, ZHRILOELTIZWERD S
200km L HFFEFTT 4 ) EVHERAT THIRARATVD
(RVEDIE S13H 400km) 2 L AURIEE NS (Zhao et al.,
2012). ZDL ) BRBPSETT AN E VAT THEA
AATVEOTHIUE, FEHTTO KIS 2 KL
THLNREEIHRECTE 2V, 2B, hdAL71 1)K
VAT T ESREHUC & B R O B 1R O 150
km FEETH Y, ZOW M Tl g BRI A SNk
W IE 150 km O BEEIROMMNZAE T 1+ ) ¥ ViEA S
THERAA TR RNDD, FNEDBIRAAATHRDH
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(a) Magnetotelluric model in Cascadia with a thermal profile (contours in degrees Celsius) and earthquake

hypocenter locations (red circles) within 20 km (McGary et al. 2014). A red triangle denotes the location of
Mount Rainier, which is not shown in the insert map. (b) Vertical cross section of P-wave velocity structure in
Nicaragua (Dinc et al., 2011). Earthquakes (white circles), stations (black triangles), a volcano (red triangle),
trench (T) and coast (C) are projected on to the section. Black and dashed lines denote the inferred upper surface
of the Cocos plate and the continental Moho, respectively.

EHEREZ RS VOPKITER VA, Wil
AINETEALN TV LD IMETT7 1) €Ul
AT THRGEAET A Z & ARTEBIMEEL, WO ADOK
BB ORE R 7 4V ilET L — FOETR E, HA
WNEDT 2 b= A% BT 5 ETHROTEETH L.
SHROMFEICEY, HARBREOKILORETRERS & A )L
kO EASEOMEINERT S 2 L AR L2,

5. MAPAHZHEDHEE X IV b O LRFRE
INFTAHATELHE, KLNT F 723 KILpSfrfe

TAHREFTO~YY by y VTIE, #EH 100km
DR e MR R GEE A A S, Fiud k7o
Y N OEREET 7203 F 5k F Tl o439
HEVH)IBOFEHMBASND. —EHDkAALRT T
1, ORI E T - R A R T 2 L A HS
Mo Twah, LAL, REEMOIR (B £,
ARG T L —FDERICEINVELZ > TVE LI TH
b, AV FIEER WO T L — ik AaA R &
BEOFENROT L — MEAART T, vV MLy
T ORAEEIRIE A T T HMERA DOYGEIZIIFND, mAOY;
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AIIZFEIME AT 208 L (WFhoBad 2
T 7 OMEF S ARHEOMEFHIITIZFAT), HibAii
AT AT T ORI L S FEBEIL T
$ETH 5.

WAAAGTIE, 7L — bOERARARIZL) Y ML
T Iy VI AT TIEIE TR 2 Kb (RS A
FELTWE, HOVEERD T L — MEARSFETIE, HEE
120-200km f§3E T A 7 TR AS~ > vy Zy ¥
I SN B 7280, < v MV ERGO SR HARD
FIMENLZ &R D, Z0izd, v MV ERGRHRT
A MBS N, ZOEGORERINE R Y i
(W) BRET 5. BB RIEILT % L Z0H5 D
MELAPREL 2 D720, EHITHEEZ TS, 2o
L9 % EAROBERELE T SR FTIED T £ — FNy
IHHATND LI END. FD LX) RIBELL 720t
WD, AV M EEAREET E TRHFEMICHE®ET S 2
ETEDL. WAL L7z BRI X 2 bl i~ o
A ML, HWERO T L — PEARREIZBWT
WL KEFEI 25 ERI LWL EELEERTH A
9. AT T OMEFHNIZZ AT AR AR I A 2 —
Py r7ENLOE, FEMHOETH L EiRO~ MV E
HARDBIEALE EDONEHERBET 5 2V b OFALDT )
DYEZFML TWAHZDEELLND,

RREOEND T L — ML AALEETIE, LA
AT TOMERANEA, KAVTILOEEL~ Y MY
Iy VDA MIAFIEA T TIIFIEFETTH Y, &
WL — M LAIARAT E AFRORDS A DD . LA
L7 L= POREDPEZLEHERTH-TH, AT ThHY
YRV Iy DIZTARDSHU & A B S IX I <
(B 2.1, vanKeken et al.,2011), LHGEOEIRED T2
VEBERE N EEZ DL, AT TOMEFHE 1ZIZFAT
ARHE RO S A HHTE L. 2F ), PREDSEN
DT L — MERARTETIE, HILAARN & A,
AT E D AV PAERTHE T £ CTRIEMIC RS S
LEEZLND.

FEWT L — DL ARGIL T, AT 7 hSHED
Hoih & B ZE SN (40-80km). F D72, LA
AT T EFATICRE EN S~ ¥ DIV ERRO EZEEH 5O
WHEEHE 2T, WREY Y bV YR
OFNTIRITHEIC LA T L EZ NS, 2O L5#
BCEKRD VTV AOBERMILE (9 1000C) 282 55
WA HIUL AV N AER S, WETKILEBZ 7]
IRZITOTHAHH. TOEZICEDITIE, AT 7O
BV OEEI2IE, ~ ¥ PV ERRIC X AEM R
EFNE B AN PO ERIZE LITIFIZHETHY, &
HANOREEN T AV MREIATDONL D, AT T O

MEMAOYEIZIE, ERFLE AV b O ERAREEI—K
T, AN MIEE L TRIIOATHREIC AT LI 21
%A, DFN, AT T OMEFHEM DA AMRG T,
ANV MEEAROTEHED TR E TR S NS
&, HWFE TR NINEEIA A U 50 DS 5 0 Tlk
HNTEA Y H B, MR LIPS &
DHANFOFHEIZEDVEETHL I s, HnT
L — MLARIARTE TIE, AT TORMARAEIZL 5T,
FIIC LA 2 AV b Os3A & UL L 72 DS TE 7 S5
WRA A= 7 3INLEEZLNS.

6. HhH (T

AT, MHROEERLAAARGIZBT % 2 RICHT
Mz b &2 AV My Aalda R L L, AT 7Aoo
EE L~ Y MV EAREZBROT TRV b O AR E
Eg LT OB hAARGTOIEORRE 4
HIEmBEME LD, ANV O ERICEEREE
RIZTIGTIBER AN b OERER Ml 7% & OBHER T)F -
WP T O ANIERE L ol DD, AFETOME
LR ZHAMLLBAXTwa b Lawv., 72,
KEGTRLIZNET T 74 4EREMBIT 5L, AV b
LABEIEEARL T L — DOERICERR L, BE
~60km IR CIXTEIRIZIZIZEHE, TNLUETIEAT T
OIEFHIIZIZFATTH DL L IO AZDL. L LaN
5, Wi~ > bV Ty Y OARYERHEEIZOWTIE,
WL AR =2 — V=T v Mk, HEBEMES T
W2 S T 2 —HB0 BillE B Tk 2 o5 RE DS+
ITHRWTEENEA S B, A b EAREIROZE S ) HOHR
MBI D W TIE, RIS O M5 D 8
L2 EE ARG ALETH S 9.

AR R D~ 7 < RO S O ZEA LR Bl
T % &de 3 IRTCHY 7% AV b DAY - 5 8FE % HR
T 5H720121%, ThAaA L Tk ORI 2k RE G UL
KT L — MARG DR SZAL, HHEOBE 2 L) 2~
YNV oy YNO/NEBR L, AT 7RI RO,
AV hOREE, < v bV Ty U TOIS R ESIAEL,
B ER DT E 2 BRBICAND LRI/ TH
L. ZOROICE, Fillo~wy vy JICBITS
HERP A R B OB EEA LI 2, AT 7 TORK
BOGR AR & N7z iR o /bF s o€ 7k, =¥ Mb
v Iy DRHEE TV OB EAL, SR Y YT O
ADFBROBRE, KIEOLAIEE OB &, A
WIFZE S ORI EDLETH S 9. LAARITD
< 7 IGEN BT B SR OWIFEOMER (AR L 72w,



34 R —

4t 3
KIEOBREDOHSE G 2 TR E o ARKNES
60 FAEHETZEAO 4 IZEH 72 LET. FUEAY
DINARBEREELOETED I X Y MIEABOHE %
BIfE L 2 L CHIETL, F72 UL RSO TAHE
KIS EAEEICHT 2 Eme R L CHE T L7
2L E T

51 A XX &

Abe, Y., Ohkura, T., Hirahara, K. and Shibutani, T. (2011)
Water transportation through the Philippine Sea slab sub-
ducting beneath the central Kyushu region, Japan, as
derived from receiver function analyses. Geophys. Res.
Lett., 38, 123305, doi: 10.1029/2011GL049688.

Abers, G. A. (1994) Three-dimensional inversion of regional
P and S arrival times in the East Aleutians and sources of
subduction zone gravity highs. J. Geophys. Res., 99, 4395~
4412.

Abers, G.A., Plank, T. and Hacker, B.R. (2003) The wet
Nicaraguan slab. Geophys. Res. Lett., 30, 1098, doi: 10.
1029/2002GL015649.

Barklage, M., Wiens, D. A., Conder, J. A., Pozgay, S., Shiobara,
H. and Sugioka, H. (2015) P and S velocity tomography of
the Mariana subduction system from a combined land-sea
seismic deployment. Geochem. Geophy. Geosy., 16, 681—
704.

Bohm, M., Haberland, C. and Asch, G. (2013) Imaging fluid-
related subduction processes beneath Central Java (Indo-
nesia) using seismic attenuation tomography. Tectonophys-
ics, 590, 175-188.

Conder, J.A. and Wiens, D.A. (2006) Seismic structure
beneath the Tonga arc and Lau back-arc basin determined
from joint Vp, Vp/Vs tomography. Geochem. Geophy.
Geosy., 7, Q03018, doi: 10.1029/2005GC001113.

Conder, J. A., Wiens, D. A. and Morris, J. (2002) On the de-
compression melting structure at volcanic arcs and back-arc
spreading centers. Geophys. Res. Lett., 29, doi: 10.1029/
2002GL015390.

Constable, S. (2006) SEO3: A new model of olivine electrical
conductivity. Geophys. J. Int., 166, 435-437.

Dinc, A.N., Rabbel, W., Flueh, E.R. and Taylor, W. (2011)
Mantle wedge hydration in Nicaragua from local earthquake
tomography. Geophys. J. Int., 186, 99-112.

Duffy, T.S. and Anderson, D.L. (1989) Seismic velocities in
mantle minerals and the meneralogy of the upper mantle. J.
Geophys. Res., 94, 1895-1912.

Eberhart-Phillips, D. and Chadwick, M. (2002) Three-
dimensional attenuation model of the shallow Hikurangi
subduction zone in the Raukumara Peninsula, New Zealand.
J. Geophys. Res., 107, 2033, doi: 10.1029/2000JB000046.

Eberhart-Phillips, D., Chadwick, M. and Bannister, S. (2008)
Three-dimensional attenuation structure of central and
southern South Island, New Zealand, from local earth-
quakes. J. Geophys. Res., 113, B05308, doi: 10.1029/2007
JB005359.

Eberle, M. A., Grasset, O. and Sotin, C. (2002) A numerical
study of the interaction between the mantle wedge, sub-
ducting slab, and overriding plate. Phys. Earth Planet. Int.,
134, 191-202.

Engdahl, E.R., van der Hilst, R. and Buland, R. (1998) Global
teleseismic earthquake relocation with improved travel
times and procedures for depth determination. B. Seismol.
Soc. Am., 88, 722-743.

England, P., Engdahl, R. and Thatcher, W. (2004) Systematic
variation in the depths of slabs beneath arc volcanoes.
Geophys. J. Int., 156, 377-408.

Gill, J.G. (1981) Orogenic andesite and plate tectonics.
Springer-Verlag, New York, 390 p.

Gorbatov, A, Dominguez, J., Suarez, G., Kostoglodov, V.,
Zhao, D. and Gordeev, E. (1999) Tomographic imaging of
the P-wave velocity structure beneath the Kamchatka
peninsula. Geophys. J. Int., 137, 269-279.

Hacker, B.R. (2008) H,O subduction beyond arcs. Geochem.
Geophy. Geosy., 9, Q03001, doi: 10.1029/2007GC001707.

Hacker, B.R. Peacock, S.M., Abers, G. A. and Holloway, S.
D. (2003) Subduction factory 2. Are intermediate-depth
earthquakes in subducting slabs linked to metamorphic
dehydration reactions?. J. Geophys. Res., 108, 2030, doi:
10.1029/2001JB001129.

Hata, M., Oshiman, N., Yoshimura, R., Tanaka, Y. and Uyeshima,
M. (2012) Fluid upwelling beneath arc volcanoes above the
subducting Philippine Sea Plate: Evidence from regional
electrical resistivity structure. J. Geophys. Res., 117, B07203,
doi: 10.1029/2011JB009109.

Hirschmann, M. M. (2000) Mantle solidus: Experimental con-
straints and the effects of peridotite composition. Geochem.
Geophy. Geosy., 1, doi: 10.1029/2000GC000070.

Honda, S. and Nakanishi, I. (2003) Seismic tomography of the
uppermost mantle beneath southwestern Japan: Seismo-
logical constraints on modeling subduction and magmataim
for the Philippine Sea slab. Earth Planets Space, 55, 443~
462.

Iwamori, H. (1992) Degree of melting and source composition
of Cenozoic basalts in southwest Japan: Evidence for
mantle upwelling by flux melting. J. Geophys. Res., 97,
10983-10995.

Iwamori, H. (1998) Transportation of H,O and melting in
subduction zones. Earth Planet. Sci. Lett., 160, 65-80.
Jackson, I., Faul, U.H., Fitz Gerald, J.D. and Tan, B.H.

(2004) Shear wave attenuation and dispersion in melt-
bearing olivine polycrystals: 1. Specimen fabrication and
mechanical testing. J. Geophys. Res., 109, B06201, doi: 10.

1029/2003JB002406.

Jiang, G., Zhao, D. and Zhang, G. (2009) Seismic tomography
of the Pacific slab edge under Kamchatka. Tectonophysics,
465, 190-203.

Kawakatsu, H. and Watada, S. (2007) Seismic evidence for
deep-water transportation in the mantle. Science, 316, 1468—
1471.

Kawamoto, T. and Holloway, J. H. (1997) Melting Tempera-
ture and Partial Melt Chemistry of H,O-Saturated Mantle
Peridotite to 11 Gigapascals. Science, 276, 240-243.



T — N DL ARIE B 7 IGE) 35

Kimura, J.-I., Stern, R.J. and Yoshida, T. (2005) Reinitiation
o subductioin and responses in SW Japan during Neogene
time. Geol. Soc. Am. Bull., 117, 969-986.

Kita, S., Hasegawa, A., Nakajima, J., Okada, T., Matsuzawa, T.
and Katsumata, K. (2012) High-resolution seismic velocity
structure beneath the Hokkaido corner, northern Japan:
Arc-arc collision and origins of the 1970 M 6.7 Hidaka and
1982 M 7.1 Urakawa-oki earthquakes. J. Geophys. Res.,
117, B12301, doi: 10.1029/2012JB009356.

Kita, S., Nakajima, J., Hasegawa, A., Okada, T., Katsumata,
K., Asano, Y. and Kimura, T. (2014) Detailed seismic at-
tenuation structure beneath Hokkaido, northeastern Japan:
Arc-arc collision process, arc magmatism, and seismotecto-
nics. J. Geophys. Res., 119, 6486-6511.

Koulakov, I. (2013) Studying deep sources of volcanism using
multiscale seismic tomography. J. Volcanol. Geotherm. Res.,
257, 205-226.

Koulakov, 1., Sobolev, S. V. and Asch, G. (2006) P - and S -
velocity images of the lithosphere-asthenosphere system in
the Central Andes from local-source tomographic inversion.
Geophys. J. Int., 167, 106-126.

Koulakov, 1. et al. (2007) P and S velocity structure of the
crust and the upper mantle beneath central Java from local
tomography inversion. J. Geophys. Res., 112, B08310, doi:
10.1029/2006JB004712.

Koulakov, L., Jakovlev, A. and Luchr, B. G. (2009) Anisotropic
structure beneath central Java from local earthquake tomog-
raphy. Geochem. Geophy. Geosy., 10, Q02011, doi: 10.1029/
2008GC002109.

N TR - S5ARHEG RS - /NERKER (2011) KILBEK D &7
AFIT A, N, 30,317-324.

Lees, J.M. (2007) Seismic tomography of magmatic system.
J. Volcanol. Geotherm. Res., 167, 37-56.

Marot, M., Monfret, T., Gerbault, M., Nolet, G., Ranalli, G.
and Pardo, M. (2014) Flat versus normal subduction zones:
a comparison based on 3-D regional traveltime tomography
and petrological modelling of central Chile and western
Argentina (29-358S). Geophys. J. Int., 199, 1633-1654.

McGary, R. S., Evans, R. L., Wannamaker, P. E., Elsenbeck, J.
and Rondenay, S. (2014) Pathway from subducting slab to
surface for melt and fluids beneath Mount Rainier. Nature,
511, 338-340.

McKenzie, D.P. (1969) Speculations on the Consequences
and Causes of Plate Motions. Geophys. J. Roy. Astr. S., 18,
1-32.

Michibayashi, K., Abe, N., Okamoto, A., Satsukawa, T. and
Michikura, K. (2006) Seismic anisotropy in the uppermost
mantle, back-arc region of the northeast Japan arc: Petro-
physical analyses of Ichinomegata peridotite xenoliths. Geo-
phys. Res. Lett., 33, L10312, doi: 10.1029/2006GL025812.

Miller, M.S., Kennett, B.L.N. and Gorbatov, A. (2006)
Morphology of the distorted subducted Pacific slab beneath
the Hokkaido corner, Japan. Phys. Earth Planet. Int., 156,
1-11.

Miiller, R. D., Sdrolias, M., Gaina, C. and Roest, W.R. (2008)
Age, spreading rates, and spreading asymmetry of the
world’s ocean crust. Geochem. Geophy. Geosy., 9, Q04006,

doi: 10.1029/2007GC001743.

Nakahigashi, K., Shinohara, M., Yamada, T., Uehira, K.,
Sakai, S., Mochizuki, K., Shiobara, H. and Kanazawa, T.
(2015) Deep slab dehydration and large-scale upwelling
flow in the upper mantle beneath the Japan Sea. J. Geophys.
Res., 120, 3278-3292.

Nakajima, J. and Hasegawa, A. (2003) Estimation of thermal
structure in the mantle wedge of northeastern Japan from
seismic attenuation data. Geophys. Res. Lett., 30, 1760, doi :
10.1029/2003GL017185.

Nakajima, J. and Hasegawa, A. (2004) Shear-wave polariza-
tion anisotropy and subduction-induced flow in the mantle
wedge of northeastern Japan. Earth Planet. Sci. Lett., 225,
365-377.

Nakajima, J., Matsuzawa, T., Hasegawa, A. and Zhao, D.
(2001) Three-dimensional structure of Vp, Vs, and Vp/Vs
beneath northeastern Japan: Implicatins for arc magmatism
and fluids. J. Geophys. Res., 106, 21843-21857.

Nakajima, J. and Hasegawa, A. (2007) Tomographic evidence
for the mantle upwelling beneath southwestern Japan and its
implications for arc magmatism. Earth Planet. Sci. Lett.,
254, 90-105.

Nakajima, J., Takei, Y. and Hasegawa, A. (2005) Quantitative
analysis of the inclined low-velocity zone in the mantle
wedge of northeastern Japan: A systematic change of melt-
filled pore shapes with depth and its implications for melt
migration. Earth Planet. Sci. Lett., 234, 59-70.

Nakajima, J., Shimizu, J., Hori, S. and Hasegawa, A. (2006)
Shear-wave splitting beneath the southwestern Kurile arc
and northeastern Japan arc: A new insight into mantle
return flow. Geophys. Res. Lett., 33, L05305, doi: 10.
1029/2005GL025053.

Nakajima, J., Hada, S., Hayami, E., Uchida, N., Hasegawa, A.,
Yoshioka, S., Matsuzawa, T. and Umino, N. (2013) Seismic
attenuation beneath northeastern Japan: Constraints on
mantle dynamics and arc magmatism. J. Geophys. Res.
Solid Earth, 118, 5838-5855.

Nakamura, M., Yoshida, Y., Zhao, D., Katao, H. and Nishimura,
S. (2003) Three-dimensional P- and S-wave velocity struc-
tures beneath the Ryukyu arc. Tectonophysics, 369, 121-
143.

Pozgay, S.H., Wiens, D. A., Conder, J. A., Shiobara, H. and.
Sugioka, H. (2009) Seismic attenuation tomography of the
Mariana subduction system: Implications for thermal struc-
ture, volatile distribution, and slow spreading dynamics.
Geochem. Geophy. Geosy., 10, Q04X05, doi: 10.1029/2008
GC002313.

Ranero, C.R., Morgan, J.P., McIntosh, K. and Reichert, C.
(2003) Bending-related faulting and mantle serpentinization
at the Middle America trench. Nature, 425, 367-373.

Reyners, M., Eberhart-Phillips, D., Stuart, G. and Nishimura,
Y. (2006) Imaging subduction from the trench to 300 km
depth beneath the central North Island, New Zealand, with
Vp and Vp/Vs. Geophys. J. Int., 165, 565-583.

Rychert, C.A., Fischer, K.M., Abers, G.A., Plank, T.,
Syracuse, E., Protti, J. M., Gonzalez, V. and Strauch, W.
(2008) Strong along-arc variations in attenuation in the



36 i —

mantle wedge beneath Costa Rica and Nicaragua. Geochem.
Geophy. Geosy., 9, Q10S10, doi: 10.1029/2008GC002040.

Sadofsky, S.J., Portnyagin, M., Hoernle, K. and Bogaard, P.
(2008) Subduction cycling of volatiles and trace elements
through the Central American volcanic arc: evidence from
melt inclusions. Contrib. Mineral. Petr., 155, 433-456.

Saita, H., Nakajima, J., Shiina, T. and Kimura, J-I. (2015),
Slab-derived fluids, fore-arc hydration, and sub-arc
magmatism beneath Kyushu, Japan, Geophys. Res. Lett.,
42, 1685-1693.

Schurr, B., Asch, G., Rietbrock, A., Trumbull, R. and
Haberland, C. (2003) Complex patterns of fluid and melt
transport in the central Andean subduction zone revealed by
attenuation tomography. Earth Planet. Sci. Lett., 215, 105~
119.

Schurr, B., Rietbrock, A., Asch, G., Kind, R. and Oncken, O.
(2006) Evidence for lithospheric detachment in the central
Andes from local earthquake tomography. Tectonophysics,
415, 203-223.

Stern, R.J. (2002) Subduction zones. Rev. Geophys., 40, 1012,
doi: 10.1029/2001RG000108.

Syracuse, E. M. and Abers, G. A. (2006) Global compilation
of variations in slab depth beneath arc volcanoes and impli-
cations. Geochem. Geophy. Geosy., 7, doi: 10.1029/2005
GC001045.

Syracuse, E.M., Abers, G.A., Fischer, K., MacKenzie, L.,
Rychert, C., Protti, M., Gonzalez, V. and Strauch, W.
(2008) Seismic tomography and earthquake locations in the
Nicaraguan and Costa Rican upper mantle. Geochem. Geophy.
Geosy., 9, doi: 10.1029/2008GC001963.

G IR (2000) B - <7< - 77 b= A HERE:
HikRZs, 322p.

Takei, Y. (2002) Effect of pore geometry on Vp/Vs: From
equilibrium geometry to crack. J. Geophys. Res., 107, 2043,
doi: 10.1029/2001JB000522.

Tatsumi, Y. (1986) Formation of the volcanic front in sub-
duction zones. Geophys. Res. Lett., 12, 717-720.

Tatsumi, Y. (1989) Migration of fluid phases and genesis of
basalt magmas in subductoin zones. J. Geophys. Res., 94,
4697-4707.

5B UFEE (1995) LARAN ORI IF &3 PV Y
A9 37 AT WEARERRS:, 200p.

van Keken, P. E., Hacker, B. R., Syracuse, E. M. and Abers, G.
A. (2011) Subduction factory: 4. Depth-dependent flux of
H,O from subducting slabs worldwide. J. Geophys. Res.,
116, B01401, doi: 10.1029/2010JB007922.

Wada, 1., Wang, K., He, J. and Hyndman, R.D. (2008)
Weakening of the subduction interface and its effects on
surface heat flow, slab dehydration, and mantle wedge
serpentinization. J. Geophys. Res., 113, B04402, doi: 10.
1029/2007JB005190.

Wada, 1., He, J., Hasegawa, A. and Nakajima, J. (2015) Mantle
wedge flow pattern and thermal structure in Northeast
Japan: Effects of oblique subduction and 3-D slab geom-
etry. Earth Planet. Sci. Lett., 426, 76-88.

Wang, J. and Zhao, D. (2008) P-wave anisotropic tomography
beneath Northeast Japan. Phys. Earth Planet. Inter., 170,
115-133.

Wang, Z., Huang, R., Huang, J. and He, Z. (2008) P-wave
velocity and gradient images beneath the Okinawa Trough.
Tectonophysics, 455, 1-13.

Wannamaker, P. E., Evans, R. L., Bedrosian, P. A., Unsworth,
M.J., Maris, V. and McGary, R.S. (2014) Segmentation of
plate coupling, fate of subduction fluids, and modes of arc
magmatism in Cascadia, inferred from magnetotelluric
resistivity. Geochem., Geophy. Geosy, 15, 4230-4253.

Wiens, D. A., Conder, J. A. and Faul, U. H. (2008) The Seismic
Structure and Dynamics of the Mantle Wedge. Annu. Rev.
Earth PI. Sc., 36, 421-455.

Xia, S., Zhao, D. and Qiu, X. (2008) Tomographic evidence
for the subducting oceanic crust and forearc mantle serpen-
tinization under Kyushu, Japan. Tectonophysics, 449, 85-96.

Zhao, D., Y. Xu, D. A. Wiens, L. M. Dorman, J. Hildebrand,
and W. Spahr (1997) Depth Extent of the Lau Back-Arc
Spreading Center and Its Relation to Subduction Processes.
Science, 278, 254-257.

Zhao, D., Asamori, K. and Iwamori, H. (2000) Seismic
structure and magmatism of the Young Kyushu Subduction
Zone. Geophys. Res. Lett., 27, 2057-2060.

Zhao, D., Yanada, T., Hasegawa, A., Umino, N. and Wei, W.
(2012) Imaging the subducting slabs and mantle upwelling
under the Japan Islands. Geophys. J. Int., 190, 816-828.

(MY HERA)



