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Arc Magmas and Crust Formation: Genesis of the Continental Crust from the Mantle

Yoshihiko Tamura™

Arc lavas are characteristically evolved, multiply saturated, and rich in phenocrysts. Recent work in the Mariana
arc, however, has shown that small parasitic cones on the flanks of larger volcanoes at the depth of ~2,000 m often yield

mafic lavas which are not found in the main edifice. Finding and studying such lavas is fundamental to understand the
nature of the mantle source and the processes that yield intermediate arc magmas. Additional recent observation is
variations in the crustal thickness and its internal structure which is closely related to the average compositions of the
lavas from the Quaternary volcanic front in the Izu-Ogasawara arc. I attempt to combine the geophysical findings with
the petrology of the volcanic rocks from the oceanic arc in order to understand how the ancient Earth covered by a global

ocean developed to the present.
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W X RA TER S LW 78, KRR
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RIZH, <) 7 FHIloMmEKILOFE, KRG 2,000 A —
N VEIBR OGRS, WA~ 7 <ISEVWERGb R~ 7 h
B2 ) BRI LTV D O ASROE O TSR 56
P (JAMSTEC) |2 & 2 & Th 2> T & 72 (Tamura
etal,2011,2014). —77, <) 7 HilOEE» SRS N
TeRGAbT 7Y BEOENE I L TCRO SN WAE
7 OFII LA E (48.2% Si0, 8 £ U 16.4 % MgO,
Tamuraetal., 2014) TH Y, FEILHRIZH L TUIHED
MR/ S W (Fig 1), KEEHRE O FEMBIL 3L L 72 %
1% (60.6% SiO, B & U¥ 4.7% MgO, Rudnick and Gao,
2003) THLMH, HKRE L TEZREBEME~Y I~ ER
Bedhiy (Z210%) L OMICIIKERELV IS L. OF
D, < MV ERBERFBROMIZIEI v 7)) v 2 09F
LT, —/T2E, BwKEMRZOPIZ, FIEX
RE~Y 7Y E2RKEORIAENE G ILEEEI v 7))
YoRHY, KB () RERT S 2odKE (E
WHEE) DRETH L, L0 IREEE S OWFEEDIG
BIZTHELTCOWAEDH L. L, KEExRERT L2
DIZITRBEZLT LD LETIE AR NI DRI S 12
SNz, FNEHMIR L0, 2013 4 11 BICFR
L7722 BOKIEECTH 5. Z OB Bl
BB L RE~ V<O Tho72. v~ b
WIZ—FEVCEPKEREEZTER L TWA20THL, &
DL B ORNITZIS NG, KRB 72 72—
L% L Tw5b (Fig 1).

T — N OIERERTIE, —FIziE, BEONSY
KETL — O TIZEEOREWIBET L — AR
. Lo2L, ETL— MIEET L — PPEARAT
WEEELHDL. BEORE, LAAENWET L —
M IR 120 > TRILE &R KL & 7 5 iR BT
PR E NG, FE/NER~) 7 3l b = v~
TA w7 INTIAI 2 BRI Wbl Twd, — AN
R 2 L2, TS0 RIS~ 7~ bk
I 52 LS5 T b (Tamura and Tatsumi,
2002; Wright et al., 2006). & 5 IHHIMIZB W CTITXR
FI e ERCE R ILATS I 7 T 2 Mo TR
L, ZO5AidHEHo Bilo Mg & WP g
% (Kodaira et al., 2007a). E5ilHiSHEE & ~ 7 <KD
I, RO TACE ~ 7Y BRI K & Rig % 5
ATW5h,

HhEE I R R 7 12 8 C Rl & K BE MR O e
WL, BRI BI 2 EHEED (Lo T8~ 7 4
T AHWICE L) TEHEOFAETH S (Suyehiro e
al., 1996; Taira et al., 1998; Tatsumi et al., 2008). Bill%
KEEIZT 2720113 BT E S 2 5] X 3AYT LD D
% (Taira et al., 1998 ; Tatsumi et al., 2008 ; Jagoutz and Behn,

2013). 2 OVEMIABUEM EHL & AHO IR TR Z - T
W22 LAt (Tamura et al., 2010).

Bl O A BT 22 B 12— 4% Cld 72 < (Kodaira et al.,
2008), KILOHIFIZBWTHET 5720, KILOGARIC
flE S CTnD. KlosfiE [~y Mvky b7 14>
=1 EMHEN D~ Y VBRGNS S TV D
(Tamura et al., 2002). £-> T [~¥ > Mk b7 1
=1 OWRKEE ZORENE, BLO~ Y VR R
W & OBLR (Obana et al., 2010) NEE L 2 5. S5
12, EHEOF 7 44 T4 MR, BESo B4~ 7
YOG, & HICRE RO MBS O AR BT AR5,
REERE DOBRWITEIC B 2R % $ 725 L T % (Behn
and Kelemen, 2006; Behn et al., 2011; DeBari and Greene,
2011; Moyen and Martin, 2012 ; Dhuime ef al., 2012 ; Jagoutz
and Behn, 2013; Arndt, 2013 % &), —J, BUTOWES
AN MR R, HEIECHRAC X B W)~ 7 ORI - 4347 -
fENTIE, BIFED & Z A JAMSTEC O TH 5. AN
A, HiEdE L & < 7 ORI A, MR
LREOHREIZESL ) LT LHAEMBLIZLDOTH
. RHARIFIZ BT 5 REOKKIZE L TH O
Lo (7zk 2135, 2003) ZdHbEHL I LIlLo
T, KEOBK V) KL ZNEHBIHL L) &35
BATK L CHESRE LD DEER S,

2. KiE 2,000 X — MILHS5RMEBEE RT3

TL— MONFEETIC BT b7 i, RN E vz
LT EBERICE A, ML LT D, BFiCRIE~ 7~ i,
—FERERS L7 SRS INE S L CiRl% L 725 @ (Blundy
and Sparks, 1992; Murphy et al., 2000; Tamura et al., 2003
%l RWREOREG:, <7 VIRAE R EHHE B AR T
&7-b ® (Sakuyama, 1979, 1981; Gamble ez al., 1999 ; Kent
et al., 2010; Price et al., 2012 72 &) HEBIGIZHFEAET 5.
L oT, ZINEOESEMEN L~ v MVHRD XV~ D
AL HEN 9 2 O3 L v, 5 b L Qv 2 S (N
DR ITWME Y OFERERFELT0E05, v PVIZE
MR FEFHEDLZ LIFTER Y, HH 5IE JAMSTEC
12 & MR AT (NT05-17, NT10-12) (2 &> T, <
1) 7 F KD HEIE K11 NW Rota-1 B8 X O 84 2 KL i
JERHAE (K 2,000 A — FVARE) X0, HE TR S
NTW VRS LA S BRI L7z, JRI 8>
DR EAHI CERIN & 726113 MgO 2% 10-12wi% & o
2. INHik, TRFT) 7T HINCTERILE Lz T
LR BREETHY), SHIZETNEDLAS ALK
DT FNATITA ME (DPASARIZYT AT T LDA
5 A AT (forsterite; Fo) & #kh2A © AH (fayalite; Fa) % i
s & LT OMICEE R EZ S A, Fo DT %
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Pagan, Mariana arc ~ Continental crust Nishinoshima

Primitive Mantl
rimitive Mantle Primary basalt (andesite)

Sio,

Fig. 1. Comparison of major elements among primitive mantle (Takazawa ez al., 2000), average primary basalt
magma from Pagan volcano in the Mariana arc (Tamura et al., 2014), average bulk continental crust (Rudnick
and Gao, 2003), and Nishinoshima lavas in the Ogasawara Arc, which erupted 40 years ago (S. Nakano, 2013
personal communication, https://gbank.gsj.jp/volcano/Act_Vol/nishinoshima/index.html). Nishinoshima lavas
are andesitic and have compositions similar to those of continental crust.

BT ANATTA MELIESR) 1 Foou 1ICET LD
& % (Tamura et al., 2014). Z ORGLEEZ VT~
T BT 2 MAELRRE~ ISR EL, —D20
KNI B 2 WMAEZREY 7 OMBOIER~ >~ LT
D= 7RG S 202 &7z (Tamura et al., 2011 ;
Tamura et al., 2014). € OH#ER, LARAL T L — M 5K
7wy M S Na s (B785 72 a VG &
HICE IR AV N (FAFREAV ) ERITE i
B A VN (I—FRAA FAVE) THDHEV) RIS
Fofe, MEDHERIARM TS L720, ~ > Vi Primitive magmas on flanks
ZEBDOBORAIZES S 2. Lo T—20KbIZBE bypassing magma chamber
Th, ZNENOFTF 7 ¥ a Vs w o ok
YREY I YDFEIET S (Tamura ef al., 2014). (LA iAds
TV — MELEOBRELGTICBI LS —FA 1~ AL b
DERIZE L TIE, R7ZHHRHH S (Gorman et al., 2006;
Kumagai et al., 2014). Mibe et al. (2011) X Kawamoto er
al. (2012) I EFHEEBROFER 2 S, ARG T L — b
SHERE NS, KEe T L Lok & R A v Middt Fig. 2. Cartoon showing a cross-section of island volcano.

Emphﬂnnfevmedlavasandhphlas

HFIHEEZTVDLH, CO,DBEHZELTAL N EL Several works in the Izu-Bonin-Mariana arc have

TRETL LI E LTV AV, FEEoALTIE, HERT shown that small parasitic cones on the flanks of larger

2. BBKIEL OB KR4 ST 1%, I volcanoes at the depth of ~2,000 m often yield more
, G Ay 2, 5

mafic lavas than the main edifice.

b~ 7 <HPELT L2 ENHENTWE, ZEE
12, F4 D 20052013 AR A~ T F K L O3
WA OFRERA 5K 2,000 A — MU TIERGILR <7 IHOEEBIZIZEAETESN TRV, L) KEORE
<DBIEFEBICEHT D, LWV T ENbRroTEL WG EEEL THE~Y Y EFFETI L, BEHBROS —
(Fig. 2). fERIGEXLD TSR KIEOER VTS EE 7y bO—2THAH. LirL, HEkiiEsmk~r~
WRLy PR8I EETRINL Tz, Mk EWVIHBIRTWS &, EEEBICRS L~ 7~ AT
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3. RILEY T Y EFHVHR

~ ¥ MV ST LS AL O K REHE 2 > < 5 H
KR L L CHIERRERAIC B A K& ik LT
T 5 (Fig. 1). B L 72 205 BT S o FRRlE -
EIED, HDEVIIINARARGT O T AR EIPT
KETERGRIZIERE L 2 008 A D 5. Hif L Amdt
(2013) = EORFUIFEL V. BRFEICHLTIE, K& {5
T, BIROWAEY 7 B ZINEErZLREE» L)
FEEBEORRICIEARALTL— b (X57) 5D
V7 (Si0, i57) ICEAZ AN NOFESEZROLNED
WL, BilA~ 7~ ORI AR EN T
& 4. (Taylor, 1967; Hofmann, 1988 ; Tatsumi et al., 2008
&), I, WERLOH B, EORRICHED L okkE
DR E NIz DR E HbE, EOAH =L
WCEXZ2ELOPTiEm2 d 5 (Amdt, 2013 OFRFH 7%
&), Taylor (1967) (L KRR DM 2 % s (7
Vo TV ENE) THHIE, Ivr 7)) %l
BRI IDPILARRRGE ORI TH D Z b
KEEHEATE AR AT O KINHE) TE L L U7z, 1
WFILAARTE D > MV Ty ¥ OGRS X Y22l
FHEONAER TIWELET H L F 2 Tz (Taylor and
White, 1965). Kelemen et al. (2005) 1A T 706D 1)
TZEAZ AN NOFG %2 5 TRt Lila~ 7~ n
5 DR KB ICARENTH L EEZTND
IEERIEZ A A4 N GEHAIEA) SEKTTIE3
GPa FTHALARE AN MIARRMBIFS 22 &
(Kushiro et al., 1968), 5 & UHiflize R (forsterite-diopside-
silica, forsterite-nepheline-silica, forsterite-CaAl,SiOg-silica)
128\ C forsterite D ZEFIMBSERKTF TIARTAHZ &
(Kushiro, 1972) 72 & @i AR ER O H2 5, Bl
DERY Y MV Ty D OEFSGERIC L) ZILEHE O
< 7RWEEET S L #E 2 72, Kushiro (1990, 2007) 1£ & 5
SRR~ T BT ChESNDL L4 2, H
DAL A T L7z

L2 Lahs, EREMIC7 L — MURERO~ >~ by
YLy VTR RIES TR T D TH S )
HEHIEINTT [k~ MUPRERL CERE~Y 7~
AL, B~ Y MVHSEE L CRILE~Y I~ ERE TS ]
OB Y F) A THESY IO EEEOTE T
(Tamura, 1994 %2 ). L*L, ZOYFUFE [KIZE
CWAEZREY 7 YOFAE] BHEN VWL DTH S
WARE, 7L = MIBEEBEROZRE~Y 7~ IIKIZEAT

WL I ERKINFIZEEND DAL AABSE T OTIED
EFY (AWML 7 V—=Ta ) OWER EHIHE )
127> CT\2 5% (Kelley et al., 2010; Parman et al., 2011 72
E). =) T FOKILOIGE TR O iz~ 7 <17k
2B WA ZRA ~ 7~ (Tamura et al., 2011, 2014) ] T
HY, [KICEGWAERLEY ZF~ [ IERERVWEENT
Wy,

OV VL IO DRIEO M & G- 2 72O B304
ZEOEKTHL, ZOH, T, LI EEIY
L2090 EHHT 2LEN DA, — DO HUK
MR L C, TOREETILL L) 2T 201391
IYAELTELWHRTH S, —J7, HEoFp (2
CTRMZE) LT A I3 AN ETH Y,
S OO E KT - KW - RIS & S S ICHHAT
L, 7= %#%BML THm L T BEN H L, L)
BROMRTHL. F7/, REOMNEESIZIE, FFE
DEIMTIEAR L, HROMDOBIRTIZE ) o TWED
PORBIIVETHAH. —FT, BikTix, RO
DRI, RIEFZNEFEIUT & OFEE TR &~
T DOBRBH SN o T, 72k 2 I1E, RN
R E DL L 2l b s b - v v
T A v 7BV IR ER % Bl L C RS % B
ST L, AR IR L& NI AT L, SOk
ZIRIT D L VIREN L ENTWDLY, FRFETIES
NTwawl IoT, BIRTEWNZEZIIEaWIZH
LCENE—RALT 2 D5 HOF IS GHCTIEY %
HwmCTHAH). T, MmmEHOEZENRES . K
W BN 1,000km, KFED /2P ET 51628
IZBWT, 2013 4 11 Pk, 652 KNGS 25 T
WL HEXILOBKIZ X D IR E BT TV B2
1, EEBLF 2km, 5 & 140m LLEICHE L, 40 450
DN TIZI S N IATEZ B & fRAA A, B OILRE
Bl CTwa (2015 45 10 HBUFE). Fig. 11d~ > ML, %)
HEXRAE~ 7 ~, KEEMEB L U840 SERTICBR L7274
ZEOEHOFHME AR L T, THZED 1973-74
FEORMY OGHAERE, BIREF, T H
DS 60% Hi R DB KEER ) DZIGETH o7z, £
nci, HZBIFES 30km ML EOKERFETTE T
LOTHHH) . TINWEHEOEENH L. Fig 3 1%
PHE/NEJEGR O #7#EEE (Kodaira ef al., 2007b) %7Kk L 72
LDOTHA. U=, N\NLE Hr& BE%
CREREBE TR T AKUTH 205, HWTFICIFFES
30-35km OHGED D LH. —F, HNGEESZ i3 50
2w Gt /NEFEO MR IEE & 16-21km LA 7\,

! International Workshop for Large-scale research cruises: https:/www.jamstec.go jp/maritec/e/large-scale_cruise/
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Seismic velocity image along the volcanic front of the Izu-Ogasawara arc obtained by seismic refraction

tomography (Kodaira et al., 2007b). The crust beneath the Izu Arc volcanoes is 32-35 km thick, which is twice
as thick as the 16-21 km crust underlying the Ogasawara Arc volcanoes.

DEFNHZBIMRATEHBD [ PV B[
BROBNE| 2DTHDH. <Y PVISE VRN

DRI 2 HREER ) OZINIEY 7~ B ET T 5 D0
E5I, BEHBORECILRORTEHIE» S IR E Y
TIDBEH L TWLEDES.

—DODU R, FZBEOHTO~ Y MVT [WAER
WE~ 7~ BPERLTWEIETHL. fERk~ > b
2B WERIE < 7 < DA BIIZIR OB TR &
T &7z (Kushiro, 1990 7 &), < ¥ MV ORMEIZHR$
LIRDOWEBIIRE VD, KZTTIIWERIGE~ 7~ %
EWRTAZEIETERVDTIERWES S .
and Grove (1998) D FEEETIX 1.2-2.0GPa [ B VT 12%
FCOKREMAZZY Y PVHPALAE (LVYT A L) F@l
TRFEERZAT o 7278, ZIE AV MaEsnThRwn, —
77, Umino and Kushiro (1989) 1% X O £ ® 0.8 GPa, 1,250
C, BREHFTMg ICECHRRZLINETHER=F 1

MREETLEL TS, K= A MIAERZILE~ S
~DUVEDTHA. Tatsumi and Eggins (1995) b D
B LU 5-8% GKEDFMTHEZI G~ 7~ 034
YA EERLTWL, DF ), FELILE< S <&

IHERE DD ERGM L ) O OERDID 2 L%
BB DHDOTE RV, ZEERLNLEOH LHTINETE
ZEDHHNEFERIEE S 74 ) EVilET L — MC
KT L — ML ARA TS EE L7727 L — MUR
R CTH L. FEOEMET T, MEIEXRE~ 7 < H

L, BEEZWAESTIPEBE LT, —F, 5
IR E N JEE DK & 7258\ I Z O HGEIERE 2D B (Fig.
3). [%¥ PVITEWE] HZEIZB W T # v

Gaetani

720, HiFEE T OMIE (1GPa LIT) I2BWT~ > FLAS
FFES 5 2 EHHHRETH A%, BEIC 30km Dbt & Fro
I BT~ >~ MVELFIZAT 1GPa L EDIET)
TlRESL., vV MUV EKTHOMIIE (1Gpa LF) T
L 72 EDORMERINER TN TE L, LERD
L% L DFENIEEIINZ 75 (Umino and Kushiro, 1989;
Tatsumi and Eggins, 1995 ; Tamura ef al., $%Hi9).

4. "E~Y T & Bl O R

FEIL/NE RO 21 E~ 7~ 2RO KIEE) 2 5
FEIMDNA = F N KUNEEI~NE L. FEINIE KR
nEREKL (KB =28, LB, 78 A3IA
B (AIAINVTTZ), BE (BEHIIVTT)) 780775
100km [ CTIEATE Y, N6 OXREKILOMHIZH
BEEEOWIRA VT T (KREZL, BV TT, BA
LANTT, R, BREE A IAALTT) A
AT D (Fig. 4). ~7~OEBETRTY, TkE~
TR EGRE TR DN E— TV T KEE B HF AT
T HNLUMEEEINTH % (Tamura and Tatsumi, 2002). %
RE~ 7~ FEICEROKILEPSEE L, Hfla~ 7

~IEKIE & KILB O H O A S 3 %, Tamura
and Tatsumi (2002) (&, JEACE~ 7~ (L 5RO i bk
IR T % IR E OIS (Suyehiro ef al., 1996) 25Hl
BLI2bDTHDEEZT.

Z OF ZIP IO M S & IO 3 25~ 7~
OBBEZE T ISEFR (Kodaira ef al., 2007a) & #EAMTH
%. Fig 4 (oKL 70 v Mo - %2R L
TBY, ZNFIo HIEHKIEFTONELZRL T
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Fig. 4. Map showing the 16 Quaternary volcanoes with which this study is concerned and the location of the wide-
angle seismic profile. Dots on the profile indicate a total of 103 ocean bottom seismographs (OBSs), which were
deployed at approximately 5-km intervals, and the numbers on the profile show the distance from its northern
end (Kodaira et al., 2007a). Numbered stars indicate sites drilled on the Philippine Sea plate in the Izu-Bonin
region during ODP Legs 125 and 126 and IODP Expedition 350. Modified from Tamura et al. (2009). Copyright
(2009) Oxford University Press. Reproduced with permission from the Oxford University Press.

Fig. 5a | Kodaira et al. (2007a)

Lo THELNPER  FR2 S5 BEO 550km B Td % (Tamura et al., 2009).

BOE X L ZNZROKINO~ 7 <O % 7 ay FRAKINCER T 2 VB0 E~ 7~V IIHEDOE

MLZZDDTHA.

<7 OB E D B

BAREZ LTS LT 2 REY 7 YOMBKMLENFEF U Th 5%, mHEK
D, ZREZEHT L Khom IZEHY S KBRS~ 7~ OMERLEE AR BIL B

FRMAIZIE <, FHACE Z T A KILO i < EOXREY 7 YO 3%E2 Y, Wit o FElo

oTwh, R

I& Fig. 5b O#E D 3

LAY KD <7< ORI E IR LT\ b (Tamura et al., 2009). 7223
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Fig. 5. (a) Along-arc crustal structure (dotted line; thickness of middle crust with Vp of 6.0-6.8kms ' at depths

between 5 and 20 km) and average wt% SiO, of volcanic rocks (solid squares) sampled and dredged from the 16
Quaternary volcanoes of the Izu-Bonin arc shown in Fig. 2. The basalt-dominant island volcanoes produce small
volumes of rhyolites that we will call R1. The rhyolite-dominant submarine volcanoes erupt mostly rhyolite that
we will call R2. (b) Schematic crustal structure of the Izu-Bonin arc volcanic front of alternating basalt-
dominant island volcanoes and rhyolite-dominant submarine volcanoes, which have thick and thin middle crust
and erupt R1 and R2 rhyolite, respectively. These diagrams are from Tamura et al. (2009). Copyright (2009)
Oxford University Press. Reproduced with permission from the Oxford University Press.

&, URCEEE S VT Z T TR H D1,
. T AL TR L 72RO W i R

Late Quaternary |2 X E DB AL & 0 @l Liics & 4
B LTWw5 (Fig. 6c). 2%, FUIIOMAIL, X

ARG ARI LT ORI WERE~Y I~ ED)
NI T4y 7% G722 AEWICE AL
B AN L7225 TH D (Fig. 6). TILITK
L, Mo MELE O d B b7 1X Early Quaternary |2V &
MVHSED < 7 < ORI X ) dE L (Fig. 6b), F D

FRIWLOTIZ @ 5 bt G L VLo i) o
FHEfE L 72 d o L i & 2RO BERFO b
DEDQTHEHDH DL LD, SHITEE, WREHD
KIS UULERRE) 2oz~ 7~ osEHEERZH)
LTWBZENFPLNPIZHR->TE T3 (Ishizuka ef al.,
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Fig. 6. Schematic along-arc cross-section of the Izu-
Bonin arc, showing volcanism and crustal evolution.
(a) Eocene-Oligocene. Crustal structure is assumed to
be similar to the thin crust in the present-day Izu-
Bonin arc front (Kodaira et al, 2007b). Volcano
distribution and variations of crustal thickness in this
early stage are not well understood and are omitted. (b)
Early Quaternary. Locally developed hot regions
within the mantle wedge (hot fingers) are responsible
for the production of basaltic volcanoes (Tamura et al.,
2002). Basalt-dominant volcanoes have thicker crust
(Kodaira et al., 2007 a) that might have accumulated
during Neogene-present. Black areas represent basaltic
magma systems that thicken lower crust and also erupt
to the surface. Grey areas represent magnesian andesite
magma systems that thicken middle crust and do not
erupt to the surface because their higher water contents
promote rapid crystallization within the crust (Tamura
and Tatsumi, 2002). (c) Later Quaternary. Remelting
of middle crust and formation of rhyolite magmas take
place at both basaltic and rhyolitic volcanoes. Basalt
intrusions melt new middle crust to produce RI1
rhyolite magma at basalt-dominant volcanoes, and
melt Oligocene middle crust to produce R2 rhyolite
Rhyolite
volcanoes have no mantle roots beneath the crust but
dikes (reflector x of Kodaira er al., 2007 a) travel
laterally from basalt volcanoes to produce rhyolite

magma at rhyolite-dominant volcanoes.

magma having Oligocene character. For further details,
see Tamura et al. (2009). Copyright (2009) Oxford
University Press. Reproduced with permission from
the Oxford University Press.
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Fig. 7. Schematic cross-section of the Izu-Bonin arc and the Honshu arc. The Kofu Granitic Complex (KGC) and

the Tanzawa tonalites were emplaced during the Miocene within the zone of collision, delamination and
accretion between the two arcs. Crustal structure of the Izu-Bonin arc after Kodaira et al. (2007a). Most parts of
the middle crust of the Izu-Bonin arc were produced in Eocene-Oligocene times (Kodaira et al., 2008). The
middle crust in the collision zone was dragged to mantle depths (40~50km) and temperatures (900~1,000T).
The resulting partial melting resulted in remobilization and delamination of the middle crust from the lower crust
of the Philippine Sea plate. For further details, see Tamura et al. (2010). Copyright (2010) Oxford University

Press. Reproduced with permission from the Oxford University Press.
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