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1. Location map showing southern margin area in Northeast Japan arc, and the
middle Miocene volcanic front (V. F.). Shaded area shows the location of Tochigi
prefecture.

2. (a) Location map showing Kanuma area in Tochigi prefecture. (b) Geological

map of Kanuma area (after Takahashi, 2008b) and locations of sampling points.

3. Outcrop of Hinata volcanic rocks (H-02).

4. (a) Location map showing Utsunomiya area in Tochigi prefecture. (b) Geological
map of Utsunomiya area (after Takahashi and Yoshikawa, 2008) and locations of
sampling points.

5. Outcrop of Myogazawa volcanic rocks (M-03).

6. Outcrop of Kazamiyamada volcanic rocks (K-08).

7. (a) Location map showing Motegi area in Tochigi prefecture. (b) Geological map
of Motegi area (after Hoshi and Takahashi, 1996a) and locations of sampling
points.

8. Outcrop of Yamanouchi volcanic rocks (Mtg—05).

9. Thin sections of Hn—type basalt (Pl-poor) from Kanuma Area.
Ol, olivine.

10. Thin sections of Hn—type basalt (Pl-rich) from Kanuma Area.
PI, plagioclase.

11. Thin sections of Hn—type andesite from Kanuma Area.
Pl, plagioclase; Cpx, clinopyroxene; Opq, opaque mineral.

12. Thin sections of HSr—type basalt from Kanuma Area.
Pl, plagioclase; Ol; olivine.

13. Thin sections of Myo—type andesite from Utsunomiya Area.
Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene.
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14. Thin sections of Kz-type basalt from Utsunomiya Area.
Pl, plagioclase.

15. Thin sections of Kz—type andesite from Utsunomiya Area.
Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene; Opq, opaque mineral.

16. Thin sections of Kz-type dacite from Utsunomiya Area.
Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene; Opq, opaque mineral.

17. Thin sections of Mtg—type basalt from Motegi Area.
Pl, plagioclase; Ol, olivine; Cpx, clinopyroxene.

18. Thin sections of Mtg—type andesite from Motegi Area.
Pl, plagioclase; Ol, olivine; Cpx, clinopyroxene; Opg, opague mineral.

19. FeO*/MgO versus SiO; (a), Na,O + K;0 versus SiO; (b) and K,O versus SiO;
(c) diagrams of Hinata volcanic rocks, and the middle Miocene volcanic rocks from
the NE Japan back-arc and trench sides. Middle Miocene volcanic rock data are
taken from Watanabe et al. (2009), Yagi et al. (2001), Uda et al. (1986), Takimoto
and Shuto (1994), Shuto et al. (1985b, 1986, 1992b), Yashima (1963, 1979), Shuto
and Yashima (1985), Abe et al. (1976), Tagiri et al. (2008), Shiramizu et al. (1983).
The TH(tholeiite)-CA(calc-alkaline) boundary in FeO*/MgO versus SiO, diagram
is cited from Miyashiro (1974), the AB(alkaline basalt)-HT(high alkali
tholeiitic)-LT(low alkali tholeiitic) boundary lines in Na,O + KO versus SiO;
diagram are cited from Kuno (1968), and the HK(high-K andesite)-MK(medium-K
andesite)-LK(low-K andesite) boundary lines in K,O versus SiO» diagram are cited
from Gill (1981).

20. Major element variation diagrams of Hinata volcanic rocks.

21. Trace element variation diagrams of Hinata volcanic rocks.

22. Chondrite normalized rare earth element patterns of Hinata volcanic rocks.

Normalizing values referred to Sun and McDonough (1989).

23. SiO versus NdI (a) and SiO; versus Srl (b) diagrams of Hinata volcanic rocks.

24. FeO*/MgO versus SiO (a), Na2O + K,0 versus SiO; (b) and KO versus SiO;
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(c) diagrams of Myogazawa and Kazamiyamada volcanic rocks, and the middle
Miocene volcanic rocks from the NE Japan back-arc and trench sides. Middle
Miocene volcanic rock data are taken from Watanabe et al. (2009), Yagi et al.
(2001), Uda et al. (1986), Takimoto and Shuto (1994), Shuto et al. (1985b, 1986,
1992b), Yashima (1963, 1979), Shuto and Yashima (1985), Abe et al. (1976), Tagiri
et al. (2008), Shiramizu et al. (1983). The TH(tholeiite)-CA(calc-alkaline)
boundary in FeO*/MgO versus SiO, diagram is cited from Miyashiro (1974), the
AB(alkaline basalt)-HT(high alkali tholeiitic)-LT(low alkali tholeiitic) boundary
lines in Na,O + KO versus SiO, diagram are cited from Kuno (1968), and the
HK(high-K andesite)-MK(medium-K andesite)-LK(low-K andesite) boundary lines
in K,O versus SiO; diagram are cited from Gill (1981).

25. Major element variation diagrams of Myogazawa and Kazamiyamada volcanic

rocks.

26. Trace element variation diagrams of Myogazawa and Kazamiyamada volcanic

rocks.

27. Chondrite normalized rare earth element patterns of Myogazawa and
Kazamiyamada volcanic rocks. Normalizing values referred to Sun and
McDonough (1989).

28. SiO; versus NdI (a) and SiO, versus Srl (b) diagrams of Myogazawa and

Kazamiyamada volcanic rocks.

29. FeO*/MgO versus SiO; (a), Na;O + K;O versus SiO (b) and K;O versus SiO;
(c) diagrams of Motegi volcanic rocks, and the middle Miocene volcanic rocks
from the NE Japan back-arc and trench sides. Middle Miocene volcanic rock data
are taken from Watanabe et al. (2009), Yagi et al. (2001), Uda et al. (1986),
Takimoto and Shuto (1994), Shuto et al. (1985b, 1986, 1992b), Yashima (1963,
1979), Shuto and Yashima (1985), Abe et al. (1976), Tagiri et al. (2008), Shiramizu
et al. (1983). The TH(tholeiite)-CA(calc-alkaline) boundary in FeO*/MgO versus
SiO, diagram is cited from Miyashiro (1974), the AB(alkaline basalt)-HT(high
alkali tholeiitic)-LT(low alkali tholeiitic) boundary lines in Na,O + K,O versus
SiO, diagram are cited from Kuno (1968), and the HK(high-K
andesite)-MK(medium-K andesite)-LK(low-K andesite) boundary lines in K,O
versus SiO; diagram are cited from Gill (1981).

Fig. 30. Major element variation diagrams of Motegi volcanic rocks.
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31. Trace element variation diagrams of Motegi volcanic rocks.

32. Chondrite normalized rare earth element patterns of Motegi volcanic rocks.

Normalizing values referred to Sun and McDonough (1989).

33. SiO; versus NdI (a) and SiO; versus Srl (b) diagrams of Motegi volcanic rocks.

34. (La/Yb)n versus Cen (a), Eu/Eu* versus Cen (b) and Eu/Eu* versus Sr (c)

diagrams of Myogazawa and Kazmaiyamada volcanic rocks.

35. Nb versus Zr diagram of Myogazawa and Kazamiyamada volcanic rocks, and
the basement rocks. Data for Nishikawa et al. (2015; granitic rocks), and Kawano et
al. (2006; sedimentary rocks).

36. Srl versus NdI diagram of Myogazawa and Kazamiyamada volcanic rocks, and
the granitic basement rocks from Utsunomiya area, and the middle Miocene basaltic
rocks from the NE Japan back-arc and trench sides. Granitic rock data is taken from
Nishikawa et al. (2015) and this study. Basaltic rock data are taken from Fukase
and Shuto (2000), Kondo et al. (2000), Sato et al. (2007), Shuto et al. (2006, 1992a,
1997, 2008), Ohki et al. (1994), Okamura et al. (1993), Yamamoto et al. (2008).

37. NdI versus Nd, NdI versus Nb and Srl versus Rb diagrams of Myogazawa and
Kazamiyamada volcanic rocks. Assimilation—fractional crystallization (AFC)
model calculations for Kz-type basalt to andesite. The AFC trajectories represent
fractional crystallization with assimilation of the Utsunomiya granitic rocks (dotted
line) and the southern Ashio sedimentary rocks (orange solid line). The parameter r
is the ratio between the assimilation rate and the fractional crystallization rate
(DePaolo, 1981).

38. Th/Yb versus NdI (a) and Th/Yb versus Srl (b) diagrams of Myogazawa and
Kazamiyamada volcanic rocks. Showing the bulk mixing lines of average DMM
with average NE Japan arc subducting sediments and global subducting sediment
(GLOSS). Data for Workman and Hart (2005; DMM), and Plank and Langmuir
(1998; sediments).

39. Srl versus NdI diagram of Myogazawa and Kazamiyamada volcanic rocks, and

the Quaternary volcanic rocks (after Nakamura et al., 2008; Nakamura and lwamori,
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2009). The Quaternary volcanic rocks from Central Japan added by slab—fluid
derived from Philippine Sea plate is shown by the shaded area.

40. (La/Yb)n versus Cen diagram of Hinata volcanic rocks.

41. Nb versus Zr diagram of Hinata volcanic rocks, and the basement rocks. Data
for Kawano et al. (1999; granitic rocks), and Kawano et al. (2006; sedimentary

rocks).

42. Srl versus NdI diagram of Hinata volcanic rocks, and the granitic basement
rocks from Kanuma area, and the middle Miocene basaltic rocks from the NE Japan
back-arc and trench sides. Granitic rock data is taken from Kawano et al. (1999).
Basaltic rock data are taken from Fukase and Shuto (2000), Kondo et al. (2000),
Sato et al. (2007), Shuto et al. (2006, 1992a, 1997, 2008), Ohki et al. (1994),
Okamura et al. (1993), Yamamoto et al. (2008).

43. NdI versus Nd, NdI versus Nb and Srl versus Rb diagrams of Hinata volcanic
rocks. Assimilation—fractional crystallization (AFC) model calculations for
Hn-type basalt (Pl-poor). The AFC trajectories represent fractional crystallization
with assimilation of the southern Ashio granitic rocks (dotted line) and the southern
Ashio sedimentary rocks (orange solid line). The parameter r is the ratio between

the assimilation rate and the fractional crystallization rate (DePaolo, 1981).

44. Th/Yb versus NdI (a) and Th/Yb versus Srl (b) diagrams of Hinata volcanic
rocks. Showing the bulk mixing lines of average DMM with average NE Japan arc
subducting sediments and global subducting sediment (GLOSS). Data for Workman
and Hart (2005; DMM), and Plank and Langmuir (1998; sediments).

45. Srl versus NdI diagram of Hinata volcanic rocks, and the Quaternary volcanic
rocks (after Nakamura et al., 2008; Nakamura and Iwamori, 2009). The Quaternary
volcanic rocks from Central Japan added by slab—fluid derived from Philippine Sea

plate is shown by the shaded area.

46. (La/Yb)n versus Cen diagram of Motegi volcanic rocks.

47. Nb versus Zr diagram of Hinata volcanic rocks, and the basement rocks. Data
for Kawano et al. (2000; granitic rocks), and Kawano et al. (2006; sedimentary

rocks).
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48. Srl versus NdI diagram of Motegi volcanic rocks, and the granitic basement
rocks from Motegi area, and the middle Miocene basaltic rocks from the NE Japan
back-arc and trench sides. Granitic rock data is taken from Kawano et al. (2000).
Basaltic rock data are taken from Fukase and Shuto (2000), Kondo et al. (2000),
Sato et al. (2007), Shuto et al. (2006, 1992a, 1997, 2008), Ohki et al. (1994),
Okamura et al. (1993), Yamamoto et al. (2008).

49. NdI versus Nd, NdI versus Nb and Srl versus Rb diagrams of Motegi volcanic
rocks. Assimilation—fractional crystallization (AFC) model calculations for
Mtg-type basalt to andesite. The AFC trajectories represent fractional
crystallization with assimilation of the Yamizo granitic rocks (dotted line) and the
southern Yamizo sedimentary rocks (orange solid line). The parameter r is the ratio
between the assimilation rate and the fractional crystallization rate (DePaolo,
1981).

50. Th/Yb versus Ndl (a) and Th/Yb versus Srl (b) diagrams of Motegi volcanic
rocks. Showing the bulk mixing lines of average DMM with average NE Japan arc
subducting sediments and global subducting sediment (GLOSS). Data for Workman
and Hart (2005; DMM), and Plank and Langmuir (1998; sediments).

51. Srl versus Ndl diagram of Motegi volcanic rocks, and the Quaternary volcanic
rocks (after Nakamura et al., 2008; Nakamura and Iwamori, 2009). The Quaternary
volcanic rocks from Central Japan added by slab—fluid derived from Philippine Sea

plate is shown by the shaded area.

52. Reconstruction model of before and after the Opening of Japan Sea (after Seno
and Maruyama, 1984; Takahashi, 2008 c).
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W2 5 AEJ7 i i CTHE#Y 1-3 km, FEAEK 10 km O HHRIZ 046 L (Fig. 4), gtk o
TVBEN ST DERMELAETH DN, MICKBBERBROBEES L on
% (Fig. 6) ZOKIIEBEIFEAF L IXREROEZHONRAEE L, 8% CHEW
ICHEE S A Th D, E70, RBEOEEMMA Ny FRICAOGND Z 03 D03,
12 & A EIEHRERI A RN D TV D, RFITEE IS L TS O ESE R
D, WAEMNEFEERE T HKITEHNIER ThH o AEEN R LEL, &6
N DX T OEEZEZROICEAIETCNDLZ EnbERCEBELEZLD LE
26N TWA(EHI, 1998 ; &Il 5, 2010),

IR, CEHILICET 28 % 2RI & O 72 K3 135115 (2010) THID THE
MENTbDOT, HERITE R ILEE &R g s S TunwieWl 2 iE, &)1, 1998),
L2rL, @il - &)11(2008) T ik i 11 01T 53 A 9 2 % i I Vs 5 O iy HiL G SRR
MERW R L, —5T, Sldb o BRI BEEE S IXIESET 5 2 ERmE S
AU, MEROMICITAE TORFMERS LI TnWD, KIF7ETIEHE)INS (2010)D
HoJE X 5y % KBRS 2

F iR g &R L E o U AR, 16.6-14.8 Ma O 20 K-Ar FE NS &
NTWAD(EN, 1998 ; &I, 2001), 7272L, b kICEEIZ —EBICEER
B B, 2 K-Ar BRI Z DO R Y RER IS TWD, 20k,
1« F)11(2008) T ik 1145 %86 0> iy A SR MR 0 B L 1L R L ke A B ARG K
D7 4 var hT v 7EMR(17.9-16.6 Ma;, &G D, 2001)I2S5 %, EArikE
JARILEEOENRZ 175 Ma THD ELTWD, —JF, BRAILHEEZES KA
OHIEFENL, FEHT 2WBEREEND 14.2 Ma(2a K-Ar ; &)1, 1998)23 45 5
NTEY, ZhiZXk-s TRABEBIZERERZ5 X TS, LLREDL, &
iR JE & B R 8 O K LTEBN2S 17.5 Ma IEE b k#E L T2 ATREE 2 S & 5
ICIEE > TRV, £ZTARmTIE, ZfRERL LR RILEEOMEFENL L

R
s

a:

i
m ~ O



T, &4 K-Ar FROF¥fE (5.5 Ma; #F)II, 1998 ; HJII 5, 2001)% H Tk
D LHZLICT 5,

3. RAHIE

A HU 1% 16-13 Ma D kil 7 & >k X 0 ) 50-60 km 72 (7 & L T 5 (Fig. 1;
Ohki et al., 1993), Z @ Hulg D H ottt K LSBT A L 0 ooty ik, IWNE, SR
JEIZ X5 ST % (Kawada, 1953), 45 2d4@ LC, BEAICE O XRa~% L
EHNSZHEBO LN DM, JTHRE TN OET 5 EEAE O LRE T IEnHiR
LA DLPRTH L RIS S, M0 TIO B AETHES TN Y LT A
FELTRBENTWD (HRES, 1985a), JEAESICIIE, thHRIXKXED LD
IZTIO I E D X E TR IL el Yy L7 4 M LTHELL, BIlici
TIHFEAERWESA TR, AMIEEENIB T 2~ 7 ~iE# e L e
L2 E0D, THRAREITIRO PN & LT 5,

TEHIRBIEEE UCHSE, B, YL MAESRIKE A B L Ok S 7o
EOHREMNGRY, ZALOEHIZIHh» TEATLIXRERCLILAEE YV, BX
ORVE OEEDEEL TWD (R - E@F, 1996a), i kKILEEED 9 Bl o 8
BIE G B 72 00 IR K OE 1, ARHIR AL B o> ooy A D R0 AL v 5 e SIS s Tl
FEHIZ oA L, —J7 TR E 72 Zulia OBiA 22 (La 13, Ak e o IR E])I & 5w
M OEWRATITR, JSTTEIRFEPEIZRY 254 L T2 (Fig. 7; JE#E S, 1985a ; fHik
5, 1985; & - @i, 1996a), “EITRABE L EATHY, MO THETH D,

WX, E& L TKRIIEE S CNICHTET 2280 v T v A XA,
LT aATERE, BIXOEAZLUSEOEENGRY, FMroaxhiREzIEE
BICH > TV D (A6, 2008a), WA IHCIRETIB N ET 22 L "D Y (Fig. 8), &
HIXRAEE CHFICHE TH D, £2, MICKBOOEERARDOLND,

AR, LWNEEES BARKESLOZ oYM E L L, a7 (Y
A4 FOBNEB XA AEMTEEG(ER, 2008a) &, BT v ala ZRE~2 A
DEER(FHEF S, 1985) bl SN D, 2096, T4 %A MNEREMNHETIX
A g oS L0 B LS A L, ZRE~ZILEEOEE I EAIL T /e
ETH A& 28 BV (Fig. 7),

T L IINE R L ORAE O B AL, ENTOEAE O XRESL L
EIRE D K-Ar £ L LT, 18.4-15.7 Ma NS ST W 5 (I EFIE 7, 1987 ;
EfE - A, 1995 ; iR - B, 1997), AHUIRO KILIEEOMEERE LT, AT
1L es K-Ar RO A (16.9Ma; #EEFIZ )y, 1987 ; @i - &2, 1995; A% - &,



1997) & MW TRl 21T 9 o 7238, AHUI D K LS V3 EF M 70 o R 552 BOAUF ZE 23T
HbILTHEY (2 - &fF, 1996b, 1999 72 L), Z O d Ml LI L g Ak M 2 =4 2

ERHEIN, THOIEFARBOILRIZEAEHEEHZHE O RroTc ST
% (Hoshi and Takahashi, 1997),



. &fAF#E

JEVE MO PET D A JE KR &, TR Mg oo 5 fef YU do L OVELRL 1L JE
KUZEHH, £ L ORAMBUC A SN D u i IVE, WNE, RARRE K ILZEEIZ O
T, REMZRFEOE— FRIER R 1000 R A > )% Table 1 {2777,

1. FBH s

ABFFE TR 1 O 25 A #A S Sr—Nd [FIALAK R O FF U 255 &, B rajg o kil
A¥a% THn-type] & THSr-type] IZXK5r L7z, BRI Z 04 FZE AW Tz 1T

-

Do

(1) Hn-type

Hn—-type (X% D& W2 B2 O R MICE ST, BRIEAMRICZ LW
LA &, RIEARRICEDXRE, BIXORWEICH T TR T 5, ZiAiE,
2RO LR AT L CTAHEORE A B L O AN A S HkIL 9 2 F5 & o,

a MRAMAEICZLVZERE (Fig. 9)

HAEA D 7 A ZREN DR SN D, REABER(0-9.9 vol%) X B TE 2 5
PHELZZL, Z<ITEROERNS 250, BHERSLCEMKROESRbEEN D,
DT RA03-1.3mmBEDORENEL <, WHIZ 2.3 mmBEDOMKHBENE EN
TS, T A PR & REEEDRRO SN, MBEL TANLWEA LS D,
72, Bk a7 PICRLOBAT 7 ANEE SN TWVDHIED, HrT Ak
HEEA L L HICRMAZERT 256005, 228, RAMEPEHEL
72VEREHH-01; Table D)ARFET 5, B> 7 > A BEEE(6.2-9.1 vol%) X B i Dk §E
a2 L, RRIE03-1.1 mmEBELENRRT28mm OffEb BT 5, FEA
EDREFIFFIEAICEB I N TV DD, MICHFERMERbEZ-> TS, ok, U
LRV Ty IS TAT AV T AANEET DI LNZ, £, Fe-Ti M1k
PLHERE L LD Z NS, KO RIT Fe-Ti BMLIH 204 LT\ 5,
BRI A7 B4 (4.1-10.6 vol%) X BB b A OEAR~EkEZ 2L, £2< D
R A L CY ARRBVRICAR STV E, ERIZ05mmM U FOHO0nN%E <,
MARTH 08 mm BETHD, £/, WESLEMEDFRO b, MALO Fe-Ti [
LI 2D DEAET G5, BHICREMESRD LN D, Fe-Ti i1k
LW BE i (0.1-0.8 vol%) 1T - H 22 & B O 5k~ 2 2 L, Rk 0.1-0.6 mm
DLONWET D, MmlEE LTI ARRBEVNROGER DV, F-HAEAIC
PEbid Z ENEWN,

17 $£(74.9-88.7 vol%)1E 0.1 mm AR 2> 5 0.2 mm F2E o & ik ~ Sk plEn &,



0.1 mm UL F o EAR A, 33X V0.1 mm Ko Bk ~Eik 2 29 % Fe-Ti
FebBidy CHERR S U, MPRIRARE 2 245,

b REABEMICE L XRAE(Fig. 10)

N T VAXRENOHBE I D, FHRE A D (25.2-43.7 vol%)id B B O FE AR
~EMRS D2 WITEREZZEL, ERIZ30mMMUTOLDONRL VR KT 5.3 mm
ICEET 5, BB ERRT 251 EL, TANL FRUBESRHERELRD S
N2, Fz, FEid 2RISR O BAEA S Fe-Ti BILIEWE L OB EHT 7 2034
FENDb0L, a7 I QXEEMEEEZ RO LD ERH DM, W LM T
T 2GR Y MMEETHEROLARICEI L TEENLIGERH L, I T A
i (0.7-4.5 VolR) T HE L HROMER 2L, £ TOMEBBILL 5,
FTo, WS AT T 5, Fe-Ti BB{LI W ET 4L (0.1-0.4 vol%)IXF¥-HIE L H
BosR~EEREZZL, FRIT01-02mmEETHY, i LTV A8 HAEWD
R OGRS\, HADE A BESY (< 0.1 vol%) 13 B IE o SR T, E£&I1X 0.2 mm
UTFThD, MO Fe-Ti BILIEM Z O A AT 25607 H Y, LKMo
ERlcufAsnsz2tbvdh s,

£ 3£(52.5-71.2 vol%) (% 0.1 mm K3ifi 2> 5 0.3 mm 25 O 5 bk ~ &k 2 23 2 4}
Fad, 0.1 mm LT O BEARR~FE MR A A, 0.1 mm SR 0 AR Fe—Ti BR{LHR
Wy, LT 0.2 mm LLF MR~ ARRA A TR S, RTRCIRHL R 2 2
T2,

¢ ZE (Fig. 11)

BT o R AR A 7S D 7 D, BHE A EEAS (23.0-31.0 vol%) & B
ErbYaREosER~ERE2E L, B 0.3-22mm OFENRBOLND, TV
NA R E REBENR LN, ERBEEERT 2560820, 7 A0HMKL
D Fe-Ti BBLIMZ DAL TEY, GHEMETLE Loy FIRBEIER,
AN LT Y AMFTICOHREET LDV, £72, EELTHDOIL
fim AR b, £DL ALY MMM T T A K DEEFE LR L TWD,
AT B A BEAS (0.4-3.1 vol%) X B O RN S EMKRO b DR R b, BRI
0.3-1.5mm TH b, TRICHEEAILLTVDLEONRZLVRHREZERLRD LN
D, BEBIIRETHY, 2D Fe-Ti BbEMZWLAL, U LITITMELO T T
PEOMRICEATEENDRMAEET 2, £, MICERBERRT 5, HA
EAEEEL(0.8-2.7 vol%) X A O AR ~EMREZEL, ERLImmBEEOLON
<R RT 1.8 mm ICiET D, HEBOOANLRLEHMENEL, HmICRESR



RRTHEA L EBICERBEEER L TS, 70, KAORSITHRLO Fe-Ti B8
{BSEM°HT 7 A% @A L TWDIED, 77 v 7IRWICRIEADRRETLHZ LN D
Do 2T ABEEE(0-2.4 vol%) X B OF#ER T, FifRlX 04 mmELFTHD,
K DRFERARLTRAICEESH DS TEY, HifEledboixd vy, Fe-Ti Bk
L BT Ah (0.5-0.9 vol%) X B O A O Fk~miik 4 2 L, RifkiL 0.1-0.3
mm Tho, ZIHAEREAICHEDONLTEL, —HITMEL TARLI o T
%,

£ 3(61.3-70.4 vol%)ix 0.2 mm LL F o R ~EHRANRE A &, fd THOH 72
A I X Fe-Ti BBLILM DGR O B AL, T 6 LSO KE 5 2 R AL E 72 10
IS ST SRR A 2T 5,

(2) HSr-type ZEA (Fig. 12)

HSr—type &7 > 7 VA XREB L ORI A EREA D 7 a1 Lm0 b
REND, RHEABA19.1-30.4 volw) X B O SRk ~mEitRkz 2L, ERIX
03-28MMEETH D, 7/ FABELRHEIEN RO b, LEEA ZTEK
THHEDHE, FEG TR Fe-Ti B{LILHoH 7 ANBHE S, Zhb
BAEWZ TN Sy FIREBEENRDOND Z b EV, - OEILR Bk
CHRZETLIHAEL, VACORRETLIHAELERD D, FIMMRT T 20672
HIGWHENHETH L b, HEHIIMEREEICES BRSNS A L,
AT7IFEE T LHEICORHBRT 258N DL, T A8 (2471
vol%) X B DOFGFER T, R I mmUFOH DAL NA R KT 1.6 mmlZET
Do FER OB LRSS OERIBLZ 7 v 7 o TAT 4 v T AADNFE
TH5ZL0H0, BREANBEGLLTVIEALL D, £, HBAHEE2
fhan 2 D72 DEBEA N FET D, HRDE A BE AL (0-2.4 vol%) X BB~ b ¥ B O &tk
WEREL, BE03-1.2mm Db ONRET L5, REOH &I Fe-Ti BILIEM A & A
THEY, VanklealkT o2 Lbd0, 72, MIZEBHE L TWDLEERH
%o A HEA B AL (0-1.0 vol%) X B O BRIk 72 ix bk 2 2 L, B£1% 0.2-1.2
mm BETHDH, MR TERICREAICL s TEES Do TEY, KD Fe-Ti
AL ORI R A 2 O T 5 Ml CHEBE S 2 E AT 5, Fe-Ti B (LK 4 B 4 (0.1-0.9
Vol%) X B DR ~EAER O S OR A 54, KifgiL 0.1-02 mmEBETHY, H
FHEAICEDNRD 2 EBEW,

11 #5(59.3-75.0 vol%) i 0.2 mm F& 2 o b LKL 72 48 IR ~ AR B HE 1 8 K
oA b, T E B ORI %2, 0.1 mm LLT O EHR ~ AR A E A &
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Pl 7 Fe-Ti MRALSEMI NI D 556 &, REHEE R B S EIHT 256 & 28
b Y FRDIR~HFARR 2 2T 5,

2. FHE HuR
ABFZE C I3 HED BT OME AR & & 58 L, 2 8 o kL8 2 T Myo-type,
AR L EE O kLA E A TKz—type] & L TR L7z,

(1) Myo-type Z L& (Fig. 13)

Myo-type |T EICHANE AR A LI a N 6720, f A Bl a2 lE b
—H RO LN D, RIEABM15.3-25.7 volw)IZHEN L LA OEREREZE L,
BEIZ02-2mmBEDO L DNRZ VR, RREFEIT28mmICET S5, T34 |k
AL RTEHEEL R T HONRL L ERTICHEDT T ZUFEMNRRBD LD,
EHIT, HAERA L L DICERBERRT 2560 H 5, A7 A BEA (0.6-9.1
VOIR) T EHE NS AR A R L, EiERELEMRo L onZ v, BT 1.5 mm
RO DN WA, AT 2.7 mmiZET D, fbidREaIcERINLTND
ZERDY, ZOHEFEERISITHERICEMAL TVWDIDOLTH D, HAE A BE
i (0.2-7.7 vol%) X B CHEAER DO L On L\, BRI 0.1-2 mmEE T, KKE
gix28mmiciET S, 2, RTEAORKISHENBET LI ENH D, Fe-Ti ik
(LS5 BE & (0-0.7 vol%) X B B D B R~k 2 2 L, KX 0.1-0.3 mm ThH 5,
RTBEAICEDLONDZNEE SN THET DI ENEL, BICHAEA ICEDRLTY
HZEbHD,

1 %£(62.1-83.8 vol%) (% 0.1-0.2 mm D bRAHE A &, ol 72 A A, Fe-Ti
BALRd, B AR KON 7 A DA S, BPRDR R~ SRR 2 25
Do

(2) Kz-type

Kz-type IXALH DR FMROIFHI B S ZRE, ZINH, 74
£ AT TR B0 KRB DS FA YA S T A (T 5
FAHY, ZORBIIMEL THECRDLND,

a XZR&E (Fig. 14)

READS BN ORI A A XA D25, RHEO B (38.8 vol%) it B
EosR~EIRE 2L, E&IX052.0mm Db ONRE < R REIT 2.6 mm [Z5E
T2, THANA FARG & REMENTE T, MRLOT T 2AAEWNSEAFAET
. £lo, W7 AGAAWEF LIy FIREHHEERZ OB TROLN, =
NWIEF A BRICTFET 2HA6, 2 7IC0HR LY MIEERES, b5V
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ATIIEETY DIy FIRETHEDROOND2G603H D, 61T, BE 1
mm L O SmAERIRICET 5 2 LN D 5, BN B (1.3 vol%) X HE ) b
FHEOEMIRT, HKREN 05 mmBETH D, 7 A EE (0.6 vol%) X HIE
NPOHYABOEAERZREL, EELI mMmMUTOLOREL W, KESBERIEAL L
TW5, Fe-Ti MR #L¥BE&h (0.1 vol%)iE, BN S EH O ER TES 0.1 mm £
EThH D,

£ H(59.2 vol%) 13 0.2 mm &2 E O AR EHR A &, Mk e bR A, B &
ORI 72 Fe—Ti BRI 2 6 72 0 IRk 2 23 5,

b ZIA (Fig. 15)

R AR 22 1L &R R A A 2 LA SR SN D, RHR A
fh(12.5-32.1 vol%) T B O R~k Z 2 L, B 03-3 mmBEDO L DT
DTER, W2 4mm 2B 2 58EM b A O R KBIL55mmIZET S, KEDOH D
1T Fe-Ti BALELHCR A, HAEAZEA LTV D, 1FEALO/RKRITRY
MENR O, TANAL FARBLBFICRDOND, LR E & FEKIC,
TAEHEMERLE LIy FIRBEHRERRDOND, 51T, FEFITHM
7 AOEPNORLGEEEDRROONDZ LD, 2B, REAOHZNDLZR
HEBEM N FET D10, HAEA LR GEA, Fe-Ti MLt L & bICHEB A%
T 2560 5 5, #7784 B (0.3-3.1 vol%) X B 7 b H I Tafik~ A
HkE2L, RELOMMUTOLENRZ EREFTLAmMmMBETH L, KO
H DL Fe-Ti BBILILMZ AT D, FifELR b ERRIEALLIE DB ZN TR
D HILDH, A A B (0.5-4.3 vol%) X HIE» B B T, Mk ~Eitke 2
LERIL03-20 mm TH 5, Fe-Ti LI rtR A, RGMAZMES hEAT
L2EMNHY, FERFEAOKINGENRD BND, Fe-Ti BER{LIL B (0.2-1.7
VOI%) I B B A TR~k 2 2L, ERIL0.1-08 mm Tho, AE
ARHAES, RTEAICEAEIND I EBZN,

47 %£(60.6-87.0 vol%)iZ 0.2 mm LA F O EFER~ R ORHE A, Mk sk~
IR Fe-Ti E2{bdid, MR ~EHK DR Tl A I X OBEBEA 5 70 D IR AE
i N

c 7A4H% A4k (Fig. 16)

B ORI TEAT A A b6 %, RHRABERH(17.0-26.7 vol%) X A2 6
YHEORR~EMRZZL, B 03-3.0mm Db DONRE <, KA 4.0 mm i
BT D, KDL O Fe-Ti LIS HAEA, W7 2AZ2WHLTWD, 7L

12



NA PR ENTETHY, a7 Iy FRBHHEERRBO LN D
ANV IEBRESRHZ 0N, ZOH/RIFLALOITITEMBER LN D,
7o, BRNE AR Fe-TiB LI & & HITHEBES 2T 5. 7 H A B A (3.0-3.9
VolW)IZ BB AR OBER~EFRE 2L, B&EIZ05-1.7 mm THD, —
MARREAICEEZ D TWLIZERH LD, FitRERoRobh 5, HibHE
A BEEE(0.6-2.2 vol%)IZ HEN L A EHIREZ 2 L, BT 0.6-1.2mm 2 T
Fe-Ti Mib#m 20l T 22 LnZW, £/, REOLOEIREAZUAT D,
Fe-Ti BR{LELWBE L (0.7-1.4 volW)IZHE NS LA O ER~EREZ 2L, E&
0.2-0.5 mm THITHALCHBEA I EDID Z LB E 0,

13 (68.2-77.6 vol%)iX 0.1 mm T2 O fRL 7o $HRAHE A & P 72 Fe-Ti B2{b 8k
Yy, R, HANEG LT T Anbe ), BRI~ R A T 5,

3. TR HE
AW CidoetiRE, ILNE, BB KILIEE%Y [Mtg-type] & FEFR L THL
RS

(1) Mtg-type

Mtg—type [T Ak D E VL2 E LR DRI RS & LikE, ZIEIT/H T T
T 5, KREPDEIEICHT, AEOREAPMRLT 2EAENFED LR
valn

a XZEA (Fig. 17)

BT ARMEAGALZREND D, RHRABER(45.1 vol%) X B T O 5Lk
~EMR AR L, B 0.3-33mm OfEaMAHET 5, T3 A b EOB AR R A
WAL ONERRE D%, IO Fe-Ti BLEEHOHN 7 A, BLUH
AL R D2EEMNRIET DL ENE W, £, BAEBEPLIT Ny FREA
WS NBE ICRD O, ZOMENEHRERICRDONGEL, EBRaT
O THRODHROCDEMPHET 256 L 03d 5, HAEE A B (0.2 vol%)1d
BIEOFEEREZEL, ERIZ 03 mmEBELMETHY, ZITREAICERS
NTWb, £7, MO Fe-Ti BBILILMAZUAT LI DD, BT AR
(0.2 vol%) X -B I OMER 2 2 L, E£0X0.1-0.3 mm THEAEICHIEA{LL L TV
% o Fe~Ti FRALHL BE i (0.1 vol%) IX B © 5k ~ Ak 2 2 L, Kif1E 0.1-0.2 mm
Thd, ZOFHEITWD TH7R, LROHERPIC 2-3RERE LE Ehiwn,

£ 55(54.5 vol%) (X 0.1 mm LA F DMK ~FMHRA R A &, 0.2 mm BLF O&:
R~ R AR A, A e Fe-Ti BRb8i & 72 0 MRDIRMRRZ =9 5,
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b ZIA (Fig. 18)

R AEAEA RIS E DT AR AE RIS DR END, &
FABEAL(23.8-25.3 voln)iZ A O ER~FEMKEZE L, BT 15 mm T
BNZVPRRERIL 27 mm IZET 5, 7AL FANGEPBEEZETHY, B
WiEETRTHOHEL, ERMPBRINDIGE L H D, f Ik o B A
RO T T AB LD Fe-Ti LM E A L TEY, WA Z k> T
b, Eiz, WA 7 AWAHEMH G2 EEENEREEICERINDL L L,
BERZ2aT7ORMTHBHERATHEENRDOONDIGG LN D, HRE A
(0.5-7.7vol%)IZHEL¥-HEOEEKREZ 2 L, B 0.4-1.3 mm OG0 5
No, £, MELTHARILWIGEE L H 5, il Fe-Ti BILIEMEEZATEY,
—HIMRL OB R A TUA L TV D MICHRE A DOZN G2 HEEAHNHIE L,
EBHIC Fe-Ti BMLHMLR A & L bICEMBETER T2 R4 b0 5, Bk
£ BEdG (0-3.6 vol%) i B Dbk~ 2 29 %5, BRI 0.2-1.4 mm f£E T
HY, FEPICHRLOBET ZAEZZL b5, £, VLRI T v 7Tk
RBANKET LI bHD, V7 ABEE0-0.4 vol%) X BEOMER 4 £ L,
REEIZ 0104 mm O L OB L, BRICHFBAICEZHD > TW5D, Fe-TilE
{LBEH B 45 (0.3-0.7 vol%) iX H JZ O 5k ~ AR A2 2 L, Kifk 0.1-0.3 mm 22 O b
RO LD, BEAEASCR A IZEDNTET LI EREN,

Fi 3(62.4-75.1 vol%) i 0.2 mm LL F O FE ik ~¢Hk AL E A & ik Al s,
B R OAM 72 Fe-Ti BR{bdidn & RITHEA 572 0 AR L 23 5,
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V. &Gk

1. &5 o

JE 78 #i35 ©> Hn—type (4 ) & HSr—type (2 3£, FE0 = Hilk > Myo-type (5 &
B3 L O Kz-type (13 #UE}), # L TRAHIE O Mtg-type(6 3B & 3t 5:lz, &%
B5F RSy - By 3 KO LT R T 24T o 7o, 25 A 138 TR 5 mm
LLTIC2% &9 IChmietg, A/ v8RoR—1 I T L, BARHEHT 900°C
T 1 WFELL EORRBVLER 217 > 7o, SREVATR ICIXFUBFE &4 & L, Loss on
ignition (L.O.1.; BREVE &) b HIE L T\ 5, 5REVEIL, B RFEE & @Al oA 2
1:21272% X 51z, 3k 1.3000 g & @Eh#Al 2.6000 g # &0 20, T FHETE
Fhbti, WEL@MACREGHIL, BEELNH 3cmoASR L 2FIC AR, BE—R
Yo 7T — R R AL TK-4100) % VT 1100°C O MA@ 217\, INEABE 44
DO THBRICHALTH I A — REERLTE,

TRy, PR AT XL IE R HERBR R A BR 5 o X 7 A B oo X #
Sy (XRF; U A 7 48 ZSX Primus 11) % AW CTITVy, # H3E TR0 Wi [F i
% D LA-ICP-MS(ICP-MS Z SII #:54 SPQ9000 U & M7, LA % (% CETAC #Hl
LSX-200 Nd—YAG Laser 266nm) % H\» CT1T - 7=,

XRF D53 H1 5313187 (2010)IC 3 5% H 5 A B — RIETH o7, 72750, O
FEESEL, B~ MY v 7 AMIERFEIX de Jongh €7 &2 MW, LOLES
e EFFREOLUE, 2010)2 A CTWo, JELLHEE, ElpcETHD Si,
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P &, #&x# b 5 Ba, Co, Cr, Cu, Ga,
Nb, Ni, Pb, Rb, Sr, Th, V, Y, Zn, Zr o /it 25 R Th D, 70k, JIIE(2010)
TlX Co, Ga, Th, Zn Z#HW VW Fo> TRV, H7=IZ Co-Ka, Ga-Ka, Th-La,
Zn-Ka #ROFHEMEZ AW EREER LA 21T o7, ERR LT RTHEOBRE
MBI L C, ZOMBEFREKIZ 099 L ETH D, MM HICHIE L os A fmrER
Kl JB—1a (Basalt)¥ L U8 JA-3 (Andesite)® Tik4y, MRER S OMTHER L, AFRE
(Imai et al., 1995)% Table 2 |Z/r L7z, F7o, RITITHEEM & AFRE O Z(Dif) &,
Z OfEDOREMZ 5 O B EIE(DIf %) b I TR LTV S,

LA-ICP-MS O 2347 J7 #5138 B © (2009) 12 255 & , XRF o CHEMA L7 b o & [F
CAHTZAE—=REHWE, PZ7AE—REEmez L —¥F—TH#HAlL =71
L, ZTH%& ICP-MSIZEAL THothaiTo7c, HlE LR IL, & LFETHE(T
> %A R)Tos % La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb,
Lu &, WEEHETLR L LY ORENIS TR TH D, o L& TOKIERE O
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FHHETHEEAREE, XRF CHIE L2 Y OEEM TR IE % i L 7=, IF7EH
S E U7z os iR R JB-1a B L OV IA-3 OF R RO R &, AK
fEi(Imai et al., 1995)% Table 3 1T/~ L7z, Z O RITIX, JIEME & AFKE D Z(Dif) &,
Z OEDOREMIZ 5 8 5 EIE(Dif %) b U TR LT,

2. Sr—Nd RIAL& 5347

JE 78 Hi135 ©> Hn—-type (6 XKL & HSr—type (4 &K, F88 = Hilk > Myo-type (5 5t
BHF L OV Kz-type (7 # k), = L TRAHEE O Mtg-type(6 k) & x4z, Sr-Nd
FNAREE D i 24T o 72, Sr & Nd OfHIXEAK - JINEF(2015)I2HE VY, SLIE KRS
HERERER D7V — 2 v — AN TIT o 7o, F72, RN ORE XK
B SRR A 22 B oD 3¢ 18w BEARET B 3 AT 3 i (Finnigan 4R850 MAT262) % H vy, JHlE
J7 %1% Miyazaki and Shuto(1998)IZ4E - 7=, R ELD 87Sr/%8Sr & “Nd/***Nd Fhid,
86Sr/88Sr = 0.1194 & M6Nd/*“Nd = 0.7219 TExHZ N HIMEAL Uiz, BFFEHI R A il
7B L 7= Sr RN AHE 3Bk NBS987 @ 87Sr/88Sr Fh i 0.710252 + 0.000005 (n = 12) T
B0, Nd FALAKEHERE INdi-1 @ 3Nd/***Nd % 0.512080 + 0.000004 (n = 14)
Thole, BB, ST LERTOKRIERENZOWT, #7Sr/%Sr i NBS987 23
0.710251, 3Nd/“‘Nd ki INdi-1 78 0.512106 T&H 5 & L THIEZ M L TV 5,
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V. SHkER

Tk, ER MK E Table 4 12, £/ HHETE L S—Nd FINAEME, B
L O KA O AFEE &2 AV TR U 72 AL AR A4 {5 % Table 5 (28 L7z, 72
B, FEHEHIEE D Hn—type 33 X O HSr—type (2 2\ T, H F(2015MS)iZ L 5 &= 1tk
FERS  WMER B LIOH PECEMROT =2 b B TlEm e ED D,

1. FE¥E Huigk

(1) FERLsTHERL

Figure 19 {Z % FeO*/MgO-SiO2, Na;0 + K,0-Si0; 1 & " K,0-Si0, D Bit% X % 7
L 7=, Figure 19a (Miyashiro, 1974)IZ8\ T, Hn-type DR R AR MHIZZ LW ER
A, RHEARGEIZE @ XR AT FeO*/MgO L3 & T/ S WRE 2 § D,
Flo, BRAEBICZ LWZRIE S ZWEX, FEAERINVT T RO
I 7 ey FENDD, SIOEAREOHEIME L HIZY LT A b RYOFEE A~
7o T FeO*/IMgO 3 K3 2 mnd 5, £ LT, RIEAKSICE©ZREIT
VLT A MRVIOERICT e v &R DD, FeO*/MgO =T/ &<, Si0 &
HEOEIMIE S B RHBECTH D, —F, HSr—type 1T Y L7 4 %R
FIOBERIZE £, ML TTry hande®d Si0, GAF &EOWMIIKT 2
FeO*/MgO DA LE M IXZ A ToH 5, Hn-type & HSr-type % Lbig4 2% &,
HSr-type @ FeO*/MgO ttiZ Hn-type ORI RAHMBICE L XA L v /ha <, fE
FAPEFEICZ LWZRE LY b RE W, &KIZ, Figure 19b (Kuno, 1968)(Z3 T
Hn-type ORI E A ICZ LWZEEE, RIEAMSICE T LA 12~ NaO +
KO B AHEDN/NS WV, 7o, RIEAMMICZ LIRS & ZILEIXERT v Y Y
L7 A ROFEBRICT ey hENTED, SiO&A8 &MV Na,O + K0 &
FEMERT 2R S5, 28, ZOHKEMIREABRSICZ LWLRET
B E CTH D, LT, REAMBICECIRSET&ET ALY VLT A bO
EIRICE £, SIOEHEE & HIC Na0O+ KO & HEN/EML TV, — 5T,
HSr-type (X SiO, & H EOHMIZEN T, GTAHI Y Y LT A SO LET VB Y Y
L7 A4 FOFEKIZH A2 > T NaO + K:O EFH &AM L T\ 5, Hn-type &
HSr—type % tb#i 4% &, HSr—type @ Na,O + K,0 & A &1L, Hn-type O &HE £ Bt d
CZ LWZHE EMHEREHAER L, REAMSBICZLVERE XD /I,
WAL B AN ot o LS & el 9 5 &, Hn-type & HSr-type 1%, 759l
KOV LS HE & REE O MECELPR 123 £ T b, IZ, Figure 19¢ (Gill,
1981128V T, Hn-type ORI EABEEIZZ LWERAIL, REARSICE X
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HEKOBHEN HMEET LINREMICZ L, £, REAEHBICZLVWE
Roa & ZIET, SO EHEOHEMICHEN KO EFEN/HRL, 0o LoD
ARV U LLZIEN ST A Y U NS OFEBI R 2o TS D8 2 R
LTW5s, 2L T, RIRAMMICEC X AIZTH D Y U L%L LS OHEKIZ T 1
vy FENTHEDY, SO HAH EDOHEIMII EV KO &A &N A ZMICHERL T

— 5, HSr—type 1% SiO, & A EDOHIICH LT K0 & HENH £ 0 B8,
KU O A2 LE OFEBIZ M D D Rz H D, Hn-type & HSr-type % ik 4% &,
HSr-type ® K,0 & A &, Hn-type DRIEABEEEICZ LW KRS & FHpkCHE P 2% —
HEAL, REAMSCZLVWERELD BN IVWFEAROOND, 2E, H
At B AN o ek (L EE & beii 95 &, Hn-type & HSr—type (X550 F L Y
WEIEE A LS 0 & MBI 2 — 20T 5 & D D, Hn-type 22115 O — 5D g1
KUCZEHE O B AN TV 5D,

Figure 20 (21X ER i N— I — %R L7z, Hn-type DRI EABEHICZ L
ZRAEZ, REARBICELRZRAICHE SR Mgo EAENRHLNIKEL, TO;
R Al20s, NaxO 58 XLV P0s DEFFEND/NI WV, £7o, REABEICZ LWERE
EZIET, SIO & A EDHEIIZHEV FeO*, MgO, CaO A &N EA L, AlO;
& NaO BELOPOs B RT HmZRL TWD, 7272 L ALOs 721X, Ziliss
D HIPENCER U TV 5, 728, TiO T AED /N & <, MnO X0 #5729
ZOEERIIAHAR TH 5, £ LT, REARBICEDZREIL SIOGHED
HAZ VY, Al,O3 & MnO, CaO &4 EMAEA L TW5 2, MgO = NaO I3#H K
ZEDP/NE L, TiO2 X POs (I3 8WT 27D OZ{bHEmIZ AR TH D, —F,
HSr—type 1% SiO, & A EDHM E & 12, TiO, & FeO*, Na,0, P,0s 3% L, CaO
WAL TWD, £/, ALOs& MnO X T2 b0, RIFENPHEML, #HEN
AL TWnwb, Mgo 1%L T Y ZfbEm A R TH 5, Hn-type &
HSr-type % tb# 9% &, HSr-type % TiO, X Al,03, FeO*, CaO, P,0s O & A &)
Hn-type ORI EABKGBICEDZRE L —HEEHEL, BEAEMICZ LWLWZIRE X
DEEBETHD, T LIS, HSr—-type 1Z Na,O & H ENRIEARMICZ L
WERAECEHEL, REARBICELCLRELVIRBECH S, & 51T, HSr-type
IZ MgO &H &2 Hn-type ORIEAKMICZ LWERAEICHLTZLL, &RER
HmilBL XA IV BEATOHDLIRENH D, 7038 Hn-type @ 2 FFH DO L5
& HSr-type 1%, MnO OFARKEIFA 2N —E L T\ 5,
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(2) MBS - & TETFRHERK

Figure 21 (21X SiO M EILHE L /LK %/~ L 7=, Hn—type DR EABBICZ LK
HAIE, REAHBICELZRAEICHS Co X Cr, Cu, Ni OFFENKRE L,
Nb <> Nd, Rb, Sr, Y BLQN Zr OEHEDN /NI WFERH D, 72720, W
Cu & Rb, Y OMAHEHIPHNER 2 AIICEHEBE L TRV, Ba & Pb, Th, V ORLALHE A
WMh—HLTWb, £72, RIEABAEICZ LWERELZILEL, SO, SHED
HEAMZ AV Co R Cr, Cu, Ni, VOEHENHAT 225, CulZFITL E )5
IMEEICEE L CvWb, £ LT Ba & Nb, Nd, Pb, Rb, Sr, Th, Y RBI W Zr 24
BLOOHRT HEEMEZRLTWDA, LA 61 Ba, Nb, Nd, Pb, Rb,
Sr, Y BEAEAICEHE L TWD, E6I0, REARICEDXREIL SO A &
OHIMZE, L2228 Co X Cu 234> L, Ba= Cr, Nb, Nd, Rb, Zr
BARLTW5D, L2vL, Ni & Pb, ThIZMEENNEL, SIRV, YIESBNE
LW DB LERITE O HivZevy, —J, HSr-type (£ SiO, G HEOEME & 1
Ba & Cu, Sr, V233 L, Nd, Th BZFE# L OO RT oMHmAR~T, £/,

Cr, Ni B L, ColdBT2HDD, BEMIZIZED LTS, LarL, Nb,
Pb, Rb, Y I HAE L <, ZridMlENZ Lnicd, £ OB B IEAHET
&5, Hn-type & HSr-type # b3 2% &, HSr-type (% Cu X° Sr, Zr O&H &N
Hn-type ORI EAHMICED X A L —HERELTEY, BEAMBICZLNK
RELDVbLCunZLL,Sré ZricgA TWWb, £7-, HSr-type (X Ba & Nb, Pb,
RoDEHAENHEAKHMICZLWARELEEL, RAMICELZRE LY
KEETHD, 51T, HSr—type IZ Co X° Cr, Ni &H &7 Hn-type DOFEHE A B &
ICZ LWERAEICHLTZ LS, REAMBIEERZRELY bEA TV D RH
Do D, 7% Hn-type @ 2 F¥H D L & HSr-type 13 Nd, Th, V, Y OfHak#
P2 —FH L TWD,

Figure 22121%, kIS O A 103 5 A & % Clchondrite (Sun and McDonough,
1989) THIM&AL L 7= REE /X% — > Z Rk L7z, Hn-type TR EA B ICZ LW ERA
MOREABSICEDXRE, £ LTEIECE T sicdEn, A HEHCEER
BERRLSRLAERMABOLND, £, HEFECEZAEOHMIIEY, 7T v
K72 REE /X — b, Lain D SmIZoT TH RN D ICBEAN T 5 8% — v ~Z 1k
T HRMN B D, HSr—type a7 7 v R X2 — %2 o T0DHN, kbl
HrRREAENKRE W LREOHR, Ce & Pr3fBVERFEZRL TS, T,
COLIREEBRWEETONRY — T, EUOTIVIERE 2R THENAH 5, 0k,
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Hn-type & HSr-type # Llb#k3 2 &, WMiF O — [ FREOREZR L, & LE T
FARCHEIFH & —FH L T b,

(3) Sr—Nd [FI{T A#H %

Hn—type |% Nd RN )4 (NdI)2Y 0.512599-0.512822, Sr [FINZ A kb ) A= fiE
(Srl)A% 0.703989-0.705606 % 7~ L, HSr—type /% Ndl = 0.512186-0.512267, Srl =
0.710386-0.710683 % 71" (Table 5), Figure 23 I21%, K ILAF D Si0, & A BTt
% Ndl ORI &, Srl ORI Z £ Z iR LTz, Hn-type ODRMEABEGEICZ L
WERAR, BEAKRBICELCZRA LY H Ndl @<, Sl BMEW, £72, &
EABESEICZ LWERE EZILEIL, SiO & H E&EOEIMIZEY NdI 234 L, Srl
DB BEm N5 5, —J7, HSr—type 1% SiO, A BEO B EIL T, FH LD
2% Ndl 2804 L, Srl 23884 248 %2 7~ 3, Hn-type & HSr-type @ [FI{i {A#H
IE K& <722, HSr-type I% Ndl 28ME < Srl A WEF A H 5,

2. FTHEE HR

(1) FERRGHERL

Figure 24 (1% FeO*/MgO-Si0,, Na,0 + K,0-Si0, 3 L T8 K,0-Si0, ? BfRIX % 7=
L 7z, Figure 24a (Miyashiro, 1974)(Z3\ T, Myo-type & Kz-type i% FeO*/MgO tt
N—EEET DN, BERNDTITRKE VD, Myo-type (XY LT A FRHIE LT

TNA Y RINOERBEIC T ey hEanb, £z, FOELBERIZAHAKETH
%, —J7, Kz-type 1TV L7 A FRIIOEBIZT = v b4, Si0, & A &DOEEM
& & 11 FeO*/IMQO L 23 K3 A 2/~ 9, £ 7=, Figure 24b (Kuno, 1968)iZ 35
T Myo-type & Kz-type # lbie+ 2% &, 2RMICHHA 1L NaO + KO A BICHE
ATV D, Myo-type (ZIET VAU Y LT A FOFEKIZT e v F&Eh, SIO & &
DN H LT Na,O + K.O G HFEILH F 0 (L LR, Kz—type i@ TV Y Y
L7 A FOEKIZT 7y FER, Si02 & & HIZ NaO + KO A &AM 2 E
A 72 A FR O B D, HAL B ARG ] gy i ok LS & e T 5 L,
Myo-—type 1535 SR J (LK & AR RLBA 23 — B U, Mk 1L E 58 & B 70 2 FR i %
Y. £ LT, Kz-type (F353MilFs J OVEFAN K 1125 FH & (R ER O AE Rl #i P 1 & &
LTV 5, Figure 24c (Gill, 1981)I28 T, Myo-type & Kz-type I+ KO & A &N
EHET D0, BIEDNEEICZ L, Myo-type 1ZIEH U 7 AL 1LE S TR H U
U LELEOBERBRMAIEIC T 8y b EN, EOMENI AR CTH L, — )5, Kz-type
FZEE & B D2 A (SI0, > 53 Wt%) D AER AT U 7 A IE OBEBRICE EN 5
2N, ERUSMNIAETHBEA Y U ALZIAOFEKIC ey hahbd, £, Si0F
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A & HIZ KO EHBEPEIMT 2 EMRARENZ R L TS, WIZHEILH AL
o A L b LR T S &, Myo—type [ VALK L e SE & Rk A PE A — X
T25H00, —EHITEEAK IS EOFEE AN TN D, £ LT Kz-type i3
VAN L OV AR K LA S8 & RER DR AR #EIPH I B £ TV 5,

Figure 25 [CIF FEk D FEN— I —K%Z R L7=, Myo-type i% Kz-type IZt L T,
MgO IZE 4, CaO b LT NICELREE D, — 5 T Kz-type 1%, Myo-type X
DH NaO & POs DEAHENPHALNITHE VY, £72, Myo-type & Kz-type (% TiO;
GEHEENEET I, AIENHOHICZ LV, 7B, Myo-type IX SiO, &H&ED
HIMZEVy MgO & Ca0 D& A &N AT 2B R R 51573, AlOs, FeO*,
MnO, Na,O I KME 2 /N & <, TiOz & P.0s D& H BIX DT 5 72 A e &1k
1) % 7~ S 720, Kz—type (3 SiO, & A BEO BN E W, Tio, & AlOs, FeO*, MgO,
Ca0 OEHEMNHAD L, NaO OEFHFENE KT 2Mm A3, 7, SiOz (Txt
2% TiOz & Na.O OEFH &EOZELBEMIITEMRIENED HILD, —J7, MnO &
P.0s DE AR REITE L, BN RHETH 5,

(2) MERS - A LEITRER

Figure 26 |Z SiO- i e FE ALK % 7~ L 72, Myo-type & Kz-type % [L#k 3 5 & |
Myo-type [ CriZE A TE Y, Kz—type IZNd & Y, Zr iZ&E A TW5, £ 7=, Myo-type
TSI E TR OMBIE /N E WDy, b LS IT0BAE LW Si0: & A & D HN
ikt A B REM R R CTH D, — 7, Kz—type (X SIO, EHF&EOHEME & 12,
Ba, Nb, Nd, Pb, Rb, Th, Y, Zr ®o&H&»NH KL, Co, Cr, Cu, Ni, Sr, V
DEREDWD T DA H D, 7272 L, SiO & A B A 60 wtoefd i £ THIM L 7=
B, Ni 72003 2 S~ L5 5, ks, SiO x5 Ba, Nb, Nd,
Pb, Rb, Sr, ThEB LV Zr 0 EH BEOZEMEMITILERERED L d,

Figure 2711, KIS FEH O & 13 C 3 5 A & % Clchondrite (Sun and McDonough,
1989) CTHIMAL L 7= REE /X% — > %Rk L7=, Myo-type X La 2> 5 Sm T/ TH T
MR L, Sm2 6 Lu £ TN T 7 v MaXx — v 2R LT 5D, 7,
Kz-type I HHTEEAREOBRVWEZRESCLEIENMIFIE Y 7 v b d— %
KL, BIWENSGTA VA Momidm EEIRSAENG L RDITHEN, Lanb
SMIZPTTH TR IR T L2881 H 5, £72, Kz-type ZTXREEF RV -2
TONRE—ZHD BEu OB BERRBD LD, Myo-type & Kz-type % i3 %
&, Lab Nd T¥E#ET DL DD, Kz-type I Myo-type (2t LT, &2 TCOF
THILEGAENHALNICEWVREEE SO,
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(3) Sr—Nd [RIfiz fAHE Bk

Myo-type % NdI 7% 0.512237-0.512668, Srl 7% 0.707892-0.709922 # 7~ L, Kz-type
/X NdI = 0.512637-0.512855, Srl = 0.704684-0.705679 % 7~ (Table 5), Figure 28

2iE, KILEEO Sio & H &Ik T 5 Ndl ORI &, Srl oEFRKEZZhEh
R L7z, Kz-type I NdI 23@ <, Myo-type i Srl A&V, £72, Myo-type iZ Ndl
& Srl OB A K EWREE © D, & HIZ, Kz-type IE SiO & A & DI
UV NdE 23 U, Srl 3BT 295V ME M RO bivd, — 4, Myo-type 1531
T2,

3. JRAHII

(1) FERRG AL

Figure 29 |Z 1% FeO*/MgO-Si0O,, Na,0 + K,0-Si0; 33 & T K,0-Si0, @ Bt M % 7=
L 7=, Figure 29a (Miyashiro, 1974)(Z3\ T, Mtg-type (X003 2203V L7 A
FRAOFEIC T2y FENTEBY, SiOaAREOEIME & b IZ FeO*/MgO ks
WRTHMEmMNH S, £7=, Figure 29b (Kuno, 1968)IZFB T, Mtg-type 1K 7 /v
AUV TARERTNADY LT A POEREEICHBLTT ey FEh,
SiO, & A BT 2 1#EN T NaO + KO B BN KT 2R/ ENAROLND,
AL B AN SO it K LS HE & T S &, Mitg-type [ 9IS KON AR Ak
A $8 & RIAR ORI PH I3 T D, KIZ, Figure 29¢ (Gill, 1981) I3\ T,
Mtg-type IZZHAENE D VU AL LA EFRIB Y U AL ILAORERFEICT 7
Yy FENDD, LINEICEALT D@ PR Y U L2 IS O E D O R
BV, SiOEHHBEOWIMIHEN KO B FESEAT DMz Rd, /2, Bk
A ASHN 5 g i LS & i3 2 &, Mtg-type (335 IS K ORI (LS
HEHREIH A —B L TWD,

Figure 30 (ZIFEMSeFEN—T—KZ R L7, Mtg-type X SiO: & A &= DO HEHN
(ZfEVy, FeO*, MgO, CaO DE A &N L T\ oD, 7o, XM T D00
TiOz & MnO 23820 L, Na,O & P.0s D& A B AT DA 27~ —J7, AlOs
DEHEAEITHBL, ZEm A RHETH D,

(2) WERS - FLBETRAK

Figure 31 (T SiO—f B e R AL %7~ L 7=, Mtg-type I% SiO, & H REOHME &
%12, Ba, Nb, Nd, Pb, Rb, Th, Y, Zr O&GHENE KL, Co & V OEH &M
WD HBAICH D, £72, Cr & CulTeva# L o2 b3 % iz R=d 23,
Ni & SridmBnE L ZB{EmRA R IR TH D,
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Figure 32121%, K LA O Ay Lot 3R & A & % Clchondrite (Sun and McDonough,
1989) CHI# L L 7= REE ¥ — > %/~ L7z, Mtg-type (X La2>D Ho 2T TAHT
DOITEAR L, Ho 226 Lu £ TIXLERIN 7 7 v R X Z — &R LTWH, £,
ZRENSZIZEICHITA TEIRERSAENE < 2D IZEN, Lanb SmIZaniT
TOHE TR VBRAERDTNIREL RIFERH 5,

(3) Sr—Nd [RIAL A #H Bk

Mtg—type I% NdI 7% 0.512352-0.512675, Srl 7% 0.705648-0.707641 %~ L T\ %
(Table 5), Figure 33 {21%, KILIEEED SiO A BICHT 2 Ndl ORI L, Srl
DOERKEZ ZNENR Lz, Mtg-type I Ndl & ST DO EH 5 H000H L TV 5
2%, SiOx & A EOHINTE AL T NdI 28 L, Srl 23884 5 m &2 =9,
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VI. &

JEE V8 Hhi 35 (Hn—type, HSr-type) & FF40 & Hidk (Myo-type, Kz-type), & L CT/&AH
I (Mtg—type)ICFET 5 it XA ~7 1 A MiE, Wi s 'L B AR O
T & R OL PRI R A b O BINY VT A4 NEO KA ToH 5 (Figs.
19,24,and 29), HIALHARIMDO Y L7 A4 NEZXRESLLZILE, T4 A4 FOKKIC
X, AR LS IC/RINT O~ > b VEREARIC & > TEREE ~ 7~ NAERS L
28l ZOGMERIERICE > TRIERT A A4 FBRERIND LT D%
N L (JEEED, 2008 72 K, E7o, FHEVE HuUl O Myo-type & Kz-type @ kK2
FALTIE, EEOT—ZIZESWTHERPRINTWDAEK, 2016), £ T,
167K (2016) D R I H S &, FHE Hill > Myo-type 35 L T Kz—type D K IZ-D 0
TatHT %,

1. FEE HR K LB EHO R E

(1) Kz-type
Kz-type (X SiO2 & A7 & DN W TRy o M EICHR B A mQ T 5 72
D B 7 BALAE B (Figs. 24b, 24¢, 25, and 26) 2 X L TWH Z &b, LREE~
T= Do RERICE > TERENZATEERNEZbND, £ LT, Kz-type
D REENZ —ICALND BEuDBEREIL, BEADSHNI X > TAE L aTREtE
M (Fig. 27), £ 2T, Kz-type DO BEFFLMI & % 5 il s 7E H o ] GE I & et
T L7201, Table 6 IZIZXRAE N DLIEHE~ 7 < ITXT 2 EILHE O IERE
L7z, £72, Table 7 121X Kz—type LA 52 (LA OB ST — FARIZ L 5
WRE AR L, ZOME AR & LI iE 3 o2s 7 iR E 4 Table 8 (278 LTz,
S B2, Figure 34 (Z(La/Yb)n versus Cen & Eu/Eu* versus Cen 35 & OV EU/EU™ versus Sr
ORARMZR LTz, 703, HEL I N 25 L7286 1%, Clchondrite D HELE{
(Sun and McDonough, 1989)IZ L > THIME{L L7 Z & &2 &K L, Eu DA BRF OFIE L
72 %5 EU/EU*EE X [Eun/(Smy x Gdn)MN1/2)]1Z L - TR 8 7= (Taylor and McLennan,
1985), v HIHILHE O s REIL, WA BT (La, Ce)»s E A 1Bt FE(Yb)
L0 HEOEMADH D (Table 8), Z D 7= D BESLFLY D 4y BIKS bt VB A 4T 1E
BA LEIC RS HEMICIRE L, REENZ — 2B 525 TR0 OH
FHI NS D, —F, Kz-type I Cen & (Lal/Yb)n LD RIZ SR IE O FHBE N FR
bivb(Fig.34a), ZDOZ L, AL CREAEOWEME & HIZ, REENF —
BT S Lanb YbiZHT TOE AV EMS L BEFICE(EL TS 2 &%
BEIRLTW5b (Fig. 27), L7=28-> T, Kz-type ® REE /X% — > 02 kbiE, LA
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B~ 7 ~DPREIEDZ LW EBEXLITFEL TS, RIZ Eu DA R
[ZOWTHRETT 5, Eu O B AR BT O BT R ICH X TEWRERH Y
(Table 8), BESLSEM D3 HINHEITTNILEU DARFENRELSRDEBEZ LD,
% L T, Kz-type I% Cen & EU/EU*LE D RTICE DOFHEI M FR D 5 4 5 (Fig. 34b), Eu/Eu*
X, ZOEA/NEVIEE REE SZ — U ICBIT 2 BUARFERRE NI LKL
(Taylor and McLennan, 1985), Z ® Z &/ 6 Kz—type 1%, i LM cHEEHEO BN
IZFEW Eu DR B ENRRKELS 2D 02D, L= - T, Figure 34b 12815 Cen
& BUEU* L DA DML, X GEH ~ 7~ B a ol Lzt wo B 2 &
) TH 5, —J7, Figure 34c Tl EU/Eu* & SriCIEDQFEANRD 55, Sridsl
FAITKT 2 BRI m 72 9 (Table 8), #HE A @ 43 B (BEU/Eu™ B DA ) I {0
YTV ELNDITTTHD, T80 5H, Srd Eu/Eurtt & WAHE &2 & O
ZllE, REAOGHERERANECZ 2R BT 5, UEELDDHE, SIX
Eu O& A 021X Kz-type D3 hliEdmlERA 2 XFf+ 5 DD, REE X% — 4
RO ZEALIZ DWW TIZ M 22 3 RIS S ER 7200 TR ETH 5,

T 2T, Kz-type O L 720 L H~ 7 ~ I Ea ORILR EOREN D
STAREMEICOWTHRFT 5, ZREE~ 7 v Kz-type OEERILY % 430 5
EE, Nb i Zr X0 b 2E 0B/ S (Table 8), L7228 > T, Kz-type 2% HL
72 BESL IR D o3 G A E I K » TR S 22 61F, £ @ Zr/Nb tid/h &<
2359 THDH, £ T, Figure 3512 Myo—type & Kz-type ™ Nb versus Zr
MERd, £/, MRE COSEREFTT 272010, HAMBAIZET 2 FH
fEfd A% (7)1 &, 2015 ; Table 9) & J&USL L1 Ji 53 A7 8 oD P PE #8185 HH 4 % )2 2 1
Hit e 5 HE A 4 (Kawano et al., 2006) D fE & 7~ L 7=, Figure 35 (235 T, Kz-type i
(FIE ZrINb kb = 30 Z o 7o £ XML O & A RIS 5 EHRAY 227 2R L
ThY, HMIZHBIEDOSMFESIERRECLET TERATE RN, £,
Kz-type DAL DOIERM LIZITHRBEEN T ny FESn TRV, S ORI
R DB o TR EN RIE I LD,

Kz—type @ Sr—Nd RINZAF R (% B4 5 &, Figure 28 TRENTZ K 51T Si0 &
AREOEIME & HIZ NdL & Srl 3B L TW D, 3Bl &4 7 Cid Sr-Nd [F{z &
B b Ls iz, Kz—type DOFRGIZIE B & DRI & v o 72 [RIAL A R
ZEASIEL T AREELTWD EFE X HL5, Figure 36 1213 Srl versus Ndl
DOEARMEZR L, EEE L OIS ZRHT 2 7202 F# = AL s BOE o,
2015 ; Table 9 and 10)DfiE &7~k L7z, Kz—type Z LR ENST A A b ~EALT 5
(R, AEREBHOMBEBIZ 2 SIS Y, #ik o XD 2 EEH#ERIC KD
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PR TRBEIND,

Z T, Kz-type OEJR E 2D LR EE~ 7 v DBEMIEDE 7RI L, 720D
AU O S E ORMBIER 24 U2 LI X » T, RNEHER & bRk o 2
L& FH AT BE CTd 5 0>, AFC £ 7 /L (Assimilation—Fractional Crystallization Model;
DePaolo, 1981) % W THFT L7z, K CIIZRAE ~ 7/ v N EBE Th 5T
DAEREE, b LIZRR LM ORERE 2R L5 A28 % Sr-Nd A
NARKL AL D Z L@ L, Rb, NO B X O Nb EHFEOLLBEMEZHET H, ET L
AR D~ 7~ ORNLAEMA R L OB AR, Si0.= 48 wt% D KR53k XK
RAEE~ 7~ & IEL, Kz-type D Epf 5y ~— 1 —KFE L O SiO e FEELK
(Figs. 25 and 26) &, SiOz 2 %4 % NdI 35 & U8 Srl o Z k{8 1 (Fig. 28)% #12 L T,
SiO, 7 48 Wt%IZ 72 5 £ T Z L £ L TR 7= (NdI = 0.51295, Srl =0.70430, Rb
=7 ppm, Sr=250ppm, Nd=10ppm, Nb=3ppm), FEULWE & L 7=t fa OHK
137511 & (2015) D F- ¥ (N1 = 0.51214, Srl = 0.71306, Rb = 164 ppm, Sr = 150 ppm,
Nd = 27 ppm, Nb = 10 ppm; Table 9 and 10)Z i /i L, &2 1L O HERE = 12 1
Kagami et al, (2006) & Kawano et al, (2006)iZ L % 7 — % @ F# i (Ndl = 0.51202,
Srl =0.72332, Rb =116 ppm, Sr=164 ppm, Nd =18 ppm, Nb =11 ppm)% H\ 7=,
T, KLFEOREDESREIT Table 8 DEZEH L7z, AFC 7 /LR 5
% NdI versus Nd & Ndl versus Nb, 5 J OF Srl versus Rb @ Bf&[X & L T/ L 7= (Fig.
37), NdI IZx4 % Nd & Nb OBRKICE W T, A EHEED L L S 2 [H
L7z LTHIRERBEOE(LZ T2 ENbnd, £72, Kz-type I AFC il #
iz 7ey hEnuTWwWb, —J, Srl & Rb ®OBRK T, Kz-type (X3 (246
HEDAFCHIRRIZH D LHric7my hENTWD, 2D Z 2D Kz—type v 7'~
(&, oS & OFEYEIER MBI T2 AT REMED & 5

72%5, Figure 36 @ Srl versus NdI @ BRI Tid, Kz-type DEJRWE % a1 %
72D R AL A AN O F I o3 288~ > by &, IEANIZ o403 2 ke~
YRMIENENLRERT D EBEZ LN TV DR ERE OMAHEIE S R LTz
(Shuto et al., 2006; [t 5, 2008 72 &), Kz-type (XFERGIB~ > b izt WA %
boTkY, TOERBFIZFHEMEBE~ Y PVICHIETLHI VAT =2 v~ b
(Shuto et al., 2006; JHES, 2008) T 5 AHEME N R S5,

w2, 7= FDOWLHIABEDTIC L DB oIz REME 2 MET T 5, BT
D~ FIVERIZIE, LA T L— F OHERWIZ R T 2RO AT EEE T
& v (Iwamori, 1998), K DIERAIZ L > TThIYbEEREEIT 5 & & 2 515 (Hanyu
etal., 2006), £7-, HILHARIMIESTLILXRAE~ I/ ~DOEFE~ > LB D
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FUX, WK &S AL LLAT X Depleted MORB Mantle (DMM) & 3EEL L TV 5 =
& DR ATV % (Shuto et al., 2015), % Z C, Figure 38 (Z1% Th/Yb versus NdI &
Th/Yb versus Srl O BRI Z R L, & 512 DMM & L&A T HEREY) & OIRA MR & R
L7, Kz-type IZ DMM LV &, &V ThiYb btbax b o2 &b, EIE & 72 5 IERE
~ ¥ MVORMBICTARNBE 5 Lz TREME N R S D, LA, Figure 38b Tl
DMM & HEREME DR G M & IZAREIC SRR DM Ao oD, ZDZ &b,
Kz-type O~ > bVICHR T 2O IMEIT/IN S oz EE X BND,

—J7, Kz-type \ZITFEFM R EMBAEDEILIRD N2 0N, ZRE~T A
P A P OREABERITIT Sy FAIRBHEAEE D EE W (258 & 4 (Figs. 15 and 16),
FERINEICEEND2REABEM TG B B O 515 (Fig. 15), AR A B
IR BN DHEML, KR~/ ~vE@mik~ 7 ~vORGICE Y MERPMED 2%
BAMET LI EICL s THEKESND EE X LTV S (Sakuyama, 1979), & 512,
SiO: & A EDIEIMITFE TiO, & S A &2 L, KO & NaO, Ba, Nb, Pb,
Rb, Th, Zr &A & KT 2 EMH LB M 258D 6 4 (Figs. 24c, 25, and 26),
Sakuyama(1979) C/r SN~ Vv IRE DR E —HT 5, 2D Z &b, Kz-type
DIRRRT A YA NE~ T~ &, BIRALZREE~ I/ ~vICL o~ ~iIREBEL
Tl ENHEES NS,

bEDZ &int, Kz—type (ZEME~ PV OESRMEIC L2 XREE~ 7~
ZEFEETO2ODEZERAOND, o, XREE~ 7 ~IT X DBEAIY D5 Rk
pa (B & BE S AE RS & OFRMBIERIC LY, T4 %A FEICHb L~ 7=
FATLTY I ~WMEV ZMRL, HECEXREE~ 7~ IEASH, b~ o7~
EDORNEFRGEMNAEC TRUNEE N E S RN R I D,

(2) Myo-type
AN O & 512, Myo-type 1354 B AL 35 5IURIK 1125 8 & AR DAL B FF 8 &
t, > TU 5 (Figs. 24b and 24c), — 5 C, Myo-type IZ Srl 23 < Ndl 2MEW R34 %
b H, FERE~ 2 P Kz—type OFERKHEIFHICIZE 1T, Kz-type OER & 72
LIREE~I7~0b, #BEWE L ORMLIERICE > THEMAT 2 Z LITZRETH
% (Figs. 36 and 37), Z @ X 9 1T @ Sr [FALIEMELZ DK IE ZTERR T 5 2K O
ZHERIZE DIBEGRNE T 5D, WEKDOREBEND - =84, Nd [FNL AR I
TIF & A EREN <, Srlversus NdI BIAREICIHWT S 20 @m< 205 2 &N
MWD (EES, 2008), LAL, Myo-type @ Srl & Ndl (%58 & OB 23
BOLND T, WKL DTERTIEHB TE R\ (Fig. 36), £ 2T, hAxirde
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T — b OHBMICHKT HMEIC L > TEBEEZ K> -/ EBEE BT 2,
Figure 38 {28\ T Myo-type X313 25 H DD, DMM & HEFEY M DR A BRI I
7oy hENTWD, ZDOZENEB Myo-type 1%, EIZK > THHEI IR
WENDIER SN LD EHESND,

Nakamura and lwamori(2009) (3 H A @ &5 WAL K L0tk A iA T 77 L — O HEFEW)
DR ZRET L, B~ 7~ ORIEWE IS 2 iR OISV TE
BEWRED VAR TS, ZICXdE, X0 EWy SrFEAE &K Nd FIAL
Kbz b oRill~ 7~ OFRIZIE, KEET L— FERREZ T TR, 74
BT L — NHERREONIMMAEETH S, £ 2T Figure 39 (2 Myo-type &
Kz-type @ Srlversus Ndl BAfR X Z 7~ L, & HICHE H AR X OHAL B A PET
%8 0L K s O FLER #PE B OF8 Cor L 72 (Nakamura et al., 2008; Nakamura and
Iwamori, 2009), Z D5, Myo-type (X7 1 U B U7 L — b B SRIEIRZ 10
SNTFHAAROFENA LS LY b, S HITEW Sr R &KV Nd FAL
KR E D EN VR D, LR - T, FHE IO FISRET DB~
YAV T UESNT VT L — FHRRIRIER b b S, MR EAMAINE
Nz~ bV OERSRERIC X > T Myo-type D~ 7~ WA U AN S 5,

Nakamura and lwamori(2009) X5 UALIZEB W T, 7 4 U BT L — b HRHIEK
ORI E T HFE B A & TN - ppf g ek & <, BL A ARSNCIEAH &2 /N S0
Z & &R L TWA(Fig. 39), — T, Otofuji et al. (1985 b)) H A#E#El HEH & €7

([CHEST I, 15Ma LT L B AU NE - SW 5 (A OV Bl 12 18 T S 4,
LIEBR->T7 4V Erilp7 L— M EDMERBOHENLEITRRDL ZENRTRS
N5, FHE MBI OMT 25 Myo-type OREJR~> MLk LTT7 4 VB S
L— MHRBEEOMMENZ NEEIT, 15 MalaiO R ILBARMDO D72 < & B

WEIZ BT, 74 VBT L—FOEERH -T2 L2 REL TN D,

2. BEMECKIEEOER

(1) Hn-type

R 5 (1989) 1%, HIAJE A5 &V MgO(10 wt%)3s X O Cr & 47 £:(480 ppm) &, 1
LR @ FeO*IM@O ez R XA NHBLT 52 L2 AWH L TR, B (1985
b)y TS Nd~y MEIROMAENR I a0 VT A4 Meokkgns, H
g ZRE N~ PVEEORMER LR EGE~ 7~ b b LHEL TS,
Hn-type O R R A B ICZ LW ZEAET, BA S (1989) 23 T Rk Ll e & Rk
IZ W MgO(7-10 wt%) & Cr(330-430 ppm)& A &, # L TIEL FeO*/MgO
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(0.8-1.0)& /x93 Z & 5 (Figs. 19, 20, and 21), ROb R ZREE~ /~ & KR & T
HA[REMEN BV, F 72, Hn-type IL SiO & H NI T 5 1CHE L, REARMIC
Z LWZREN DL E~AT TERD B L OHMEICE G H &P 2 FER
& Y (Figs. 19b, 19c, 20, and 21), K4 b2 L AE ~ 7~ 06 O RlfEdEHIZ &
ST, BAPERSNIZAHEEZRL TS, £, REAKBICZLVWER
AT, BEARSICEDXRE LIZEREO Si0; /8 L, FeO*X° Ca0, V DO
bR —H L TWDA, TD—JT MgO =X Ni, Cr7g & oEHHIEETHEITATE
PE A, NaO+ K0 R° Nb, Nd & W o iR E cRITBRENED L Vo7, B
e 72 MR 72 B 38 b 5 (Figs. 19, 20, and 21), D Z &b, ABlfESEIERIC X -
T, ROMEBRZREE~ 7~ OREAMMICED XX AN ENNLD 2 & 2R
LTWa, 2T, Hn-type OBEEIEMIC L D30 RIER ZRET 272014
Moy ELAR B R B L 72 (Table 8), BHIOBRIL, REABEMICZ LWXRAENAKS
b2 XREE~ 7/~ REThH DL EHESINDZ L, £ L T Hn-type ® REE /X% —
N Eu OB FEENIRD SRV T2 (Fig. 22), 4 BN IEEHE A O B 5 28 EL R A /)N
EWVWEHBISNDZ EnD, SHMHELTREARICZ LVWEREDOHRND
% BEdn T — N HIME % B 7= (Table 7)., % L C Figure 40 (Z1%, (La/Yb)n versus
Cen DB Z/R LT-, ZOKIZHWfEIX, 4T Clchondrite ®HELEE (Sun and
McDonough, 1989)i L » THMIL L T\ 5, & LHETHEO RS DRI, A
T¥Hc & (La, Ce) N E AT LFHILH(Yh) L W /X WM A 7R L T3 D (Table 8), B
a A D o B S HEAT AL, B ERUC R MRS L SRARICIRET 2 L B R
53, REE XX — XA TR0 OBHEANKEL BT HIETTH D, Hn-type IE
Cen & (LA/YD)N IZHRWIEDHPENFED b1 5D Z &6 (Fig. 40), REABMIZZ L
WEZHEPDORRARBICEDZRE, £ L TLIEICm?o TR HEICERE
HNEF LSO, REENRXZ = OA TRV EMN LY BEERICTEEL TS Z LR
=z 5 (Fig. 22), Z ™ X 572 REE X% — 2 DZbIE, Hn-type DR & 72 5 LRk
EE~ =0, BEARSICZ LWEREOHAIEDZ 53 L TnD e ER
EXFFL TS,

Wiz, BT EUNORMIBETLHEICB W TY, Bk O 55 B, & 1E A 23 X
ENDLPHET D, REAHBICZ LWEREOMBIEY 250 & LIZGE,
Nb i Zr £V & 250 EARE D /N & 7= (Table 8), Hn-type 134 B & 1 H o i
TIZFEV ZreIND LR/ S Bk T 2 b0t HfEE SN D, £ 2T, Figure 41 (201X
Hn-type @ Nb versus Zr BA£&[¥ Z 7~ L 72, Hn-type IZ/RHR ABEAAICZ L Xiia 0
5, RRAMMNICE L ZRE B L ORIEITH D> THES AN 2 — 8 o
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MIAFRD B, £ ORIZ Zr/Nb 75 30-40 26 20 REF TR P L TEHY, 2Dz
&b Hntype OB E 2 5 ZREE~ 7 ~0, REABEIZZ LOERE OB
TE 3R L TNDEZ LM TH D, ok, ZORITITERE L ORILIEM
ZHMET D720, BRIk O EENIZ A3 D R R 1L H o FE AR A O S,
1999), 5 L UM 4% (Kawano et al., 2006)DfE &7 LT\ 5, & LT, Hn-type
DEACEF DIER AR LIIX IO BBEEN Ty FSNTEY, ZORENR
A5,

ZDZ &N D, Hn-type @ Sr-Nd FIfZ A2 AWT, BEA & OFRbO TEEM:
et LT <, Figure23 TiX, RIEABMICZ LWERAIZH LT, REAH
mICE D ZRAERCL LA O Srl BMEL, 72 Ndl B3@EWFREBRD bivd, 75
fEEmEH Tl Sr—Nd RN N B L L7222 &S, Hn-type ORLIR & 72 5 LR
HE~ 7, KRS LR EREE L TWD A EEMEIXS E T E 2\, Figure

2 \20% Srl versus NdI BRI Z R~ L, FEBEOBEGEZMETT 5720 2R L

A A OINE 5, 1999)DfE &7~ L7, Hn-type IR EABEMEICZ LWEEA D
LbEOIRAE, BROLIAEICET D& L bIg, fERE OMAEBIC WA O
FAFED N, EEE L DOREBEE TWLAREEREBEZL NS,

% 2T, Hn-type OEWR L RO KRR ZREE ~ 7~ 0, BRI Z 535 L
RO RS EREMEM £ U LIRE L, £05E0/bFAkE X O R A AHE
% D ZEAVAE 12 D W T AFC &7 /L (Depaolo, 1981) % W THEE L7z, & Z TIER
b LR EER~ 7~ & U, BRI O RS ©H 5 R (L iR 5 o FE e,
BLOHERUEE & REH'E &€ L, Sr-Nd [FAZfkE & Rb, Nd, 3 XU'Nb &4
BOBLEZ T 5, B X 912, Hn-type OREAMBICZ LW ERE I
KON BR LR EE~ 7V~ BIFRE T O REPH DL LEBEL, ETLVOR~
I U TRIRABEGICZ L Xs O E 2 6 H L 72 (NdI = 0.51280, Srl
=0.70420, Rb=11ppm, Sr=220 ppm, Nd =8 ppm, Nb=1.5ppm; Table 4 and 5),
FALE OFBRIT, J2 R LR ES 0 48 i 25 B D W TIN5 (1999) D 7 — & & -
#J LT k% (NdI = 0.51228, Srl = 0.71050, Rb = 170 ppm, Sr = 210 ppm, Nd = 19 ppm,
Nb = 11 ppm), HEFE = $H1% Kagami et al, (2006) & Kawano et al, (2006)iZ & 57 — %
O F-#E (NdI = 0.51202, Srl =0.72332, Rb = 116 ppm, Sr = 164 ppm, Nd = 18 ppm,
Nb = 11 ppm)Z 7o, £72, KiFE 025 SEAREIT Table 8 DEZMEH L 7=,
Figure 43 (21X, AFC €T /L O aFE#ES % Ndl versus Nd, Ndl versus Nb 3 X O° Srl
versus Rb D BRI R L7z, NdI 2k 2 Nd & Nb @ BIFRIX Tid, Hn-type 25 4E
fid L HERUE TN L @ AFCHIRICIN D K 5 7 my hEahTWD, £/ Srl
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%95 Rb @ REFRKIZ BV TIE, Hn-type 2 FICHERE = & @ AFC HifRFTT I 7 2
v hERTW5D, LEN->T, Hntype OIERTIX, ZoRFEE R LR EHE~
TIPSR 2 R LR b, HBEOHREH E ORBIER R EEZTZLEXD
nod,

7233, Figure 42 @ Srlversus NdI BA£&[XTlX, Hn-type OEJEME L HEET H 7=
OIZHAL A AR IMDFE~ > M &, I~ o M BEIEO RS b7 ZE K S
& TR LTV %(Shuto et al., 2006; (Lot o, 2008 72 K), Z D725, Hn-type
IZIERE B~ > MV O E — B L TWA Z &b, Z0Z &2 Hn-type i
B~ FCKRIET DY Y A7 2 v 7~ kL (Shuto et al., 2006; JE#E S,
2008) DI AR K o THER S LB X b b,

RIZ, TV —FOWHRABRFIC K DHENRE Lo RBELHEFT 5,
Figure 44 |21 Th/Yb versus NdI & Th/Yb versus Srl ®BRX # R L7-, Z DIIZ
X, FALAARIMCET 2 XREBE~ 7/ ~vOEE~ > b & LT DMM Ok % 7=
L, ZHEBALHREY & DREHRD HH TR LA, Hn-type (X DMM 2Lk
LTEWThIYblbZ b > TR Y, HEMBEROTEIZL > TZOEAHEMT 5 2
& 75 (Hanyu et al., 2006), Hn-type DL & 7¢ 2 IERE B~ > R /L O @RI AR D
B NRIBE N5, F7z, Figure 44a 28\ T, Hn-type (X3 L>>% DMM &
MM ORAMR L7 ry SN T2 2 &b, MEOEGEZRRL TS,
—J7°C, Figure 44b |23\ T, Hn-type IXIEA# & BIREIZE 72 0, ThiYb O EINIZ
LTSI NRVEMLURWEADZEBD GNDH, 2O &5, Hn-type DEJR~
YR T DR DOE BTN E o T B R HILD,

LbEozZ &ne, Hn-type 1ZFEMB~ > VO AEIC X DKok 7e LA
B~r~z@Re L, TORBIEY O REN &, BREMEKT MRS &
OFEMLERIC LY, ZBiAEE Tk Lo~ ~B kb etExZ LN

(2) HSr-type

HSr—type & H 4k H AN O Wi Rl 35 T OIS SMANZ FE 3 2 KIS & AR O L 78y
Rz sk LT 5 (Figs. 19b and 19¢), —FH T, ZOXRAIIHEB~ v MR
B~ bb, BEO Hn-type (T L TE L Srl 3@ <, Ndl MEWEE S Hbow
tH o> TCWA(Fig42), L7223 > T, HSr-type DIEALIZIL, BB EDORIELSL7 4V
T L — FHSRIIR OB LI XY, F L ALFHAR Sr—Nd [FAL 4K Rk 2
WA SN AR RIS D,

Figure 43 ® AFC &5 /L Tl¥, HSr—type lZ W DO BRI W TH AFC i
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MBANTEY, Hn-type OEIR L RD KRG LZREE~ 7 ~inh, EREL
DFEMEERIC L > TERT 2 2 L ITNRETH 5,

WIZ, WHAL T L — MAERREIC L > TREBEZH - ATEEEZRFTT 5,
Figure 44a |23 T, HSr-type X DMM & HEFEW [ OIRGHED BB S 224 T
BV, £XZDMMIZEEASTThYb LR RVEEML TWRNZ EnD, kO E
TZLWwWEEZXHN5, £ LT, Figure 45 Tl Srl versus Ndl @ BS£% X2 Hn-type
& HSr—type # 7' a2 v b L, 72 H AR L I B A ET 2 H WALk LA O/
FR#LPH b O0F & Cox L 72 (Nakamura et al., 2008; Nakamura and lwamori, 2009), = @ [X]
25, HSr-type 17 ¢ U B U7 L — b BRI Z A0 S 4072 55 DU AL K LA 12 b
LT, 2720 & Sr AL AR &KV Nd FIALARM R Z b o2 &8 WvwWz b, Lz
2> T, HSr—type DIEKIL, 7 4 VBT L — b EEIRIKEDZ B2 A28 E
LTHRETH D,

3. RAMBUKILEE DR

Mtg-type XXX BT 2 b DD, SiO A &OENMIC LW TS ILH & MET
FE A BT 5 2B A (Figs. 29b, 29¢, 30, and 31) Z JERE L T\ 5, Z D72
ZREE~ 7 ~DnRkERIERZREBR L= EER”H 5, £ 2T, Mtg-type DB
p R & D oy RIS b AR O FTREME 2 MR 2 72, 3 BRI Mtg-type XA 7
b 22 s O BEsEE — NABCESE % (OE L (Table 7), & O 25 m bl fecics:
Table 8 IZ/R L7z, & 51T, Figure 46 |Z(La/Yb)n versus Cen D BAFRIX 27~ L, i il
D k43 1% Clchondrite @ #£53{f (Sun and McDonough, 1989)1Z & - THk AL % Jiti L 7=,
A DL R O RS SRR, b NRAs L cHE(La, Ce)EAT LHILHE
(YD) X U & E W28 0 (Table 8), Z 7= b BE & LM D 45 Bl &t /E A A3 479
MITEA LB OCEBHBIC S HEARICRE L, REEANY =BT 246 TRV
DEFHT/NE L 25, LML, Mtg-type i% Cen & (La/Yb)n bb D R IZ RV IE O FH B
NER® HAL(Fig. 46), ZHIXZER A DL IEICIT T BT HE & A BN
T 5238, REE RZ — 28T 5 Lainb Yb T TOLA FA BN LY &
BRHZE ML TV Z EEERL TS (Fig. 32), L7z -> T, Mtg-type @ REE
WE = DET, KREE~ 7~ DNORSEIMR oSl ns B X &i3F
BELTEY, HMRoplfSERLZT TEHARETDH 5,

Z 2T, Mtg-type DEEJR & 70 D L AE ~ 7 v ICEBE DR LR EORENR D
STEAREMEZE 2 5, LREE~ 7~ Mtg-type OBEGEIEM 2 3Rl 5 & &,
Nb X Zr L0 & &a iR ii /&< 757D (Table 8), Mtg-type 73 Bl 72 B &
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SO RFERIERZE T2 51X, £D ZrINb liZ/hE S BT 2137 TH 5,
% ZC, Figure 47 (Z Nb versus Zr DR 2R Lz, ZORTIE, EEA L DK
&S ERRETT D T2 01T, AR o AL I FE 3 D\ (Lt oD FE i A5 B ()1 B &, 2000)
&, HEFE’S JH (Kawano et al.,, 2006)DfE® 7' = v ~ L7z, Figure 47 & i % &,
Mtg—type T8 L 22 %, (FIE ZrINb kb = 30 - 7= £ WA DG A B 1Y
N4 5 ZR L TR Y, HMIZHESTEY O 53 Bl S E R 23 E T 7720 TR
TERV, 512, Mtg-type OB OIEE M EICix, fEaCHRAEEN 7
2y hINTEY, BBEORIIICE D2 EEL I > AN IR IN D,

Mtg-type @ Sr—Nd [ AR ICIEH 35 &, Figure 33 T/ra L7z £ 91T SiO;
GABEORINNE & B NI A L, St LT 5, 43 BIRE & 1 F ¢ 1 Sr-Nd
FNLAA LI 2L L7272, Mtg—type DI ARIC 1T HEE 2 & D [RL & W o T2 [RIALIA
MR E B S E D 7o AN ME L XD, Figure 48 (21X Srl versus NdI @
BRI Z R L, Bis & OBOG Z Matd 2 72 12\ 1L #7E e 5 2111 #F &, 2000)
DIEH R L7z, Mtg-type IZXRAE D DL AT A>T Srl 238 L, NdI 25
D LM AR B, O AT O RE R R I3 AE R A O AR SRR (AR
THZ LG, BIRO XS REBEICLDIRENRRIND,

T 2T, Mtg-type DEEIR & /e 5 LA H ~ 7~ (iR E & OFLAME) O 72 FTHE
Y& BRET 572, AFC 7 /L (DePaolo, 1981) % i\ TIRILIZ £ 5 MR ZE (b % HE
ELl, 22T, ZREE~ 7 vPERSE TH2UEILHIEREE, &LL<
AR AR L7235 EI128 10 5 Sr-Nd RN IR O Z{kfEm &, Rb, Nd 35X
U Nb A EOEMEIN 23 AT 2, ETMTHMAT 28~ 7~ O R
X O IE, SiO =48 Wt D R4 b M LR EE ~ 7/~ & E L, Mtg-type O
LR Sy N — I — M L O Si0,— kB ot # 2L X (Figs. 30 and 31) &, SiOx 2kt %
Ndl 3 L O Srl & b 1] (Fig. 33) % J&12 L C, SiO2 2% 48 wt%!Z 72 5 & T 1) % 4E
L TR 72 (NdIl =0.51290, Srl = 0.70450, Rb = 1 ppm, Sr = 350 ppm, Nd = 7 ppm,
Nb =1 ppm), FE{LE & L7 AERAA OMEAIT)ITEF 5 (2000) O ) fE(NdI = 0.51212,
Srl =0.71320, Rb =150 ppm, Sr =202 ppm, Nd =32 ppm, Nb =10 ppm)%Z £ L,
J\ T 1L iR 5 o0 HE RS 25 121X Kagami et al, (2006) & Kawano et al, (2006)i2 & % 7 —
& O -YJ{E(NdI = 0.51161, Srl = 0.72919, Rb = 96 ppm, Sr = 244 ppm, Nd = 20 ppm,
Nb = 7 ppm)Z& FiV 7=, F72, K00 LSRRI Table 8 OEZ L 7=,
AFC £ 7 VO &5 & F % Ndl versus Nd & NdI versus Nb, 35 J OF Srl versus Rb @
BAFRI & L CoR L7z (Fig. 49), T X TORMRKN ST, LA LD bHEREZF
B LTS A IR B DOEERNRE W EBRF 25, £72, Mtg-type (ZHFE A O
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AFC Hi#t Bl my b TnWbd, L7di-> T, Mtg-type ¥ 7~ I21%, FE#Eoft
e & ORMEIER BT T REMEDRN B 5

& Z AT, Figure 48 @ Srl versus NdI O BAf& X CTik, Mtg-type O EIRYE % &
T2 72O RAL A AKRINOE FISHFET DHiE~ > b e, EfE~ s Frofis
R K o THR S Lo Kok 7e Ll e O M & 7 L 72 (Shuto et al., 2006;
(ot 5, 2008 72 &), Mtg-type ® LR AT IERE~ > ML EREED NdI &, FEAL
B~ PLEDDFTNITEN S Z2b o> TWnod, £/, RUEITIEME~ > ML
IZH U TH 62002 NdI 2ME L Srl 8@y, 20 Z &E, Mtg-type 23 Hifk O [F{EAE
MIZLY, Kok Xia £ v b SrFALAERE2 S <, Nd RMARLR SRS 25 &
INCHBEZ T TWLEO THNIEHW W TH 5 (Fig. 49), L7 - T,
Mtg-type D EJFUITIEM B~ > IS T DY Y A7 =Y » 7 <2 kL (Shuto et

,2006; JEE L, 2008)Td 5 e f%ﬁ»Tﬂf“éﬂ“bé(Flg 48).

RICT V= b DLHRABRIIC L DB e Wz R T 2720
Figure 50 |Z1Z Th/Yb versus NdI 35 X OY Th/Yb versus Srl O BRI Z 7~ L, KH I
X DMM &L AiATeHEREY) & OIRGH %R LT-, Mtg-type 1 DMM XV & &0
ThiYb lbE S >Z R b, KR~ MO G Lz /gt N 7R
Wxis, £7-, Figure 50a T/X DMM EHEFEMM DR G LV S ThiYb AR
RELS 2> TV D bDD, LRENLZIE~ET DITEN, BERICHE>T
R OMRIZE S <M AR O bILd, S 5IZ, Figure 50b TIXE AR & WL
HARIUZE A AT HERE Y & OIREGMR LI 7Ty SR TE Y, Mtg-type DEJH~
Y MR T MO IMENRE WA EEEZ R L TS, £ 2T, Figure51 (Z
X Mtg—type @ Srlversus Ndl BRI 27~ L, & HI2HHEH AR L OHEAL H AL
FET D B ALK LE O R akEL B & fF ¥ Cos L 72 (Nakamura et al., 2008; Nakamura
and lwamori, 2009), Mtg-type i£~7 « U ©° ¥ 7 L — b HSRIRR Z2 4700 & v iz o s
HADOFENA KIS & RMAHEEA RS —HL TRy, B~ Pr~7 40U E
YTV — P ECRIRAR SRS SRR D D,

UL EDFERE N Mtg-type DRRIKIZIE, & ORI~ > F oS & Rk
TERZ A U7 2 & & (Figs. 48 and 49), EJR~ > h~7 0 VT L — MK
AR HERG S 7z & vy 9 (Figs. 50 and 51), 2 SO A fEME VR S vz,

4. BARBIERIZHEILHBRADRT TOEL v < EE)

ABFZETHE O NG R &, BRI g ks O ER, 3 KON
BEFERI AT IE s D HEE S 7z 8 P Bk & Table 11 (278 L7z, BE AR Hil D
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WO LS A DS D LT O AR (E N S, 2001 ; &)1 1998 5 A - &2, 1997
7 ENERAEOHA T B L TRV, 207 — & 21 T Rk kLTS B o B 15 B £R
EHWET L LIEIRETH L, —HT, @iE - E)I(2008)1C L D HIEE KUE I
FEOTIE, FHEE gk D Myo-type 23 b i <, Z DKIT Kz-type, ¥ X OV H H
8 D Hn-type & HSr-type 2358 L, & ICEAHIBO Mtg-type NGB L 72 &%
Z B (Table 11), F7=, FHEMILTIE, 74 VW7 L — FHERIRKER %
mICHE SN~ MV EEIRE T D Myo-type BIEFEIL, ZD% I OWMKDE
BN BN Kz—type NMEBI L TW 5, R UHIEO T TZ o XL 5 AEmnng
C7z# il & LT, Myo-type i3 HAWEDOILKATIC, Kz-type ITILKRFZICIEFE) L7z &
WO ZEMEZ B D (Table 11), Figure 52 (21%, & ML A 28 Dl R A F S W
T, HARUEHLKAT(A7 Ma) & HE K% (15 Ma)lc Bt 5 HASE, BLXORZhazRY
BT — FONEEE I LT T V%R L7 (Seno and Maruyama, 1984; =18,
2008 ¢c), ZDEILET N TIEL, HARMBILKANIZIZZ 4 VB 7L — b #EALH
ARINFF S AA A TEY , IMRBITKEET L — P BRLAHIAALTND, 2O
72, YERANEZ 4 VB 7 L — NOJiKD Myo-type DiEl~ > & EH 5
AR S, PR ITREET L — b HRIEAD Kz-type DEEJR~ > b Z @i L
o, LWnOH BN EESTEbDEHESIND, £ LTIREIZIE, KREETL—F
DA FIZENT H~ 7 ~{FE & LT, FHE O Kz—type 7217 Th <, &
HHLE D Hn-type BIEE) L7 & & X LD,

L AT, EARHIK D Mtg-type 1%, A & OF{L(Figs. 48and 49) & 7 ¢ U ¥
VUET L — b HSRTRIE O AN (Figs. 50 and 51) O W o Tk AT, F DK
EUATED, bLIAB T4Vl T L — FORBIZLD6, BARWENIL
R UT#ZOBEFAbE I b AN i TcE 52 L1 b, LirL, Mtg-type &
ARk H AW OILRZITIEE) L7z & B 2 Hivd Kz-type =° Hn-type (21X 7 1 U B
M7 L — FORERR D BT (Table 1), SRARMIE O 2 TR 2 a4 25 2 &1
NEETH D, L7ed-> T, Mtg-type DkEIE, LA L OFREANEZETH D
EBEZDBND,

7ok, BEIRHUIE D HSr—type 1%, 7 4 U BT L — N SRR OIS0 58S
EDOFALERZMBE L TH, @Y Sr RN AL &K Nd RN O k% §8 ©
=7, BURIZBWTZEORKRIKIZA TH 2 (Figs. 43, 44, and 45), Z D L H 2 LR
BT EERTA TR RCONWTIHSHORBPNEFZ SN D,

35



VIL #E

B AR s T, HEr I 3 T R ARMEIE RIS B L 7o K ~ L s~ T
A YA MVEO 7 SEHNRELCTND, 20955, FTHYE MO Z HREZ LS
(Myo-type), FE¥EHilk o> H 168 Z il & (HSr-type), 1A IR O o E R E~ 1L N JE ~
EARRE LR AR L ORI (Mtg-type) 1, HAE B ARG 351 5 8B 1) 72 LR O
B~ bzl LT, F LS Sr ML &<, Nd R ARV Fr & R
R

TWEHETIE, 74V T V— MEORIEZ I Shie~ > SO
RUARIZ LD Myo-type ~ 7~ NEEI L, TOHBRKEET LV — FHERTAEIZLD
Kz-type ~ 7 ~MEE L7=, Z OAE, A2V CTHARWEILEKENIZZ 1V
BT L — E AL ARIA R, AT TR D BRI O T ICIRTET DS~ > b
IV R ST Myo-type O~ 7w RNAEK I N2 L, L TILKEZITRFE
PET L — RDBLBAATZTZDIZ, 74 VBT L — FHEKIREOHKTIZZ L
Kz-type v 7/~ BNER SN2 EThHrHrEBEZLND,

SR BT 5 Mtg-type 1X, 7« U BT L — b HSRIRIKD R Z 1T
e L AR OMEICFEME & Sr—-Nd FIALRF O Rz R L TWnd, Lo,
Mtg-type IZ H RMENILRK L7 RICIEE T2 &0 n, ZOKILEIZHLTZ 4V
BT L — NHORIRIEDEZEN b 72 L 1IB I, © LARES & oL
ERIC > TR ERTWD b EHfE N D,

BEH HIsR > HSr—type 1%, 7 4 VBT L — FHSERE OIS, A LD
FEE 2 i KR A S > TH ZOMKR Zz N TH Y, FEMITIAHTH D,
Ath, R TE Sr RN &RV Nd R R 2 S S RIEHE S, L~
7 BERTEDAEMEICOVTRATILERD D,

H
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ICHM L CWEEEARMEEZ LD ETREBEIC Rz, BEONERZ A
W RRLR T IE, IR KRFZEZLOY T 4 v a « 7~ — VR, BEEARTE
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prefecture.
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Fig. 3. Outcrop of Hinata volcanic rocks (H-02).
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Fig. 4. (a) Location map showing Utsunomiya area in Tochigi prefecture. (b) Geological
2008) and locations of sampling points.
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Fig. 8. Outcrop of Yamanouchi volcanic rocks (Mtg—05).
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F|g 9. Th|n sectlons of Hn—type basalt (Pl-poor) from Kanuma Area
Ol, olivine.

Fig. 10 Thin sectlons of Hn— type basalt (PI rlch) from Kanuma Area.
Pl, plagioclase.

Flg 11. Thin sections of Hn—type andesite from Kanuma Area.

Pl, plagioclase; Cpx, clinopyroxene; Opq, opague mineral.
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Fig. 15. Thin sections of Kz—type andesite from Utsunomiya Area.
Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene; Opg, opaque mineral.

Fig. 16. Thin sections of Kz—type dacite from Utsunomiya Area.

Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene; Opq, opaque mineral.
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Fig. 18. Thin sections of Mtg—type andesite from Motegi Area.

Pl, plagioclase; Ol, olivine; Cpx, clinopyroxene; Opg, opaque mineral.
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Fig. 19. FeO*/MgO versus SiO; (a), Na,O + K,0 versus SiO; (b) and K;O versus SiO; (c) diagrams of Hinata volcanic rocks, and the middle
Miocene volcanic rocks from the NE Japan back-arc and trench sides. Middle Miocene volcanic rock data are taken from Watanabe et al. (2009),
Yagi et al. (2001), Uda et al. (1986), Takimoto and Shuto (1994), Shuto et al. (1985b, 1986, 1992b), Yashima (1963, 1979), Shuto and Yashima
(1985), Abe et al. (1976), Tagiri et al. (2008), Shiramizu et al. (1983). The TH(tholeiite)-CA(calc-alkaline) boundary in FeO*/MgO versus SiO;
diagram is cited from Miyashiro (1974), the AB(alkaline basalt)-HT(high alkali tholeiitic)-LT(low alkali tholeiitic) boundary lines in Na.O +
K20 versus SiO; diagram are cited from Kuno (1968), and the HK(high-K andesite)-MK(medium-K andesite)-LK(low-K andesite) boundary lines
in K20 versus SiO diagram are cited from Gill (1981).
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Fig. 22. Chondrite normalized rare earth element patterns of Hinata volcanic rocks.

Normalizing values referred to Sun and McDonough (1989).
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Fig. 24. FeO*/MgO versus SiO: (a), Na:0 + K20 versus SiOz (b) and K20 versus SiO: (c) diagrams of Myogazawa and Kazamiyamada volcanic
rocks, and the middle Miocene volcanic rocks from the NE Japan back-arc and trench sides. Middle Miocene volcanic rock data are taken from
Watanabe et al. (2009), Yagi et al. (2001), Uda et al. (1986), Takimoto and Shuto (1994), Shuto et al. (1985b, 1986, 1992b), Yashima (1963,
1979), Shuto and Yashima (1985), Abe et al. (1976), Tagiri et al. (2008), Shiramizu et al. (1983). The TH(tholeiite)-CA(calc-alkaline) boundary
in FeO*/MgO versus SiO; diagram is cited from Miyashiro (1974), the AB(alkaline basalt)-HT(high alkali tholeiitic)-LT(low alkali tholeiitic)
boundary lines in Na,O + K;O versus SiO, diagram are cited from Kuno (1968), and the HK(high-K andesite)-MK(medium-K
andesite)-LK(low-K andesite) boundary lines in K>O versus SiO, diagram are cited from Gill (1981).
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Fig. 27. Chondrite normalized rare earth element patterns of Myogazawa and

Kazamiyamada volcanic rocks. Normalizing values referred to Sun and McDonough

(1989).
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Fig. 32. Chondrite normalized rare earth element patterns of Motegi volcanic rocks.

Normalizing values referred to Sun and McDonough (1989).
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Fig. 36. Srl versus NdI diagram of Myogazawa and Kazamiyamada volcanic rocks, and
the granitic basement rocks from Utsunomiya area, and the middle Miocene basaltic
rocks from the NE Japan back-arc and trench sides. Granitic rock data is taken from
Nishikawa et al. (2015) and this study. Basaltic rock data are taken from Fukase and
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2008), Ohki et al. (1994), Okamura et al. (1993), Yamamoto et al. (2008).
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Fig. 40. (La/Yb)n versus Cen diagram of Hinata volcanic rocks.
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rocks from Kanuma area, and the middle Miocene basaltic rocks from the NE Japan

back-arc and trench sides. Granitic rock data is taken from Kawano et al. (1999).
Basaltic rock data are taken from Fukase and Shuto (2000), Kondo et al. (2000), Sato et
al. (2007), Shuto et al. (2006, 1992a, 1997, 2008), Ohki et al. (1994), Okamura et al.
(1993), Yamamoto et al. (2008).
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back-arc and trench sides. Granitic rock data is taken from Kawano et al. (2000).
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Table 1. Modal compositions of Miocene volcanic rocks from southern margin area in Northeast Japan arc

locality Kanuma

Hn-type HSr—type
Sample No. “gacait (PL-poor) Basalt (PLrich) Andesite Basalt
H-01 H-04 15031304 15031309 15031303 15031305 15031306 15031310 15031308 15030205 H-06 15031301 15031302
Phenocryst (vol%)
PI - 8.4 9.9 7.6 41.6 29.8 25.2 437 31.0 23.0 19.1 19.8 304
Ol 6.4 73 9.1 6.2 16 45 0.7 12 + 2.4 24 6.6 71
Oopx - - - - - - - - 31 0.4 1.0 - -
Cpx 4.1 53 5.2 10.6 - - + - 2.7 0.8 17 - 24
Opq 0.8 0.1 0.2 0.7 0.1 0.1 0.1 0.4 09 05 0.9 0.1 0.8
Gm (vol%) 88.7 78.5 75.5 74.9 55.9 62.0 71.2 52.5 61.3 70.4 75.0 70.9 59.3

Pl, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Opq, opaque mineral; Gm, groundmass; +, detected; -, not detected.
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Table 1. continued

locality  Utsunomiya

Myo—type Kz-type
Sample No. “Apdesite Basalt  Andesite Dacite
M-01 M-02 M-03 M-04 M-05 K-13 K-01 K-02 K-03 K-04 K-07 K-08 K-10 K-11 K-12 K-05 K-06 K-09

Phenocryst (vol%)
PI 22.7 16.2 15.3 25.0 25.7 38.8 26.4 24.1 32.7 20.0 125 29.1 32.1 138 224 26.7 17.0 22.2
Opx 6.2 23 0.6 8.1 9.1 0.6 0.1 0.6 0.6 31 0.3 12 1.6 0.6 - 3.2 3.9 3.0
Cpx 1.7 1.6 0.2 4.1 2.0 13 0.2 0.2 0.2 05 + 0.2 4.3 2.7 0.8 0.6 0.6 2.2
Opg + 0.0 + 0.7 + 0.1 0.7 0.5 04 0.3 0.2 0.1 14 17 0.6 14 0.9 0.7
Gm (vol%) 63.4 79.6 83.8 62.1 63.3 59.2 72.7 4.7 66.2 76.1 87.0 69.4 60.6 81.2 76.3 68.2 77.6 71.9

Pl, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Opq, opaque mineral; Gm, groundmass; +, detected; -, not detected.

Table 1. continued

locality  Motegi

Mtg—type
Sample No. "gasalt  Andesite

Mtg-02 Mtg-01 Mtg—05

Phenocryst (vol%)

Pl 451 238 253
ol 0.2 0.4 -
Opx - - 36
Cpx 02 05 77
Opq 0.1 03 0.7
Gm (vol%) 545 751 624

Pl, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Opg, opaque mineral; Gm, groundmass; -, not detected.
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Table 2. Major and trace element compositions of GSJ rock reference standards for JB—1a and JA-3 using XRF

Mean RSD . Dif Mean RSD . Dif
JB-1a SD Dif JA-3 SD Dif
(N =13) (%) (%) (N=13) (%) (%)
SiO, (Wt%) 5191 + 018 03 5241 -050 -09 SiO, (Wt9%) 6103 + 010 02 6227 -124 -20
TiO;, 130 + 001 11 1.28 0.02 18 TiO, 069 + 001 0.9 070 -0.01 -18
Al 03 1433 + 0.08 05 1445 -012 -0.8 Al 03 1548 + 0.06 04 1556  -0.08 -05
EeOf 808 + 004 04 815  -0.07 -0.9 EeOf 603 = 004 0.7 5.94 0.09 15
MnO 0147 + 0.001 06 0148 -0.001 -0.7 MnO 0105 =+ 0.001 11 0104 0.001 13
MgO 775+ 004 05 783  -0.08 -10 MgO 374 + 002 05 372 0.02 05
CaO 928 + 004 04 931 -0.03 -0.3 CaO 628 + 0.02 0.3 6.24 0.04 0.6
Na,O 279 + 002 0.9 2.73 0.06 24 Na,O 319 + 002 0.7 3.19 0.00 01
K;0 142 + 001 0.9 1.40 0.02 14 K;0 141 + 001 0.8 141 0.00 0.3
P,0s 026 + 0.001 05 0.26 0.00 -18 P,0s 0116 =+ 0.001 11 0116  0.000 0.1
Total 9728 + 041 04 9797 -0.69 -0.7 Total 9807 + 027 03 9925 -1.18 -12
Ba (ppm) 42 + 173 35 504 -12 23 Ba (ppm) 313 = 472 15 323 -10 31
Co 391 + 135 34 38.6 0.5 14 Co 190 + 133 7.0 211 2.1 -9.7
Cr 391 + 151 04 392 -1 -0.3 Cr 670 + 1.03 15 66.2 0.8 12
Cu 627 + 063 1.0 56.7 6.0 105 Cu 427 + 045 11 434 -0.7 16
Ga 167 + 034 20 17.9 -12 -6.6 Ga 163 + 031 19 16.3 0.0 0.1
Nb 244 + 022 0.9 26.9 25 -9.4 Nb 282 + 085 30.1 341 059 -17.2
Ni 136 + 078 0.6 139 -3 -20 Ni 299 + 120 4.0 322 2.3 -7.0
Pb 645 + 023 36 6.76  -0.31 -4.6 Pb 818 + 044 53 7.70 0.48 6.2
Rb 388 + 028 0.7 39.2 -04 -0.9 Rb 362 + 040 11 36.7 -0.5 -15
Sr 438 + 206 05 442 -4 -0.9 Sr 280 + 094 0.3 287 -7 -24
Th 834 + 028 34 903 -0.69 -7.7 Th 368 + 028 75 3.25 0.43 134
\Y 200 * 509 26 205 -5 -2.6 \% 163 + 3389 24 169 -6 -38
Y 256 + 038 15 24.0 16 6.6 Y 219 + 043 2.0 212 0.7 34
Zn 814 + 057 0.7 82.1 -0.7 -0.8 Zn 666 =+ 058 0.9 67.7 -11 -16
Zr 139 + 227 16 144 -5 -35 Zr 113 + 125 11 118 -5 -4.4

TTotal iron as FeO.

SD: Standard Deviation; RSD: Relative Standard Deviation; C.V.: Compiled Value from Imai et al. (1995).
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Table 3. Rare earth element compositions of GSJ rock reference standards for JB—1a and JA-3 using LA-ICP-MS

Mean RSD . Dif
JB-1a Dif

(N =13) (%) (%)
La (ppm) 399 + 071 18 376 23 6.2
Ce 700 + 125 18 65.9 41 6.2
Pr 775 = 014 18 7.30 0.45 6.2
Nd 276 + 050 18 26.0 16 6.2
Sm 539 + 010 18 5.07 0.32 6.2
Eu 155 + 0.03 18 1.46 0.09 6.2
&d 49% + 0.09 19 4.67 0.29 6.3
Tb 073 = 001 18 0.69 0.04 6.3
Dy 424 + 0.08 18 3.99 0.25 6.3
Ho 075 + 001 18 071 0.04 6.3
Er 232 + 004 18 2.18 0.14 6.3
Tm 035 + 001 19 0.33 0.02 6.5
Yb 223 + 004 18 210 0.13 6.4
Lu 035 =+ 001 20 0.33 0.02 6.4

SD: Standard Deviation; RSD: Relative Standard Deviation; C.V.: Compiled Value from Imai et al. (1995).

Mean RSD . Dif
JA-3 Dif

(N=14) (%) (%)
La (ppm) 100 + 018 18 9.33 0.67 7.2
Ce 237 + 053 22 22.8 0.9 38
Pr 293 + 018 6.1 2.40 0.53 219
Nd 131 £+ 033 2.6 12.3 0.8 6.2
Sm 297 + 024 8.0 305 -0.08 -2.6
Eu 085 + 003 31 0.82 0.03 33
&d 337 + 014 41 2.96 041 14.0
Th 055 + 002 36 0.52 0.03 5.6
Dy 337 + 013 37 3.01 0.36 121
Ho 065 + 002 37 0.51 0.14 26.6
Er 204 + 005 25 157 0.47 29.8
Tm 032 + 001 3.0 0.28 0.04 15.4
Yb 214 + 010 4.6 216  -0.02 -0.9
Lu 035 =+ 001 34 0.32 0.03 8.8
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Table 4. Major and trace element compositions of Miocene volcanic rocks from southe rn margin area in Northeast Japan arc

locality Kanuma

Hn—-type HSr-type

Sample No. Basalt (Pl-poor) Basalt (Pl-rich) Andesite Basalt

H-01 H-02 H-03 H-04 15031304* 15031309* 15031303* 15031305* 15031306* 15031310* 15031308*  15030205* H-05 H-06  15031301* 15031302*
Major and trace elements analyzed by XRF
SiO, (Wt%) 5214 5277 5280 53.11 52.38 52.09 51.38 53.17 5221 50.95 56.09 62.83 5119 5131 50.90 48.52
TiO, 0.79 0.88 0.84 0.81 0.79 0.78 1.05 1.07 1.38 1.00 0.86 0.86 0.93 0.94 0.98 0.90
Al,0 16.32 1844 1760 17.30 16.71 15.97 21.78 20.43 19.31 21.83 19.81 18.21 18.88  18.48 20.13 18.39
FeO' 8.35 6.76 711 7.70 7.61 8.09 7.92 7.89 8.91 8.37 6.95 5.56 9.05 9.14 9.36 9.11
MnO 0.17 0.08 0.12 0.18 0.18 0.17 0.20 0.12 0.11 0.14 0.21 0.06 0.19 0.19 0.11 0.22
MgO 9.34 7.25 8.03 747 9.62 10.19 311 2.68 3.74 3.25 3.85 1.22 6.20 6.80 4.24 6.27
CaO 993 1058 1032 10.27 9.56 10.15 10.49 9.38 9.56 10.74 8.73 7.09 1086  10.57 11.15 11.29
Na,O 242 2.84 271 2.75 2.68 2.23 3.01 3.03 3.13 2.88 2.84 331 2.29 2.30 2.27 212
K;0 0.57 0.55 0.56 0.58 0.52 0.38 0.56 1.02 0.88 0.51 0.77 1.06 0.32 0.34 0.28 0.32
P,0s 0.08 0.09 0.10 0.09 0.08 0.08 0.17 0.18 0.23 0.15 0.12 0.13 0.13 0.14 0.15 0.12
Total 100.11 10024 100.19 100.26 100.13 100.13 99.67 98.97 99.46 99.82 100.23 100.33 100.04 100.21 99.57 97.26
LO.lL 1.69 3.84 5.09 2.84 115 1.85 114 2.78 2.25 2.35 2.26 1.47 1.45 0.93 3.29 3.09
Ba (ppm) 136 119 114 117 119 112 120 139 173 115 263 232 101 102 91 91
Co 39 34 39 36 36 41 22 17 25 24 18 1 30 31 24 32
Cr 432 357 376 331 334 429 17 52 50 24 79 17 116 111 129 186
Cu 49 41 41 24 33 34 7.2 44 16 27 83 16 85 6.0 n.d. 37
Ga 15 17 16 15 16 15 19 19 19 19 18 18 16 17 17 16
Nb 15 15 17 15 14 2.0 33 4.1 55 2.7 4.7 35 18 19 31 19
Ni 141 165 188 153 186 196 22 5.8 6.7 37 94 51 13 16 13 23
Pb 30 25 30 25 2.7 20 34 28 41 31 81 5.3 17 19 25 20
Rb 14 10 12 14 10 74 9.1 25 19 14 34 29 43 6.1 7.9 6.7
Sr 195 238 229 227 212 202 329 308 319 304 234 213 297 289 313 283
Th 14 23 2.8 19 19 11 19 22 25 24 4.2 5.2 0.6 0.6 24 04
\% 276 281 253 263 258 269 238 250 295 257 212 143 276 270 283 270
Y 23 25 22 22 22 30 31 27 39 26 39 28 19 19 47 19
Zn 71 60 71 69 68 73 84 84 102 82 80 51 87 85 61 78
Zr 64 64 60 63 60 56 83 102 126 67 104 112 72 75 72 75

"Total iron as FeO. L.O.1., loss on ignition. n.d., not detected. *Data for Miyashita (2015MS).
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Table 4. continued

locality  Utsunomiya

Myo—type Kz-type

Sample No. Andesite Basalt Andesite Dacite

M-01 M-02 M-03 M-04 M-05 K-13 K-01 K-02 K-03 K-04 K-07 K-08 K-10 K-11 K-12 K-05 K-06 K-09

Major and trace elements analyzed by XRF

SiO; (wt%) 55.04 5894 5672 5515  56.77 51.06 5473 5503 5508 6160 5831 53.05 5824 5919 5459 68.17 6322 6331

TiO; 0.93 1.06 134 137 0.61 1.49 141 1.46 143 0.95 123 135 1.02 129 1.42 0.94 0.94 1.07
Al 04 1706 1686 1727 17.08 17.63 22.79 1820 1839 1821 1717 1752 1963 1757 1662 1851 1520 1599  16.19
FeOf 8.51 7.86 8.49 8.69 7.25 7.63 8.46 8.14 8.15 5.86 7.61 7.70 7.89 7.37 7.97 4.45 5.72 5.93
MnO 0.16 0.15 0.16 0.17 0.15 0.07 0.17 0.17 0.16 0.11 0.22 0.19 0.20 0.26 0.17 0.06 0.46 0.14
MgO 5.38 344 3.39 4.85 4.73 3.27 293 2.83 2.93 164 250 343 2.66 2.63 2.93 0.48 1.63 174
CaO 9.77 7.81 8.43 8.14 8.97 9.59 8.26 8.11 8.15 5.60 6.57 9.73 6.74 6.51 8.07 3.93 512 5.04
Na,O 1.69 1.68 2.20 2.14 1.98 3.23 3.53 3.55 3.52 381 3.63 2.94 3.44 3.93 3.56 3.98 3.89 3.69
K,O 0.28 0.84 0.40 0.61 0.86 0.35 0.77 0.80 0.81 1.67 0.85 0.46 0.87 0.88 0.76 2.26 181 1.87
P20s 0.10 0.13 0.19 0.21 0.08 0.23 0.32 0.33 0.33 0.28 0.32 0.25 0.20 0.40 0.32 0.26 0.25 0.21
Total 9892 9877 9859 9841  99.03 99.71 9878 9881 9877 9869 9876 9873 9883 99.08 98.30 99.73  99.03  99.19
L.O.l. 1.83 4.49 401 4.24 2.45 5.79 131 1.76 1.48 2.85 4.08 197 3.27 2.18 2.63 1.40 2.65 1.29
Ba (ppm) 184 140 186 168 276 79 180 177 187 296 243 207 289 252 147 365 313 363
Co 30 18 20 24 23 21 21 19 18 10 10 20 19 15 20 4.7 14.2 15
Cr 83 18 28 37 44 22 13 11 11 7.2 6.3 25 6.0 9.6 1 6.3 83 7.3
Cu 20 12 25 15 6.2 23 27 21 15 6.2 16 26 12 14 27 6.9 1.7 10
Ga 16 16 17 19 15 22 18 20 18 18 20 17 20 19 18 18 18 19
Nb 35 45 7.9 6.0 4.9 34 41 4.9 5.0 74 6.1 42 6.7 6.6 4.6 8.0 7.0 7.9
Ni 16 34 10 58 9.4 11 3.9 3.6 34 12 1.0 7.8 1.0 17 0.2 2.8 23 2.7
Pb 48 3.9 2.8 3.7 5.0 4.6 41 5.2 5.8 9.4 7.7 4.4 10 71 48 13 11 11
Rb 22 27 13 18 24 9.3 26 26 27 57 33 12 32 27 14 85 66 65
Sr 225 191 186 202 236 235 186 188 186 185 206 222 187 193 189 133 156 157
Th 22 30 43 32 41 34 24 29 25 7.2 3.9 17 5.0 3.9 34 8.9 1.7 6.7
\% 250 219 231 254 214 262 205 213 207 70 69 222 157 120 199 87 93 128
Y 22 25 32 37 18 37 55 56 53 62 55 39 53 75 56 64 68 57
Zn 83 87 94 99 72 108 96 99 97 87 109 98 112 104 97 85 82 98
Zr 72 86 113 117 83 156 139 145 142 219 195 109 187 183 160 246 220 218

"Total iron as FeO, L.O.1. : loss on ignition.
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Table 4. continued

locality  Motegi

Mtg—-type

Sample No. Basalt Andesite

Mtg-02 Mtg—06 Mtg—01

Mtg-03 Mtg—-04 Mtg—05

Major and trace elements analyzed by XRF

SiO, (wt%) 5171 51.70 54.39

TiO, 1.05 114 1.22
AlLO, 21.34 18.76 19.49
FeOf 8.21 9.50 7.65
MnO 0.16 021 0.22
MgO 3.09 5.92 320
CaO 10.38 9.25 9.99
Na,O 310 2.68 2.62
K0 0.56 0.46 0.79
P20s 0.17 0.18 0.17
Total 99.77 99.80 99.74
L.O.IL 0.87 1.01 174
Ba (ppm) 132 109 183
Co 20 32 20
Cr 16 38 52
Cu 12 19 21
Ga 20 18 19
Nb 36 26 42
Ni 19 14.8 38
Pb 35 33 5.0
Rb 10 11 22
Sr 325 297 274
Th 16 11 2.8
\% 232 243 267
Y 26 23 25
Zn 84 98 87
Zr 96 79 95

59.76
0.85
18.84
6.29
0.13
173
7.02
3.74
115
0.22
99.73
1.49
360
13

10
4.0
19
6.2

n.d.

8.4
32
310
3.2
94
29
90
166

58.37
0.86
19.80
6.37
0.14
1.82
7.69
3.66
1.05
0.23
99.99
1.48
312
12
8.3
11

20
6.3

n.d.

7.0
28
326
3.3
96
28
90
159

56.90
0.91
18.37
7.72
0.16
3.70
7.90
312
0.96
0.16
99.90
117
267
21

13
48
18
4.2
5.2
6.7
26
247
2.0
183
27

92
127

"Total iron as FeO. L.O.1., loss on ignition. n.d., not detected.
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Table S. Rare earth element and Sr—Nd isotope compositions of Miocene volcanic rocks from southern margin area in Northeast Japan arc

locality Kanuma

Hn-type HSr-type

Sample No. Basalt (Pl-poor) Basalt (Pl-rich) Andesite Basalt
H-01 H-02 H-03 H-04 15031304 15031309 15031303 15031305 15031306 15031310 15031308 15030205 H-05 H-06 15031301 15031302

Rare earth elements analyzed by LA-ICP-MS
La 5.0 5.3 48 48 4.6* 5.7* 8.0* 8.6* 11* 6.0* 17* 11* 53 54 13* 4.4*
Ce 12 14 12 12 11* 12* 17* 21* 24* 15* 31* 24* 12 12 14* 9.8*
Pr 15 17 14 14 1.4* 1.6* 2.2* 2.6* 3.1* 1.8* 4.0* 2.9* 15 15 2.4* 1.3*
Nd 7.6 8.8 7.7 72 7.1* 8.7* 12* 13* 16* 9.7* 20* 13* 74 75 18* 6.8*
Sm 19 22 18 18 1.8* 2.1* 2.9* 3.0* 3.6* 2.4* 4.6* 3.0* 18 18 4.0* 1.6*
Eu 0.8 0.9 0.8 0.8 0.8* 0.9* 1.2* 1.3* 15* 1.0* 1.7* 11* 0.9 0.9 1.9* 0.9*
ad 2.8 33 2.8 2.7 3.0* 3.4* 4.2% 3.8* 5.2* 3.7* 6.3* 3.9* 2.3 24 6.0* 2.5%
Th 0.5 0.6 05 05 0.5* 0.6* 0.7* 0.7* 0.9* 0.6* 11* 0.6* 04 04 1.0* 0.4*
Dy 33 37 35 33 3.2* 3.9* 4.5% 4.1* 5.6* 3.9* 6.6* 4.2* 2.8 29 6.4* 2.7
Ho 0.7 0.7 0.7 0.6 0.7* 0.8* 0.9* 0.8* 11* 0.8* 1.2* 0.8* 0.6 0.6 1.3* 0.5*
Er 22 23 21 20 2.1* 2.7* 2.9* 2.7* 3.6* 2.5* 4.0* 2.7* 17 18 4.3* 1.8*
Tm 04 04 0.3 0.3 0.3* 0.4* 0.4* 0.4* 0.5* 0.4* 0.6* 0.4* 0.3 0.3 0.7* 0.3*
Yb 24 25 23 2.2 2.3* 2.6* 3.0* 2.9* 3.7 2.7* 4.2* 2.9* 20 2.0 4.4* 1.9*
Lu 04 04 04 04 0.4* 0.4* 0.5* 0.4* 0.6* 0.4* 0.7* 0.5* 0.3 0.3 0.7* 0.3*
Srand Nd isotope compositions analyzed by TIMS
87Rp/88sr 0.206 0.180 0.106 0.238 0.136 0.387 0.042 0.061 0.073 0.069
87gy/86gy 0.704095 0.704031 0.704542 0.705661 0.705232 0.705074 0.710693 0.710648 0.710403  0.710407
26 0.000013 0.000012 0.000014 0.000014 0.000014 0.000014 0.000013 0.000014 0.000014  0.000014
Srl 0.704047 0.703989 0.704517 0.705606 0.705200 0.704985 0.710683 0.710634 0.710386  0.710391
&Sr -6.16 -6.98 0.51 16.0 10.2 7.15 88.0 87.3 83.8 839
147 gy 44Nd 0.1512 0.1512 0.1460 0.1417 0.1496 0.1364 0.1471 0.1451 0.1359 0.1423
143Ng/4%4Ng - 0.512799 0.512838 0.512762 0.512615 0.512663 0.512700 0512202 0.512282 0.512228 0.512279
20 0.000014 0.000013 0.000032 0.000057 0.000014 0.000020 0.000066 0.000014 0.000046  0.000014
NdI 0.512783 0.512822 0.512746 0.512599 0.512647 0.512686 0.512186 0.512267 0512214 0.512264
eNd 3.23 4.00 252 -0.34 0.59 133 -8.41 -6.83 -7.87 -6.89

Initial Sr isotope ratios (Srl) and initial Nd isotope ratios (NdI) were calculated assuming ages of 16.3 Ma for Hinata volcanic rocks. *Data for Miyashita (2015MS).
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Table 5. continued

locality  Utsunomiya
Myo—type Kz-type

Sample No. Andesite Basalt Andesite Dacite

M-01 M-02 M-03 M-04 M-05 K-13 K-01 K-02 K-03 K-04 K-07 K-08 K-10 K-11 K-12 K-05 K-06 K-09
Rare earth elements analyzed by LA-ICP-MS
La 8.9 8.2 10 11 13 8.7 8.8 9.2 8.9 18 14 8.1 16 14 9.3 23 20 21
Ce 19 19 24 24 26 22 23 24 23 43 35 20 37 33 24 52 45 48
Pr 22 23 30 31 30 2.8 36 37 36 5.6 50 29 48 4.8 31 72 6.3 6.3
Nd 9.6 11 15 15 12 15 17 18 17 24 23 13 21 22 18 30 27 25
Sm 2.1 25 35 37 24 36 55 5.7 5.4 6.6 6.8 43 5.6 6.8 4.4 8.0 7.6 6.6
Eu 0.8 0.9 13 14 0.8 15 17 17 17 18 20 14 16 19 17 19 18 17
&d 3.0 3.6 5.0 5.3 2.8 54 7.3 74 7.0 8.1 7.8 54 7.1 8.7 7.1 8.9 8.7 7.7
Tb 0.5 0.6 0.8 0.9 04 0.9 13 13 12 15 14 1.0 12 15 13 16 15 14
Dy 33 39 4.8 5.6 2.7 5.8 8.3 8.8 8.0 8.9 84 6.0 79 9.4 8.1 9.9 9.6 8.4
Ho 0.6 0.7 09 11 05 11 16 17 16 18 17 12 15 19 16 18 19 17
Er 21 25 30 35 17 3.6 54 5.6 51 5.9 53 39 5.2 6.1 5.2 6.0 6.3 54
Tm 0.3 04 05 0.5 0.3 0.6 0.9 0.9 0.8 1.0 0.8 0.6 0.8 0.9 0.8 1.0 11 0.8
Yb 21 25 29 34 18 38 55 55 5.2 59 5.6 41 53 59 5.6 6.1 6.6 5.4
Lu 04 04 05 0.6 0.3 0.6 0.9 1.0 0.8 1.0 0.9 0.7 0.9 1.0 0.9 1.0 11 0.9
Srand Nd isotope compositions analyzed by TIMS
87Rp /80y 0.283 0.409 0.202 0.258 0.294 0.114 0.420 0.156 0.405 0.219 1.849 1.198
87gy/88gy 0.709164 0.708685 0.707892 0.708649  0.709922 0.704925 0.704783 0.705193 0.705319  0.704732 0.705818 0.705943
26 0.000014 0.000014 0.000013 0.000009 0.000014 0.000013 0.000014 0.000013 0.000013  0.000013 0.000013 0.000013
Srl 0.709102 0.708595 0.707848 0.708592  0.709857 0.704900 0.704691 0.705158 0.705230  0.704684 0.705411 0.705679
eSr 65.6 58.4 478 58.3 76.3 5.94 2.97 9.61 10.6 2.87 13.2 17.0
147 gy t44Ng 0.1323 0.1374 0.1411 0.1492 0.1209 0.1451 0.1921 0.2000 0.1869 0.1462 0.1613 0.1596
143Ng/44Ng - 0512483 0512515 0512682 0.512646  0.512283 0.512863 0.512874 0.512748 0.512806  0.512862 0.512654 0.512660
26 0.000044 0.000014 0.000013 0.000010 0.000014 0.000013 0.000011 0.000013 0.000013  0.000014 0.000014 0.000010
NdI 0512470 0512501 0512668 0.512631 0.512271 0.512848 0.512855 0.512728 0.512787  0.512847 0.512637 0.512644
eNd -2.90 -2.29 0.98 0.25 -6.78 4.49 4.62 214 3.30 447 0.38 0.50

Srland NdI were calculated assuming ages of 15.5 Ma for Myogazawa and Kazamiyamada volcanic rocks.
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Table 5. continued

locality  Motegi

Mtg—-type

Sample No. Basalt Andesite

Mtg—02  Mtg—06 Mtg—01 Mtg-03 Mtg—04 Mtg—05
Rare earth elements analyzed by LA-ICP-MS
La 8.2 6.1 10 16 16 13
Ce 20 15 24 36 35 28
Pr 24 19 29 43 41 33
Nd 12 10 14 19 19 15
Sm 28 23 30 39 38 32
Eu 12 11 11 14 14 11
(€] 38 34 38 4.6 4.7 40
Th 0.6 0.6 0.6 0.7 0.8 0.7
Dy 4.1 3.6 41 49 4.6 43
Ho 0.8 0.7 0.8 09 0.9 0.8
Er 25 21 25 28 2.6 25
Tm 04 0.3 04 04 04 04
Yb 26 21 24 30 27 27
Lu 04 04 04 05 04 05
Srand Nd isotope compositions analyzed by TIMS
87Rp/8%sr 0.091 0.106 0.233 0.302 0.247 0.303
87gy/86gy 0.705670  0.706192 0.707697 0.707382 0.707326  0.707040
26 0.000009  0.000014 0.000014  0.000011 0.000014  0.000010
Srl 0.705648  0.706167 0.707641 0707310 0.707266  0.706967
eSr 16.58 23.94 44.87 40.16 39.55 35.30
147gy144Nd 0.1377 0.1337 0.1334 0.1268 0.1222 0.1316
143Ng/44Ng - 0512571 0512689 0.512367 0512415 0.512519 0.512454
26 0.000014  0.000014 0.000014  0.000014 0.000017  0.000014
NdI 0.512556  0.512675 0512352 0512401 0512505 0.512439
eNd -1.18 114 -5.15 -4.20 -2.17 -3.45

Srland NdI were calculated assuming ages of 16.9 Ma for Motokozawa,

Yamanouchi, and Motegi volcanic rocks.
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Table 6. Mineral/melt distribution coefficients for basaltic to andesitic magma

Pl ol Opx Cpx Mt Reference

Rb 0.071 0.0098 0.022 0.031 0.01 @, @
Sr 1.830 0.0140 0.040 0.060 0.010 @, @
Nb 0.010 0.010 0.15 0.005 0.40 @

Zr 0.048 0.012 0.18 0.100 0.10 @

La 0.190 0.0067 0.031 0.056 2.3 3),®
Ce 0.120 0.0069 0.02 0.15 2.2 4, (5)
Nd 0.081 0.0066 0.03 0.31 2.0 4, (5)
Eu 0.340 0.0068 0.05 0.51 11 4, (5)
Yb 0.067 0.0140 0.34 0.62 14 4, (5)

PI, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Mt, Magnetite.
Bulk D, Bulk distribution coefficient.

References: (1) Rollinson (1993), (2) Gill (1981), (3) Fujimaki et al. (1984),

(4) Schock (1979), (5) Arth (1976).
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Table 7. Fractional phase for AFC calculations of basaltic and andesitic magmas

Locality, rock type Pl ol Opx Cpx Opq
Kanuma, Hn—type basalt (Pl-poor) 32 35 0 31 2
Utsunomiya, Kz—type basalt to andesite 91 0 3 4 2
Moteqi, Mtg—type basalt to andesite 87 1 3 8 1

Pl, plagioclase; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Opg, opaque mineral.

Data source of modal compositions are from Table 1.

Table 8. Bulk distribution coefficients for AFC calculations of basaltic and andesitic magmas

Locality, rock type Rb Sr Nb Zr La Ce Nd Eu Yb
Kanuma, Hn—type basalt (Pl-poor) 0.036 0.60 0.017 0.052 0.13 0.13 0.17 0.29 0.25
Utsunomiya, Kz—type basalt to andesite 0.067 17 0.022 0.055 0.22 0.16 0.13 0.35 0.12
Motegi, Mtg—type basalt to andesite 0.065 16 0.018 0.057 0.19 0.14 0.12 0.35 0.13

Data source of mineral/melt distribution coefficients are from Table 7.
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Table 9. Major and trace element compositions of the granitic basement rocks from
Utsunomiya area

Northern—type

Southern—type

Table 10. Rare earth element and Sr—Nd
isotope compositions of the granitic
basement rocks from Utsunomiya area

Sample No.
01002  3190la 31901b 31902 31904 80904 31903 31905 31906

Major and trace elements analyzed by XRF

SiO; (Wt%) 74.73 68.74 67.90 68.91 70.40 73.96 74.48 74.40 73.48
TiO; 0.11 0.43 0.39 0.38 0.34 0.22 0.13 0.12 0.22
Al O 13.03 15.01 14.87 15.82 14.70 13.84 13.86 13.17 13.52
T-Fe,05" 1.72 4.19 391 3.66 3.65 2.78 201 2.18 2.88
MnO 0.05 0.06 0.07 0.08 0.05 0.05 0.04 0.05 0.07
MgO 0.34 0.83 0.76 0.60 0.83 0.53 0.36 0.69 0.50
CaO 0.56 311 3.19 3.09 1.73 152 0.66 0.43 131
Na,O 2.84 343 3.24 3.03 3.26 3.49 3.10 2.71 3.30
K,0 5.36 2.75 3.21 3.35 4.18 4.47 5.25 5.20 4.59
P,0s 0.02 0.10 0.09 0.08 0.08 0.05 0.03 0.02 0.05
Total 98.76 98.65 97.63 99.00 99.22 100.91 99.92 98.97 99.92
Ba (ppm) 490 1256 1367 1417 805 374 415 381 466
Co 2 6 5 5 5 4 2 1 3
Cr nd. 5 4 2 1 1 nd. nd. 4
Cu 6 33 10 16 9 10 12 101 19
Ga 17 18 17 18 18 16 17 16 16
Nb 10 9 8 10 10 1 9
Ni 4 n.d. 5 3 4 6
Pb 21 13 14 20 15 21 25 36 23
Rb 208 76 100 85 163 210 205 209 208
Sr 54 267 261 285 164 115 56 44 110
Th 24 11 1 9 17 24 22 24 26
\Y 8 73 45 8 29 25 12 1 9
Y 36 35 27 22 27 46 38 49 40
Zn 49 162 110 108 137 47 39 80 52
Zr 122 324 327 313 208 147 128 122 144

Northern—type Southern—type

Sample No.
01002 80904

Rare earth elements analyzed by LA-ICP-MS

La 14 50
Ce 27 70
Pr 31 1
Nd 13 41
Sm 36 91
Eu 0.4 10
Gd 36 75
Tb 0.9 15
Dy 49 7.9
Ho 10 14
Er 32 4.7
m 0.6 0.7
Yb 4.0 5.7
Lu 0.6 0.8

"Total iron as Fe,0s. n.d., not detected. Data for Nishikawa et al. (2015).

Srand Nd isotope compositions analyzed by
TIMS

87Rb/868r 5.454*
87gr/80sr 0.714257*
26 0.000014*
Srl 0.713056*
£Sr 121.7*
147Gy 144N 0.1342*
143N/ *Nd 0.512158*
26 0.000014*
Nd| 0.512144*
eNd -9.25%

*Data for Nishikawa et al. (2015).
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Table 11. Geochemical results and ages of Miocene volcanic rocks from southern margin area in Northeast Japan arc

Hn—type | HSr—type Myo-—type | Kz-type Mig—type refference
Addition of slab-fluid derived Sr—Nd isotopic composition
from Philippine Sea plate X X O X O Th/Ybratio

Basaltic magma affected by .
AFC process O X O O O AFC model calculation
Yoshikawa et al. (2001),

Yoshikawa (1998),

Whole rock K-Ar age (Ma) 17.3-15.3 15.3 16.6-14.8 18.4-15.7 Seno et al. (1987),

Takahashi and Hoshi (1995),
Ishizuka and Hoshi (1997)

T Upper

Paleomagnetic stratigraphy

J Lower

Normal pola

rity Normal polarity

Reverse polarity

Normal polarity

Reverse polarity

Normal polarity

Takahashi and Yoshikawa (2008)

Opening of the Japan Sea




Transition of magmatic activity reflecting the opening event of Japan Sea, in the

northern margin area of central Japan

Ryuichi SHIMIZU

Abstract

Early to middle Miocene basalt to dacite are distributed in Kanuma, Utsunomiya and

Motegi areas, northern margin of central Japan. These volcanic rocks are divided into

five groups: Hinata basalt to andesite (Hn—type) and high Sr isotopic basalt (HSr—type)

in the Kanuma area, Myogazawa andesite (Myo-type) and Kazamiyamada basalt to

dacite (Kz-type) in the Utsunomiya area, Motegi basalt to andesite (Mtg—type) in the

Motegi area based on their petrological, geological, and Sr—Nd isotopic characteristics.

K-Ar whole rock ages of these volcanic rocks are reported as corresponds to the epoch

of the opening event of Japan Sea. These volcanic rocks belong to the tholeiitic rock

series. The Hn—type and the Kz—-type show Sr—Nd isotopic ratios close to the undepleted

(Lithospheric) mantle. From this, it can be considered that the Hn—type and the Kz—type

volcanic rocks were originated from the undepleted mantle. However, the Sr—Nd

isotopic ratios from these rocks show negative correlation indicating, that the genesis of

the Hn-type and the Kz-type cannot be attributed to simple fractional crystallization of

primary basaltic magma, but to an assimilation and fractional crystallization (AFC)

process. An AFC model using the basement rocks as the assimilant can successfully

reproduce the isotopic and chemical variations of their volcanic rocks.

The Myo-type volcanic rocks show have a very high initial Sr isotope ratios (Srl) and



low initial Nd isotope ratios (NdI). Therefore it is difficult to form the Myo-type

volcanic rocks by the assimilation of the basement rocks. The Myo-type volcanic rocks

are plotted on mixing line between Depleted MORB Mantle (DMM) and subducted

sediment beneath the northeast Japan arc in Th/Yb versus NdI and Th/Yb versus Srl

diagrams. In addition, the Myo-type volcanic rocks have the Sr—Nd isotopic

compositions close to the Quaternary volcanic rocks in central Japan, which have

affected by slab—fluid derived from Philippine Sea plate. Furthermore, it is showed that

the Philippine Sea plate was subducting beneath the northern margin of central Japan

before the opening of Japan Sea, based on the paleogeographic reconstruction model of

Japan arcs. In conclusion, the Myo-type were produced by partial melting of the mantle

strongly added to the slab—fluid.

The Mtg-type volcanic rocks have the Sr—Nd isotopic compositions between the

undepleted mantle and the basement rocks suggesting that the assimilation with the

basement rocks. In addition, the trace elements (Nd, Nb and Rb) and the Sr—Nd isotopic

compositional variations of the Mtg—type are showed that successfully reproduced by

contribution of the basement sedimentary rocks as the assimilant, based on AFC model.

The HSr-type volcanic rocks show have an extremely high Srl and low Ndl.

Therefore, the HSr—type cannot be produced by mantle-derived magmas assimilation

with the basement rocks, or partial melting of mantle added to the slab—fluid. This

remaining issue will have to be investigated in future.



