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Geological disposal of high-level radioactive waste requires not only selecting sites appropriate for the waste repository, where its
isolation ability would not be damaged by natural phenomena for several tens of thousands of years, but also rationally constructing
the disposal system depending on site-specific geological environments and their anticipated long-term variability. Recently,
elemental/isotopic compositions of underground fluids (deep groundwaters, hot/cold spring waters, brines associated with oil and
natural gas reservoirs, and so on) in Japan have been studied for evaluating the long-term stability of the geological environments of
this country. Iodine and its radioactive isotope '*’I (half-life = 15.7 million years) are included in the subjects of the study. The current
review paper provides overviews of (i) the iodine content and iodine-129/127 ratio (**/*"I ratio) of various materials in Earth's surface
layers, (ii) relevant sample pretreatments and measurements, and (i) '*’I/'*'I data of the underground fluids in Japan, then gives (iv)
some interpretations of the fluid '’I/'*'I data, along with their problems and uncertainties, and (v) some implications towards
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evaluating the long-term stability of geological environments.
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FTCBEE T 20058 T4 ha ) BREZRPTHY (2024~
2025 FICIXEMABRLETE « ASTTRE L 400~450 m), %E
TIERIERHO 7 + VA~ V7 BT I EFT OB O
R R R S LT WA EREETEAY 500m) . 7238, H
AT, JFA/13ETHE U HERFEREHIHEORE (FA A
ARER TV =D A, U U EREIR) - BAELSh, ol
BEii & 1 7 AEIRIC LT, Zhgm LUV
& UTCTHIEMLY 3528, R0 2 7 [E Gl A kel & Fa
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I LW E RIFTBIG AT 2 aTREMESC, AR H)
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AZARENOHE - i FERBE - M8 ICBE 3 2 M g7

EEICEHEINTEY, #AE - FRFIELZRITD-
TWa. T7bb, HHAHEREZIZICD, SAHY -
MR GRRAK « HITK - fifk - KIRH A) OHER{LS:
BT LA E, MR AR, IR fiEsT (B 20X
GNSS &), HHEs (Fl 2 TR HETE) 7o L, Bix
RIFERAVWLNATEY, BEREFTFE~FEETOAR
ENOME - M NEREEOWELR - (LFELS, TORE
PRI BT 2R T T DL FRIZITE T, A
KB OM FHARD TR « FAERED, HEBRBED
YERERCEM L S ORI TF S35 & S G
DY &, Kex IRGEETH BT IRIABURE I EREL - RS T
W5 [3-8]. ELTC, ZOWFREEIZIET U 129 CHE
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7 Kt 351 2 WE AR A 7 — L CORBBE O
fc = UF 129 BEHTH Y, OV CITIREHE BB O i
ICH 5T 2N D D00 THDH. AR T, ()
KRB TOa UHRDA - BIRE - fEER, (i) T UHE 129 O
ECIR - 5370, (i) HUERREEE o 3 U RRE - 3 7% 129
PEERECOWTHERL, 51T, (iv) BAERNOHT
FRAEE GEEHL TR, IRIRIK, AR 2 IS TRE
T AWK L) O UHFE 29T —F B - BRBL, (v) 4
FEAFFE O WU BR BT R 122 B MEREAIZ M 7RI 2 D Tl
~5.
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avFE () FEAMES 17 Ko a s v LI s o
TN—TICmT B, 7vH#E (F), HFE (C), BFE (Br)
LT N—TIET B, e P IR - RN &
< BRFUZB W THRTEAET 5 Z L 13RO TR TH 5.
I UEROHEMITFIEFE (20~25 C - 1 &E) TixéBE;
RobsBONFFER ) THHR, BCE (BRI
ETHERELTCIVEIR () 1T, TOEL I
T (B, AKF#E, RFERY) LLAETE. ZLTZofk
BRIEDLZITIE, N s ORETH DAL ER IG5

e Z IR L COMT B ETIERWIC S <, BB RE
B AR LB L.

HIERFEE TIdT U #EITH 87X 105 kg FFET D & RAED
LNTEY, 205 HD 68%(5.9X 10 kg) 2SUEEHERY),
28% (24X10¥kg) MHERTS, #2.6% (23X10%kg) 73
KE - BRE, 0.8 %REEE (7.0X 10 kg) 23K, 0.6 %
FREE (5.4X10Bkg) 2VEEHE (XREHE) KHEET D &
EZHNTWS [9-11] (Fig. 1). MBEEHERED & HEfEA O3
URGEREADED L 96%E 720, KEEMFED KERD %
180D KAESRARE O 3 U RFEREEF LTS, 1
HEWREY O 3 URFEEDSKEVEBE, 3 vRIBAE
¥ (biophilic) JLR TH Y, FRWFEEMH - W7 Z7 7 b
IR - BRE ST (2L O—ERIZEIcHA SN0,
T D DR - FRIAER TR S TR R
Mg (v VA —) ELTHRRE - HER LR RESB XD
D [12]. L7edioC, MR Oa vED S B, 273
D OMABEHEEETIFEL TV EBbh 5. fiikFos
UEOIFEAE T TREBAA L (105) & LTIFEL T
20, BISNICHEERTE OKEE 100 m KHOEE) Tl
WAEMDIERT, HHBRED 0y BTSN TI VA
> (1) 127229 (I =10-40 %; 103~ = 90-60 %) [13-15],
ZOTO—EIEa vibA T (CHD RIUHEHTA (L) &

595, ZOX D RBEFERER - KIoHEIC XY, 3 vFEr
aerosol fall rain/snowfall
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Fig.1 Cross-sectional view of the Earth's surface layers (atmosphere, ocean, sediments, oceanic and continental crusts, and
upper mantle) in the fore-arc area, showing the circulation of iodine (in red), where (i) its biochemical and photochemical
reactions in the biosphere, atmosphere, and hydrosphere and (ii) its possible upward mobilization with deep fluids in the
continental crust are described. Iodine-rich brine associated with natural gas/oil fields nearby the coast may originate
from accretionary complex and/or subducting seafloor sediments. Iodine-depleted spring water, far inland from the
subduction zone, may be derived from the upper mantle where dehydration of the subducting oceanic crust occurs. About
70 % of iodine within the Earth's surface layers exists in seafloor sediments, as indicated in the lower right pie chart. The
figure and pie chart are based on [10], with many additions and alterations to the originals.
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eo TRAWDHEHE &5 [10,11,13-20]. K&EHF T Ui
HACTF RS B Lo M 73 SO % % C, CHiL, Iz, HIO, CHaly,
07 EFOSKERTIRE Y, =27 VLK TS, K
K[PHHIFEA~D I UEOBITIRERT, EICHK - KBS, M

A LHA~OWFE, =7 e g RETH S H [10,11,19].

iR - Mg DURFE~D I U EOBITIZEIL - 2 & - 1l
REKRFHC XD EEZ BN [21]. £, KILFEE e X
Ko THIERF O I URNKR - MR RH SN LS E
Z b3 [21,22].

Edo X Hic, HEREBICHET 2 3 vEROK 7 HIHE
FERED P AET D EBX6ND0, e (71—
N) A3 KBRS T AATRR T, # 0 EOWEHEREY
O—# b —FEIZIEAA AL TP [10,11,20] (Fig.1). Z DIk
FRIAFIBFR CRAEO I 7 HRIL, RALKES bk
7 (MEREW T OHHCREBE O/ ECAER) 3 LUK
K& & HITHHERERE > b RKEHEA~FEAT L, T K -
TR KPR DVETERR T IZ 72 % B 2 Bivd. Table 1 121X
B x 2 HIERR BB D 3 URREZRENTND D, JRE
DEWIBEIZ, YEEE - W77 7 b o >UREREREY > iR
K> 3= T K - IRSRAK > HEAK >R - ik > B
K>>KRIZTHY, I, s (AIRE, BA, a)
>>KE - Eia (BT, KikeE, RlsE, 166
A, T T=aT4 N, ARE, KEA) Tho [8,9,11-16,19-
21,23-36].

Table 1 Typical concentrations of iodine (**’I) for various

samples from the Earth's surface environment
Iodine ('27)

Sample material concentration Reference
(ppm [W/w])
Atmosphere (lower
[1-20]x1076 Ll [19,21,23,24]
troposphere)
Marine algae/phytoplankton 20-2,500 [9,12,23,24]
Marine sediments 2-400 [9,24,25]
Seawater 0.04-0.06 [11-16,24,25]
Rainwater 0.001-0.005 [24-26]
River and lake water 0.001-0.02 [23,24]
Deep groundwater and
. 0.05-50 [8,11,20,27-35]
spring water
Underground brine 50-200 [11,20,27-32]
Soils 0.4-55 [36]
Limestone 0.2-4 91
Shale 0.2-6 [91
Greywacke and sandstone 0.05-0.2 [91
Peridotite 0.01 91
Basalt 0.005-0.02 [9]
Andesite 0.004-0.07 [9]
Granite 0.002-0.08 [91
Granulite 0.01-0.02 [91
Gneiss 0.01-0.05 [91
Marble 0.03 [9]

2l in units of mg per m? of air, roughly equal to ppm [w/w]

BB - W 7 Z v 7 b o 3 T BEREIIHNEVISE D
73, () MEHERE O 2 U 3 IRFEE R (104~1072[12,37]),
(il) BUFERE NA A~ A GEE - WEESE © 1.0X 102 kg SR
F [38]) B L) DWERLTRERAEE (77 v

B BREE R 2 EPERTATR (Z 1F) ) T

b R0F DR - PEEY 1 1.8 X108 kg R [39]) ZHWT
DR G - JHERL T2 &) ofa vEEL
BT E 1.9X[10~101 kg £ 720, ZAUTEHEEKD
3 UFEE (7.0X10%kg: Eid) @ 0.3 %AmMITIEE 720 (Fig.
1O 7T 7 TEFRTERWVIEENSW). Ko T, Yk
¥ - W77 b ol EOWRERIRE, HERFRETO
I UFRITREEE LCTHD DEIGIIIERITENTENR, Wk
DUFEHEREY) ~D 3 ¥ RSB TIE AL 7 e il 2 40
STWh EEZOLND. UEDZ LE2RETDL, MiEkE
JEIZH1 5 3 U FEOMEFRA 7 — N TOEEMRBETRIIL,
() MR SRS - i 7T 0 b ~DREKE - L —
(i) WHEHERED ~DERE — (1) 7 b — MEBNT L 2 Kk
HFA~DOBAT — (iv) BETH T RAET COME — (v)
KRS K & U TSR/ KRB/ KR~ B — (vi)
WA~ O & fEmS T bivd.

1.3 3A9F 129221V T

3 U HRITIE 37 FEORMARN S TWB N, HEH 127
O R~ DRERMATH Y, ZOMILE THEHER
PAETHD. 2N S DEERM RO T, EEEK 129 D
297 12 AN 1,570 TEOEHFGER TH LA (B
[Emax: 154.4keV], v ## [39.6keV], x # [29-30keV]% ikt
LU CLERH PXe 1T702), & OMITAE TR 60 HA
WOEFMEETHDH. 2N b DI U RENKD RIRTFE
FEERIZ, 121 AMEIE 100 %, 2143 10710 %fRE TH 5 7=,
IUEITEEEITENOET S TA Y Py I TEE VLD,
& o THIERRLAFFE CHb L 2 3 7 R AR 12T ©
b, HERKRBIZBIT 5 OAEBGREEIZKR D 3 DITIZIFER
EEND () KEFOFE /¥ Xe) &FHMOBRIE ;
(i) MR- VEEF O Y T v (U) O HEESRL; (i) T 1945
LB D NFERTEE) (BB, Bt ofEH -
). NEBEEEERTO KUK E T 0 121 D13 100~260 kg
BRELARL O TEY [20,27,28,40-42], #EL C—ETH
ST ERESN TS, —JF, ANEERENC X0 KEUKE
WA & 121 O &EITEE 2000 AEI2iE 5,500~6,000 kg
(BETEEhATOK) 21~60 %) 1ZZEL, EORFITIREE T 7
4=V B I OWMAET « 7 — 7 OB ALY 7> 5 D
K DUFERHICE D2 DO THD. b 2 DO
FEE% 2> DUFE L S AWK Y, AbifEERBE LT/ vy
= —INERCHEIZN, BEOEZAS vy = —¥F - LG
JERBIZHHEE L O D (RFEFEIZIHIFE & A S LT
LEZHND [40,41,43]. BRI, KRB S iz A&t
TR 2T OIS, RKERIZESE (TR 1945 4£~1980 ) 725
23 50~150kg, FEBRBIFFALERMIR > 5 03 900 kg FRIE & LA
HHNTVD [20,40-46]. Z D N&EIE 121 (TR o
Fim, WERME, TRKEEZFLGRL, TOME, KEo
OHERE B D 1011271 L3 NGB R & e~ T
ER L., e NERIESRTOMEREERED
9127 WERMD Z LIRS TIE R o tzny, () HEEHE
W, (i) NERISBIRICERE S AV B REOREAR, (iii)
T DR OJEREEIRTOFR) OBE, B I UG
EFAFRIZL Y, HEETOZEOMEIE[0.5~3.0]X 10712 L #f
EENTWD [28,47-54]. Z OHEFEITIE, 1883 FE I E IR
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& ALHEE O TR CERIR ST 4 S OgEERE O 1291/1271
e ([0.52,0.55, 0.67, 1.4]X107'2) BEEN TS [50]. F
72, AARENOHTIE R TK - IREAKCEA) O
2, NEBEBIOFER LA THRWE B 5iE o
1297/127] BE1F[0.03~0.3]1 X 1072 F2ETH 528 [8,11,20,29-35],
LR NEBAREIRTOM & D & —HHEL 2o TR Y,

THUTHU TR O 121 OIS THHT 5 Z LR TE
% (KRG 4 EizB). Zhuckk~T, T4 (1980~1990
REARE) OHIERFEHUEID 121271 i, KPERB AN
1071~10710 (AbERk>EEk), AAROKETHIA 10710~
108, BARORKAK (BEARCHIIIK) 25 108 FLHE, wWEF—
JRF R OB A T BN E THE (2011 4 6 ARER)
2 107~107, FiRDILHEDOEKE KD 108~100FLHE (2010
£11 H) THD [20,26,36,40,51-57]. T HAkx RilElo
91127 L D#FHE R L7 b DM Fig.2 THH. 5L LT,
AL ADT 4 vy —aLr (155 4,049m) THREShZ
KT = 7B LR, NGB OREIZ LY 1950
NS 1980 FEHITITHNT TH 100 fFi272> TV 5D

(121271 FRIRAIE STV 7RV [58].
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: Deep aqueous fluids in Japan (assumed to be unaffected by HNA(@l)
Sea-surface water around the world (before HNA)

Pacific ocean surface water (after the 1980s)

: Surface soils in Japan (after the 1980s)

: Meteoric waters in Japan (after the 1980s)

Surface soils around FONPP! after its accident in 2011

The North Sea surface water (after the 1990s, affected by NFRFIC of UK and France)
: An assumed value in Earth’s surface environments (before HNA) : 1.5 x 1012
d Old lodine ial : 1.5 x 10°4

: S-Purdue standard material (294-0597) : 8.378 x 10-'?

S-Purdue standard material (Z94-0596) : 6.540 x 10-

[J: JAEA MUTSU#2-3 standard material : 3.245 x 10-""
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{3l HNA : human nuclear activities; [°) FONPP : Fukushima Daiichi Nuclear Power Plant;
[€l NFRF : nuclear fuel reprocessing facilities

Fig.2 Approximate I/ ranges for several kinds of
aqueous and soil samples affected or not by human
nuclear activities (HNA) since 1945 (numbered as 1 to
7), together with (i) an assumed '2°I/'""I value of Earth's
surface environments before HNA (filled circle) and (ii)
1297/127] values of four standard materials applicable for
the AMS measurement (star, diamonds, and square)
[20,48,54,63-65].

2 393k 129 AlE ORLIEE

— i, PRI T RS L OPTE (NAA), FE
WA T T A~EESNE (ICP-MS), KimEHA Y &oHr
% (TIMS), INESRERERSE (AMS) REBHWSND
D, Fx OB RZ Pl E L THD &, NAA 2 107°
TR, ICP-MS & TIMS 728 108 2%, AMS 28 1075 Th 5
[11,20,59,60]. L7=23~>C, P17 3 10712~10"5 4 — &

—DRIKFABDORED TE 2 DI AMS DA TH 5 (Fig.2).

Lo TREITIE, AMS % V7o HERBR 0RO 1291/177 tr

BIE O 7= ORTIREZ T 5. AMS (2L 5 120177 b
BEZEIT I, EFRENS g vHERIH L, &K
I mg F2ED 3 VbR (AgD LA 152 ONEBANTH S.
Z ORISR A O O BN Lo TS, K
HICITIRRAK, T3 - FHe, RESEORTIIE L IR D.
Z ORPFRITITEEL D 2 7 RRERIEDE D 23, ZHUTK
HE<KHWLNADIT ICP-MS ThD (i THIHRA A
B,

2.1 RAKEE

RGN, WK, BEAK, K7 EDEREK
R0, TRESHLTFOK < RIRIK, WK 7R & ORI B 503,
BANAT O _E TR0 a yRRERETHY, ZOFIE
ITE L TROEY TH D : (1) #EHE 02~045 um D A >
TVLr T 4 VE TR (1) Z OEREN S DB E I
L (B0 P01 BRIEICAER), WK TRARE, K
(b7 v 7 AF LT E=U A (TMAH: [(CH3)4N][OH])
KT A W BTSN - BB ; (i) ZowiEoa vHE (127)
% ICP-MS CHIET S [11,35,61]. ZOHIETHW SN
DNEYERIE THE & LTI T L (120Te, 18Te) kBT D
L (18Cs) 3D [52-54]. BIEOFER, IEEFE O 3 v H#
REN 1mg/L THhHE4E, Bim bidZ ok 540 mL 725
1 mg D Agl RN G LN DIET RO T, THALOKFREITKS
U CHBSEREE (2.5 81) 217 5. IRk 3 v RRE
23 0.1 mg/L L FOHE, 1 mg D Agl k%15 51213 54 L
UEOEERVLETHY, HBENREV 2 LTHIEEN
REZ:D. ZO LD REAITHE mL OREHUEHC,
29117 LB 3 U BEA KR (Bl iXa VRIRE =
1,000 mg/L % 0.5mL) ZHH{KE LRI - B8 L GRIE
TOMFEREARTIRGE - 2.4 1), 1mg BRED Agl ILBIE b
D& LT L AEEERIE 2581 2175 [11,35].

2.2 +iF - HHEM

Schnetger and Muramatsu (1996)I1ZHVE « A=l b oo~
yr (3 vk, RE, HHK, 7 vF) & ICP-MS A A
sua~ 777 4 —CHET HODORHEE (~a b
fhE) & LT, BYNKfEE (Pyrohydrolysis 1) & &%

/

quartiml mixed powder of sample and V205 &4'_20(9)
(\__ thin platinum wire eranic boat

pure H;0 + TMAH ({(CHa)] [OH]") + Na:S03

iodine trap bottle

Fig.3 Combustion apparatus for iodine extraction from solid
(powder) samples; this method has recently been
applied to pretreatment of soil/organic powder samples
for the AMS '”I/'”] measurement. The figure is
modified after [36,62].
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L 7= (Fig.3) [62]. Muramatsuand Wedepohl (1998)I% = ®F
B, IR 2 #2459 300 fH O AN I
L, HiEkERE e~k o3 vERONT -l % AT
o7 [9] (Tablel ZHR). ZAULARE, HRic 88 - AR
B 191127 Bl E ORTAR TIZE D 2 OBIIK D RED
FANBRNTWD [36,56]. ZDOFETIE, Mk« BRI L7
15 - HEEBEE (0.1~1 g F2E) 2EEOR(L ATV
7 A (V20s) LIRALTHREVRENL (¥F72vs8) 12
AR, ZHREAGEECANTERL, TOR~EE L KK
K[RORE AT A (60~80 C) ZAKFEH TEA L7222 HEKF
T 1,000 CITHEAT 5. ZOREHILO% G ICITMEVW A S
MEBNZARY —VERET S, ZOASRITATEDZ
SIET DAL LTl E, A5y — VIR B AR A
BI~RET HOEBSEERH L. Zo—EOFIEIC X
D, MARENL I UEREREL, REVTAWEL2>TH
FENSYEH SN, WIVEOT THE SN S, WIHRIZI
TMAH & #ifiiEE ) b U 7 A (NaxS0s) OKREKB A - TH
D, BEOBRITGIEMCL>TITEIA (L) ZTER-T
KR CREMICHE S NS, BT, WIURD KR
Mo EESI - MR Ta v (Y1) RE% ICP-MS T
HIE U (PUEERIE T 31T 2.1 #iCbR), AEsighoa v
FENDIRWESIE, P12 EeSBEE D 3 0 FE A KIRIE
ZHEAE LTHEM - WEA L GRETSMEA AR : 2.4
), RIS 1mg BRI D Agl LB b D L H I L
THMAEEE (.5 8) 21T9.

ﬁgm

2.3 RERIEHEH

FIKAE, REA, BEeey v 5K L O e RENREEE
FUBHZRF LT3 wahh - IRERE AT 5 56, 22 f@icib
NP ENNK S RETE (Pyrohydrolysis 1) [9]23 ] T& %23
(Table 1), ¥TAFETIEY VB8 (22~26 w/w % H3PO4) 1250k}
TVRIRT D HIE BN STV D [51-54]. 2D U ERIEME
FEIZ X DRIBETFIRD — ] 2 L FIZiR <5 @ () 12~13g D
Bl 2 At (5120 150 mL ¢ 0.16 mol/LHCI) o 1T
TR L, RBERROK10% (129 2B - BETS
ZEITX Y, NARIR PG aTREE A PR T2 ; (i) 3K
B WK CEUBBE W VESR L, 7 U — 2 R FNTHIRRE
Bk, A ST - BEALT S ; (i) Z OHRFE
25 10g A4, MK CHES - im0 HE L T LERE
FETD ;5 (iv) 26 wiw % HiPOs N 2 CRlB 2 52 AR L,
100 mL DEEFFHE & T % ;5 (v) WK A 0.2~045 pm D A
TVLr T aona (R CIERT 2 ; (vi) IERER 5
W& (Fz1205mL) 2o - FARLTI vE (27D B
J& % ICP-MS THIZET 5 (WAEERE o1 2.1 HiCBER) ;
(vii) RERREEHAEL 10 g ICEEND I UHERITRICEK
FTug LT THY (Table 1 B/ ; [9,51-54]), ZnbiGsH
N5 Agl tEBHE 0.1 mg LLFIZ L2722 B2V T, JEIBIATR
(2, P LESBEA D 3 U REHKEER (Bl 21X 3 v RER
B =1,000 mg/L % 0.5 mL) Z4AE LCRM - WELL
FRIRTINFENARFBUE @ 2.4 i), RIS 1 mg FBRED
Agl IEBVE SN D K 51 Lzt CHBSIREMhE (2.5 #)
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B BREE R 2 EPERTATR (Z 1F) ) T

2.4 BEFMRCIARRE

BER D> X 912, AMS (2 X2 21/ [AIEZE T 572912
W, R D 3 R A U CRERIIC I mg FRE D Agl ik
B (R 250 008BEMThS. —F, EHERN
DI VGER, B 3 URRENMEVGSIE, RED
Agl Th# (B Z213< 0.1 mg DFIEHR) LvEShRn
ERBD. DX RS, () HEKICL DM - 57
ETCIIBOENN N REE 72 5, (i) ATLEREREL 5 D 129175
PrZ TR 25, (i) AMS HIERHZ 4072 1291 3
BoNRWTATREER D 522 EOMENEL S, 2 %[0
WS D720, TORMEHARIS, P ABEmD 3 vHEE
HKER BRI 5 2 & T Agl iR 2 o4 FikE
HARTIENARTRIE S WD . 2o NP2 esfEmo =3
TREAKER) (T72bb 3 v RMAKER) OFRMTFIE
O—HF% LLFIZAT ¢ (i) KE Woodward Iodine L8 = w7
Fitdh (Woodward Old Iodine [WOI] - '"®1/'71 It =1.5X 1074
[63] ; Fig. 2 &/) # AT A FHZ R LIZ 100 mg =L ;
(i) ZHAEBIEELZ 100 mL @ 1 % NaxSO3 KIFHRIC AN TH
B - iR 5 & 2 v RIREEDS 1,000 mg/L OFMAKEIK D315
5D (FIUHRITTELTRT).

REHRIR OB &, 3 URRE, P a2 Vs,
Cs, Rs& L, BINT %3 UBHAKERORE, 3 VKRR
FE, 212 LB FENEIN Ve, Co, Re & LT, BHEMICHE
Hivd Agl LD P12 thE Ry & TAUTREA R Y AL
.

_VS'CS'RS+VC'CC'RC

RM_ VS.CS+VC.CC (Kl)

BT NT Ry PISMEIETBEMTH Y (Csid ICP-MS THl
TE ;3 URHERIC wol # RO T=85E81E Re = 1.5X1071),
FEAD Ry lZid AMS JIEEZRATE 5D T Ry D3FHET
5. EBICE, WERTLBLEE CRETD VT Ny s S
T vy RIGYED Ry MEEICHET 0T, ThEfMEL
7= ET R EHETHZMRERSH S Q.5 HOWRET T 7l
ExZ). 2B, INT 53 UvHHRED P/ H (Ro)
L& (Vee Co) 1E, Bt 211271 e (Ry) O TARERHES &
VA vHERE (Vs C) ZHBE LU CHEUNTERR - JP5ET 24
ENDHD.

2.5 FHBAERYH - I VEEEBHEAR - BEISVIME
iR opiE (2.1 Hi~23 ) THLNIRENER) S
D3 U HEOFBELI A RSB RS ERD LS IZ7
2 FTRENARTOIUFEEZETIICLT, RIZINE
LIC U THBAIE A~ L, BEBICHO MR U CTHBIEE
MOMAIZRE Y. AT S5 AEET L (RS T) &
BF0T 2 M bRSE (CCly), ~F% > (CeHis), 7 v nuik
Jb 2 (CHCI3) & o 7o S F 7 13t O T o 5 .
HMHFIRO—B 274835 L RO X 512725 : () ikt
WCHRBHRR E ~F T2 ANnD (WiEETE, %EXbE
W22 %) (i) RBHARIC T & 105 BFEL TV DB EE
ILE OFTREMEN B 2354, NazSOs /KA 2 s L Coritkilm
b EEET S (051X T GBI END) ; (i) L EORE



BT Iy 72 RIS

HEs (HC1) 289N L CHUBHAIR & Btk Uiz tk, diagie
U (NaNO2) ZKIRMRZ I L TRt #iIRE+ %
FEHART T2 » L &R TEEBOAFV IS ;
AEY ATROREICRET D) ; (v) RERER (F/E) %
BRI LT-t, 2O~V 2R05%RIHIBT ;
v) FBHRIE &2 IR BT ORI HCR L, ZUCH

UAFH o & NaNO KIFIK 2N 2 TR 5 (RIBDE S,

FBHRIR I ITHAE-> TWEDT, Zhn EEo~%x
TN > TROVIRERICEBT D) 5 (vi) ke (TE)
BEETCT, BOATTUEROSEEF ROREDRE
AFHUBASTND) ISEIT S ; (vii) B~
Ao T D3 RIRHHRZE M Z, & 512 NaSOs /KRR
ZEIML TS TS (LIX 2027220, EBO~ET NG
T8 DK +NaxSOs AKIEIFIZHE B ~FH U 13iHEaT5) ;
(viil) #7K +Na:SOs KR (ThE) ZEA=LEICBE LT
A - WERE L, a3 Th. Zo—#HOF
JEZ X0, BEHARRD 3 7 FEA Tk +NaxSOs KA 1Z
M END., EOFIETHVE NaxSOs KiFiE GR7TH) 1
Mg AKFEFT U 7 A (NaHSO3) 07 X /L v Vg
(CeHg0s) DK TIRATHZ L L AEETH S.

wIZ, EO XS RTFIETH G I 7R KER)» S
Agl AR 5 DO7E0, FORNS, ZOKEKREED
BRiCEn L72i@ el ofzA 4 (EDAE1E S0%) 2k
L2 hide by, Thaasdl, KEOFRMELE S
Agl BN TETLEY (LOFAIT A & U CHERiEE
R AgSOs RAEL D), AMS MIEICERELRITT LB R
bNd. Agl L ILT B AR MM AR - BRETDHEL S
20, ZZCIEHFBEE <. 3 v RMmHAKERL D S0 %
MBETHIE, ZOBKET 7are—hh—icBgL, 7V

— 2 F ¥ =T 60~80 CT—ERFREMET LT L.

BT ORKREFAELEICE L, ZhICHEEE
(AgNO3) /KIFTR 2 RN UM Agl TR B D.
Z DUk L T REARE BT, MkENZ
TR A e L, BEEOOBEL C EBAREE TS, K
BICEBRILEND Agl LI Z B L, 2B - Wi
BT 5.

bR (2.1 #i~2.3 H1) OFFERELO BT R
H—Agl IEBFHRLOEIEIZINT, £ - 2 H - 33K H
KeDMGHE PTIZ L > CRENIZ DR END (N o 7
T2 REY) . Lo T, s 12911271 el E o IEHe
AR T D702, ZO v 7 7T v RiGYe %3t
L, EHIEEEZMET2HERSH L. £2T, DU
DEEEICIRF IRV (1074 L) I vRERWER T %
VTR A AR —Agl TEIRFIHR (1 mg FREE)
TV, Thebb HETZ 73 B 29080, o
Mgkl L Hiz AMS THIEL Ty 7 7T v KiE
P iiL, S HICEREIO P HEMEEMIET 5.
BlE7 7 o 7 SRR, SERREAR & Rl — DO FEBRERET -
WECRETITOMERDL D, FLT, BETT 73
T IS HCOND I UREHEWEIL WOI( 15211771
b =1.5X10") Th D, BlziE, HDEEORBKRED
b 1 mg BRED Agl WA FRR LT 217 th 2 JET 535
A, THICHHGET 2EET T v 7 Bt OB TFIE & L CH

JELVDIE, (1) fiKIZ WOI = w7 SH KK % i s
L, ZORFER IO UHRIREZ REAKRE & FRFIC LT
QIEB LU 24 HZM), ()02~045um DAL T 1L
7 4 vZ THRE L (2.1 §iZ/), (i) ARSI —Agl Tk
TR EL A RKARL L A U PIECRFEZITY 22 TH B.
BONZEET T v 7 3Bl 129127 (o AMS JIEEE
Rpy &L, ZAUTHWZ 3 UREEWEO 2117t BR
) % R ETHUE, Nv T T RTEYE Reke (TIRAT
FHIiTE 5.

Rgkc = Rpm — Ry, (= 2)
SOy T T RIBYRNERE O 1291127 el
Bl TNBIET /DT, 31 D R % (Ru— Rexe) |8 E 2
M, £ 2 TRHE SN ERRO PV (Ry) 133y 2
7T NIERAMIE LT EIC 2 5. ¥, HRERINFEAL
IR Z R A % 3 A LTb\fcﬁb\%/a\{j:(RM — RekG) = RsTh 5.

3 MEBHELSITEE (AMS) (2& 3 21727 LLAIE

AMS 12 X2 P17 I IE TRV B D EEEREL (Agl)
IR I & > TR D B, HIEREND 1P1127] o> FAR
IS CCEZRITIX R bRV LR 5. filxiE, H
A SRR RS - TRHR e v & — - AR R
SHTHEE  (JAEA-AMS-TONO) Tl JAEA-MUTSU#2-3
(111271 =[3.245+£0.026] X 1071 L\ 5 FEHERELDY, BN
RKFHZ T LERMIEIER (MALT) TIiX S-Purdue
794-0597 (121/1271 =8.378 X 10712) 3 JL ' S-Purdue Z94—0596
(1177 =6.3565X 107" ; BRI 6.540X 107" \ZEET) &
W FEREREI A AV BTN D [63-65]. 2D X 9 Aot
B2 VT, 25 BT L 7= FERBB L ORET 7 o 7R
B (Agl b)) @ P2 ez ET 50N, ZOFIED
—BUIRD LS 12725« (1) FEEREE, FEEl, BEY T v
7RO 2123 LT, EE=AT (Nb) BREMZ T
RE - BT 5 (Agl: Nb DIREEREIT 1 : 4~5 &
% ERE L BET T U VBl O %A, A GIEILEND Agl
PRI 1 mg FREE THIE, TORILEIZ 4~5mg D Nb
KEMZ TANRT 27 TREG - WELT2) ; () &% DR
BRI EZENC S Y — R (T =y A8 E 38 o
R A EmE Tmm, AME3mmBEPSmm) O
B (N 1mm, £ 5mm) [ZEA - BT 5 ; (i) =
NHOH Y — RERA—N (T =7 LEE OFMN
IV MIBRELS L7z %) (T 5 (iv) ZOHRA —b
Z AMS OREEFEH - A AU JRICER L, mEZICL
7otk YU LAY (Csh) EfHx DR Y — ROFEFK A
WK, N - ST TIESIEHL, ZhEd T A
IEEFE BEHEICEA LT 27T & 91 Z2HIET D ; (v) 1
WSRO R B F3RE D HIE R OB EE SR E Y,
Iha b EICEREHS KOWRET Z o 7 BB O IEE A
b, BET T 7 BB 1297127 LLIEE (Ren) % 2K
QITRAL TR I I T RiEY Rexg ZRIE L, “hvk
FERRED 1127 HBIEE (Ry) 23595 (Ru — Reko) .
HARTMENARREZBH L 28548, X1 oz



HERFLJEBREE D = 7 3 129 WFFEDHLIR & &5 .

(Rm— Reko)\ 2B Z M2 FUIR TR P17 L (Rs) DA
TELN, WHLTWRWEEII(RY — Reke) = Rs £ 72 5.
FRD P12 L (Rs) DRAZEIZOWTIE, RsDFFET
AW E Y fREEZ 2 TEF S TRk 5. BRI
FN R IREZEA L725E (18I0 2), HERE
fli T % Ry, Rary, CsIZIZFAREZRRAZENES —FF, T Ofh
DOIEIPE D RZEDIZ L A LI1E, ATLEREEZ Y 0D s
WATAE, BHCEIBREE ISR, MEGmE N
v 7 7T 0w RIBYFEIC wol % VW2 84, Re= R =
15X10 ¥ THEHR, ZOMEITITE04X 1074 RO I L
S HEEERH B DT (7> MNEORLEMEITER S 5 & E
PID), Thb Rs DIRZERIHEIZME S &b Lt
D WOI @ P12 b 1.5X107% 1%, MALT 128\ T S-
Purdue Z94-0597 Z W TH LN TH D [63]. F7-,
MALT T 29/127] FeiflE IRV T, JAEA-MUTSU#2-3 (n
=3) % S-Purdue Z94-0597 % A\ THIE L 7= 5 &,
[3.276 £0.030] X 107! L WS fEA GBI, 2 e BERA
B ([3.245+0.026] X 107') ORIICHEEZEIT 2V [66].

B BREE R 2 EPERTATR (Z 1F) ) T

4 HFEAOMTRED P11 ET—4% & TOER

TAVE TITALHRED H MBI E 5 B ARERN Ok~ 7238507
T, EEHITK IRRAK, BAKSEREN, I URRBER
JONII EEARESILTND. 2 HDT— X DIFIEE
Tx 15D T v b L7203 Fig.4 Th 5 [8,20,29-35]
(FEE Lk, THEE, SKE EFEOT—XOhflEic
LThd). ZORKDEIIZ, s 20271 b, fihica
UHEMEOWE (1/Y1) A&V, WEhe bICE A TE
BRI 20NEHNR>TWD, ZhERDE, I UHERE
1349 0.05~200 ppm, 21271 Hi39[0.03~6.0] X 10712 D#E
PHNIZ D . T — X #E0E 222 [ CH B0y, HilskB D NER
X, AbHEE : 35, BKHEL 10, HrBE - 42, EEE 8, K
W s, B ER 2, TIER 43, HAHS 4, BRI S,
FREAV 0 1, FomRL B 3, FEIR 10, FIR 1, RER:
7, BARIL 03, KAy 12, EIEE 24, JEREBE 1, 1
MR 3 Th D, dhiffiE, FRAR, FRR, THER, ZiFR
DT — Z MBI VEH T, 25 ORI FEERIC
IKEEVED A LB EELTEBY, Thb & dEd 5

Mixing zone with
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Mixing zone with
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—— Linear least-squares regression for all of the data: = 0.35 (p << 0.0001) 100
= = = Linear least-squares regression for the data of 12°1/1271 < 1.5 x 10-12: 2 = 0.47 (p << 0.0001)
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1 10

1/"271 (1/ppm)

Fig.4 ®1/'%71 vs. 1/'¥I plot of deep groundwaters (including brines associated with oil and natural-gas fields) and hot/cold
spring waters collected from various regions in Japan. The plotted data are derived from [8,20,29-35]. Vertical error bars
for the 121/1?7] data represent 1 . Right-side vertically-long gray ellipse indicates a possible compositional range of pre-
anthropogenic seawater. Two gray areas stretching to the upper-right direction indicate mixing zones of the groundwater
composition of (¥, °I/'?"T) = (100 ppm, 0.15 x 107'2), representative of the most frequent data of Chiba and Miyazaki
prefectures, with anthropogenic meteoric water of ('?’I, '1/"*I) = (0.001-0.02 ppm, 107%) (left) and anthropogenic
seawater of (7L, '?°I/'*7I) = (0.04-0.06 ppm, 1071'-107'%) (right). Data of Nagano prefecture have relatively lower '°I/'*"I
ratios. The four lowest '*’I/'*I ratios are of hot-spring waters collected from Simukappu and Yubari in Hokkaido,
Matsushiro in Nagano prefecture, and Tsuwano in Shimane prefecture. Green lines drawn in the mixing zones represent
effects of fractional contamination (0.1-10 %) of the anthropogenic waters on the groundwater composition
representative of Chiba and Miyazaki prefectures. Horizontal dashed line denotes an assumed '*’I/"'I ratio of pre-
anthropogenic Earth's surface environments (1.5 x 107'?) [48]. Linear least-squares regressions are drawn for (i) all the
data points and (ii) those of ?°I/'?7I ratio < 1.5 x 107'2; both regression lines are statistically clearly significant (p <<
0.0001). Applying the radioactive decay formula to the ?°I/'*I data of < 1.5 x 107'%, under the assumption of the initial
1291/127] ratio = 1.5 x 10712 [48], gives their apparent ages expressed in Ma, as shown in the right vertical axis.
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K (T UENERETEMLTWD) ITOWTEEMR A
NEfINZZ EICED.

4.1 ANERFEFICKBZFLEELV PR OHE
Fig. 4 IR LT —4 222 fHD 9 B, 21 fHIE 290271 Head
15X1072 (K OAKFRHKR) L bRELS, Z O
Moran et al. (1998)23E5ALT A U A1 KRV B O g K HERE )
DOFTRERZ b LIRS Le T AERIEERTOHER KB R
BEo 1P\t D WK g 7 S HE B ) T D [48]. 7272
U, Z OV e & 5 R 08P ([0.5~3.01X10712:
L3EBR) 2D FREMED S D (P A SR K AE F e
KTOEBMART) . Z OFMHEEM (1.5X10712) 2RAIEL
WERET B &, 2 21 lHoT —# 1%, NEEIRE Tt
H &z 1210 353EHTIRA L2 RIREME R Em W2 E 2R LT
W 5. Fig 4 IZBWT P/ E /T OB ZFIARD &,
IR 2N HOF—F #ENTH, &F—FFHNTH, il
FHOMZITABZR EMHEBERH S (p<<0.0001 ; 1291/'271 b &
A URREOH CITAMREICR D). T7hbb, 9 vRRE
NE (&) ZRAIEE 2 Mk (5<) 72 B
DHBECH L. ZOEANENDI—KELTEZLNDD
1%, HUFVRIRAS NG DK KK D2 (15
ZZTTWATHREMTH 5. Fig. 4 ITBWT, (3 7 HERE,
1291/127] Bf) = (100 ppm, 0.15 X 10712) {35127 —Z Mk b A&
FLTWER, ZhbDIFEETTTER L IR OKE
WA ABOGEKDOT —H2THY, S5, MEOT—H
PHC 3 7 B AR REATT 2> 1P B S fe/IMIEATIT
Y3 5. 22T, (3 URRE, P H) = (100 ppm,
0.15X10712) Z W EOM FREOuR Sy SHEE L, T4
NERIEE % O K E TIT KK THR SN SO EL
RS o 7R S Fig. 4 179 (B EARICHTS 2 20
JR S8R &Rt . 2T, ARSI Ok & RKKD
(3 UFRREE, 21 ) &2 (0.04~0.06 ppm, 107!
~10719) & (0.001~0.02ppm, 107%) & L7= (1.3 i & Table
1 228MR). KAKDBEIT 0.1 %DOEAES (Hl) X
72T 10X 10 E T ERLCLES. —F,
WK DEETT 10 %D ERES (G4 MNEE 5 L& 121727
el 1.0X10712~1.0X 107! £ T EH3 5. 2 SR AfE
WCHEeE N HIR W, MK & RAK DT DR A 521
e LRI CTx 5. FHEELERROT XL T,
I T HEREN 100 ppm KO T —FZ O KERIFITZ 5 DR
fgE F - IR P RO H B, ThRbL, HRRED
sy (HEE) FHEZERL 77— 2 OKEIII AN BERIEOIE
BRCHBAT L ENTES. duifEE, KEIE, HEROT
—ZIZBALTH, Figd TIEHRLTW2RWVS, ko X5
TRy (30 SRR D 5 KAFATUT 232 1211271 B AS f/ M
FHEC T — 2 BN S &) ARETLHIENTE, i
AR 2R < T OREB/ I N A EIROTH Y TR
L2ZENTED (ks & NERTEEHZ OWEK - KKkKED
BAE AL, THER - HRROSE & RIER Tz
% Tbh, A EFMIZHEOS 2 oo . BARERO
HAH - HE efEE, REER, SRR, THEER, =ikRR
2 E) RINEATICAMRLTEY, ZIUTARES 5 M T
i (WK) 1320700 &b ABRIEE % DMKk O E L %

FTWABFREM A D D, Bk X 5z, NEREES%OR
KIZDWTIE 0.1 %DIBA T b M F iR 121/127T bz By
W7o B % AT T DS, Z O 7eiG g & ¥R 2 OIXIEH
WL h L\, MR BRI 692 ASEREE B4 0
WK « RAKOIGYOF A FAMT DI MY F oA CH:
W 1232 4F) O BNAE S Lt [8,33].

NERIEERTIOWK « KAKDBALEZHETYH, WTH
R P W LN E VEREIIAEREEYZIT 5.
Fig. 4 O8O EAEITIE, ARG T AT OWEK 121127t
—1/"71 MR DO EB R R 2 /R 3723, 2 oK & Hi TR
RO Y % A TEREIR D Wi OIREIC X DA (b E R
T ZOX O RREHGO—HIE LTI, () & 2HERH
23 U RIE ATSEEHERE Y S P ER B ~IREE S AL, (i)
A U TR (R S 7R & 4h7E) 2 BSRE —
EWIRRE L2k B (B 208 3~4 T H4E), T0 P02 i
DS BHEEAE CHREIC Lictk, (i) Z OPASHRIMIT 5 )
DO HIGHZEE) T S, ABERETEBIRT OWEK DIRAIZ L -
TIERENTZHE, (v) 2 OHTF RO 291277 H—1/1271 #1
B DML B EFLIREEE A~ T 52 L1272 D ([
BROPAG R DAL LT235E, 1EROEAE W U TR
AN TS D). b LHIKD P27 S AR F ik
FIE—ETHoRE, ZORAMEED Fig. 4 TlIfAHE L
MWD, EDZ L& RET D L, Fig 4 O FHET
—& (P27 ek 1/YTIEBBRARERBER S 5) D£<
», NEBIGERI%OWKSORAKIC L 208 () &F
BIZZIT T B AREMERE N EE X B ILD.

EBEOF—% (ARIRRAK 78, BEHEIERK : 1{H)
WO RS DT —4 & LTI 52N 12127 MK <,
I UEBRELKD (0.5~10ppm FE) TH D Z & 15 (Fig
4), HAM -« MEICEE D ok &3 < RO « fRINE R
SHITFHATH D LIRS, F7z, RO OEEEN 60
~70 km O LAFIZALE L TWD 728 (EE IR RIER D
350 m, BEMEIRIRAY 750 m), A< &b, ANERIGEIE O
WAKIZ L B bn s, JLEDT—# T,
NEEO T IRIE & 12121 LMK L 7 AR 545,
Fig. 4 IZBWT P ¥ bRV 4 DDOT—X D 9H b,
1 DIFRARIRIRAK, 2 DIZALfEE D 58 & & 3ROIRRK (fF
JED DT 50 km EF9 70 km, AEEIXZENZE I 400
m & 270m), %% 1 DILEHRBOEFEOIRRAK ()
59 25km 5 &L 160m) THHA, T ORI - AE
IEELTW B L.

Fig. 4 \TR U727 — 4 I LU AR HEE T & 5 DI
AepE, FRHEER, SRR, THEE, SRR T, &5
W, KRR, BBE, KORTHS (Figs). 7ok, dbimiE
DT —=HZBNT, HiE&AROT — & 1Zpi5M 72 1201127
Fo—1/1271 AR A Fr o 728D, SRR HEEITIZ AV TR,
BURZROOLE, TR, BIFR, FiBR, KEIROGRS
TEMAHE « BELTWAZETHY, ThBIZETHE
WDKK AW - WHEIATHET DK - EIRAKDO B D TH
%, FRER LSRRI, B IR LR R
Y L, Z OnTil-35 g C i s ZE B ORERE « RN )
RVEIR L. TS 4 RO ISR LT, dbihE &
EBW R OB ERIIARICRE L ->TEBY (L ENY



HERS R B

IS memumimm oo ey sy sy e ey ey o 10
e F o ]
& S 120
- Chiba & Sukushima & Ibaraki
2 Miyazaki Niigata Akita 'I—/ul\u.\hxm‘l& Ibaraki t =
o . 240 =
s 2
Z 01 ETT60 =
o) \ 20 =
o p Z =
e £ Hso
o S

= 11100
0.01

0.01 0.1 1 10
1/'1 (1/ppm)

Fig.5 Inferred 1°I/'*I-1/'*7I endmembers of deep
groundwaters (including brines associated with oil
and/or natural-gas fields) and hot/cold spring waters
collected from several regions in Japan, shown as
colored ellipses/circles [8,20,29-34]. Upper-right
vertically-long gray ellipse indicates a possible
compositional range of pre-anthropogenic seawater.
Horizontal dashed line denotes an assumed '*1/'¥'I
ratio of pre-anthropogenic Earth's surface
environments (1.5 x 10712) [48]. As indicated in the right
vertical axis, the 2°I/'?] ratio is converted to apparent
age (expressed in Ma) using the radioactive decay
formula of I, under the assumption of the initial
1291/127] ratio = 1.5 x 10712 [48]. The dashed-line ellipses
of Oita and Nagano prefectures may not correctly
represent their endmembers, because two thirds of the
Oita data points are > 1.5 x 107'? and thus excluded
from consideration, with the remaining data points
adopted (n = 4) being scattered, and because the
Nagano data points (n = 8) are also scattered. As
indicated in purple circles, the endmembers for Chiba,
Miyazaki, Niigata and Akita prefectures are similar;
interestingly, all these endmembers correspond to
brines associated with coastal oil and/or natural-gas
fields, and these prefectures are far distant from each
other, except for adjacent Niigata and Akita prefectures
located on the back-arc side of Japan; in contrast,
Chiba and Miyazaki prefectures are on the fore-arc
side. The Hokkaido endmember lies in the mixing zone
between the Nagano and Chiba/Miyazaki endmembers,
drawn as green lines. The two data points of Yubari and
Simukappu hot springs in Hokkaido are outliers from
its regional endmember.
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5. 728, Figd TRL-@Y, BEBROT—2Hix 8T
HOIBMER R SN2 L s, FOHEERAR Stk
KEL 72D (REEFNENRKE W : Fig. 5). HEE - KRR
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FEI A HEE L7720, ZIUTIEDR 0 ORFEEMENE-
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4.2 I EROBEHA - MER - #R
HFFEARD 1291127 b & EiRod> 1291127 b HEE I (1.5
X 10712 BEHERIZB T 2 WIS S) 20D, HksEs
DO (1] DEETE =441X108yr D) A THTRIK
DFEREHETHZ k#f%é(mg4%;@ﬁgsmﬁ
). LL7ens, ZoFEMER [EEOFNR) £E2D
@ﬁ@%%fhé.%@@miﬁmsofﬁéxnimﬁ
IRASHIERR BBRBE ) HIRBE S L CRIE, D tbavk
2B U CRASHR MAE L CHERF S LTV 2 &9 D TR
f%é;@ﬁﬁﬁﬁi@ﬁ%ﬁﬁm(m%ﬁ)ﬁ%ﬁ-@ﬁ
ZRAHT 15X102 ThHo7mZ & RO KB B
(i) HFREB I &S f#émg¢_rf¢5¢7
Y OBAREIET P NEREN (13 HER), st
TWARD 2127 tb e BT 2B HHIES TR, 2
OB LY, BEARO BN SEE SN HEMRITTR
MTOFE] EMESOPHIELWEA S, £z, Liiow]
HWUENTE LWERE L7 LT, O)OMEZRB MR ShFIC
FEKDIBANE & B5E50M60) DI EEME LRWgGE
%%énéﬁﬁiF£W®$ﬁJ;@%%<ﬁé L7228
, —IREZIE TRAT O] Lo b TRMER] &
@1né_t»§m.uT,%_m@®ﬁwm@,:@W
IMEREBIZ THERY 20T NPTER) LR BT 2 (Fig
43 L ONFig. 5 OA#NTR L7z PIHERIZIR/NMERTH D).
Fig. 4 IZ8W\T, PV T — & DK 90 %iE 1.5X 107124
WTHY, FOR/IMEIE 0.033X10712 (Jb#EE - HREOERR
K THD. ZORNMEPSFEREFHET S & 86.5Ma(Ma:
BHHE) L2508, b LI WA s (DIEE) 5
[0.5~3.0] X 1072 D#EPHZ FFOLE, FHHE S DRI 61.6
Ma~102 Ma O#iH % F52. LFRGiHOBE (V7 > H R
SRR 10T OFH) ICoWTiE, TER, #HER, %M
Ok < IBRAKITH LT, 40~50Ma OFAHIPE (Fig. 5
ZM) T5~10Ma (ET DL HL<22) LRELLND
[29,31]. T Z CHFLT & I FROWARRATH 5.
PASFCR MR 72U TOUITHE T IRIR D 121/1271 FRIEEf & &
BT LT LA, HARFAIZEBWT, ko 129 E@
2, U BEBESZER 1 A E O 5EIE BRI
5.:@hg_ﬁékuﬁﬁﬁ@@%i#%_%bw(ﬁ
RIEORFEFEEDIEFICRE {22 D). Fiz, #kto 211271
2y AMS ORHIRSA (1075 : Fig. 2 2) ([ZL WA S 121
FROBAITHE LV, 2D 28T 120 RO HRA
ZRAL D LKA 90~100 Ma £ TERD [27-29,67]
HFFRD 120 FERIE, ZOFEERET o HE - AR
DIBFAER LD SBALMCHNZ LR B 21E, T
B R IR, CHRRLR, RKHIROEIK, dbibhE - RO T
7K, & OFARHENZE L 20~50Ma F2E TH 5 [20,29-31,34].
TIER (FBARA 2 W) Dk D 121 FE4R1% 44~56Ma (Bh
i) TH DA (Fig.5) [20,29,32], N EEET 5 L=
B QERHERERE) OFEFERIT 24~045 Ma (EHfHE) <
b5 [68]. ZDXK D RBERERTIEL, RN ILHH
B S S BRIE DRTREIFTH D [PHHR) BMRich
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Rz Z & ame LTS, ZOEMRFEONREEZRA
L&, MTFREEREZFRLEDIRBKEASLY 7 H
FEDROFET T OEER L1320 53780, —J, &b
AHA LB TR LB EI T 5. BlxiE Fig |
TRT LD, FUHE - DR O SRR 3V
EHF (L — ) & & bICREIFRICEAR AT E &, 2
OHEFEMO—E (L) 1Zmikicizy, o o—E (F
) 1XKETIZILAIAT LB X DD, BEDILHIAIIT
ONWTNE, B~ MVICET DHE L Z O TRWLGEN
BEZHND. WEIZBWCHEMY ORI st &,
RALKSR Lk (B3 U RIRE) ORAWRENERL, £
NEHEOBRNTERLT, L0IHVEROME - 5K (5]
ZAXIMED BTk ST iR fE) & CRIE L7k
B, KEVET A - JHHEZ D BRAKIZ R D & S IaRR S
2 BiD [202931]. Z0E, LAERAORIEFEIZINE
L, IRBSADHEREM D 2 > TH Y, WHEDD OWRENRES
TAHHREM G HD. EHIT, ERICE LS, L&
BToa vRBEAN BIZITY T o BREESZER 121 O]
A) b POUERICEET S, ZOWEK EREORBIZR Y R
TUVHE RS & U CIEBEEC B A E 2 b, TR
B (RERARAAH) OEFTIE7 4 U EVBAT T (~50
Ma[69]) & KFEHEAT T (~130Ma[70]) MILAIAATE
D RIEDBREOE EICHD), BRFRBEOE FTIX7 ¢
VAT 7 (25~30Ma[71]) NIEHAATEY, &5
B RN FEOE FIZE~r by =2y OVRB- T, £
DO FTKRFEAT T (~130 Ma [70]) 2MIEAAATND
[72-77]. 2D XD AT T/~ MR - RO HIRRT D
VR EROAREEERICHEL LT, THEER, KR,
B, KR O T RAD 12T £/ L EPTWD (44
~48Ma CHHAEIZEA D : Fig.5). &612, LM (A
VAT O FAARD B © Fig. 1) A TE 20l
AR OIS Uk K R B oD Ml TR 0D 121 44X (40~55 Ma : Fig.
5) DETMAO LD LIZIERICTHD. ZNHDOFELEE TH
R DBROBEMMBA KL TND] £BEX2HZLHT
X250, (N EORENH 5 LB 2 5T NREBRNCE 2
%. Muramatsu etal. (2001)iZ TR (FEBIH Y A H) Dfigk
D PLERD 50~55Ma THDHZ L &R L, TG KE
PRI B 0 3 SR D Wk <o (i) K [E 7 B EE 7 Blake
Ridge DA Z A RL— MNEFHERORIBRAKD 121 4
X (45~55Ma) [78,79] L RIKRILTH DL Z L& RL, Th
D OfE R XA TBERT H-2A8T R BRI & BEE L Tu
ZOTIHIRND EHER L7 [29]. BEGT 4457 IR LA
W &0X, #9555 Ma I KRB RFBEDWE « KRA~ET
o2 HREMICDTZ o TR SRR, RERHECE L
VMR (5~8 C EH) B X O —RAPENETERIF -
BRTHY, ZORENDKEEIZITN 20 HELPNoT L
HEE SN TS (HHBRFREII[4~12] X 10%kg & RAED
bNTHY, THIFBRKRKOMRRFE R 0.8 X105 kg D 5~
15 fi, FARUFFED LR F R 38 X105 kg DI 11~32 %I2HH
Y4-%) [80-83]. F7=, LELOKEDEHIAK « RIFRAKD 1291 4
Rix, 2o 2T 2HRHOFNAL Y BBEL T 25~50
Ma F2HE y < (REITH Rk B& & HEE & 7o) [78,79],
HAROH FEORER (BR) EHFEL WD, UL EDd

10

Ramedoe, THERE ZRER, HEE KHE #5
B, RIFR O TFHEARD 1PT FERITET, BEDF-LAH R
BRI DB 2 B2 T TV D LI Z DR
AIHI0. Thbb, ZORBERAE (K 55.5Ma) TAEL
TR RKRBEOREYN I vRE & HICTHR P OMEAERE
OISR &, 2L ORE (RIEKFLI vHE
TR EE D OEK & B T RS R) A HASIE (20 Ma
PIBRIC = F 7 KD & 5l - ToRD) O—a ML T
W, BED 6 DM R IR 1P1/127] LI BEE e B A RIE
LTV EWIRIMTHDH. 5T 5 &, Wit aHR
Wb (]9 55.5Ma) ZEiR &35 3 7 RO KBFITE
JER, L—F 7 RbEligo ks s 2 5% C B ARSI B o —
Hama L (MRS 252, bk - Ui Btk
KHILTC), BAEDHADH T HAD 121127 iz k& <
HEBLTWDLWIRHTHD. THER L FIFROBKH
BRI O T F 7213 ERIIZN T (R 65~24 Ma)
PIFEEL TRV (TR ERE, SR A i
[84,85]), Z OGO IFITARY 25, £z, WBERER
WIROH T AKREHRIUMEL (GREE) 6 2 OMEIT)
T, BRI EER A~ SR~ SR~ IR O AR
PhHERE A (2 &9 2,000~5,000 m) AfFELTEY, Z
NUTHEHHE - s G A TWA LHERI SN D [86]. —T5,
FE IR & B IR OBRoK - 1R RKGEHR BUHE D TIE,  BER
BE - WEHTHE & B TR HERE I X D72 o TRy G
BIRSCRKHIRIZIE, #924~15Ma (THE & 72 H AR LK
WZRE S KITEBIZIRD 7Y — o 2 7 L IREN 5 Rk R
DELSHBLTND). L Z2AT, BROEHIZEKD XS
IRBERL BN DB B D . BETHE-AAE IR AR A )
DJRR & 7o T R I R FE ORPFIZ DUV TN < D0
OIHPIB SN TEY, ZNb0HH NEESEREDRIR
(A Z A R — MREMECH BB E) | D3 AR
F1TH DN [80,81,87-89], DA, mEFEL L LI VE

(Z@ D127 FIIRBEREE L 0 BV S REHRH S
P THY, ZHUCK o THRFOWE - KRD 3 v RRIE
WA EH Liz—F T P 3 BEE IR T L7 TTRE
WRH5. ZhEEE L, Fig 5128V T 90 £ 555
Ma T D iR (1291/'271=1.30 X 10713) {ZxF L C, 211271
FEOPHME L LT 1.5X 10712 Tix7e < [0.75~1.0]1X 1072 &
BT D & D1 FRUT 39.8~463 Ma 7225, ZOEAT
b, EFD 6 RO THARD 10 48 L OREREVITAE T
72U,

ARl & BRI R OM FHAED 12T F48 (R 1L 58~75
Ma ; #% 1T KK 58~85Ma : Fig.5) 2O\ TIE, EFLOK
FITHACTE VW EEDbN S, JLiEE & EFIROBE T
AZTTEHBRL 7Y MBFIELTWD [73-77]. Lo Tk
DI RERITTERNEA S (Fig. 1) 1 (1) Ef~2 b
NTRAZT (ZRAEE T URRBEITIRV @ Table 1) Ot
KB Z Y, (i) Zhnd<=> MUNOKERE LIZRER, 2
7 SRR L OV I LMK U, (i) T AU KlE
N % EF L CHIFIRIRE 22, Z OMRIIERROT
—HITEET 50, AWHEOT —% (3 URRENEL
BoOBE~HAETHY, TKEER - FRR - TIER - =k
B2 I ERLSHES LaWE SRS, dLifEED
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HTFHEDEE, v MVEIROK & REEHIERNIZITE &
ALTWTZKDEA L TV ATREMEN S D (Fig. 1). Fig.5 I
B TCILHEE OuRE Y a1, FEFIR O o Ek & T
W B R OSRA FEI DR G HIALE T D (K Ok
S AT & BB OREDREEIGITZENEIL 80~T0%&
20~30 % ThH D). LoT, Begrit-ragr R R RKH %
I L+ 2 I RS IEEOH# FIZ b0 LTV D
Db LaLZeu, LB IS IIMERTHTE « thri A S et =R
HERRHEREE AYAFEPRICHUE L TR Y GEPEI O 4 & bR
<) [90-92], RBEROATREMEEF/E L2V, 22 CTRET
XX, AR ORLIZAEEOH TRk a v#ET—4 (535
&) OFREHREMLTIL 28 AT TH Y, ZDHH 22 inE
Y (22 16 EALSCHEFH 1 6), FED O 6 AT
JRER R=HF 2 LEEHA D) LETE (EBH :3) Th
%, F—BEOWNRI, Em- > HE 23, ALST-HEFHS - 6,
RER 2, A1, EREH 3 ThHhd. LoTdmEo
SRR AT BRI, 22 g0 B D i TR A R < RO L T
WD ETREMEDS B> % . ALTEE O A 121 R4 (58~75 Ma)
T2 9 1 ORI, $90MatH (BHIEHR) 12
HOEREIE Ol X oM R A (B /) ~=T v -F 2 —n
=7 VERREEE) (93,94 THECTEAEY - 3 vRICED
HEERHERY 2 RE L T 2MAN T ICIEE Sh T, 2
BB LT DAY TH S, ALMERE O ALY B 5
ANTND EREFIE (& HITZEM-=VH#) ORRKDE
& (ZENhZh 86.5 Ma & 80.0 Ma : Fig. 5) 134FIC 2 DEERE
FHEEDEMRITITV. ZOBELOFERIZ OV TITEE L 2285
DIEBENTWDR, BHRE LTL, BESERIELVE
FREIRBEIC 720, MRS TIHIEITWRB IR - TSR, H
W (W77 o7 bR E) BRSO E EHERET
BARBMBEA T EGRNTZZ L B> TS [95]. 972
B, ZOFEEI Lo THHEEMEEROFEY - 3 UHE”N
REIZHEFREL, TOHO 3 URIFRITOWTIE, BEgtt-45
B C R D54 L FERR ORI/ EETE 5. kil
B A OV ARHEREE B IR i L TR Y (Blx
22 AT D MRRE R I ATIE A HERE Th
D, ZOFMRUIAHH B IR [ 120 Ma]~ &5 BTt
[#J 60 Ma]) [91,96], AFEIR & FJE L7,

5 mERERAREEFMECETT

4 BT AARENOH FREICE LT, BE@ifstoa v
FOWT —2 (P27 -1/"YTHARD) AL, £I0b
BONDMRE N SR Lz, L LD, Zib
DFFFRUIIR E RAFEFED - TR Y, ZoERFRIX
WD 2ONF TRV EITX D (1) HERERTO P11
B¢ 550 R (B 203 129121 e oo SEAHE S o E M) B &
OGi) HEFHEEORR - 8B 2 A, iR OENHT
WMEIFIE DL T, I UREGLEL RITTHRORE - [
MRS ER SN TEY, ZhALDF—& ZHER - &
AHNTERT D Z LI L » THIUFIRIROEIR - 2680 f+
HIEWH - MANEEESN-SoH D, —H T, ERNHFRE
D 1291/127] P 1/127] 5 — 2 I HIR A e D > TV AL
720G, RIRHT AW - MEBFET D HUR (B 2 1 X T3ER,

11

B BREE R 2 EPERTATR (Z 1F) ) T

IR, BRI OmKCEIRKIT S VERBERE L, A
20 %L O P -1 T =2 B35 TWHD (Fig.
4 L Fig.5 #2M), ThA0L < ok Tldr — 2 i
IR T (B ZATIRIR DS S EAFAET D F R, (LB,
I RIFRDT =2 TT L A E/FLNTNRNE S TH D). 4
BOENMTRAEHIEOIRIZ LY, 1 2 &8~ oox
F - FfLIET — 2 MEm s g, EoOMERER MR E
PERHIIZ 31T 25 AEDORER LV IR 5725 5.

B

AREIE, BEEXREAER =L F —TRFEEE (D

5 HRJEE LoV UR PR BESEY) & O B V532 BT 5 I
FF ¥ (HMERE R Y 2@ LR A 5 M5B )
(JPJ007597) | OEFEO—HTHD. HEMEEE L ¥ —
OFRHIEfE L & BRI DI EOREE 52T
THWE 0 T2, AR+ 24 ARHEE - BIEE%
Tz, BER, Rl oy — ottt LB,
FHEFEIAEL, HEREE L, NIEE LA BIE, AR
Bl DT 7 b =7 ARLHBEREIEIZ DUV Tk & 720 % T8
Wiz, F72, 3 AOEABFHENOEWZERNER - &
EERICE s TARBIZS I ESNZ. ZhHETO
07 % OREEICIR Bt L EFE .
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