Cold-seep-dependent fossil assemblages in the
middle Pleistocene Kakinokidai Formation at
Kawayatsu, Kimitsu City, Japan
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Cold-seep-dependent fossil assemblages in the middle Pleistocene Kakinokidai Formation at
Kawayatsu, Kimitsu City, Japan: Their temporal—spatial distribution and associated authigenic

carbonates
Abstract

IR — 1 BEES 2 SR Cold-seep-dependent molluscan assemblages occur in the outer-
N B E&T 3 T 2 i A BB A 3 shelf facies of the middle Plels.tocene Kakinokidai Forma.tlon ?f the

ot 3 e A2 Emits e 4 Kazusa Group, a forearc basin-fill sequence on the Pacific side of
R KT fw Brler 18 central Japan, in strata corresponding to the interval 707.6-667.0 ka.
H—‘F—'%KEIEE 3 ﬁ'ﬁ *’EB‘Z 2 45}12}3 + ® The assemblages consist exclusively of chemosymbiotic bivalves (lu-
FEHBE T F{CBR T diffseT-?  cinids, thyasirids, and solenllsyids) and are associate(i with "’C-depl_et-
= EB 3 I = * T 9 JtE P 10 ed authigenic carbonates (§°C = —61.60% to —10.96% VPDB), which
- 75 suggest that their main carbon source was anaerobic oxidation of
methane (AOM). Authigenic carbonate precipitates are common on

Ryuichi Majima', Mayumi Ochi’, burrow wa.lls (mz.lin!y_ aci.cular aragopite) and the s.urrounding sedi-
Misa Miurd®. Makiko Hitomi’, ments gmal.nly micritic hlgl.l-M.g calcite and dolomite). The l.)urrov.vs
Tukeshi Saito® Yuuki Namiki® are cylindrical, 1.5-3.0 cm in diameter, and >1 m long. Callianassid
a ’ ’ claws and the trace fossil Palaxius (probable callianassid fecal pel-

Yusuke Ohtsuka’, Hidetomo Shimizir, lets) in the burrow carbonates suggest that the burrows were pro-
Atsushi Nozaki', Masayuki Utsunomiya’, ~ duced by sediment-dwelling callianassid decapods.

Chie Kusu®, Kei Sato®, We propose the following formation mechanism of burrows and
Shungo Kawagata7, Ryoji Wani', their related authigenic carbonates. Firstly, callianassids produced
Eiko Nakamura3, Saburo Sakaig, deep burrows, penetrating the AOM zone and reaching the metha-

nogenic zone. Methane then seeped into the burrows and AOM oc-
curred in its deeper parts, promoted by a supply of seawater via cal-
lianassid activity, resulting in an increase in the concentration of
hydrogen sulfide ions. Thiobacteria flourished in the shallower parts
Faculty of Environment and Information Scienc- of the burrows, which were enri?hed ip dissolved oxygen, and pro-
es, Yokohama National University, 79-7 Tokiwa- vided a source of food for the callianassids. In the deeper parts of the
dai, Hodogaya-ku, Yokohama 240-8501, Japan ~ burrows, acicular aragonite precipitated around suspended carbon-
2 REEEINT K F R R ate nuclei and sank to the bottoms of the burrows, forming geopetal-
Graduate School of Environment and Informa- like carbonate structures. In the surrounding sediment, high-Mg cal-
tion Sciences, Yokohama National University, cite precipitated in response to an increase in the concentration of
79-7 Tokiwadai, Hodogaya-ku, Yokohama 240-  phosphate ions (due to the decomposition of organic matter), and
8501, Japan dolomite precipitated in response to decreasing concentrations of
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WHED AL AmEK CUFmEA) S, R h OB Y5
fRA M T & % ALK ER (X & 278 E) DRGUHEND
TEEREFRO—H 2Rk L, HIERESEORFEEERE A S L THE
EixHA T O X TH S (Judd and Hovland, 2007 72 &).
—F, WEKIHES BRI A & G BE T D —E D Kt
W TERFICHBE L T HEORENRAATHH A S
> (Kennett et al., 2003 72 &) Z R ARICARL, S5
AR S Nz Rk E A A RBEEICEET 528 T, &
FEINRA X DKRGHANDORHZIHIT D Z ENFH5NTND
(Reeburgh et al., 1993 72 &). TN SR TORIRITHEY
ORHMELS B U BHFED, 2010 728), HIEKBICE,
TS DWEMITRTE U 72 R B R BBV S Rk S A 1L
SEE BRI SR BEER (chemoautotrophic community; AR
LG RREEE) 2349 % (Peckmann et al., 1999 72 &).
(L2EE RS, REUREHEEN O BHEEDY, CERITIK
HFRIWERREZHEF CE 2 LD AW HER &, BIEK
BaR AT HRIORERFEND &8 &0 B ENE
EVTFET B0, HERNSHHAETORELENRIZELL
DOWEIMTONTER., BAE, HARBLDOHARED
Kojima (2002) ®EEEEMN 2008) IC& > T, £ HADH
ARIEE TR Majima et al. Q003 IZ&>TEEDHNT
N5,

NBEKIEE DT MR A, B A ek i o B fig
NEETHS. LiL, BHmEKSEO B AERIEEOMEIL
ST _EICHIIEND 2 EnE<, TOUZERSRIT, R
LITEHL TS DIZRE 54159 (Bahr et al., 2009 72
), EE FCAERIN, Fo®%EWIHI Nz ETEOR
¥l & & > T W % (Han et al., 2004; Magalhdes et al.,
2012 72.8), &2 WIEFEAHYE Y ik & > Th B 1%
(Naehr et al., 2000 72 E) ITRE SN TN S, —F, HUER;
RO BEA RIS, FEE WD BEOWRIEE F DR 2 Ei
BETES &bi;?bﬁéﬁj%ﬁj:@j(%ﬁ)( Uy hdH 5.

TZEIR T (A (DU 1A ICEE 9 2 R A
JARBE (P EEHR) S EHT S E G kb4 R
(707.6~697.5 ka; AWFF0) 13, FH L <KW RFLE RN
H(—62.79%0 ; Sel - [EIS, 1997) ZR9 A Y »E{bE D
BB S e L, BUEBHEBIRA R R TR BN
RO LA RETH D, FHR OB VI H OWTEK
B ORHROMEKIFIT IR U T, BAEREE OV
RV LTk IEEHEE T 5 2 EMES T, IRIBRIT RS DO
IR K DA EH O BN Dian Z Ll 5. =
DR TINEA O H A& REEEIIINTEKIE DO XA 5 L DFERE,
EZEREEH OIS, & ST A R LA & DR
R E%, WERBHICH T 2R ERITBIT TE 2 A THE
BBtz B, aB, MR TR EWRFROLFEEHIEA
4 (0.57 Ma; m=if&E0, 201013, #ili / KEE O LD
ARIEIN O EdE KRR DRI S S N2t (EREIED, 2011,
LilniEn, 2016), PEHTEEIT EHEE LS DO FERIT AR S
N, BEBHEOBKIINEIC /2> TN 5.

2019—9

NBDILEGBAL AR, AYE - #(1990), Kondo et
al.(1992), L8R - fIE (1997 IC k> TSN TE 7=, &
OG- I8 (1997) LA, I Db AL A BEE D
PEHIE, PEHUER, (baoER, BIMLGEESHLET S
H/ERBHOMTE 2k L C&E /. TOMSE, #Hil-/{tharE
MEFRT DR EL OHARER =, AHKEOHIE, F
FHOMINETIT o TR DILEG AL A BEEPEHE &
BALEPEH DS 21TV, T OHUS DL 2EE R BEEE DI
ZefiE R, T2 HERBIEOIEERREE 2Ed 5 5
NEDBRTERT DL THS.

ShEth & HhE R

AP, JH@@%H%?W(FigS. 1, 2 @ Ohara River) i
HToh5. Fig. | \THEHIH, SBHArvFER—U T
a7 CAFa7) HREULE, AXOHHICEET 55 HEEN
SOfEEERT. 758, Fig. 1 OW MK Fig. 2
DEMM DR EF U ®DRDT, Fig. | OHFEROFE
MiE Fig. 2 22 SNz, IR, LiRERA  KRa
JEmEEH U, bEE b ENENT 2. LRI,
T4 VE AT L — N OARMNLANDILAIASIT I > TS
N7z T (2.5 Ma; HATEAY, 2010) 75 H B Hrik
(0.5 Ma; Ito et al., 1999) ORiIMHFEHERE T, T OHERED
A 7 IVTIR S 72 g K HEA BT K > THAMITHLT N
(Ito and Katsura, 1992), 7K#& 2,000 m OEED 5 FEHIC
I TCHERE L 7= & S T 5 (Kitazato, 1997). 20
S B EMEREY SRR IC L 0 2 oM A Rl I Nz, 1
T B A o B HE R A & X 4T W B (Ito and Horikawa,
2000). f#ifi/ AAEEE, HRi SRS E AT S
T SR EED S BT/ BN & OHREY T, R
(BT 5 IR ORISR OE U< FE LW EBEE R RS L
=hifE kg (il - HEE, 1987) & FIRFEAH OB fRICH 2 (Tto
and Horikawa, 2000).

W R F A

1. FKE & EHBEX 5 (Figs. 2, 3)

FEHIPH OB E MR % Fig, 2 1ITmL, R—U > 7
I7121d C(Core) 2L (C1, C2), HIRK &2 DU —
MZIE T (Traverse) 27 L CTIRB L 72 (T1~T15). M4
HOREF AL F OB EOBE R TOSMi 2T 5720,
R—U > rHfEFENL, 17 Cl(Fig. 1.5; Fig. 2® CD)
&7 C2(Fig. 1.8; Fig. 2@ C2) % 2006 4 1 A75 2 A
T TERIL 2. 27 CLIIMRESE IR TIHEHNIC S
WTCHEE Ka2.4B OGS S 5RO 7= E M (N66° E,
7°N) IZHEE 72 5 1A 80 m #EHI L CERERL 7=, a7 C21Z
YEiRs - RIS (1997) DALARER 1 D - > FIVALBI T2 S i
HIL7/=. 2O, b RIVNICEET AR A REED
B RNZ237&RI5 K512, ST°W OAIIC 79 FEDR
AT 68 miEHIL TIRELL 7=. J@HEMMN S kD207 C2 D
EIROEEE, JEHREEICH L T99.8% THo/zZl &b,
A7 C2OBEZaATHEEEL, BEOHIEET> TWe
W,
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Fig. 1. Index map and location photographs of the Kawayatsu area where cold-seep assemblages of the middle Pleistocene
Kakinokidai Formation are exposed. The map (top left) is modified from fig. 1 of Suzuki et al. (1983). The dls symbols indi-
cate where photographs 1-10 were taken, and the boxes enclosed by white lines on the photographs denote the sketch areas
in Figs. 4, 5 and 7. The white arrows of photograph 9a show the exposure trace of key bed Ka2.2B. Photograph 11 (any
place of traverse T12 of Fig. 2) indicates the method for measurement of bed thickness. The base map is part of a
1:2500-scale “M-7" topographic map published by Kimitsu City Hall; some contour lines in the eastern half of the map

were modified according to our topographic survey.

Mg O FEm SRS, FAEEHI O ME 2 U < SRR 07z
W, R TH—JEEHA O 3 MEHY, N5 OBs0n
HHETDHHEAT LA Fy F TR (Fig. 1.6). Fig. 1 &
Fig. 2 O—E DM D E ARG 503 o5, & I
KLEINTVWDDE, DD THS. ZOHETRDH
@ DEmEMERNS, BEEZHEL Fig. 1.1, 37 &FH
UHSHE DRR 2R B 2 LI1c85 iz, Fiz, FHEICHA
LU 7= BETFITD 1/2,500 MK [M-7 12K E ORE) & >
ele®, MEHEFITKE L T R (Fig. 2 @ Kamikawa
Bridge) &K / JIl#& (Fig. 2 @ Kinokawa Bridge) 1 O#IE
NS, ZOREDONIOEBHOEROHIEZE/KL, —Hib
DHIFSEHROBEE{T 57 Lzsi->T, Fig 1 & Fig.
2 OHBEH DR FIE, —HERTHFRTORER &35 e> T
Wb, FEFHE)L— FOEMIERBICE > TRAILE. &
TeR 70% LA EZ2Jes, 70% AKin s 50% LA EZ2TEEE,
50% Al e B A & L7, EAHEFBOEHIZNIRT
DB S BGENH 5. £l AREIII—REHN

ChIEEZ R L 7z

XL PEREE Y1 Heiken and Wohletz (1985) IZ9EWy,  Ki
B 1T & 5 THIKA LR (<63 pm),  HLKIK LR (63 pm~2
mm) B E KIS 2 mm) ITK 3L, KIIEGS R A % 3
HKETZHDOERTY T E2ERETEHHDITKI L .

2. FEMFLHEOEHERE ERERMMALEDRIZE (Fig.
3, Tables 1, 2)

Chinzei et al. (1987) CTE % /s BmEE M & X N /-l
AL 10 FEDOIFENER FLIE BRI R 2 AAE O A%
DEEZERD - BEEROOIZaT CLTRED, #HE
N—h TIG#ED, T2 kD, T3 6 #alkD 2 5EmL 7=
21 it (Table 1) TH 5. a7 alBHIHED)EX 2L TR 3
cm ZEREL, BEAFHIBBORBIEICLT20cm AR
127322 X DI U 2. &alBlOEUEHE, AL 728/
DR E L7z (Table 1. &ilklo#EE (80~180 g %=
FEL, RICLEZICHMEE 63 um D520 ET/AKIEL =
%, TREEIRS e WERIRIEREZ 150 pm D550
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Fig. 2. Stratigraphic columns and lithological map of the Kakinokidai Formation in the Kawayatsu area. In the columns re-
lating to traverses T1-T14 and cores C1 and C2, the thicknesses of thin tuff beds are not shown to scale. Lithologies of the
key beds Ka2.6 to Ka2A are given in the enlarged columns. The base map is the same as that in Fig. 1.
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Fig. 2. Continued.
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Table 1. Individual abundances (proportion: %) of the main Kuroshio elements of planktic foraminifera (Chinzei et al.,
1987) relative to the total individual number of planktic foraminifera in core C1 and traverses T1, T2, and T3 (Fig. 3). Nu-
merals in parentheses give the number of individuals. Sampling horizons correspond to position (meters) in the stratigraph-

ic columns of Figs. 2 and 3.

Proportion (%) of main Kuroshio elements to all planktonic foraminifera with number of individuals in parentheses Number of

Sampling horizons individuals of

(Figs. 2 and 3) Pulleniatina  Globigerinoides  Globigerinoides  Sphaeroidinella  Globigerinella  Globigerinoides 1. all plar}k.tonic

obliquiloculata ruber sacculifer dehiscens aequilateralis conglobatus foraminifera
15.0 mof T3 4.109) 15.1 (33) 23(5) 0.0 (0) 0.0 (0) 0.0 (0) 21.5 (47) 219
12.0 m of T3 2.7 (4) 16.9 (25) 0.7 (1) 0.0 (0) 0.0 (0) 14(2) 21.6 (32) 148
10.0 m of T3 41(7) 10.4 (18) 1.703) 0.0 (0) 0.0 (0) 0.0 (0) 16.2 (28) 173
8.0 m of T3 3.1(7) 5.7 (13) 22(5) 0.0 (0) 0.0 (0) 0.0 (0) 10.9 (25) 229
6.0 m of T3 2.7(4) 12.8 (19) 3.4(5) 0.0 (0) 0.0 (0) 0.0 (0) 18.8 (28) 149
2.0 mof T3 3.5(8) 75(017) 09 (2) 0.0 (0) 0.4 (1) 0.0 (0) 12.3 (28) 227
9.0 m of T2 1.3 (4) 3.5(11) 0.3 (1) 0.0 (0) 0.0 (0) 0.0 (0) 5.0 (16) 317
7.0 m of T2 4.7(7) 10.1 (15) 54 () 0.0 (0) 0.0 (0) 0.0 (0) 20.1 (30) 149
5.0mof T2 2909 5.1(16) 3.8(12) 0.0 (0) 0.0 (0) 0.0 (0) 11.7 (37) 315
3.0mof T2 13.7 (17) 11.3 (14) 24(3) 0.0 (0) 0.0 (0) 0.8 (1) 28.2 (35) 124
1.0 m of T2 1.1Q2) 13.1 (23) 4.0 (7) 0.6 (1) 0.0 (0) 0.6 (1) 19.3 (34) 176
5.0mof T1 4.1(7) 7.5(13) 1.7 3) 0.0 (0) 12(2) 0.0 (0) 14.5 (25) 173
3.0mof Tl 5.9 (15) 14.2 (36) 4.7(12) 0.8 (2) 0.4 (1) 0.0 (0) 26.1 (66) 253
1.0mof T1 1.6 (2) 7.0 (9) 23(3) 0.0 (0) 0.0 (0) 0.0 (0) 10.9 (14) 129
10.12 m of C1 0.0 (0) 8.7 (9) 19(2) 0.0 (0) 0.0 (0) 0.0 (0) 10.6 (11) 104
11.12 m of C1 4.1(7) 6.5(11) 12) 0.0 (0) 0.0 (0) 0.6 (1) 12.4 21) 169
12.12mof C1 1.1(2) 11.1(21) 2.6 (5) 0.5 (1) 0.0 (0) 0.0 (0) 15.3 (29) 190
1423 m of C1 0.0 (0) 6.109) 5.4(8) 0.0 (0) 0.7 (1) 0.0 (0) 12.2 (18) 148
16.11 m of C1 2103) 3.4(5) 4.1 (6) 0.0 (0) 0.0 (0) 0.0 (0) 9.7 (14) 145
22.19 m of C1 0.0 (0) 73 (12) 3.6 (6) 0.0 (0) 0.0 (0) 0.0 (0) 10.9 (18) 165
26.09 m of C1 0.5 (1) 6.9 (15) 42(9) 0.0 (0) 0.0 (0) 0.0 (0) 11.6 (25) 216

W2, VA FLEA 200 ERFREIC/R 5 K 21250 EIL,
AR Z 2 TIRWH L THEL 2. RO/ KafE
72 513 Chinzei et al. (1987) O R EFEFE 0D S b,
Pulleniatina obliquiloculata, Globigerinoides ruber,
Globigerinoides sacculifer, Sphaeroidinella dehiscens,
Globigerinella aequilateralis, Globigerinoides conglo-
batus ® 6 FHFEN L, Globorotalia menardii, Globige-
rina digitata, Globigerinella calida, Globorotalia hir-
suta D 4 FRFPEL L7sino 7z,

W DI REE RN B S ERET IV E1ER T 272
W, FilEMEA LR Globorotalia inflata D&% & RN
e U=, EE, a7 CLQSEED, #EL— Tl
(5ED, T2(6 kD, T35EED OFt 51 EHEDET
1ol &ilBlOMF# & RFADOZERMAKRL, RIEEAE
B L HIE B DO SV H (—HR 2 E RIAAR L 2 JIE T &E 72
Mo EHEDEE) % Table 2 IRT. AR OIS EIZR
WIEFERERUT, —HOREHI R ERRDRE I
b Dz [FAREIE T B U TR U7z, Je bR O
ERPE U2 250 705 500 pm DY X255 0, JFiENE
H LW Globorotalia inflata DEW TR ERT 2
Rz, 13 BI®HZ0 15705 20 EREWH L2 0L
TR, BFLENIC RN L7231 F1 e EDOR
M ZMOBRL< 720, T/ —)1(99.5%) & AN 7=Z&FE
HTERESZAWTGREEID, EERIRERIC K > TR
ZOrBEL, TESER TN Z BN IR E B 0 R L
oo BHE LY =V AR S E72%, R L2 E

WTH T ZNA T IV Utz 0 RAAR e ORI 3 EE R
FEWFTCHERS - HIERNTB A Bt > & — GHIE SR O 4 F5) @
Dual inlet &% & [F] 47 & bt & & 53 #7 & IsoPrime (GV in-
struments f:8) Z T L7z, 155N 72k LM HRLE R
REEIE, NBS-19 ZfE#Eik & L, VPDB & LU THIRg{E L
7z BIERZEE 8°C T 0.07%, 80 TO0.11%TH 5.

3. BERBIEDRE & TERAMALEDRIE (Figs. 2~8,

Table 3)

(LG RACATE S ET D HERBIRICDONT, X
B #E (PR XRD #IE) 12 X 28upFE, B OREE
R DRERMARLONEZIT> 2. &k AC (Authi-
genic Carbonate) Z £/ L TR L 72 (ACI 7 5 AC23-2,
Table 3 ICEH). ZNHSDON, NA 7> TRBII N 508}
ER—0EaEREL, H5WER—DRAEZDFADIES
RLEMN SR L 72l B 289 (AC3-1 205 AC3-578 &
Fig. 8.5). 772U, N1 7 >%&ML#ENL, Fig. 2. Fig
5, Fig. 7TH O 5IH TERHIEN TWIRWAC3-1 205
AC3-513 AC3 £ LTI E). HAEREEENT ACI
NS AC10 BIAWFRDRER 2 205, AC11 205 ACILS5 H33E
35, £z ACL6 1S AC23 A 4 S RESI N
(Table 3).

HlE RN, B & 2 WIdBHER 2 7 0T — TR L
7=, WIRFARBEMEE T CHALY/: EDEMIRIREEEZ TE
DETRET, 70 RYNEHWTERRUZ. SFEUCHEH
L7z RUIWG, BREURICEESITIZ L, RUJVITKRDNHE L
TN EZER L BTy /) =V TRk L, I8 T
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Number of
Sampling horizons 5% st foraminifera  Mud content
(Figs. 2and3) (%0 VPDB) (% VPDB) individuals (%)
measured
20.0 m of T3 0.76 0.94 14 38.85
19.0 m of T3 0.86 0.97 16 36.04
18.0 m of T3 0.84 0.85 14 21.20
17.0 m of T3 0.84 0.61 15 25.61
16.0 m of T3 0.84 0.75 15 23.60
15.0m of T3 1.03 0.66 15 26.75
140 mof T3 0.95 0.82 15 24.25
13.0mof T3 0.56 0.60 16 21.54
12.0mof T3 0.84 0.70 15 25.86
11.0mof T3 0.75 0.83 14 24.79
10.0 m of T3 0.89 0.82 14 37.17
9.0 mof T3 - - - 33.53
8.0 mof T3 0.57 0.57 13 -
7.0 mof T3 0.61 0.69 12 41.96
6.0 mof T3 0.52 0.72 15 31.81
5.0mof T3 51.81
2.0mof T3 - - - 51.28
1.0 m of T3 0.31 0.78 15 52.94
0.0 m of T3 - - - 67.68
9.0 mof T2 0.64 0.82 16 63.48
8.0 m of T2 0.74 0.72 nr 59.72
7.5 mof T2 - - - 54.41
7.0 mof T2 0.89 0.73 15 47.08
6.0 m of T2 - - - 35.65
5.0mof T2 0.90 0.71 16 38.08
4.0mof T2 - - - 36.11
3.0mof T2 0.57 0.61 14 29.61
2.0 mof T2 - - - 25.58
1.0 m of T2 0.69 0.51 18 15.39
7.0mof T1 1.08 0.45 14 34.22
6.0mof T1 - - - 25.62
S5.0mof Tl 0.80 0.43 14 23.28
40mofTl 091 0.52 14 23.95
3.0mof Tl 0.85 0.29 17 26.78
2.0mof Tl 0.58 0.31 nr 40.20
8.12mof C1 1.20 0.22 16 49.84
10.12 m of C1 1.40 0.39 15 44.95
12.12mof C1 0.75 0.31 17 46.89
1331 mof C1 1.27 0.20 23 52.37
1423 mof C1 1.14 0.40 19 46.45
1534 mof Cl 1.42 0.05 19 47.37
16.11 mof C1 1.19 0.29 16 51.23
21.13mof C1 1.35 0.12 16 43.92
22.19mofCl 1.39 0.28 19 45.47
23.12mof Cl 1.07 0.15 18 47.12
2447 mofCl 1.53 0.42 18 41.14
26.09 m of C1 1.23 0.31 22 41.00
27.12mof C1 1.30 0.14 16 52.54
28.03mof C1 1.27 0.01 18 40.99
29.17 m of C1 1.21 0.15 19 47.31
30.09 m of C1 1.33 0.45 19 47.97
32.12mof Cl 1.26 0.37 15 44.67
34.09 mof C1 1.16 0.33 11
3522mof Cl 1.22 0.30 19 -
35.52mof Cl 1.02 0.27 nr 58.92
36.07m of C1 1.20 0.26 nr 59.87
37.49 mof C1 0.71 0.21 15 50.76
38.19 mof C1 0.69 0.17 18 43.65
38.49 mof Cl 1.29 0.12 nr -
38.96 m of C1 1.29 0.52 18 50.58

nr: not recorded; -: not measured

( < )Table 2. Stable isotope ratios (5O and §"°C) mea-
sured in tests of the planktic foraminifera Globorotalia in-
flata from the Kakinokidai Formation in the Kawayatsu
area. The number of foraminifera individuals measured
and the mud contents of the examined horizons are also
given. Stratigraphic horizons correspond to position (me-
ters) in the stratigraphic columns of Figs. 2 and 3.

ALz HNEREIE OO, BREL ZiE 200
M5 400 pg &, k& OE S 20% O U U LR
L, FNFNETRHTEINOIY, BELEZEA S T
STHE M ARIC UHEREE Lz, XRD 2B I IRIE T
KEXRF ¥ —ETPHXATHRT MU —0 RINT-2000(1J 4
78 &RV, JE IR )L 47— (ST RSO
ZREHAL, HIESMGE CuKa it EEBEA0KV H 20T
50kV, EEF 200 mA H 5113 300 mA, EFEHPE 20
ME S5 E 60 E), U TiE0.01 E AFv>
AE—R1.00 E/45%, F#HAU v M1E, #iLAU v b1
B, 2ZFtA U v k0.15 mm DT> 72,

XRD HIERERMN S, SRR YAE O R B & L 2 Wi
F0 QOINIT KV ERR S N b ) o A& HHEE Uzt
BRTRD . AP RO FOMg &A=
(mol%) 13, Lumsden(1979) ® d104 ¥ — 7 & & Ca &
f & (mol%) & DB EHWTEIR L 2. 25 DfREE
Table 3 IZ/RY. LU A b Mg BF &L 075 1941
mol% &7 -7z AR TIE, INo0HMEED &I
Dickson (1990) DFEHEIZHEV, Mg &H &M 4 mol% Al
Db DO EEMg LHA R, 4mol% LD S0 % Mg
TV A R ERER RO bO Mg &H &% 39.39 15
4737mol% &72-> 7. ROxA hDS55, Mg &HEN
3005 40mol% Db D& 710~ R b (protodolo-
mite) (Naehr et al., 2007), F£7z, d015 E—7 L&
Y (stoichiometric) RO~ D d015 E—27 K0 biFE
LCW3H0%E N> 7 > ROXA b (calcian dolomite) &
IERZ &3 % (Gregg et al., 2015). JIARDIEHIIE Mg
GHEN40mol% LL FTH 2 H DA 1 ik #l(Table 3,
AC4-5 :39.39 mol%) & £, 2ARMIZ d01S E— 27 O
ENALNDD, LIFTI3eTROovA hEES

XRD #lE U7z B REER 2 EIL, 235 Oiklo
R E R SR DLERMAREL 2 ## A KD Finnigan MAT #t:
FIMAT250 BL V251 HEo st CTHIE L7z slEHziX
ROXA 280D D0ND DD H:IFN 2011 @ 100°C
DY) SISO RO M ekl FRIEE THRIE L
Jz. 7z7ZL, RO<A1 bk 100% 7575 AC1L, ACI2 13,
HIERHI OBGRN 5, 60°C TGS B2 CO, MEHIEL
77 I E B 22 01E, MAT250 T 8°C 78 0.03%, 80 78
0.04%, MAT251 T5"C %30.04%, 5180 %%0.03% C&
5.

R R FEOEBAHTENE, 60°C TR VLRI
B A HERCEE NBS-20 (1)L M) I L T —& A
Hhan 5729 (VPDB), 100°C TRt & 72 HIE #E,
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Table 3. Stable isotope ratios (5'°0 and §"°C) and authigenic carbonate composition of the Kakinokidai Formation in the
Kawayatsu area. Also shown are the reaction temperatures of phosphoric acid from the samples, as measured in an oil bath.
The proportion for each carbonate species was calculated following Seto et al. (2019). The Mg contents of high-Mg calcite
and dolomite were estimated following Lumsden (1979).

X Argonite Low-Mg calcite High-Mg calcite Dolomite
Sample 8¢ 515 teII{neactlon - - - - » ‘
perature  Ratio forall ~ Ratio forall Mg Ratio for all Mg Ratio for all Mg Sampling locations
Number (%, VPDB) (%o VPDB) measured In carbonates carbonates  contents  carbonates  contents  carbonates  contents and relevant figure
oilbath (°C)  (weight%)  (weight%)  (mol%)  (weight%)  (mol%)  (weight%)  (mol%)
ACl1 —41.86 1.51 61.0 - - - S S - - Fig. 5.3 (loc. 2)
AC2 —56.06 2.74 60.1 - - - - - - - Fig. 5.3 (loc. 2)
AC3-1  —56.61 0.69 61.4 97.02 1.81 2.25 - - 1.16 46.19 Fig. 5.3 and 8.5 (loc. 2)
AC3-2  —54.05 0.61 61.4 96.34 3.66 0.00 - - - - Fig. 5.3 and 8.5 (loc. 2)
AC3-3  —52.49 1.10 101.1 91.39 8.61 229 - - - - Fig. 5.3 and 8.5 (loc. 2)
AC3-4 5452 1.57 101.1 38.16 - - 61.84 13.77 - - Fig. 5.3 and 8.5 (loc. 2)
AC3-5 -37.05 1.32 100.9 - - - 9.81 19.41 90.19 45.20 Fig. 5.3 and 8.5 (loc. 2)
AC4-1  —60.82 2.46 61.4 84.10 4.50 - 5.00 - 6.40 - Fig. 5.3 (loc. 2)
AC4-2  —61.60 2.18 61.4 94.00 1.60 - 1.40 - 3.00 - Fig. 5.3 (loc. 2)
AC4-3  —-55.10 2.87 100.5 - - - 99.99 14.81 0.01 46.84 Fig. 5.3 (loc. 2)
AC4-4  —5439 3.08 100.1 - - - 100.00 19.08 - - Fig. 5.3 (loc. 2)
AC4-5 —51.30 1.96 100.5 - - - - - 100.00 39.39 Fig. 5.3 (loc. 2)
AC4-6  —47.13 2.71 100.9 - - - 3.71 15.80 96.29 43.29 Fig. 4.3 (loc. 2)
AC4-7  —46.54 3.03 100.9 - - - 2.86 15.03 97.14 43.74 Fig. 5.3 (loc. 2)
AC4-8  —46.29 3.34 101.2 - - - 3.12 15.44 96.88 43.71 Fig. 5.3 (loc. 2)
AC5-1  —41.49 3.23 100.2 - - - 3221 7.40 67.79 46.93 Fig. 5.3 (loc. 2)
ACS5-2  —45.03 2.77 101.5 44.98 - - 28.33 13.37 26.69 4473 Fig. 5.3 (loc. 2)
AC5-3 - - - - - - - - 100.00 45.03 Fig. 5.3 (loc. 2)
AC5-4  -10.96 2.82 100.1 - - - - - 100.00 4547 Fig. 5.3 (loc. 2)
AC5-5  -13.16 3.55 101.4 - - - 7.05 11.77 92.95 46.13 Fig. 5.3 (loc. 2)
AC5-6 —18.46 333 100.2 - - - 10.18 573 89.82 44.97 Fig. 5.3 (loc. 2)
AC5-7 —18.18 321 100.8 - S S 6.78 4.30 93.22 4443 Fig. 4.3 (loc. 2)
AC5-8  —47.03 2.90 100.2 67.18 - - 23.66 15.47 9.16 4538 Fig. 5.3 (loc. 2)
AC5-9  —41.80 3.46 101.5 - S S 39.33 593 60.67 46.13 Fig. 5.3 (loc. 2)
AC5-10 -31.06 3.10 101.6 - - - 17.54 4.13 82.46 46.11 Fig. 5.3 (loc. 2)
AC6-1 5531 4.01 101.5 96.49 - - 351 7.77 - - Fig. 5.3 (loc. 2)
AC6-2  —51.58 2.51 61.3 99.47 - - 0.53 6.63 - - Fig. 5.3 (loc. 2)
AC6-3  —34.09 2.59 100.8 5.86 - - 17.69 16.73 76.45 45.17 Fig. 5.3 (loc. 2)
AC6-4 - - 61.4 - - - 65.12 13.73 34.88 45.12 Fig. 5.3 (loc. 2)
AC6-5  —51.69 323 101.2 82.36 - = 12.74 8.71 4.90 45.68 Fig. 5.3 (loc. 2)
AC6-6 —51.76 3.37 101.2 70.27 - - 22.13 15.13 7.60 47.37 Fig. 5.3 (loc. 2)
AC7 - - - - - - - - - - Figs. 6.1, 6.3 (loc. 2)
AC8-1  —41.77 3.07 104.0 - - - 36.90 13.03 63.10 4530 Fig. 5.5 (loc. 2)
AC8-2 2889 3.13 103.0 - - - 1.56 15.86 98.44 46.13 Fig. 5.5 (loc. 2)
AC9 —52.14 1.34 62.9 90.49 - o 9.51 12.87 - - Fig. 5.4 (loc. 2)
AC10 - - - - - - - - - - Figs. 4.7,4.8,5.8 (loc. 2)
ACl11 —18.50 2.32 58.0 - - - - - 100.00 - Fig. 5.1 (loc. 3)
ACI12 —22.44 1.39 58.3 - - - - - 100.00 - Figs. 4.7,4.8,5.1 (loc. 3)
AC13 - - - - - - - - - - Figs. 5.1, 4.8 (loc. 3)
ACl14 —20.53 1.36 59.8 - - - - o - - Fig. 5.1 (loc. 3)
AC15 - - - - - - - - - - Figs. 2 (1.0 m of T8), 4.2 (loc. 3)
ACl6-1 —49.35 2.82 61.4 98.90 1.10 1.86 = - - - Fig. 7.1 (loc. 4)
AC16-2 —49.47 2.56 61.7 97.09 - - 291 5.26 - - Fig. 7.1 (loc. 4)
AC17 —49.88 2.67 61.7 98.47 1.53 0.88 - - - - Fig. 7.1 (loc. 4)
ACI18 —47.26 251 61.6 100.00 - - - - - - Fig. 7.1 (loc. 4)
ACI19 —52.67 2.67 61.7 94.76 5.24 0.08 - - - - Fig. 7.2 (loc. 4)
AC20-1 —47.53 2.52 61.7 100.00 - S - S - - Fig. 7.2 (loc. 4)
AC20-2 —4821 2.59 61.6 100.00 - - - - - - Fig. 7.2 (loc. 4)
AC21 —39.83 2.32 61.7 98.33 1.67 2.06 - - - - Fig. 7.2 (loc. 4)
AC22 -52.32 2.89 61.1 100.00 - - - - - - Fig. 2 (1.65 m of T14) (loc. 4)
AC23-1 -55.99 2.88 61.8 98.07 1.93 0.00 - - - - Fig. 2 (0.65 m of T14) (loc. 4)
AC23-2 —54.74 2.47 61.0 100.00 - - - o - - Fig. 2 (0.65 m of T14) (loc. 4)

-1 not measured
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B & DORINREIC K DHIEETT O LEND S, FIEIT
BT PRI SRS AR O F2 22 7E RN S B AR E 2 LU TR 1Tk
NB5ANCE > TRD 7=,

TIVHA DYV > & DS DR K B [R5
RITDONWTIE, &I - MIH0993) 12K 0§ K#D il
DE &M THIE S 1172 1000 In aco, i —cateie 25°C,
10.20; 60°C, 8.87; 100°C, 7.86) I DXL FOR 1 %1%
oo TV A MZDWTEARZE, Fa<A MIDW TR
Rosenbaum and Sheppard (1986) IZLZLAT DA 2 &, =%
7z, 77371 MZDWTIE Kim et al. Q007 IZX 5L F
OX 3 ZEH, HEMZEMELZ 728, ald CO, &ixE
WI D5 RIREL T I 3AEARRE 2R

1000 In oco, eia—carcie=35.76 X 10° T >+3.71 KD
1000 In 0tco, eiar - Dolomite=6.65 X 10° T *+4.23 (2
1000 In Ao, (acid) *Aragonite: 3.39X1 03 T71 —0.83 (it 3)

JIVTA L, ROXA L, H20WIY FTFH1 MEEL
TRt OB ZE MR L O EIZ A T ORICT o 72, iR
> P & DRI EED © 5 BRI R O R AL 3 %k ()
WA MR oy, FEYA M opy, 77 TFHA M op) &
ENTIKRD, KOTZFMATHIFRE & 60°C TDAILTA
~ DRIGAERGHIRER 8.87 LDFE%E, TN ENDIRIEEIY
FDRIMAKRHOMIEEE L. ZOMIEMEE TN TNOHIE
I DA EE L (Wey, Whg, Wa) THECL, ZOFIZ
AUBOMIEME & Uz,

(8.8770((331) XWC31+ (8.8770@01)
XWD01+ (8.87_0(Am) XWAra:ﬁJtEﬂﬁ (%0)
ZZ7T WCal+WD01+WAra: 1

(H4.D
(4.2

4. BERTvFEARDOHMOEE (Figs. 1, 4~7)

b B AL EEHEESED 2 7 v F & BB L O L 723k
FIOHFEZ Figs. 1, 4~7T1RT. KREBBHORr v F
(Figs. 5, D3, BIEIETICRE L EROEEZAKL,
FN6EY T N ETEEEUTUERLE. (BkLAEZAT Yy F
3, BIMTHEGRL, WEEMRGELZ. BARBEI > 7Y —
2 a s ZDNTIE, HAERBEE DS K OB B A4 R
ML L TWEHDEXRLL TS XS v F (Figs. 4.1b, 5)
&, INSITINA B AR/ EFE 20 O L 51Ttk
Bl TWBZEHRTEEBOERAIL TERLL TVWD R
oy F (Fig. Db 5. BAREHEE (Table 3) OEREUL
ElX, NSOy FITRUEDN, AT v FIn oL
7= AC15, AC22, AC23 12D\ TIL HREUEHEZ Fig. 2
DOHIRK T8 & T14 1R L7z, —FBOEHTIE, H/ROff
E A (Figs. 5.2, 7.3, 7.6) L &9 K E AL Ok TE 5 7]
(Figs. 7.2, 7.5) ZHIE L, MHEMHEEME DIV 73y b R
R L TR L.

g & #E

Fig. 2 OHRKIR L 2O 2FEIX 135 m &78 5.
Fig. 2 OFMRITR UMD, Hfi/ KRBEN S50 3
7 Cl & C2 D FERZIEAEMN 5735, JIROEARE 4/

WS AR B e S EH T L E G B A TR O & B AR 663

KEBOEEFIZ, Ito and Horikawa (2000) %2/MAJ (2015)
OHIRKITRENFERESEITTH L, Ka2.6 #EHET
DENBEBED LR E72%, ZOWEBIER I Y FERI L
T 5EE 19 m OWEE Fig. 2 1%L, KOJIKE» S
MENNZH > T 280 m HiRICHEHT 5. #ili / RKREEO FAIp
5 FIAOFIREROZAIL, s EAHk L &2 D FALd
MR b AR T 2 DOEENTFET S (Fig. 3 DEVEED
KHD. Z 513, Horikawa and Ito (2004) @ Ak kiAL
A1 Unit 6 & Unit 7 IZENTNIET B & Bbi .

NEOHE KRB, EPEELZZE L <#-> RREDEE
MoR0, WHEIRERE WEE RICERBEPI(ET 5. i
iR oD it g oD ZE TN AL SR—PE R PE C, AEAEPEIC 2 S 9
JEERIT 2. REWEE EWEEERBICE, BaeRa)Y
MHIE, HHNTERELTHERL, Rosselia T IHIFF3E
(decapods) EIF &5 2 5112 B/CROAIEN LR I N
. Z055, THFRBEEZREEZ 5N 5 RCRD AR
13, WEARSGEZEZONDLUTITERD{EAFE 1 5 4
DFBFEN S PN EL T 5. IR Ok KB 8 OHEREEE
&, PenEgENSEN L2 BAAICEDE 100205 150 m
EHEE SN TV (GEl - fU8, 1997). LavL, HifsEsrit
1% 100 m % #8 A 2 KN4 O Y /K HE AR Bl A3 T30 = 4 (BT H,
2003), FMRETFTNOETHEMIT 2LDIT, JIROHEIT
MIS18 CKH) 725 MIS17 (FEPKHED 12 THERE L 7= L
INBDIENS, HMAREMIHOHEFREE T b % 7KEK 50~
200 m OHEFEY & T2 DAY L5 2 5N5.

HiJg O RIS A Ka2.6 05 Ka2A @ 10 Mo #)=
BRI 2 I ENTER. SRBEOREIX LR L%
[EH] (TEEAREEEHES, 1988) Oitikic EIcHKD
&, WHA952), =FHIFMNA959), HTHIZMN(1980), #i
ARIEFENA99D) 12 E=BHBITLRns, EEINICEHRT &
B LA L CHEZRTT> 2. 20 S OREITEICE
BEINTEEDN, TOHIEOEODNIEIKEREETHLD
HEIKE A & 5L RHONH DI EnG, LT
TlEHtg & LR FAEHBOXRHED AT v F % Fig. 2 1T
KT GEIORAET, HIRK T2 Of EEAE S FRRE T3
D FEAHIIZ Ka2. 2B (Fig. 2) AR CTE/2 2 &IT kD
(Fig. 1.9a DF%HI, Fig. 1.9b), HFREFIL &HET 5 -
TR AIR 73 A el 488k C D TERE 72 L D3t bk & TR oD LA
HOMNATREE /2o 7z,

BT, PR SEIGETERNI ENH D, £E
MEMAIET D END S (Fig. 2). EEMKLKILIKE
TH5Ka24A £ Ka24B D55, LD Ka2 4A 13FE
Jb— K T1 T, FEEICHIKII ARG L iR TEho k.
FAEI — b T4 Tld, Ka22BI3#R CTELMN, LoD
Ka2 2A 138 C&/sno 7z Ka2.1l, Ka2B BXLUKa2A
ITFAEIN — N T12 & T15 THETEZN, MOEGIHE
JV— bk T11 TR TERM o7z B — b T11 132
BRACORENER T 2 2 EM G, HRBAEMEIICE > T
BEEIPLEL L 7= E B s, £z, Ka2. 1 Mk KILIKE
ThDN, BN —b T3 TlE, BEREMRIIERE S UneE
HCERWEHTH . I5I1Z, )L — TS TKa2.1
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R T E D, T D BAIEYEIC Ka2B & Ka2A 13#ET
Elapole. FEIN—F T5 @ Ka2.1 1 FEYEEIC K 0L
WML, 250 THBEL TGE#MEINEI Ens, Ka2B
& Ka2 A i3 IBEELIC K > TR L TLU £ o 7= nlREMED &
3.

FRET N

(LB A AR HEEOE BT T 2720, TRl
A fLHE Globorotalia inflata D72 Dk 322 & RN LA BY
MOERETIVEREL . Fig. 3 ICERE, G. inflata ®
s DI 74 & R T2 DL E RN, 1P FL L SR B A
(Chinzei et al., 1987) OFlEEA FLEEEAEEIHT 2%
O OEIG DER %R, 155N BRLE RN
D/IMEL 0.31% TR 1.53% & 72 D ZBEI 1.22%
Tho7=(Fig. 3). UFTiEwmd 2L, INs0E—Y
WSHEEIR R FAAA A T — 2 (U MIS) 17.3 A DFILKLL
E—2 & MIS18.2 DIEDFENALLE—Zicehen bttt S
N%. FEOEAAILROERLEFNKLET DX S v -7
Hh# Td % LR04 X ¥ v 7 (LLF LR04) (Lisiecki and
Raymo, 2005) T, A5 IZHIYT 2 MIS OREE%LE R
LR (3.50%0 & 4.75%0) D7EL 1.25% CH D, B —HT
5. WE LBEEALR G inflata 13, A BRENRN
T &S IRAER LR & RSB R E A AR LA B R 2R S
ZENHSNTNS (Oba et al., 2006).

Okada and Niitsuma(1989) & Pickering et al.(1999)
WA FLR O FLERIMARLLABNIC LD H ) KB EOFE
TIEMEL TS, DINTIE, #2)IDV— N TAPE & [H
U G. inflata %/ L7z Pickering et al. (1999) D2 &R
LR LS NIBROMEDFENRET IV EHET 5. Pick-
ering et al. (1999)13, #&&)IDL—  CHEAJE &Ai / KEJE
DEHTHDENERE L& Ka2.5 ORIC MIS18.2 #,
£/ Ka2.l B RIZMIS17.3 Z#&E L. 15D MISI8.2
DD, IR TRESNZIEOE—r OBHEIIFIZ 8T
5ZLh5, ZOREMEE MISI82 DIEDE— LiBET 5.
—7. Pickering et al. (1999) 13#&%)1D)L— KT MIS17 @
B OW/NMETH 2 MIS17.3 2 Ka2.l EEICHEL TS
2, )IIRTREADOE—I A Ka2.l O TFALICRES NI &
5 JEYEDTRRHL 75D (Fig. 3). Pickering et al. (199913,
o o MIS17.3 Bt L iR FM KL ERDODE—V %
Ka2.1 & Ka2.3 ORICHRD TS Z &5 (Pickering et
al., 1999 @ fig. 2), JIRTIE Ka2 2A B LOBEDE—V %
MIS173 DEDOE—7 E L TLA T Dz ED %, LR04
TMISI8.2 & MIS17.3 DFEIMAKRILE — 7 1TH ST S 44K
1% 718 ka & 696 ka T& % (Lisiecki and Raymo, 2005).
Table 4 12, ZOHEREHIT, JIIROHIEOHERGEHE 2 —E
LIRELT, &HE, EARBEM KEEOESR, BIUML
FELATHEREREIED LR ETIROFEREZFRL /2R
ZRY. BIREOEE, 37 ClD202mM~M5 17.3 m OibE
[EIIHIE DRI NSRRI L. FHREOREE, FREHIR O/
REEOHFHEITHEDD 143 m &g 7.

i F AR AT & EIREOETE Ka2.3 L0 b LoD

2019—9

JEHE TR < —3 L, WkEN EF L 7= MIS17 ORPK
HicaEENm < ksEmERLZ LML, Ka23 &0
B TMIOBHETIE, SRR EEREFRLLOEIIH F
D=L TWW (Fig. 3). REFELEFRMALLE, TfEHE
D 0% 5 0.5% DIETOEEN S _EAJEHED 0.5% 7525 1%
DEIDOEBN E S EREMZE R L7z 2O/ Pick-
ering et al. (1999) OFEMAFLE & EAAFLEORER (75
D fig. 3) LHFMWTH 2. J&E)L— b T1 O 7mfEHENS
[ S 2 TE AR L DRI 5 SN T2l (—0.45 %) 7375
SN, BEHREM R L A R O A M (Fig. 5.3
DO#ESH) OkE (Fig. 2 DAL — b T1 OEEID FeifFir)
ThBD, AY ARKITHD RFLERMAKRLOENE &
RIS DVL I D 5 2 2 AR 1T > o FTREMEDS D 2. Lap
L, ZoOREUETHE LRGN, B TEames
L, fiDEHEDBHIHN, ZOBHEDR TN ER HE
IREEHEL DAHNE B > 7= X DT R A - 7=
HEEEROLZIITHIL 26D TR NY — 2 &R
L7-. Nozaki et al. Q01D 1S, =WLBICEHT 2 LikE
BERMIE D G. inflata DFEF4EE RN LA B & RO EEHR
HMPEHBEOEBNE S —HT DI E2RL, IN5OLH
INE — 2 DI H DWW T RMR LR 7 — 2 DFRE %
fio7z. KBTI, BEHRLERAMKLOANDOZEE) (K
) EEWIERFEORINI R < —F L TWehl, Fig. 31T
U 7ehii ) R JE D 3222 E RN HL O B D288 (MIS17.3)
DRI (DK 12 B o S I B T M 2= U, KR
[BOH VRIS TS, Z O 2T S IR 5
TERWA, RPKHIOWAKEED EFITHEY, B O i
J RBEOHREG N O RELBEN TWERENEZSNS.
—J, BIREOLE) & FERERMOAE T R < —& L
TWBHESICRAS. &REKRIE, #HEIL— b TI NEr5iH
#)V— b T2 FEIZMT TEREIL— b T3 FiEn & Hhific
NI COfEHE TR LEME R L, S OEETE
FERFENEINL CT5. Horikawa and Tto (2004) 13, i
JARBEICRASNS EAHRALAE, TR ICREE T 2
2, i EBH ORISR NN OEEIT X > TR EI L 72
FiR &E ATz, MRAGESCRIEEMA I S ML,
5DEZ LTI TH 5.

{LF2EBIL AR EDE

LB AR DR EHZ RF O MITEDONT4 D0
TN—T500F, Zhs ZREH (K T Locality &2\
¥ Loc. £KF0) 1 76 4 LT, DUFICE#T % (Figs. 4~
7). BEMOAEL Fig. 112, E£&EMOEHED Fig. 2
OHARBNT R Uz, EEHL 1 205 313 Ka2.4A & Ka2.2B O
MOEHEICH D, Ka2.3 1> THEHT 208, #4132
N& D o Ka2.1 7 5 iREHR O & FEOFHEICN T T
PEHT S (Fig. 2). 723, 37 C2 il OMJE) 1R R
i, (B FERCMEESLBICED SR ORIEEI > 7 ) —
TariMEA & UTHERTE S, TS OEBRIZIRALERA)
DED Ka2.3 &0 BT Ka2.2 K0 b FAFHEObARE
1053 ERBENSETLZD O EEDNDN, #&H
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10 Globigerinoides ruber 10
Globigerinoides sacculifer
Sphaeroidinella dehiscens
Globigerinella aequilateralis
-------------- - '0—_ Globigerinoides conglobatus — 0
Kokumoto F. 4 ]

Fig. 3. Changes in lithology (Fig. 2), mud content, 5"°C and §'*O values of planktic foraminifera Globorotalia inflata (Table
2), and relative abundances (proportion: %) of the main Kuroshio elements (Chinzei et al., 1987: Table 1) for all planktic
foraminifera with depth in the Kakinokidai Formation. Stratigraphic columns are arranged with reference to Ka2.4B, Ka2.3,
and Ka2.2B (Fig. 2). MIS18.2 and MIS17.3 peaks were identified on the basis of correlation with key beds and foraminifer-
al 8"°0 fluctuations (G. inflata) in the Yoro River traverses from Pickering et al. (1999).

NOFHLMNRE R 72 OMRTETWIRN., WTNOEHHL
FERRME & AT DY F A 8 Lucinoma sp.), F T
74 %8 (Conchosele sp.), FX% L 1A ¥ (Acharax sp.) D
BRAY 10 em IR SEFTRIMERD MBI REL L, EL
< BCIThiB U7z HAERBEE S HIET D, AT O TLs
HRIKMAEBENEES, IN5EIEL, BAERBIEEEN
7236, FEAREBHIC X o TS L, 29RIC REEE B RS
PRI 2 ENHHaL Y= a RITHELEZDD
2K, HEVEZTO—HENS.
1. EEHhA

Kondo et al. (1992) ® Stop 4 O—HB & 44k - 15 (1997)
DILAEFER 1 1I2—BL, Zh5 DML THEHED AT v FH
IREINTWVS. #EIHIE Ka2 4A & Ka2.3 O DE%E (Fig. 2

DOHARE T6 D 9~13 m [EHE) in 572 % k> )b (Fig. 1.7)
DEEH &, Ka2. 3 E ED N> 3)VD O (Fig. 2 DFIRE
T6 ® 16~18 m [EHE) 5720, %10 cm WA D{L¥
GBI O A TR E K (B FRE 91~84%) M EHEI T
110 fiilfA /m* TEEH L, &7 A1 2D 89% % 1,
VFITAE(T%) EF X5 LA A FEA%) D LES S (BRI -
g, 1997). bRV OMZEERIL/Z3Y C2 D 1.5m/E
HEDN S BIAL AR EDNEL L7z, bRV THZITHE
B U 78850 A v 7 (Fig. 1D THBEEEREE R 5N
LRI THETY % HAERESE —MRln, BRUt
BT LA DR Z 7R 9 (Fig. 4.1b). Z DRI THIE
S N7z B AR B O L E R IE—-46.82 /05—
62.79% T 4 BEHIF RS PCICHiB L, MHEDLERAARLL
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Table 4. Age estimates of events and important horizons
in the Kakinokidai Formation of the Kawayatsu area. The
two peaks corresponding to MIS18.2 (718.0 ka; Lisiecki
and Raymo, 2005) and MIS17.3 (696.0 ka) (Fig. 3) were
correlated to those in the foraminiferal 5'*0 curve generat-
ed from the Yoro River traverses by Pickering et al. (1999)
using correlation of key beds. Using these two anchor
points, ages were calculated assuming a constant sedimen-
tation rate throughout the sequence, excluding a sandstone
bed at 27.3-20.2 m depth (Figs. 2, 3) in core C1 from the
total thickness of the sequence. Reference horizons corre-
spond to position (meters) in the stratigraphic columns of
Figs. 2 and 3.

Reference horizons
(Figs. 2 and 3)

Horizons dated
by age model Age (Ka)

Top of the Loc. 4 2.5mofT14 667.0

Base of the Loc. 4 11.0 m of T3 688.8
Ka2A key bed 20.7m of T3 682.2
Ka2B key bed 173 mof T3 684.6
Ka2.1 key bed 15.7m of T3 685.7
MIS 17.3 1.0 m of T3 696.0 (LR04)
Ka2.2A key bed 0.3 mof T3 696.5
Ka2.2B key bed 9.3 mof T2 697.5
Ka2.3 key bed 7.8mofT1 704.0
Top of the Locs. 1-3 9.3 mof T2 697.5
Base of the Locs. 1-3 9.0 m of T3 707.6
Ka2 4A key bed 84 mofCl 706.1
Ka2.4B key bed 92mofCl 709.4
Ka2.5 key bed 153 mofCl 713.8
MIS 18.2 24.47 m of C1 718.0 (LR04)
Ka2.6 key bed 26.3 mof C1 719.2
Base of the 42 mof Cl 730.1

Kakinokidai Formation

132.8705 4.12% & 3N TS (BEIE - [EIE, 1997).
2. Ehh2

TN DT > 7= —EHOFFEHZ MM 2 £ 55, Kon-
do et al.(1992) ® Stop 4 D& & 4815 - UG (1997) DILHE
PEHL 213, T o —HEOTEEORHDE (Fig. 1.2, Fig. 2 ®
HEIRE T7, Fig. 5.3) &3 5. #5HId Ka2.3 K> 7z1F
(FFE%EL 072 (Figs. 5.3-5.8). %824 v F13 Fig. 5.3
15 Fig. 5.8 1T C, WMNSPEANBEICIHR SN TNDD,
Figs. 5.7 & 5.8 I3 DOMFELI2Z DT, RAEBERNAPITR
% (Fig. 1 A7y FriEeZH). > 7T, Fig. 5.3 D&
DEM S &b HEN 7608 (&) 1, Fig. 5.8 Ofum&7a
. BICHEER T EEMNL VWO T, LIFNTIIHE Z &I
LI g 5.
DEHER HOE Fig. 5.3) 251 F 1 FErL
L, FXY VLA EBER L. £, ZOEDLHOR
oy FEIFHA O EETEN ST A TS A HOMEN B iR TE
7o THRRSEREE S Z 5N DEE 1.5005 3 cm DHEIR

2019—9

MEHEL, HNOHEL, HmOENRDES, JOHRET
FROMEZPE LD, MSITEMITEED Siaho 7z
(Fig. 5.2). BROHD S HHRBSED NROLANER L,
BN EEFHOIEN ST ba RSN, IS D
{EEVIHRIRT, = ORI I3 2 Bimd 5 (U] IR Ok
MES5N T (Figs. 4a, 4b). FEAITE, EEDH 1 mm O
HDEK03mm DB DNHE S N7 Peckmann et al.
007 2ZEICT 2 &, EEMN 1 mm OO, [UlF
IR D BLRIFIBC S 75 £ S K IR E S 2 X
£ U H(callianassids) D#E({bA &SNS Palaxius \ZFIE
=% (Figs. 4.4a, 4.4b, 6.2). —75, EHENK 0.3 mm O
NIDEANA (Fig. 6.1 DRENIE, Z OBERAIAIARER CH >
e, INS/NUDFED Palaxius O/NYEERDITH 2 D)y,
HDNIHOFEDIETH 5 DMNIHIW CTEIan - 7=

2) BEREE HARBEL Ty oI5 @mMg
FITA N, ROXA MKDRD, REZERMKLEZ—
61.60 715 —10.96%, Bz R %€ [FIALREZ 0.61 705 4.01%
TdHo7z(Table 3). £/z, £ < OiEHI 2 fLL LD
N S/25. —HOEN S Mg 1LY b hve
IR LT 10% AR TRt E sz, 2ns oalkHEE Mg
A R 5mol% FE AC4A-1 itk 2FR\WT, Wins 7
SaFA SMEBEEED % U EZEDD I EnS
(AC4-11384.10%), 77 dFA FDJEkIc L B ZEEDn]
REPEAYE VY. PEFRIZAN Q0100 13, HEETTO M EHHTOW
BARGEBEHILZAR—0 > 73707 HESmET,
7oadFA "L EDEMg VYA hEEETL LR
U7z 15513, iR 3/NV MR EEOIYIFEIEN S, 1 [
DAT—T T L T2 && 2 5N58HREERENTY 2 I 1 b
E{E Mg HVHA RO SN EISH T EERL, & Mg B
WA METY ST holFRiE< DakIc L 2B EITL >
THERENZE L.

Bl RESHEIE, 2 < MERICI S THIEL T BRA
DI EE b, AALRORONES, FEDOZERRR T H IEHS
EBIRT DI ENTER. HimDFEE (Fig. 5.3) D AC3 it
BHE, B7CBE LICHAERBEE NG UEAN SR, 20
BB O B AR R e 2 B2 U (Figs. 6.4~6.11), RF#FE
1% 3% D% E AL EL & JlE U 7= (Table 3, Figs. 8.2, 8.6).
Fig. 6.5(#F5H), Fig. 6.8 (EFHMBEEH), Fig. 8.5
(W 5 20) WA U BN D R A AE OWifE 27~ 9. Fig. 6.5
37 OZZI)VICKBERGETH DD, HHERRFDIZ<
Ji & ZeRR A AR 9 2 723, 1 < B & Z2iR & gL IR I
FOBELENTWS, Fig. 6.5 ICHE/EEDALE & HRHITR
L7 Fig 8.5 OWEIFEDE/ BT, Fig. 6.5% 6.8 DY)
Wl &2 O RBAREC,  BRBEDO T & BRSSO M
AVIRUC > THEI N~

Fig. 6.8 12, Figs. 6.4, 6.6, 6.7, 6.9, 6.10a, 6.10b,
6.11 OHpsZ T 2R Lz, BEINNENIT geopetal 1R (BAT,
geopetal WHEE) IZHH L TR D EEPE > 7 50 H A4 R
Hid, Y7371 FOSHRABK&EN 5720 (Fig. 8.5 D
AC3-1~AC3-3, Figs. 6.4, 6.7, 6.10a, 6.10b), EE[E{fix
DB TIIm Mg 7L A ML (AC3-4), EEHN



WEM 125(9) WS AR B e S EH T L E G B A TR O & B AR 667

4
(AE10)

Brm B848 89°JANASLS Sku X1Z8 188nm B848 89-JANS13

Fig. 4. Image of exposure at Loc. 1 (1a, 1b), decapod claw at Loc. 3 (2), burrow at Loc. 2 (3), and various scanning electron
microscope images of authigenic carbonates at Loc. 2 (4a, 4b, 5), and Loc. 3 (6-8). All images are of the Kakinokidai For-
mation. la, 1b: Photograph (1a) and sketch (1b) of an exposure showing authigenic carbonate precipitates along burrows
(exposed at black circles @) (location shown in Fig. 1.7). 2: Burrow with a geopetal-like structure in which a decapod claw
was discovered (location is at the opposite entrance of the tunnel shown in Fig. 1.4). 3: Isolated burrow with whitish acicu-
lar aragonite lining the entire burrow wall (location shown in Fig. 5.6). 4a, 4b: Probable callianassid fecal pellet, Palaxius,
in dolomite concretion AC10 (location shown in Fig. 5.8). 5: Dissolved foraminiferal test in dolomite-rich concretion AC8
(location shown in Fig. 5.5). 6, 7: Dissolved foraminiferal test (6) and framboidal pyrite in a diatom frustule (7) in dolomite
concretion AC12 (location shown in Fig. 5.1). 8: Rhombohedral crystal precipitates, probably dolomite, within a foraminif-
eral test in concretion AC13 (location shown in Fig. 5.1).

SENS & ROXA MEET 2K 512725 (AC3-5). & f;%1@ﬁ’£?b7‘:(Fig 8.6). 7ZdFA b& Mg L4
FLERARLE, AC3-1705 AC3-4 TIR<, AC3-5T FASLET BT, BHROY 5 I MME&EED B
w7250, MBELRERAMMALITAC32 TRHEL, ?UJ: DITEMAEDKEENE L TH2ETOBERSN, 7o
AC3-4 12T CHHE IR <720, [RFBLE AR S35 IF A bR L 2T, & Mg Vo1 Rtk L7z 2
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Fig. 5. Representative sketches of exposures at Locs. 2 (3-8) and 3 (1) where cold-seep assemblages and authigenic carbon-
ates occur, and orientations of burrows (2) in the exposures shown in sketch 3, projected onto an upper hemisphere of a
Waulff net after tilt correction. See Fig. 1 for locations of the sketched exposures. Note that the number of chemosymbiotic
bivalves and the development of authigenic carbonates decrease from probable proximal (3) to distal (4—8) parts of the
seepage trend. Burrows are exposed at the black circles or bold traces in exposure images 1 and 3-8.

L &R2Y % (Figs. 6.7, 6.11). DBLUINTERDFIANEE L N &, BN SHEHT D5
AC3EHZDWTIE, EHRLY > TINAT> TR o TATIIHERE N 5 F1T72 % geopetal #iAY LIT L ITBIS S
T, BRI HENAMIARHTHS. UL, EIHM N5 Z & (Fig. 4.272L), —HORTUTIZHE/EEZ IO P
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KO IZRLMIRICIEE U 72 B A REEE O JERISHEEE L T 5
A, KENFIAZICI Uz & i B B AR OPER
WERERL TR &, 72EM 5 geopetal KA & R
%. AC3 Bl D geopetal IRHEE DRI DNWTIE, &
DETHD Cilkim 9 5.

AC3 #E S 130 U 722 B (2 IR O8I B & HLD

I KL SICL THET 2EHRO 7 7 T bR N
(Figs. 6.10a, 6.10b). ZOMERIFZEBD Y T TFHA Mok
RHCHFEL, TOBERETNRRL 72 RINEI NS, RR
U7=AiEmisid, Ro<A ME#d 5 ACS itk o
FERTHERTE - (Fig. 4.5). £z, AC3ilBHD7
Z dFA b OEHIRKE R FFLRDBRNERIZ /A F A b2
Kan/ (Figs. 6.6, 6.9). /X1 T4 bid ACT idB THH
wcE/z(Fig. 6.3).
AL BERBIGELEEDORAZL (LFEAKR A
(Fig. 5 DHEKENZ, HimdE (Fig. 5.3) 5 NKEIT
PEHMERE DA U, Fig. 5.6 OFESEARAHL TREHASEA
5. —F, BHAERBEDL, FBEOREZEEAILMNS, #EHA
oy FOE (Fig. 5.8) £ THiE, ZNLAFED RS v F#ifH
ST, ZOBUETERINGZL 2%, FHOBEUIMNTE
D HAERIES, IR S BGRIETH 5 Z &3k
H D (Fig. 4.3) ZBRNT, BN EIIMEBIRICHET L1
BADHONLNN, FIRL TYUIWT 2 &SR BRI
ENDHONH Tz, UL, BROBEEIIEER KA
[k, PasG DTN S EEN DI L7z h3 > THERITEDT 5.
FEML 2 DFEFHIT RSN HD S EANDILFEE R BB A,
BR, BROBEAEREE QR OWRAMERNE, BEAKDHL
CRIGDE) 7 5 OEEEECBIFR T 2 nlGEMED = .

B A R S E A A R b AR, Ka2.3 ITih- T
92K DR A% (Fig. 5). MR/REEAMN 57225 KED
BEWEIREED, EMA Y VBICBEGT 5 X5 2tk
AF Ol E U T—EDEE Rl Thzohd L
W,

3. Eith3

FEHE 1 OALMNCH B b > F)VNES (Fig. 1.4) BELTZDRE
WO FEE % FEH 3 (Fig. 2 DFEIRIK TS, T9, T10) &9 5.
Kondo et al. (1992) 13, PIREH)IA THEMNICH S 1%
5? Stop 4 DOTILFAEILAREZREREL THna0n,
DB THOEOEMIIL > T, —#(Fig. 2 DFRK
T10) 2R\ TERAREC /2> T 5. FEHEEDL b
VIO ANCEHTYT % Ka2.3 AV FRRT (Fig. 2 DHRK
T8), b FIVE ED/INEDEIZENT 5 KB KE EHE
IREEHE IS TS 2 58 (Fig. 2 ORIRE T 75 IR &72 5.
FIROFEHIZKa22BE F E#EI NS, (LAPEH 313,
fbEE 1 BRU2 LRBEERVWL, EIOBEERS.
FEIRI T8 ZER L 72 b > RIVINIERE <, RINZRTEE 3
FBHZE S TV T /sBEIS R o 7278, 7D
REI MBS HAERIIC, 72 3 AR LA I SR &
BNITHIEMICEH L TS, N RIVEIO A DFHRED H
Az iR M OO BT HERE U 72 geopetal Mg H 7 S TBIFR %
FAD UL ADEEH U7z (Fig. 4.2).
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k> VAL H AR D PERIDEE (Fig. 1.4) 1B 2
HAERBEED X7 v F % Fig. 5.11RY. ZOHEHEN S
FXY VU2 MEERDNEHR U ACI12 ikl 2 ERELL /=
HAREEHIS, KESEAROEMICHEL T, ZOEN
SERIU 7z 2 iBto B A REE (ACLL, ACI2) 13, 1FiF
100% ROXA b2 5iab, ®FEOLERMALIZ—22.44
N5 —18.50% T, MEFEDEEFRMMA&IIE 1.39 15 2.32%
THh->7=(Table 3). TS DHAERBEHICIE &N
IZVER U SETL & - 7= A LR (Fig. 4.6), EHEONENTIL
U7X Z4 ~ (Fig. 4.7), AALBRIADZERICIERE L 72
rO<1 ~EBOND B (Fig. 4.8; ZOilklO kG
TR RFEE) 72 EAEIER I N .

4. Eh4

ZOFHSLTHO Tl 9 2T, FHEMPHDOFERDIROD
9 (Fig. 1.10, Fig. 2 QAR TH~TIS) 5735, JEH
JEHEITAEARED T11 O TR SR T14 @ ERRD, JEEIC
LT294mlET, MEH1I NS 3X0d EOEHEICNSS
(Fig. 2). fbfa & BAEREEOERE Fig. 7107, 1%
B BEEEITY F 08 (Fig. 7.0 M EL, FX5LH
O LA O F A 3R T E e > e, BHED
THEMADRER, —EERWTEIB T A>T/
7, Figs. 7.1 & T4 ITHREITRUZZARFE E U KA
OREITYF A ETHD. B2 % 1 k&L TE
HIL 72 &9 %13 Fig. 7.1 D A4 v FH#iPAT 71% (&7 10,
BEFR 4), Fig. 7.4 DAy F#iBH T 88% (F 97 29, HEF 4)
L0, AFMERTREEZ LMEICLEEEDOREIREE RS
NBMEEDZL)N > 7z (Figs. 7.2, 7.5). BAERES (Figs. 7.1,
7.0, BRI THELZH O, B (Fig. 7.7)
DOFMERE L& 5, EREITIFIFELT S E DRI
MEh - 7z (Figs. 7.3, 7.6). HEEMNSIFIAFES VUHHICH
ESND)MEAMER U7z (Figs. 7.9, 8.3). MM 4 ODHE
RIBE DZE RIS, BB OZERICIEB L 72 Y
7 51~ OSHRE SR Z BRI L TRIE L=, =
NS O H AR O R F R E FALARLIE—55.99 05—
39.83% C, BRFLEFMALIL 232005 2.89% ThH-7
(Table 3).

NBEDILZEEBALAREDRERH

{bEPEH 4 DFRIZX D, JIIBOILFE LG RN
KL D oA & PE HAFERDILN D 2 ENHS MRS
Jo. F, SEIOHFHETILAER 1 25 313, Ka2.4A~
Ka2.2B Of® Ka2.3 IZih- 7z, 1 FIERBEEDILGIET
HDZENHAL (Fig. 2 OHIRK T6~T10), EREFIV
M5, 707.6 15 697.5 ka lZnFTORK 1.1 HERM DR E
RUIEHETHDES A S (Tabled). — 4, FEH4IZ
Ka2.2A @ B4 11 m EED ENS Ka2A @ Ef721.8m £
TEHL, FRETINNS, 688.8 15 667.0ka Mt T
DI 2.2 JTFRIDRI B U 7B £ 725 (Table 4). LA E»
548 DAL A A4 BEEE O B IR, & O ARHIER
(697.5~688.8ka) ZMA CTHEHET 2 & 707.6 15 667.0
ka ETOR 4.1 THEMERS 7=
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Fig. 6. Thin-section (1-3, 5) and scanning electron microscope (4, 6—11) images of samples from an exposure at Loc. 2 (lo-
cation shown in Fig. 5.3 as AC2, AC3, and AC7). 1: Pellets (black arrows: ~0.3 mm in diameter) with obscure crescent-like
canals (cross-polarized light). 2: Pellet (~1.0 mm in diameter) with distinct crescent-like canals (cross-polarized light) iden-
tified as a probable callianassid pellet, Palaxius, based on its size and canal arrangements. 3: Framboidal pyrite precipitated
within a foraminiferal test (reflected light). 4-11: Burrow (AC3) with geopetal-like structures (5, 8; Fig. 8.5) consisting
mostly of acicular aragonite (4, 7, 10a, 10b), with euhedral carbonate (7, 11) and pyrite precipitates (6, 9). Acicular arago-
nite is enclosed by rhombohedral high-Mg calcite (7, 11), indicating that the latter precipitated after the former. Framboidal
pyrite (9 and black arrows of 6) is observed within the sediment surrounding the burrow, and the mold of a probable gastro-
pod protoconch (10a, 10b) occurs within the acicular aragonite. Thin-section image 5 was captured under cross-polarized
light. White areas indicate the parts of the thin section that were erroneously removed during sample preparation and the
empty part of the burrow. They were artificially whitened. White triangles indicate the burrow wall.

=S O BRSNS (R AR ; Nozaki et al., FAHAHE, AT FXY VAR EDAEHR
2014) & e iElR o e e e v i (AR ERnie s o 1 Bl HT RO S P ITRER S N, BRI OB KT LT
# ; Oda et al., 2011) 20 SPEHT DAL EGRALA BRI, Y Z e EnoNBOLFEERIEARESEEL THS
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Fig. 7. Sketches of exposures (1, 4), orientations of bivalves (2, 5) and burrows (3, 6) projected onto upper hemisphere of
Wulff net after tilt correction at Loc. 4 (location shown in Fig. 1.10). Photographs of a burrow (7), a lucinid bivalve (8), and

a claw fragment from a callianassid decapod (9) from Loc. 4.

(Majima et al., 2005). /NEE &g ORI, HXRE
ToBUEIA LA AL A TR E# R L CHET 2 2
EMTTRBUC L DRI N T 5729 (Kitazaki and Ma-
jima, 2003; MUGIE, 2005a; FUGIEA, 2005b), PEHL 1
Ta7 C22HMWM LD, HE1.5m THEITOILEER
KEEEZ 1 BARRRTE 22T, AERBIEIT 2 <BE
T&Eam-o72(Fig. 207 C2). jEM | TIEEREHE T DMt
T EERILERHETER LN EEZ 5N 5.

BAERBIEDRERMAALE

B AR R O k3 & QR ERALA L & Table 3 &
Fig. 8.11T/R9. &AEICY T 5o bsik U7z ield i
FLE IR EEAMENER 2R 978, BRFRLE R IR
EAATZNEDITRA S, RO~ Msl =3kl 7
T O PR L 72idBl L D BB DR E FINRL 2
AY, ZOHPFHIE—50 705 —10% EEFRDOIENKE .
Xz, —HOMBIZRRNT, RBELE R LAMEOGEEHS
BeSRLE RN OIS, RFBLE R O EUEH IR
FLERMARLE B EmOBERPFEEL THWAEDICRA S, H
i L7zl Bt 0 2 < 3R DRI DR 570 572 0 (Table
3), BERMAKLOFHAZHEL S LTWEH, BIFIC—E

DEFIEEDHT, NS DRNARLOFAZ A 5.
1. RERERMEL

TE/KIG CIRS % F AR IR O [k B2 FINTR LS, TR
L 7= % D72 3% (Dissolved Inorganic Carbon; A
T DIC) D RFLERMAR I EARNTIRE S 5. HiEK
BORBRAK D DIC DR FLE R LIZLL T DEER TE
L9 5. HREMPTAY L RIERMHE S NS &, K
HE T THSW A Y > {k(Anaerobic Oxidation of
Methane; 2AF AOM) (5 5) 23 & (Kriiger and Treude,
2005; FEHED, 2010 72E), ZmOKEEKFEA F > LHift
IKFEAF DRSNS, WIFEEBYT DAY FFEL <
BC It % D T(—110~—20% ; Schoell, 1988), 4
WU 72 R KEA A > b BC BT 5. kS n =ik
FA F AMEFAREW L > TR SN, REEAKEL >
BYNAHVEE pH 2 LR S, #kho Ca' Mg 7z
EDRIEA 4> EREEG LT BCITHiB L7z F A R OTE R
EIEET 5.

MR FORBKHD AOM L, il 1 = > 3khigd %
FEZTREL, A MG 2REZ LIRET HIREH
FCERE5. ZOREEHHE AOM LXK K&
AOM ## DRI & 2 HeFEWH O AP (—19~—27% ; FI
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H - i, 1981 2%, i1 A > 7x Sk o ToHfE S 7=k
IR S N2 K FA A > (3 6) DIRFLE FNMAKLIZE
BWHOEEFRRE SN, FAEIZIEEASREI SanE
EINTHD G - 1/, 1996; Claypool et al., 2006). %
72, AOM % K D IRWERE TIE Z 5 A OIEEIZ X 2 A
& 2R DR CO, B (X Q) rEITk> THERENS
AL AT—110 15 —40% DZE RS AL Z 7~ U (Schoell,
1988), EDBRAERRSD 2 VWIFFRE T 5 kR L AFRIIA S AYIC
PCIRED XD/, HERMICRIBR/K D DIC i % +
10% 2% TH< 9% (Claypool and Threlkeld, 1983).

CH,+S0, —HCO; +HS +H,0 (K'5)
(CH,0) 106 (NH3) 1, (H;PO,) +53S0,” —53H,S
+106HCO; +16NH;+H;PO, FHe6
(CH,0) 106 (NH3) 14 (H;PO,) +53H,0—53H,CO;
+53CH,+16NH;+H;PO, &7
H,CO;+4H,—~CH,+3H,0 (¥

PAEMNS, AZ AFKIB DMK D DIC DR FLERL
REEIZ AOM i Tl BIK< 72D, AOM #Hid 5 B ETH I [A]
Mo THEKODICHIO%) LR CMETCERL, £/
AOM #M B IEESICHMN> T T I ADEERD X T LAY
% (Claypool et al., 1983 72&). —%IZ—20 215 —30% D
DR FEZEE RNAR L 2 7R B A R AT N S REH U 72
LA, BARBEITEBRIC A Y VBB G L TWizZ &%
FEOMBEN D DN, T OMEIERI R E > TER SN
DIC O LEFNARLLIZT TS, 0% DHEkNIFE & A LIRS
TN EARETIUEHITATRE T H 5 (B 21, Lein, 2004
@ Type I authigenic carbonate). —7%, —30% & FNE5
EAL DAL DRI G UICRINAR L 2 FR AT 5 C &R &
BRHDT, AY VLD GIIMIEES A5, BN SHEH
T % H Ak R O Pk 3R E FALE 13— 61.60 2 5 —
10.96% T, D255 —=30%LL F 2RI ilB0EAD 83%
ZhwZ &M (Table 3), FRIMELOEL <{EWASL >
DEL I, AOM & ZDORNTING O HE R
L7z S e T U, £ TOMOFHHIERETH 2.

2. EERRERMIAL

JNAR D H A= e e 3 D Wk 38 22 5 AL AR BRI, 0.61 22 5
4.01% DEZHL% (Table 3). HAERIEE OB FELE RMAK
g, BAREEHEATRIE U 72350 ORIRR /K DR SR E FIALR
e, KR, H5y, pH, MLRBOERE, BROVLET % e fE
DRV EOEENERICHTISNS EZEZ5N TS
(Han et al., 2004, Judd and Hovland, 2007 72 &). —7,
B A= IR B OD P R ZEE RVLAR L B B RZEE RN LRI R, 7K
R, pH, REGHEFEORLD IR EOREWERIHH S NS
7% (Hoefs, 2004 @ fig. 20 72 &), A% 2 E/KE Tl DIC
DRAREFRNARLOZETD, ZN LS OBEERELD B
1 Hilh ERXE/3ZE#) %2R DT, @% DIC SO ERIZH
[ e=T WA AY

FAERBEOWEIIE, A Vg, A, i
F RIS ETI DO AN L T s Z &idEEns
75 < (Reitner et al., 200572 &), IS OG- MEAMARLL

2019—9

IZ—E D% 5 2 1-vRenid 5. Lein 200413, 4
MO G & B BRI INC LD PCIThiBd 5 H
EREBEIZ B0 ICEDE L LL, JIBOEEREE
DLERMARLE, BT LBZEDS LMz RS 20 (Fig.
8.1). BEAIRBLIE DM RZE FAARLLDOFING, & DORIHIE
KM Z S S TR WS, A RIC—EDRE %2 5k
IR D B A R DI R 2 E FINR I D W TR & 3l
5.

i e ERNAR L & kit g 230N, EH 2 O Ka2.3 ©

F3m MM S Ka2.3 D 1 m EMORIOREER 4 m @
[N S ER LB AERBIED S 5, REEERENFEE I Nz
il Bl (Table 3 ® AC3~AC6, AC8, AC) IZIRET 2. &
WaIRE L7203, 7K DOf A2 E AR SRR O7K IR
Z, —EOREDFCHET DD THD. LIFT, FEH2
DHERER E VWD & &, T L0 A4 REBEEET.
B A RV HE RS I R O —E DVEE TS 5728, HEEH
TR LZRNIR D, PR L - e I L 0 B35
WEERIZIR S, IBOBEAEREEZ I m 22 ESOR
7 (Fig. 4.3) DFEITIEE L T2 bD0H 5. ZORES
&L, IRERF DK OfE 2 E FIAR L /KIR & #EE T B85
13, REEEEREEO 2m EETOT—%25EL /-
Tixbb, (LaEM2 O Ka2.3 O3 m Fn 5 Ka2.3
D3 m EALOBDEER 6 m DX [H (Table 2 DHIRX
TIOSmMSHRK T2 D3m OXE) &Lz ZOXH
OHFEFERIZERTET VNS 706.1 225 701.9 ka ITHIM T
5. LT O T, ZOFRDMTK OB RZE FfAR L &
ki pE 2 O HAERBEE OIS & U TEET 5.
1) RESL BB D BIBK DEE R R E RATALE L kiR HUE
R DRI K D L E R R 2 RAED 2 2 &13M
OTEEL <, AAFL T HMDZE < DIFFE &Rk 0% (SMOW)
EEREBEEBN. LML, ERETIVBEEINTY
5 Z ENBKKEBOERIC L DO FL T RMALLAD
WERHEMBL ZEZWRETHD. £ I T, HmREALR
D FLEFMAR LA S %2 2 4 v 7 Uz LR04 O FR[FLL
REEEEZ W, BIEOMEZ 0% (SMOW) &fE L TR
AL L, JIBOFEH 2 O B4 REEHR LRI DOK R & D2 B)
IR 2K DR FINAR LA D 8% 3l L 7=

PEML 2 O H A RBEIEMNIL L= EHEE L 7=, 706.1 VS
701.9ka i HB1F % LRO4 D EAF L RO RO %0 1
3.76 705 3.93% (706~702ka) £7%%. LR04 A% v 7
DOILE O ka) DAL A fLH O 7% O B 32 F W ALK i
3.23%75D T, ZDEZ 0% (SMOW) THI#ILT 5.
bbb, FEH2 ORHMO LRO4 D FRALARL (3.76~3.93 %)
NG 3.23% %5107 0.53 15 0.70% 2 FEHN 2 2IHEFE L 7=
LR DK D R E MR L (SMOW) OIKIRE D2 &
REL, ZOfEzpE 2 O[B4 REEILER DK O #
RERMARLE Uz, BH 197513, #ili/ AETE & FIRER
HHOTIEE O BLA D Sr &f & SRR FRLERNAREN S e
FERE DK DEE SR ZEE FNAR LI 1% 2 D) I Rl 5l
Tholkl LaRrliz HEEMIIEH (1975 ORGHE iR
HTh5.
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—J, RRICD —EDOKIBLBNH D, 08 R
HHRNE, FEEIEAEGILROBROEELERMALLER
U CIRIERE iR D R 22 E FINAR LA E) OKIRE D AE)) %
BB I ENTERNESINTW S (Bintanja et al.,
2005 75 &). Elderfield et al. 2012)1%, —2—2—F >R
DA FLE ORI LA E) & /KIRZS BN 5 B FR4E [FAL
RSB HBAR 2 PR L 7. 125 DlifR & LRO4 #hifi & i
L7z&Z %, MIS17 & MIS18 @ X [ @ [Al iz K kb D 2 1%
1.20% T, LR04(1.25%) & 0.05%DZELMASNT, *
72 ZDRMOEB)NY — 13, 1FEAEFHL T Uk
NS, LRO4 /5RO EITA S 72 R 7n Uy & L 7=,

B A R E IR IR DMK DRI, e B O BT O
KIBENSHEE Uz, BRICIE R D1, NI O HfEHEFER:
1213, 100 m 28 A 2 KK ELF N FHIE N TS
7%, HEIIKE S0m 25 200 m F2E O SMAIRERIER B T
WLz EIND EH2XEKEN LA TS
MIS18.2 & 17.3 DI HEHERITIR DT, HAHEEIZ
SRR D H R TdH 2K 125 m E0GE L7z, KR
HAWET—4 & >4 —(J-DOSS) 23 2000 425 2013 4F
W CTHEIE U 7z BB S i (140°00E~140°24'E,
34°36'N~35°00'N) 154 Higiiz B 2 7Ki% 125 m DKz
fREt U7z ((URLLD). HIEKIRIZ 180 BN 52D, BBE
NEGNRETH 7z BEORS VBN >7ZAIZ 12 AT
6 mIfTHN, HEDHROELN>AIZ6 AT22RTH-
DT, FHICLDWMOTBNEHEBTES. KENRDE
Mo =D 2001 FD 9 AICHIE #1172 22.02°C, & HIK
Mo 7D 2005 FD 4 AIZHIE S 172 10.63°C TH > 7=
Z DAt % H A REER LB O HE /K D /KIRHEI & E T 5.
2)ERBIEBOMRLTERCALLFEERE D LEOKENS
R 7z i 7K D B 3 %2 E [F AL AR H(0.53~0.70 %) & 7K iR
(10.63~22.02°C) @ F Tl % D jREEIERENTLRE U /=55 O
e 22258 AR SR i O P (LA i) 2 k7=, @ Mg
FIVHA MZDW T, Mg &F & (mol%) 1T & > TEATER
72%DT, @& Mg VYA N OEIGAERIEEREICH LT
50% &A% 3 ikl (Table 3 1 AC3-4, AC4-3, AC4-4) 1T
DWNWT Il & kRD 7. BeRRERNMAKLDPDB &
SMOW M O#EIZ1E Friedman and O’ Neil (1977) ®3L 9
Wz,

3" Ogpow=1.03086X8"*0ppp+30.86 (9

7 7 a5 4 b OFHEHEIZ Kim et al. 2007) @ &L 10.1,
10.2) TRIHAE LR, —043 005 2.18% L7872 75
dF A MiZDWTIE Grossman and Ku(1986) @ K (X
11D THEHfEDFHR %A 7=, Grossman and Ku (1986)
XU ORISR T S i SR e R O i E %
o TWRNWDT, 5 DOEROY Z a5 hDORIRNRET
5 50°C & 60°C DHHDIRETH S 55 °C 2 bikE &
WEL, 7I7dFA bOFHEERD IR, —043 15
2.37%&750, Kim et al. (2007) &IZIFFERE/RE & 725 72,
i Mg 71 )V 3 1 1 Tarutani et al. (1969) & Friedman
and O'Neil 197D 12D K G 12.1, 12.2) TEHE L 724

WS AR B e S EH T L E G B A TR O & B AR 673

R, AC3-4(Mg mol%=13.77) T—=0.02 /» 5 2.77%,
AC4-3(Mg mol%=14.81) T 0.04 7» 5 2.83%, AC4-4
(Mg mol%=19.08) T 0.30 205 3.09% &72> 7. RO
- HZ Vasconcelos et al. 2005) (X 13.1, 13.2) T&t
BUERER, 17305 448% 75> 7=. 2B, UFTOKT
T 1 3HERREE (K) Th 5.

1000 In otrre-waer =17.88X10°T'=31.14 (& 10.1)
1N dare water =10 {(1000 +8"0 )/ (1000 48" Oyyeer) }
(10.2)
T=20.6—4.34(8"0 1a— 5" Oaeer) & 1D
1000 In oppic- waer=2.78 X 10°T *—2.89-+0.06 [MgCO:]

GL12.D
In otHyge-waier =In {1000 +5"0yppi) / (1000 + 8" Oyeer) }
(FH12.2)
1000 In otpo—warer =2.73X 10°T >+0.26 (FH13.D

In 0tpyr- waer=1n {(1000 +38"*Opy) /(1000 +3"* Oyyier)
((13.2)

PEML 2 OEARBIED S B, SREEEOEIGHHAL
TND REEE O ZE FMAR LRI & E TR L - &k
O #EOHIPAZ Fig. 8.2 (TR, JEHL 2 O H A& REE
DO6, fEL DREERED 90% LA L% (50 55k OB £ R
EFAR 2 P S i L7z & 25, & Mg LY -
TdH 5D AC4A-3(2.87%) & AC4-4(3.08%) 1%, b ALK
L@ il (2 F412.83%0 & 3.09%0) IZIEIF—3 L 7=.

RO<A ME, BBURRHEEICES —3T 50, kovA(
DR BN EE I (1.73%) £ D6 0.41 %o KWl &2 7R T
AC3-5(1.32%) NFEAET 5. —F, 7771 M3, 0.61
(AC3-2)15 4.01% (AC6-1) DIEFITILNATIFEZRL,
2 AC6-14.01%) 13, 75 TF 1 b DRIMAR Tl D B
HEWFENARLE(2.18%) LD 1.83%EL, FHIFEHED

LELLAND ZENGNO T

3) BAERBIEDEREERMABLLOMBIR A% VHEAKBZO
BB g OB R ERIMRILL, BKOBEKNORA, H
ZNA RL— b DS D VI RAKDIRA, MRS N S
DFEIK, AYHRREEE ORIEREINDIRAICOEEINS.

RN OD & 5 oI VBRI Tl HEF/K &7 72k
MFEKITIRET 2 2 EAD S (Tsunogai et al., 1996 72L).
FErkidE L < RO ICHiB T 5720, BKOFEE TR CIRBL
7 HARBEIEDOREZRT EEALGNDM, IBROHE
PREEHRIZIE,  FHIU 7= R fE ) 5 OANDRIETEED
SN &S (Fig. 8.2), KREBZEIBMNOIEER
5N, HANA RL—RZ, RSN %0 2R
MIZHDAD Z ENHMSNTED, Ao EKIT#
<, SRR THERINSDKITEL 720 (Davidson et al.,
1983: HiA, 2009 72 E), THBARAY > & LI I
MSNBAREMDID B, HEEEDH AN R L— MIZKE 400
NG 500 m PURTHET 2 2 EnS (A, 2009), HERERE
FE SR OK S5 50~200 m) TdH 5 I TIENA R
L — NHBROBEKDF BT Rh oz EE A BND. HE FEEE
NS MHE S N D KIS DRI L 0 B 2 e FIRAR L
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Fig. 8. 8°°C versus §'*0 diagrams for authigenic carbonate (1, 2), a callinassid claw collected from Loc. 4 (3), and a model
of the precipitation of burrow carbonate AC3 at Loc. 2 (4— 6) (also see Figs. 6.4-6.11, location shown in Fig. 5.3). 1: All

8'%0 and "C data (Table 3). 2: 80 and §"°C data for a 6-m-thick interval from 3 m below to 3 m above Ka2.3 (correspond-
ing to the time interval 706—702 ka based on our age model) at Loc. 2. Horizontal bars represent 8'*0 equilibrium ranges
for hlgh Mg calcite (red) aragonite (yellow), and dolomite (blue) under the conditions of water temperature of 10.63—
22.02°C and seawater 5'*0 values of 0.53%—0.70% SMOW. The water temperature was assumed based on present-day sea-

r
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MELLS I EMNAIS N TW S (Claypool and Kaplan,
1974). L2 L, #i/ KBEO FMLOEAEICIE, #EKIED
BEWEWEREAEEICHAEL, NIRRTt REE
BHE SN THRNI ENS, HTRERR S OFEKD, 0
5O EEZEBAZ CTRFIMIIC EATAZ LIFEZEAIT< W X
7o, LR E DAY IRFHE O RIEREIANOIRIEHE R T
HEND D0 (Pierre et al., 201772 8), FEDFE TR
Te & D\ HAE REEHGURHRIURC, 88 T CHAMRRIRE 2 0]
AEZRBR O [AEE L TERELL TWA DT, KERFEIIE RIS
2%

JAD B AR R DR R E AR 25589 % BT, [
K7k D pH OZEF DB B TSN E-BDNS. Zeebe
Q00D 13, HEER(LERNT pH AT 1 F235 EEEREERNE
HAn 1.42% @ W IRBRIESIEIR S 2 & UZe. F72, FFEF - B
HQOIDIZ, pHM 1 B33 EKT—2% ORFARZNEA
IRIESEIEFE DI R F R 2 2 &&2 L Ea—L
fe. ZOMMHIE pH DMEICHIR U T REE L (COL,,
H,CO;, HCO; ™, CO;™) DHURAEILL, TNENDRE
(L ERRN —E DRNARDI DTS 5720 TH S, AF >
FBAGTIFAOME ) ICEKD 7NV EE pH AN ERT2
—7, AR UTRMEKEA T AIBRERE T Tk E RIS L
T/ 1 FOFIBMAETH Bhnfkgh & 720, HB/KD pH &
KTFEE2HK 14). £ ERUKEA A 2 DEF
BRI S N THEEE 1 A > &2 AT BRI b KEA F 2%
BT %720 pHIZME T 9% (7 15). Treude et al. (2005)

WS AR B e S EH T L E G B A TR O & B AR 675

13, FUTOKETIT 5 2,746 m D A Y L EKE T,
AOM #ih» 5 IS & BRI 1017 > CRIBK D pH A3EA T
0.5 BEEIE R 52 &%mLk £/ Luff et al. (200413,
BB ORI DT > 7T, B RS R
SR CpH AT 0.5 REAHT 5 &5 L7 AOM #H
ST U Bk OB 2 A & /KIR T BB 5 1
R DR R L R A ORI TS 5 nTREfE
7t pH OB 5RB S N5,

K 14)
K15

BEKGOERRKIE pH &7V A EO EFHC K > Tkl
DI EEHET 5 —F, pH ORFRK i EiIckD,
BEHL OTERDIE Z 0 5 B & WS WD THMERIRBRUKE SN &
12%. NIBOBEERERIZIE, N1, FTT7 7281
SIS ZA b (framboidal pyrite) EWETN 281 A b
DEROEGRIBHEEICBIR SN (Figs. 4.7, 6.3, 6.9, Fig.
6.6 DR, REEHTHEMLUIZEBONSHEARRED
L@ e NS, BRLAa0£<IE, RovT
NTTHIVSA b OHBDER L T 578 (Figs. 4.5, 4.6),
7 A bERRRER T TR L 2 CEONSER (2 B
LHEE SN DAL EE (Fig. 6.10), FBR/KERR DM
MR LZREL TS, INS50FEHEIT, HiROnRRE
HES W DRI pH 72 & ORIBRKMR N L 2 Z & 2R
L, [B/KD pH A28, BIB/K DRI /KRN 55Kk

HS +Fe’'—FeS+H"
HS +20,—S0,> +H"

water temperatures off Boso Peninsula at a water depth of 125 m, corresponding to the paleobathymetry of the Kakinokidai
Formation of the study area estimated from the molluscan fossils. The seawater 5'°0 value was estimated from 5'*O values
of the LR04 stack (Lisiecki and Raymo, 2005) for the age interval 706702 ka with the assumption that the present-day
seawater 5'°0 value is 0% (SMOW). Data for high-Mg calcite are from three samples with Mg contents (mol%) of 13.77
(AC3-4), 14.81 (AC4-3), and 19.08 (AC4-4) (Table 3). 4-6: The process of burrow formation, including two stages of au-
thigenic carbonate precipitation of AC3, is proposed as follows. 4: Stage 1. The Kawayatsu callianassids produced deep
burrows (Fig. 4.3) penetrating the AOM zone and reaching the methanogenic zone, after which methane seeped into the
burrows and AOM occurred in the deeper parts of the burrows. Acicular aragonite precipitated around suspended carbonate
nuclei (e.g., from the dissolved gastropod protoconch in Fig. 6.10a—b) and sank to the bottoms of the burrows (Figs. 6.4,
6.7, 6.10a—b), forming geopetal-like structures (Figs. 6.5, 6.8) (AC3-3 in Fig. 8.5). During this stage, the water temperature
is estimated to have been about 15°C on the basis of the AC3-3 aragonite oxygen isotope ratio of 1.10% (Table 3) and a
seawater oxygen isotope ratio of 0.62% (SMOW), which represents the mean of the range 0.53%—0.70% estimated above.
A seawater oxygen isotope value of 0.62% (SMOW) is applied to all cases discussed below. In sediment surrounding the
burrows, aragonite (AC3-4) precipitated near the burrow walls in acicular (Fig. 6.11) or micritic (AC3-4) form, and high-
Mg calcite (AC3-5) precipitated outside the aragonite precipitates because of increasing phosphate ion concentrations re-
sulting from organic matter decomposition. The supply of seawater from callianassid activity promoted AOM, resulting in
increasing hydrogen sulfide ion concentrations in the burrows. Thiobacteria flourished in the shallower parts of the burrows,
which were enriched in dissolved oxygen, generating a food supply for the callianassids. 4: Stage 2. Acicular aragonite pre-
cipitated in the bottoms of burrows, forming the upper part of the geopetal-like structures (AC3-1, AC3-2). The water tem-
perature in stage 2 is assumed to have been about 17°C according to the AC3-1 aragonite oxygen isotope ratio of 0.69%
(Table 3). High-Mg calcite precipitated in the basal parts of the acicular aragonite geopetal-like structures and in the matrix
near burrow walls (AC3-4), over the acicular (Figs. 6.7, 6.11) and micritic aragonite of stage 1. AOM continued to be pro-
moted by callianassid activity, resulting in a decrease in the concentration of sulfate ions in interstitial waters of the sedi-
ment and in the dolomite precipitates in the sediment (AC3-5). 6: Isotope ratios. We estimated 8180 values for the stage 2
high-Mg calcite (AC3-4) and dolomite (AC3-5), assuming that §180 values for the stage 1 aragonite (AC3-4) and high-Mg
calcite (AC3-5) were 1.10% and 1.95%, respectively (i.e., the equilibrium values for a water temperature of 15°C). A mass
balance calculation based on the sample data (Table 3: AC3-4 1.57% and AC3-5 1.32%) yielded 5'°0 values for AC3-4
high-Mg calcite and AC3-5 dolomite of 1.86% and 1.25%, respectively. These are ~0.7% higher and ~1.7% lower than
their respective stage 2 equilibrium values of 1.17% and 2.90% for a seawater temperature of 17°C. The discrepancy of
0.7% between the value determined by mass balance and the equilibrium values for the AC3-4 high-Mg calcite might re-
flect pH fluctuations in the interstitial waters expected at a seep site. However, the discrepancy for the AC3-5 dolomite
(1.7%0) seems too large to be explained in this way.
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5N FEHE L3 H 2 DR RLE R L 2R3 B AR PRI
BB S SR 5 %.

Mg VYA b E RO A MY Sk O # KL
EFNARIE, IR OMEHERERFIC, HIEDREHRE LD
B [ —FE TORBEDEERE NS T2, HDWIE—E
#iPAD pH OEB ZRET 5 Z & T TORINKREZ AT
EDMOLNIRN. T T O A - OEEFRLEFRLIARLL S [k
RPN HREE BN DM, 7 I T A b 96.49% 574
% AC6-113, FHEM» S FRENDKIELD © 8°C FRE
Wy 1.92°C (g 7K @ [ AL A& E 0.53%0) & 2 Wi 2.64°C
(0.70%) DK DFIBRAKMN S L 72 Z L1272 0, BIED
FEHaE B TR 1100 m BAE ([URL1D) T L 7
EHAMNTE RV, 207 T a5 A hORMMALZE pH O
FhnHEAT 51213, AC6-1 07 ZdFA "Mooy 53
FA MK D pH AT 1 LA AR RIBRZK A SR U 72 ERGE S
DB D %,

BARNERE T DOREED BERKBIELRET )V ERERGIELL

DA A REL, BN EZ ORI L 7250
M. FEM 1 O b2 RJ)VN (Figs. 4.1a, 4.1b), M#EHL2 @
HmDFESH (Fig. 5.3), FEHL 4 (Fig. 7) O B A ik D FEIR
i, IN50FERLTWS, BAICBET 2 B4 REBHEO
LB AR 2 PEHE 2 DFIHK THEL <~/ AC3 ik} (Fig.
8.5) DHARIEIEDREIR, FREILYFE (Fig. 8.6), T
WEEBIg (Figs. 6.4~6.11), ZERNMKLL (Fig. 8.6)ICHD
ELFICERT . ERE, AFEVUEEEKEREDOH
RIZDOVWTEE®D, RNWTHARBEOLEEREEZERL,
BIRICREFNAR L DRIC DO W TR 5.

1. BKGICERTERSESUE

HETHD BLNEE & FE P O HERI s S 3 HHIFSE O T A
(Figs. 4.1a, 4.1b, 4.2, 7.9, 8 ) MEMH L, PaLbed
—#iE, A EZV H(callianassids) IZFE & 1% (Figs.
7.9, 8.3 ¢ FEEET P RIEMEEIMBEAEE LRE). £,
FTEL OIS IR DOIEKYG N S HEICHE SN TN
% #{A Palaxius DFEHT 5 (Figs. 4.4a, 4.4b, 6.2).
N5 OEAT Bromley (1990, fig. 5.18b) 23R L7z A5
BV UEHDOHEICELEIS. Peckmann et al. 2007)13, 7 A
U 11 DIEHHEDIEKIEGN S Palaxius & XA FE 7V FIZFEE
INBIMEGENIPET D ENS, Palaxius \EIHEKITEK
BFLREAFTETVEOE THD I EEREL 7.

Martin and Haney (2005) &, #/K50mE K0 S
HI 2T HF3E 1252 ) AL, RFTETVEZZD
7 F 2+ O F H (Thalassinidea) I$EfETH %73, D>
BRI, O —TRERHICAERT B0, FEENREE
THbdZ EEMHEICET. Taviani et al. 2013)13, 1%
U7, 2 U—EMOKESIS NS 840 m DRy 7 <—2
MEHGEEL, BAAERBENRES NN SR E AT
EZ U (Calliax sp.) & AT ET VDN D502
92 &EME L. Karasawa(Q011) 13, AbifgE o [ i
RINSWHEARM LA S UL ATRE S HE T 2 X €7 U Sk
fi(Callianassa hayanoi) Z#&E LTz, T s OWEITAF
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BT VENEIBKIGICEBICENT 52 EERBL TN,
BUKS0omis/KIG M & WS X A7 HHIFEEI I3 b A A
e &9 D (Rimicaris exoculata) DMFES % (Van Do-
ver et al., 198872 &). %7z, Bromley(1990) 12X % X7
EVVEEGD DY) — T ORI IIUE, oI R
ININERDZE L WERRIREEICHER L TH 0, BN TMeE
WEEEL, FhoEzERETL I ENHmEIN TV,
BLEms, [NROH ) KREEDENENES T2 APE A+
BTV, H5WITIUCERSRET, HBKGRA ORI
WSKTFL TWiz], EWSIREDILICLUT O B £ REEEIL
BETFINEERTD, TTIWL, BHAERBHEOMR LS @
HWIZ2 DDAT =210, AT —YDAFET U
OIEENZR L, BRNEROHEK & B E B O FLE RIR/K O
FRASEN N 5 IR DI BGBRE 2 BR L, RERICENTNDA
T TR L72Y 5 O N OEERZERMKRLD S HEE
L72/KIRT, ZNETNDAT— T T L @& Mg 1)L
A REROYA S OEEFREEFNARLLDFHI T & 20 ZWMEE
T5, B, A7—2 113 BAIEEIEEZ O B 4RI
WL BN ERBEL TW BB EaH, AT—21£20
H A SRR ML DI R - F 27 ) O BN T OIR B DS
B, TbBAFTETVEPEANNG TER L TWSRIZE
ETNDZEEHEL TV, HARBIEOBSEE AT
MEEL WA, —DORENIIEALL LD X FET VHEICE >

THFF SN EBZ TN S,
2. A= 1(BERNOBH EENRNRNTORTHIASY VB
DFALA)

FAKGICERT AT EV VL, AY AN E THEA
20, BRI N D, BEOBSNG, O
ROWEIF I mZBEATWZEHEIND., BRRERO
HEREHPITII A Y O DMFIEL TV DT, BREERIN S A Y
GBI, WK OE RS S T IF B A 5 CE(E
K 16) ML=/ IFERIAY L TIE, AkEIhs COo,
W3k &R U TESEE (H,COy) 2 £ T 5 (30 17) (Peck-
mann et al., 2004). X7z, HEFRFIHERDREOEHED
Z5EL, pH ZEFI85 2 EMHISN TS (Zabel and
Hansen, 2002). Z25 L7z Z &5 BIRBHIE % OhF&IR
BT Tl BAERBEOIBIIEZ Sah-7z L Bbih .

(16
17

BRI A Y AR GIE R 2T L, BRI 2 R
BT E, OO TRAY UK ORfEE A > &G L
TAOMMPEZ DB (GLS). AOM I, B/AERB O
KB L OBRA DB FPI O EN TR E, 7KDY,
FriC AR R 2 8 & U CE A R AEIE & BaG U 72,
AR U7z BAEREEHDEE AN T L, 7 Z O ReHIR
flidh & LT L Z2/E R, IREEHRMN S 112725 geopetal 1R
Mgtz Rk L7z (Fig. 8.5 @ AC3-3). Fig. 6.10 OEfREL /=
Hild, 25D 1DEZEZENS. 7ITF1 MI
BV OEE T THZERP OSHRFERD L VIIZ T b
ELUTIHREB L7 (AC3-4 D7 ZdF 1 ). Zheoyod

CH,+20,—CO,+2H,0
H,0+CO,—~H,CO;
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T M EREBS KT, R EOHK DR E LR
FLTWe 9705, i1+ RENEL, Mg: Ca
A F 2 HHEKIEL (5.3 1 1), 10°C LA EO/KE T (7
#H), ISICAOMICEKDTIVAYEE pHM EFLTHE
(K35, ZTOLMEANSIE, 7IdFA "IV TA MC
High U CikB 9 % (Busenberg and Plummer, 1985; Bur-
ton and Walter, 1987; Morse et al., 1997 72 &).

7 Z I b D geopetal i EHOHEERT TIE, &
Mg FIVH A s OILEDE E 7= (AC3-5 D& Mg 1)V5 A1
). EEWHTIE, MEETTHIE S SICK D GRS
NG 6), VA A I EOHEY S RAERMDRRRAKIZ
WHAD. U A A 2788137 7 T b OV EER
&720 (Berner et al., 1978; Walter, 1986), & Mg 1)L
1 b O E T S.

B ETBOIFEIREE FTI, RICHE/IEIR TAR I Nk
{b/KFEA A > OPEE EFIC K - ThisEMR LR 72 & DY)
MEEE FICERL, XSRSV VEIINS 2 EERAY &
LTWe, ZAFEZ VBRI OWKEEYITERL,
Tl 1 4 > 2 BTG5 2 £i2k > T AOM 1
M2, BN CER U ZibKEA F > 2 Bk
HICHFG L, NS OMEYOEEFICHE L BB 2 B/ 0hi
Bk L7z, OB, RFTETUENESRGEERO BN D A
DT O AERTOBOBEDOIGICHHER o7 LD
N, ISICHAERBEOLBICLE K O Ca* > Mg™
BEDRIBA T 2 EFRNEBICHIGLIZTHAD. ZDX
T—Y DHENDIREZER L &M % Fig. 8.4 @ Stage 1
IZRL 7. 7838, Fig. 8.4 D2 DDA T— Y OEERITH
TR S HEE O R R 1 m PA 2 fiss 1 JEHE L TR T
W5 (FRTEED ZEITERSI NN,

3. AT =2 2(BKODBEEFREBANDRIEICLD AOMHD
LK)

AT —2 1 EFkk BAREHOHKIRE FClE, A€
7 VSRR G s EOBE 2 FER A E L, BER
NER DMK Z W N iR U CThHRE 1 4 > & SOk &
FEICHEAG L, AOM &R S E Tz,

BN OHK P TIZ 7 5 JF71 b Ok & vk R skl
12kt E geopetal RG22 LT 5 —4 (AC3-1), HEHT
IR A F IR EIC K S EEM AR K o TERT 2
AF IR EQFRERM ORENEIZ LA L, & Mg b
BA SR ANORERBTOILE L. NS 0E Mgl
WHA ME, AT7—2 1 TR LY 5371 ~ & HyEE
OFEE T (AC3-4, Fig. 6.11), &2 WIIHEEEE DX
T 1 TR LAY 5301 T L (Fig. 6.7), X
T2 107571 FHRKREE S ZHEEREL T
BRI ND. Iab, ETHEMETE CHESI N host
WY Z2dF14 F&EES XOWTWEL & Mg 1L3 1 b
(Fig. 6.7)1% AC3-3 ® XRD 7—% TR TE TR0,
ZOMHELT, Mg ldA hOENHETHREIEN
BTz, HBHWILFig. 6.8 & Fig. 8.5 QI Y)
W& Y722 DT, Yl U 7285 D&\ & R U 7= aTREME:
mEMEZENS.

WS AR B e S EH T L E G B A TR O & B AR 677

EE P OhiiE 1 7 213 AOM EH Y- CTIHE S 1,
BREBEM /D SEEN D 1THE > TRBMICTHIEL, TORHE
AC3-5 0RO~ A kL. Fovo Md, AOM #
B FERd 2 WIZ TN LR THE S N S HBUKIREE, 97505
W1 A > HB L, WMEE< T x> U LM S EBHEL - Mg
A4 BESELIRD, I 5ICHEGRICHIES A S > Akl
M2 & O AEYNE B ANE ST B A B D 2 W HERE)
TIkBEd % (Mazzullo, 2000 72 E). AC3 sk &2 HELL 72
TEH (Fig. 5.3) O RO~ A b OHITIEHHELE RMAR AT —
10.96% &5 JHPAD B A it & Heie U C, A&
FfLiELE 2R & DN H % (Table 3 : AC5-4). T DfEl
AOM DS Z > TW B/E P DO FEEIRE T, A5 > 5B
KR AHEM IR S COETGEURITK DAY 4
RMTTHON TN Z EZRERT 5. 205 DORISE AOM
HWE T CTROBIEFEIZITHN (Claypool et al., 2006),
DIC 24T 5. FO~XA MIKIEEA 7 > OR8 A LR
K& U773, Wang et al. Q016)13, Hile1 7 > D FEEITE
WOWAKRE T RO A MOWBHFERTII/ANnELT
W5, LaLl, IR ROovA M, WREEA 4 > 289 2
ALY R E RS S W RBRZERNR L 2R T H DY
FETHIENSE, FOXA bOLRBFELIE AOM il fts
MEAY R E LT

AT — 2 TIHEFER AOM OFER, HibKFEA 213
GhA A2 ERIGL TEEPTNA T4 M EIRE S (Figs.
6.6, 6.9 pH ZIEF & 17 (L 14). pH DE FomIBUKHLA
DI, BILERAE Y D HRZ RS 2 Z &b o7z
(Figs. 6.10a, 6.10b). ZDAT—IDRADIKREERL 7=
&M% Fig. 8.4 @ Stage 2 1ZR U7z, BHAERMIEOILE
1, ZORT—PTRELEEBELTWS. XAFEJUH
DYEREREEL, YR TR L 213, HUR
& HEREFICRD, ZORETO AOM HKET5DT,
HA R O RET 27 )V ) EP pH @ LH-,
BT AETS Ca® o Mg® IR EDBJEA A > Ot B RER
IR 23T M5 TH%.

4. RERCELEDO#EIR

1) REZERMELE AC3-1 75 AC3-4 DRFLEFRNL
REEIER TR N DX (Fig. 8.6), T4 5 O HAEREEEAT
AOM 5 T L 7= 5 TH . AC3-4 S AC3-5 127
VTR B LERMAR LD E < 725 DL, AOM H#EUM 5
ALY ERTEBETHBRLEZAT—Y20ROTA
(AC3-5) DEWRBEREFNARLE KR U AR TH 5.
BMRRERMMGELE AC3 ikl OE R E FIA L OZEH)
T, ATV IMHBAT =210 T KRN ERLUZE
e L T ZEimA 5. KBO ERZELZD, 1EE7
ZdF A b 100% 5725 AC3-3 (geopetal IRi#ED T &)
M5 AC3-1 (geopetal Wi D FE) IZTF T, BEELER
FrR MK < 72 2 2RI 5 TH S (Fig. 8.6). 7285,
LUF I, RRRK Dl 4 E FALA L 2 T T )L S HEE
L720.70 705 0.53% (SMOW) OSFHEfETH % 0.62% &
LTCatEZT->72 K1005 AC3-307 a5 1 Mg
15.14°C(X7—2 1), AC3-1 D7 5 IFA ~ME 17.06°C
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(RATF—=T 2 TCIBEL=Z &R0, A= 17621C
T TR 2°C DK EADEESND. LLETROD X T—
P11 E2DKIRBEILIZ, AC3-4 & AC3-5 D F#%TE [FINL
R EREDETIVCHIATE 5020 RICKEET 5.

ETFNMS, AT7—2 107 7371 (AC3-3 & AC3-
4) £E Mg 1)L B (AC3-5) 18 15.14°C CihB L7z &
L, AF—Y 2075391 F(AC3-D, # Mg 41
F(AC3-4), Ro<-1 h(AC3-5)1317.06°C TILRE L7z &
T2, LAFTIE, mESERERAHEN(AC3-4, AC3-5) DA
T—2 1 OHAEREEAC3-4 D07 5341 ~, AC3-5D
& Mg JIV8A M) oY, 15.14°C TR L7 & U TR BERE
FAELLZ2IREL, 27— 2 OHEREE (AC3-4 DFE
Mg YA b, AC3-5 D RO A k) OfERLE R
MAT—2 2 OKIREA7.06°C) THIATE LN EMRIET 2.
WEECHAH L2~ AN T > XEHRE (G 18; Pierre et al.,
201DIELNRTH 5.

8"%0 5= A s X (8"° O p i) + B s X (8" O )
=L18.D)

A s T B = 1 (#18.2

FROKBOEEMNS, AC3-4 DY FdFA MIAT—
P 1 DK (15.14°C) TILB L 7= 2 &2/ 5D T, BBFLE
FALRIEE, AC3-3 D7 5391 K (1.10%) &R U EE
5. AC3-4 DR E R LMIE (1.57% : Table 3)
MHRANT P AGE (Y ZdF1 b 38.16 weight%, &
Mg 71V 51k 61.84 weight% : Table 3) IZH DWW TH
Mg 7)1 b DRERFRLEFNARLZ RO HER, 1.86% &
755 7. AC3-4 O Mg #)LH1 ~ (Mg mol%=13.77)
DAT—2 2 DKl (17.06°C) TORILAF#E R, X 12
M5 1.17% ERD, YANT D AFEICE D TRD=E
Mg 781 b OREFLEFAAARLL 1.86% KD 0.7%1FE
BWNEERS /2. ZOEN ST ORI TIERMAR
[EEGBHTER W ENVorino 7z,

AT = 1 ThB Lz &E L7z AC3-5 D& Mg 1))
H b (Mg mol%=19.41) DEERLZEFRMAERLE, ZT—
21 ORI 15.14°C) THEL7=& L, K12 25 FALERE
BEZERDD E, 1.95% &>/ ZDfEzE AC3-5 DE
Mg VS A S OREFERZEFRMILERET S, ZOfEZE
AC3-5 D2 € R LLRIE E (1.32% © Table 3) 22 5
T ANT > AFHE (5 Mg A1) k 9.81 weight%, KO
<Ak 90.19 weight% : Table 3) IZEDWTROY A FD
fE R LRI ERD D &, 1.25% &>k RO
cDZA T =2 OIKifE(17.06°C) TORLLAF-EEE, X
13705 2.90% &0, ZINT 2 AFHENS RO SN 72
PIREE (1.25%) K0 H 1.7%IFEEWEERD, ETILDOK
720 TRFERARE 2B T E W 2 &A% 7z

BRI TR O pH OZEEYATE A R Ok R E
AR —E OB % 5 2 -l etk v, BRICIR A~z &
512, Treude et al. (2005) 1, AOM # 7 5 WFETH & %
A7 o THIBRKD pH 235K T 0.5 KT 95 2 & &m
L7z, AC3-4 O Mg 7)Y A DX ZNT > ZEHHRICK
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5l R ERAMARIEA.86%) 13, AT —22 DK
(17.06°C) & D F-HME (1.17 %) £ D B 0.7 % 1F EFEWVE &
otz ZOFETE Mg VYA R AOM &L D pH
MM U7z QLS 2 e O R E RNAR I ATE < 725
Zeebe, 2001; £ - BLAF, 2011) [EIBR/KERBE CULB: L 72 AR
EY D EFBHMNAEEN S L/a, —F, AC3-5D FROv
AR RANT ZAFEREDNS 1.25% DEE FAAKLL 2 #f
DEFHIN, XT—T2DKIEAT.06°C) & D - fiE
(2.90%) L0 H 1.7%FEER 2o/ L7zd>T, AOM
HWORIMNS A AERGICNT T RO A MAWLEL 7=
(pH DSAHAENTAR <72 % 0 RS B [ R DWE 322 E L
RHBELED) &2 L, pHEENS O THI&IZWIT7
0, WEIOBBELEFMAKLZFHHATZ I ENTERN.
AC3-513, RFBLERMKRENE L (—37.05%) A5
{EDO—EDHERCILB L /- 2 &I3MET, ZoRBZT0
AC3 OO TR DRI L 72D, YRR o
FERENE L S KREDN 52 E1FE 2T <GS OFTE B
HADS T & 7200,

—7%, Ko< kORI U7z Vasconcelos et
al. Q005) AR L7z &9 5 Fo< 1 b (Mg &F &ISARH)
12do15s E=r R sininwz EnS, KoRlE-7=6
Rt RO~ A M (L7 > ROo<A b) Tlda< TlE
Mg 71)L81 |k (very high Mg calcite) Tld7ahym &SR
173 % (Gregg et al., 2015). & Mg 7L H 1 MiZid Mg
mol% 73 50% % A % B O N H S N T w3 (Kocurko,
1986 72 &), HAEREE RO A ~DOEEFLERMKL &
KR & ORISR IZMAL L TR WE R D 5. FEH S
13, B OFAREFHEKDOBIRIZ DWW THIZE 2k L T\ 2.
AC3-5D RO< A ~ORFALERMAKLOMERDED,
FEETIINOZLIEDOBGEEL, MOENRDBTHED, 5%
DOFEEE L7,

#t [

B EED DITE/20, DIFOH LB I VBRI S
RO ZRETAN ., TR IE YRR O
RSO ORE SFERRICERROA S R E T 0, JKik
TREESHEMEROMH ML HARBES X OE LR
DEERGARLOBRIRICONWTEELRIAS FE T 57
X7z, 2HOEFREDS SIS THBAZIAS N 2TE
E, WXONENE L WwHEINZ FARFEOHET H—
ML EFERFEOY RA—F > 51 v 7~x—)LiEE
VEER R PRI OB B AR OMIE T — % OREIC CHEE
BRI o/ REREENKFOH A 3B KIS O
FEEOSHRCOWT ZER FE 0, FHERELIZ, Elk
EMOKREMIOWTIHERE N o/ BRI YIS >
N BEY, FEOFRD KEKIE, R—U > 737U
W0, BB T2 TS o7z AU HIRER R
BRES RIS S N7 8 L & RIS EE A FIRIAET
HERBR SRR IR SN A ER LR E L0 HDTH S,
INS DK, FHES DRIFEARO R < UTIRD
Nl s DRI LU TRE# WAL ET. 5t 18K,



WEM 125(9)

AHBZR, SOKERE, fEKREK fREEIK 3G
MRS, RIMNEEFE L, RFFEICOERE L, R 2K W
HBIFIK, BHEHRER WEGHEK nginsst, &7
R BEERHEEAI 0 R B @K FHEEK,
MNERER NESERK NEERDK, EEmEK P
CHFIX ON—MMEL, SEREEEK SEHARIK, RS
HIK, BABARER, WP RIS, SEESS HOAH
K HUAIRIK BHESE 4 et FEHERlK, i
R, W5 UL, PREEEKR RETERK $HNETF
K, MRMERIR, PEHEEAR, AR, EMRMEK &
R LG, PG, ATHIEMER, =B leiK wee—
K, ARUGESRIC, FEMRBERK, HBHERT HMLifK,
JEER B MPREEE (W) IR TG ITB N E L TE, N
TOR—YTRE@Y CD) %, £ JIREEOILIHE
thERIZIIFE - TOR— > V& Q 7 C2) 23 T S
0, AEICES> THRABRIHEEE TIWELZ. AUIKT
fEAEIN a7 E&FENIME)IES MmO R - BRI
IS 115, B DR ZE ZFF T S - 2 [ H K A
RIS W UET. ARSI, BAERHRELSFR
RSB GEREIFSE A @ BEERS 16204041, AT
B 1 BEE S 20403015), BERRENL K [BRETEHATTb L
FRFEHEE T 07 5 A, BEEEST KR AR -
P>y —[HRAE IO 7 N OREEEH S THEN
7z
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