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Investigation of Possible Uplift of the Wave-cut Bench at Iwami-tatamigaura,
Shimane, Japan, Caused by the 1872 Hamada Earthquake: A Discussion
based on the Distribution and Duration of Tafoni Growth

Tetsuya KoGure', Kota Sasakr?, Yutaro Naka® and Hiroyuki OBanawa*

Abstract

The Hamada earthquake of 1872 was a big natural disaster in the San’in region
that caused 536 casualties. Some of earlier researches suggested that the wave-cut
bench at Iwami-tatamigaura, was uplifted during that event. The surface of the bench
is characterized by linear arrangements of calcareous concretions which are described
as oblate ellipsoids with height, major axis and minor axis of around 30, 50 and 40 cm,
respectively. Tafoni (singular tafone), which are produced by salt weathering processes,
develop on the surface of the calcareous concretions. Tafone depth can be described as a
function of time, providing a measure of the duration during which individual concretions
are exposed to salt weathering. The time of tafoni formation will therefore be equal to the
exposure of the bench to subaerial conditions, because salt weathering never happens in
a submarine environment.

Tafoni depths were measured to calculate the period of tafoni formation, to discuss
possible uplift of the bench during the 1872 Hamada Earthquake. An equation proposed
by Sunamura and Aoki (2011) was used to calculate the formation period of tafoni. The
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tafoni depths were substituted into the equation together with physical and mechanical
properties of the concretions. The relationship between altitudes of concretions and
tafoni depths on their surface was also investigated to discuss local uplift or subsidence
of the bench. The measurements from Iwami-tatamigaura were compared with those
from a proxy site for undisturbed tafoni growth, providing a calibrated vertical profile of
tafone depth from a comparable environment.

Results show that the duration for tafoni formation is calculated to be ca. 5,000 ~
7,000 years, indicating that the tafoni formation started during the Jomon transgression.
The maximum rate for tafone formation is estimated to be 5.9 10 ~* mm yr ~ ! at Iwami-
tatamigaura, resulting in the maximum tafone depth to be 0.88 mm that can be formed
for 150 years since the occurrence of the 1872 Hamada Earthquake to the present
moment. This depth is much smaller than the actual measured depths. The comparison
of the vertical distribution of tafone depth, which is defined as the relationship between
normalized tafone depth (the ratio of tafone depth to the maximum depth measured in
this study) and its normalized altitude (altitude of a tafone divided by mean high water
level), showed similar vertical profiles between Iwami-tatamigaura and the proxy site.
These results indicate that the 1872 Hamada Earthquake caused no particular uplift or
subsidence of the wave-cut bench at Iwami-tatamigaura.

Key words: Iwami-tatamigaura, wave-cut bench, uplift, 1872 Hamada Earthquake,

tafone depth

1. & U ® (Z

1872 4£ 3 A 14 HIZMRIRHEL CHe4E L 7z dt HIERI, A SRLCRILEEI T IZ & DO TR
EMEZLLOLIEBEO—DOTH L. HEOHMEIT I =F 2 —-F71£02THY,
REVRINT R X RMERE 2 AY S T O b 28 km DIk & S5 (F24E3E, 1996, pp. 165-
171). CoOMFEIZL Y, EHTRHMET 2 uiis, 8% 536 A, EEKE 4049 ¥ O HED
FEA L7z (B4, 1913). L7zh%o C, deH#izEIC X 2 RE LB OB OMINZ, [FE
BOWEFEROHETN 2 &, FWNEZT TRIBEEICBNTIEETH S,

EHMERICIAE L2 EZER SN LBEE LRI EHO—2I2, EHTILEICAE L
1932 I FE O RIRFESWITIRE SN A RE r HOEENB T oML, ARE I,
TEBEMINDIERZEEMTHONLFZHITH L. ZOWEMIZOWT, EHHE
WL aBREOFEIFR SN TE (21X, 44, 19135 BEFRITA, 1990 : 3 - b
ABHICIRIE 7 v — 7, 2004 ¢ ¥, 2008). BEEATIE, A - AL ORA A6 R
B SRR X AR AR &9 58 (L, 2008) <, dEHHEELIETIZHH
N7zARE&Er HOBXNEBEOE rHOMKT 2 L, HRE 7l TIMEHEMEZ A L72H
7R - EREAE U7z &3 230 CPI - ALABGLIZIRTE 7 Vv — 7, 2004) % EDH 1),
P HEE | & 2 W A AR O EA ORI E SN O0H 5.

AREr HOWEMS L OWEM EICERT 2 0KE ) ¥ 2 — VOREIZIE, HERL
WCEB5 74 2h5ET S, ¥ 7+ ZORSIE, HAWOBDOKZR O BRI IZ X ) 2T
5. LIehoT, §7+ 2RE O TORBMMZ R R $UL, HEMOBEKEZ 5



1872 AU R & 2 40 R& o i 0 i A vl Re itk O A EY 137

BIEHETESD, &7+ RS BRI OBRIIIETIE R, ¥ 7+ 213
BHCRECHEL, HSITFHREE L & HIC—EMIPUET 5 (72 & 213 Matsukura and
Matsuoka, 1991; Sunamura and Aoki, 2011). Sunamura and Aoki (2011) (X, % 7 + —iE
S - OBERERTETVEREL, WREZEREZIT 250, WAREKE 2T 55
Fr, L CHBEORNE, & 58725 LRE T TR SN Y 7+ =~ OBk Z R L
7. ARE W OW NI S AN R~ bay (RES, MK R 2 2 58T 12h7
BT5720ZDOETNVEEHATE, 7+ =0OREAME*ENTX 20T D 5.
WA, F 7 =2 L CRRE 7 B OEEWIEZEICS 2 5 E bs & OWIRE RO
Hakam S, —HRRICRZ 2 A RE 7 HOBEEWMOHR T, ML 7 1 & AW FHTIIC
R b LhvREN: (- /NE, 2017). F72, BWEMBKEAB LY/ Va—VvrH
W - JIERERIC KD, Y 2 — VIZRERIR O BAETERINC & 0 BE B LR
ARE L LIZC W &, F72, SROFIGGITI L O WIEPZEILT 5 2 LdibroTz
(UNEZA, 2019). 2 2 TAWIZETIE, Sunamura and Aoki (2011) DETIVIZZNH D
MR THONT—F 2RALTY 7+ =ORBFERETEMNL, EHMEICI 2 AR,
HOWEM DR D 5\ N IIEBTHEED T ERIEIZ OV THET T 5.

2. BFEMWES LVREMR

2.1. HESSLUHTBOBRE

BRI T LRI E S 2 A a7 il (Fig. 1) E B rb i ¢ S e vh o & &
TR B I 2 CRARE 1982 H14eiE2r, 1993). F i B8 I LA53 H ~ i o [
WKILEHE (SRED, 1990) ZAEAICE Y, B~ B oM EEE, Hiko &
GRICAESICEDNS, EERBIITA L ) ESERAHRE, i miailE, 846
WEATE, Bl aSlEIC X3 TBY, SRmICILR -mlAmoEn T, b
P i) 12 5° ~15° R 2 MaHESE 2R (P4eian, 1993). B HpEiEoT
MAZIZ IR DM~ R DI A S 72 ) T AR OMEE~PEEDEET 5. Kbk -
AR S & TR L LT EFICRED S EBET 5 (F5i32, 1993).

BEMIZZ N O ORIEAEZE L, Wi L FEIER S MR OFIE I %ET 5
(HEE (2, 1999). Wi OMRIIRAT2~3m TH 5. WBIEE»SIHIZE 2 ED
Tk (F2), %1 BoFkRE (F1), ©25hiEkE (F3), &AMNRE (F4) LIIFEhs
(Fig. 1). F3 & FAOMIZHMED® 55, KALR (1982) TlEZ OWEIZIE AR D W
TWirwied, AFTIRFS & L7z (Fig. 1). - /g (2017) &, dEWcB 5 =T
M2 R E L HERL DB EZ AL 2012, Briliz ) BOTxKRLE 1 BOWH
J& (F1) X)WL (Area A), 2) % 1 EOWWE (F1) OHMOH RIS (Area
B)., 3) SEHPHOREM O (AreaC) @ 3 212471F 7 (Fig. 1). /NEEH (2019) (1,
Area BOILHIZMEL / V2 — VBRI 52 £ 52 AreaD & L7z (Fig. 1). /
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1st Umanose fault
2nd Umanose fault
Meganebashi fauit
Kanasou fault
Fault without specific name
Ay Area A
[ 7] AreaB
VA74 Aeac

Area D
% Umanose (hilly part)
Concretions

Sampling No.
A 126
AV

Fig. 1. Map of Iwami-tatamigaura and views of the wave-cut bench and the calcareous concretions.
The map was modified after Okubo (1982) and the concretions were numbered based on the
work of Takahashi et al. (2008).

Va—VHNE 1] BEICHERR SN TEY, ThED NI, N2, - - - NIL &:En s (RA
R, 1982). EifEl iﬁ‘ (2008) £/ ¥ 2 — VOREZE FiRE L, ZO#%, URioFE (K
ALR, 1982) AS—HEMBIE X N7z, REFFE T, BESNAFNEICZR S ). ElkL72ED,
B i E TR E AR L TR Y, REMOEIZE EoF L WEEFZENT 5.
(LA BEE Z W HERE A X 2 (16134, 2008) 12 &L, Area A~ D O TR b HW»
[EHEIINL & & A, ZOMEMBEEIINEN T HINE~NENANEEMNCH S, 72, N2
BLUN3 2 ECRBEDOHBERTIFABIIANMEN E b, ZOMFMHXG I & % EiHE
D5HEIE NI~ N3 IR S, N4 LD EEDOHEERIIAHTH S, DT, KT
[PV a—)] EFRETAHD, S TIERA % K § concretion & Rt d 5.
WEMOM ™M ZERT 4726, 20154 11 A 28, 29 HiZ UAV (DJI Phantom 3) % v
TEHEEHEx Lz, PG 2 EE &Y 7 b (Agisoft PhotoScan Professional) T/MLE
LYE S N7 BRI E TV % Fig. 2 1R T. 57197 — A7 — VOBEIXIKh O & 0 L
BriomMr kL L2EThY), EE L IZEMRTH L. HEMIFIHICR 2 %25
FBE [HoW] e &iESH e L72d ) EkiREETH 5.
2.2. BWEBLUV /D1 -ILDOYE - HEIME
ANETA (2019) 1F, EEMCE NS 2 E A O LR OREEOE W AYE A I E
b0 TR A EE L, Area A~ D &TH SR L 725G 0% FH Tl - )27k
107, ZOFER, Va2 VOMBERED 2~5BREREWI b hrol.
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Fig. 2. Bird's eye view of Iwami-tatamigaura developed with a digital surface model.

HBIV Va— VB - JEMEEIE N v 7 AR FTET L RBEOED HVITHE
HEICEHEINL, ZRHKMUAZZ GG/ Pa—ViZi3Mbar @Bt Lizanvy
AR END 720, KEBIEENS CHEICHNEEE (KRR - BmEThH 5. £
7o, WEOMEIIIHEES RSN bbb, TORBE) SRS L7 Area D O
Wk, LoEEIZEENS Area A~ C OWEICHNKBIEE DS EFE - &R
BETHhbH, —F, /T a— VOISR o nzh o7 $72, Matsukura and
Matsuoka (1996) 12 & W f2Z s /- S LHE%r (WSI: weathering susceptibility index) %,
Sunamura et al. (2007) 2SEZ L 72fli5FE (MBEE / 5IRME) ICXVERLZE 25,
Weld /) ¥ a— WIZH~NEL LR T W &b o7z, NEIED (2019) 12X AW -
FABROAE R % Table 1 127”7,

3. Sunamura and Aoki (2011) (&34 7+ ZF &S DREZTALFRIET IV

3.1. 27+ 2RI EHMHREIEDRER
Sunamura and Aoki (2011) 1%, % 74 =& Z LI t iI2o W T LU F o B/R%
% L7 (Sunamura and Aoki, 2011, Eq. 4) :

Z=ZJ1-m+1Dexp(— fH) +nexp(—1+1/n) f1)] (1)
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Table 1. Physical and mechanical properties of sandstone and concretions at Iwami-tatamigaura
(Kogure et al., 2019).

Type Block Area Dry density  Porosity, & v, S S WSI
No. Mg/cm® % km/s MPa MPa MPa™"
Sandstone
(Wave-cutbench) 1 A 2.21 1.24x 10" 2.24 - 2.38x10° 52x10°°
2 A - - - 1.81x 10" - -
3 B 2.20 1.37 % 10" 299  267x10" 2.06x10° 6.7x107*
4 C 2.22 1.49x 10" 230 147x10" 1.95%x10° 7.6%x10°*
5 D 2.16 1.06x10" 2.53 1.93x10"  5.01%x10° 21x10°*
Concretion
6 A 2.57 3.21%x10° 4.63 - 7.02x10° 4.6%x107°
7 A 2.57 2.77%10° 458  1.00x10* 10.0x10" 28x107°
8 C 2.50 482x10° 405  1.17x10° 7.32x10° 6.6x107°
9 C 2.58 240%x10° 457  1.28x10° 102x10" 24x107°
10 D 2.50 3.98%10° 369  569x10" 598x10° 6.7x107°

Z IS, Zo 3y 7+ miR S oEE PRI 2R R OO Z), n(>0) (3K TTEL,
FCO) T ORTEFHEOEMTH L. ZLtOF—5%24UETay ML, ZRHIC
WL (1) ZHWTREZEDMEZ#EC L, Z, n BLX UL %155, Sunamura and Aoki
(2011) 1%, BEULBRBESERZZ2DTOREH LV BRI ZEtoT7—7 1T LK (1) %#
L7z OFISHEARRERRLHWE 21, BT I X o TEESHEERE ) § Lo r—5 &
L CHEIFEEIRTHE (Takahashi et al., 1994; Aoki and Matsukura, 2007), @ 2345512
BARZERICMI, UIE UIRIKTRE, ks X ORIRE I 2 EREAEN LomRED
T—% L LC, TEEEERTE B, FLUEFEALEREEN, BRaEirs - &
B FHEFWE (DL Matsukura and Matsuoka, 1996), @A PR 54 1000 km B 72
WEEZ O RO T —% & LT, KkE7 )V HINIEHE (Norwick and Dexter, 2002). DL
#, Sunamura and Aoki (2011) (2% 5\, FitO~@oa LB * 2 ui bar, i
FEihd & Oz & 5. £ 72, Sunamura and Aoki (2011) 12 & 2 LTS L7 £
2B 535 % — % %% Table 212779 (Sunamura and Aoki, 2011, Fig. ILIZAN&E - 151F).
Sunamura and Aoki (2011) X, ZNEHD/INTA—FDRE S HILEL, KEEICBIT A
AL DR & Fam L 72,
3.2. AMEADEH

AKfzeD Brgid, ARE 7 HOWEMD HVIE /) Y2 — VERICIET S5 7+ =0
B OBEHTH L. Z0720I121E, DO LOARErHOY 7+ =2 HTHESh
72Zon BLUOBEFEOX (1) 2855, LoL, AREFHICIEY 7+ =038ET 50
EME—BEOATHY, ZOBKEHLARHTHL., Ler->T, ARE 7 HIZOVWTIE
X (D) ZHCZEPICE ) EXT A= 2RI TE 2\, £ 2 TAWZETIL, Sunamura
and Aoki (2011) TRENZHK/XT A—FRLOMEMEEFHAL, ARE - #HICBIT5%
INT X =8 OMFEN B %2 HARD.
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Table 2. Site descriptions and parameters on tafone growth in Sunamura and Aoki (2011) and present
study.

. . . B S, k/S, (dZ/d8) e Z. Zey
Location Environment Lithology - k = = n _—
yr MPa MPa mm yr mm mm
Sunamura and Aoki (2011) *?

Aoshima Supratidal - Sandstone a5 gg5 794 0.012 82 0010 2450 2094
zone (Pliocene)

ditto ditto ditto 00320 ditto  ditto ditto 54 0010 1750 2094
Tuffaceous

Nojima-zaki Coastal site  conglomerate  0.00580 0.19 0.304 0.63 0.90 0.12 203.0 261.5
(Miocene)

Shirahama ditto Sandstone 00038y 011 284 0039 0060 018 2230 2806
(Miocene)

Keijima-yajima ditto Tuff 000227 032 0451 0.71 062 016 3730 2746
(Miocene)

Nagate-misaki ditto Tuff 0000420 028 363 0.077 013 023 4570 2941
(Miocene)

NEArizona(l) Aridzone  Amestone 4 5550199 - - - 00028 058 422.0 357.7
(Permian)

ditto ditto ditto 0.00000890 - : . 000063 052 1235 3494

NEArizona(?) ditto Sandstone — no00177 . : : 00068 089 7501 3910
(Triassic)

ditto ditto ditto 00000285 - - - 00024 092 1639 3935

Present study”
[wami-tatamigaura ¢, e o 00000294 0034 810 00042 00059 0. 2776
(Location I) oastal site con'cretwn . . . . 005 .17 - 77.

(Miocene)

I(‘L’Oa‘c‘:t'its;"’ﬁ‘;ga“m ditto ditto 0.0000294 0034 810 00042 00059 017 - 2776

I(‘i’oa‘;g‘;tf‘l“l‘f)gaum ditto ditto 00000204 0034 810 00042 00059 017 ; 2776

I(‘ﬂ’gggfff{‘;)gam ditto ditto 00000294 0034 810 00042 00059 0.7 - 2776

I(“I:j::t'itjr{,“;gaum ditto ditto 00000294 0034 810 00042 00059 0.7 ; 2776

I(‘L”Oai';it‘i‘:r{,“ggam ditto ditto 00000294 0034 810 00042 00059 0.7 ; 2776

I(;Vnal;‘t‘i‘jf{,“ﬁfa“m ditto ditto 0.0000294 0034 810 00042 00059 017 - 2776

1)Data excluding Z, are from Sunamura and Aoki (2011).
2)Values in italics denote those obtained through the best-fit curve to the mean value of tafone depth.
3)Values of & and S, were the mean value of those for concretions in Table 1 (Block No. 6-10).

Sunamura and Aoki (2011) 2 X % &, nlZAALEREE I L ) B2 EHE SN, #
DOfE L 75 T 0.010, R T 0.12~0.23, W HE#T 0.52~0.92 TH 5. EHTTHED
WARHEIEE~FICE < (BIkRE), BRIy (ZIIRIR) . FER O
40em TH D (/BRIT, 2018a). H~IOEM/KEMOMEIRIZ S, A& 1 Ok 2
DOREF XMW L TH DA, —HIIWHAT & 22, —F, ~FOMBIMEAKT O ¥ L)
(&, ERMERE BRI AR T L & e ) RIEDSHZIRT 5. BRI I3
DUWEMWAZTED A, Area A %l B L 72W0k13 58 1 SO WIREICIA L, Wik % #7223
RO—FB75 Area B DU EM 2 /AT mIZ#E D (- /NE, 2017). ot &, KoOEDE
BE & 72 B 728 Area A B SAEFES 5 E k1L Area B OJLEBICIZFE L v, Wik E ok
DI AN F— IR (RRMHE) L /A&, BEROBERBEOMIMIONTKRT S
% (Sunamura, 1992, p. 5~37). F 72, Area C OIRETHER SN AU E I, EIHTEEOLIHH
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DAVIZE BWFETOFFDH D20, Area A THERTELEE LD /NS W (fif - /hE

2017). MkBOBEBIEHROE S, $4bb, WEMOROLE L&D, 29 LRk s
Sunamura and Aoki (2011) OHFEHIZHB TIEH 5 &, ARE» HOBRE X R 12
BB eEZOENL. Lz oT, T2TRARE 7 HIZBIT D n O % 5 4 27T

DFHETH 5 0.17 (Table2) &£ 5.

ERLIE, FHAOWE - R EALIC L 0 §5< %o 7o R % #EE S & 554
Frot, ¥ 7+ 2RKHAOHRBTO L AHET 2EBOLEL ML /28T A—5Th
% (Sunamura and Aoki, 2011). #BREHD ¥ 7+ 12OV TlE, fEEHTIUTORX %
FHAT&% (Sunamura and Aoki, 2011, Eq. 10 12 Eq. 11 4L A) -

f =0.0070 /S, 2)

20, RIGHBREE, S AIFEME (MPa) T Y, k/S, | Sunamura et al. (2007) 25H¢
KLIMHMIFIHETE 2 WSI Th 5. REUIEHITFS S 724 (MPayr™!) %%
L7223 T, WEMBLY ) Va— Vo rBIUS UMEIEH, 2019) 2HWTLEHEH
TZ5.

Z A, n Z AT TR X Y EMHE &S (Sunamura and Aoki, 2011, Eq. 7 12 Eq. 11 %
AL CTHEEL) -

Z.=100/(/(n+1))" (3)

EROTGEICLY, HENTIEID 2 b OO RE 7 il O JRALEREE e ik & Ok L 72
Zon BLUBEHEONL. ThbzA (1) IRAL, EEDY 7+ ZE S LUK
HHMzHHTE .

4. 827+ ZBEAE

4.1. 27+ ZRI DA

ARErHOWREMBLY ) YV a—VoYlkziEds e, /Va— VORENLYK
ECEALLIT W UREEA, 2019). L7225 T, ¥ 7+ =ORKS L B
FENRTVEEZONL /) Va— VDY 7+ =S HFHIIL7:. WHEZRIRY EREED
AR D720, Area A D/ V2 — VEFHIKGRYLE L7z, Area A % B < % Area |28
WTHEHEL TWARW Y D2 — U ER T A E 280, 1~VIL & L7 (Fig. 2). T2
NOWFIIBITE TV a—VHIE5~8THY, ¥ 7+ =DEF#HIL100~160 TH L. %
72, ENTNOHEOFIGHH O O S 2illlE L7z,

S - AL S A Table 3SR, /P a— VoOWMHEICIERFTNZEZSRLS LW
(Table 1) I2d 2220573, ¥ 7+ 2R EOFYMHE Zpew B £ O 1AL 10% OFH1E Z,,
IZAreaB & C 25\ T9.29~10.7mm B &£ 1816.2~20.2mm, AreaD |2 B\ T 917~
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141mm BLU168~231mm TH Y, AreaD DF 7 4 R EDRRRKE o7z ¥ 7 7
SRS LIRS OFE S L OBR%E Fig. 3IIRT. ¥ 7+ ZFE SIEFIEEEAL & 13T
FUESICMET 2HT VILICBWTRAKE 2D, FHMEAIEo IZEREw. FY
K& DRT TR ZE, 72, PHEmEIM L ) ST EEWwIEE Y 7+ SIS
Ceh. INBIE, /Y 2— VEAOEEII SREOMIGREO DL S PER EEZ L b
B, ZDEI)RE 7+ SEEEIEOBRIL, 1951 EICBT IR NUNAR L FEZ %
CHAEBOBIZ b TV A ETOy 712 Ao s (FA - BE, 2005). Fig. 4a

Table 3. Results of the measurement of tafoni formed on the surface of concretions.

Locati Allitude —  malized  Numberof Number  Z Toew! % t
cation bove MS[, Normalize umber o umber mean mean 10
No. Area  2DOVE VoL height concretions  of tafoni 20 Z neanmax
m mm mm year
1 B -0.11 -0.38 7 130 9.53 5.36 0.67 202 6,170
1I B -0.11 -0.38 8 110 9.87 6.29 0.70 17.8 5,700
11 C -0.21 -0.72 8 160 9.29 5.11 0.66 16.2 5,380
v C 0.09 0.31 6 103 10.7 5.89 0.76 174 5,620
\ D 1.09 3.76 7 107 9.17 5.82 0.65 16.8 5,500
VI D 0.59 2.03 5 100 12.6 9.56 0.89 229 6,670
VII D 0.29 1.00 5 109 14.1 7.52 1.00 23.1 6,720
12 ¢ =
c V (Area D) ]
11 F f O | e
—~ 10 F =
£ oo} E
_ 0.8 =
g E 3
) 0.7 b =
- F VI (Area D) E
S 06F 0 P
n F ]
c 0.5 E
® E ]
Q 04 =
£ L VIl (Area D) ;
g 03 F=ro=————} O b———3
o E ]
o 0.2 =
© £ 1
g 0.1k I O 1 IV (AreaC) 7
S E MSL ]
= 0 F—-——"—"F~"~~~~~"~~ "~~~ T T T T T T T T T T T T T T
= E E
< o0af H o LIl (AreaB) 3
02 F [ o | Il (AreaC) 7
053 EMLWL e T
0 5 10 15 20 25

Depth of tafoni (mm)

Fig. 3. Vertical distribution of averaged tafone depth at Iwami-tatamigaura.
Horizontal bars show the range of +2¢ of all measured tafone depth.
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Fig. 4. Vertical distribution of D,,.,, on the pier surface of Yayoi Bridge in

Aoshima, Miyazaki, Japan (Aoki and Matsukura, 2005): (a) for 20, 38 and

50 years since 1951, and (b) for 50 years with individual data above mean
high water level.

IEWER DY 7+ ZIRD CITARS (FIE) OREEILEIRS D, fha s ik
FHREMARTIZ BV T ATARE SRR TH 5.

e Dy 7+ 2R IFRFEEDESDEIFTEHIIISTEDLDTRKE W (Figs. 3 and
4b). L0 bUF, EALEREE (R, BE) B L OBERMIE L WEBEROS0E 7
0y 7 T3z, IFARIOBRAEPRMED 2L EIC2 51T E1E52 < (Fig. 4b).
ZH) L2E o2 0EREZ BT 5720, FA -8 (2005) Fxa—Fv 72 HWTH
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BREORBEMAEMNELZ. 2L T, HBHOKZ S L FARSIZEOHME RLITIL,
CIZADER E 2 2EHPFICEAHE (W) Th WML RLZ. T4bb, M
DBREVIETECNTAREDNE W, L7z TC, ARE7HDO ) Va2 —NVIZBITLY 77
ZREDOIESDOXDERG, [LABEARTH S ) ¥ 2 — VOREMIC X 2 RPTH 7258
DFENEEZEZOND,. NEIIEZHD (2019) 3/ V2=V HhLEHEALS0m ES 10cm H 5\
(£ 5.0cm OMFHEMRAAZER L TWHE - IFERABRET o7, 26 OfEAICIZARRT
BIZHEZ IZEREVHEVLADPERETEINTBY, DO TARYETHL. %
RERL D BEONLMEIL, 29 LAY EAOKREHOBETHSL. Lir>T, R (2)
2 &2 BORMIFICIEIRIGRD S EN L7720, X (D) 12X 5 t 0B MR K5
HOZORADPHEY THS., /T 2= VORGHBTIE, ¥ 74+ Z@EEDPRKELRLITT
Thb. KMETIEIT—IDEELELFEL, FHADZ,, 2 ZOMBEO ZDORKEL
A LT 1) OZITRAT 5.
4.2. 27+ ZREIEOER

41 THBR7zE), X (D) L2t 0FERIZIEY 7+ 2 SOFPHETR KRR
fix W7 iam2 #t) Th 5 &% 2 51 4. Sunamura and Aoki (2011) 12X 5 &, 3
(3) OEMIIZY 7+ ZFESOFHEERREOH GO T — s BHwbNZ. £IT,
Sunamura and Aoki (2011) DT =7 H 5 7+ IR IO AKEDO A E xR E L Tt
RO TEN L7z, ZO/RRE, HrizickXxi7z

Ze, =200/ (n/ (n+1))" (4)

Z 212, Sunamura and Aoki (2011) (I2X D67 Z EXBIT 5720, A 4) THDS
NbZ%Z,e35. X (4) OFREEZWMEET %728, Sunamura and Aoki (2011) 2 &
b7k, Z, L LT 5, WHEOMGRE Fig. 5187, Fig. 5 WORFITRENZTH
M7 )V FHINILERERD & 7+ =D 7 — % T 57, Sunamura and Aoki (2011) 121
5 DT — % H349,000 4-~500,000 SEFIO T HHFELNTE Y, HBHEHFHOKELE O
WEPGEINDWREEEZER L. IS ZBRITIE, HERDWR TS W Z-Z, DRfR
FELDIEL2EDHLH0D 11 OEMIZIZIZH->TBY, ARESHIZOWTLR
(4) #HVz Z, 0OBHIEMTHLEEZLNL. 22T, A 4 122=017 ZLAL
Z,=277.6 mm %1572, F7z, Tablel TiZ/ Y 22— (Block No.6~10) O¥# - J151y
PTEEDOHFTNo. 10D V,, S, S 25No.6~9 IZH~/hEwnboo, b No. 1~5 D7 —%
CIXXBITE L7280, POBEHEFIZIE No. 6~10 Dk B IS, OFHE (R=0.034 BI
S;=810MPa) #x (2) IZfRAL, f=294 x 107° #1572, 7 Va— VHOWEOZERL,
R DB DE NIRRT L EZE 2 5N 5.

INHDNT A= BLUOEHSED Z,, (Table3) #3 (1) ICfRA L7z 25, 145,380
~6,720 fE L F I &7z (Table 3). ZOfIL, EHMERA 2 SHIE (20194F) FTO
FEEAERUZ =R & V.
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Fig. 5. Relationship between tafone depth calculated by Sunamura and Aoki
(2011), Z,, and that by present study, Z,.
Arrows show the data obtained from NE Arizona (arid zone).

5. EHEMEIC L 2 KEMOREEIREM

5.1. 27+ W EBE 27+ RS DIMER D 5 DIRET

A (1) 12D £=5380~6,720 FE & FH S 7z, BEHIZIIZ L ORENEENL L L
b, ERICIE/ Va2 vosaWEOBEERELTERIND Y 7+ Z ORI ITHET 5.
L72255TC, SNHDEEZMAMIIRETIERS BZE L TEZL I ESELEEbIs.
ThHE, AREFHOSY 7+ ZIRIIL 5,000~7,000 FFRETHAH. Thbb, Ih
SOF 7+ ZIEHMIER S ED /2L E 2 515, Fig. 61, BEORE - HEEHMIE
DOUERE W FHFANIED SR S N2 ILEHISIZ BT 2 e# it O mZ Ll TH %
(EE, 1978). Z oIz L1UL, # 7,000~5,000 4E 5T ORI SCHERE E — 27 ORI IS
MYUT S, LT, AREYHO YV a— VEROSY 7+ =02, m kA
49 %49 7,000~6,000 FERTE 2 SIER S UEDH 720 D &, ) 6,000 4FFi Dt ¥ — 7 1%
O MR SIWGED 72 OB 5 L E 2 6N 5. #iE LAWIIER S WG 724
T =X, WEY— 7 EEOKEIZE D EED I E 5725 A WVIIREREDE L o 72T e
W 4. Ll X by, HmAEMDF 7,000~5,000 FH5 2 5 HBEE A TICAE L7z s 3,
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Fig. 6. Post-glacial sea level fluctuation along the San'in coast (modified after
Toyoshima, 1978).

IR RSSO 1845 SEE I F A7z L HEH Gk HIE2, 2004) S2 [FEEEH LD 3%
B AR ] CEBICARE r HOREREEMPR SN HEL LBEAET S,
2002 FEICB R SN2 FEROBKIZ LY, 44 (1913) ofGLIRFFE L L TS

Tz, EHHEIC X 20 EM [af] oFEHEGES . L, EHbERCHE

FEMORERFIEECHER F12dH ), EHEMEIC X > THEWO [—&] 2FE L - TRe:

35S, b LIEEMo—2d 2B ICEE L 25GE, AREsrlielrsfonsdy

7+ SRS OESAI, WL L O & BRI EG OB S5 S

NDHAMERLZLWRENH D, 22T, FHHMMENREZ MO 7+ = (1T

A) REOHESA OB E L) FMHE T2720, BELY 7+ = (KITH) ES

#IEHAL L2, $72bb, Hit#hicid Fig. 3 & Fig. 4a Ofit#hoE H %2 22 h ol B

VT % S EAL O IR 2 S O S Hywr, (A 5RE 7 1 0.200 m (RSJT, 2018b) & i

ARG 0797 m (HAR - #88, 2005)) THlo 724l H/Hynw %, 81213 Fig. 3 & Fig.

La T DEEEDY 7 4 DR E Zpean REMEIEI O 7 — & 121335 T 50 F 0% fEH) %

ZNEDHF DR Zpeanmax A1 B 7 HOHI VI FRAEBEM O 4 BRHOfl) THl-> 72

6 Z eand Zoeamae @ 72 b L7z (Fig. 7). L7255 7T, Fig. 7 OHEHI Tl —1 A3 3T

O, 02333, 123 FIamih e %9, Fig. 7 Cld, “PIm#l il bl 6, i

D Zeand Zoneanmax \ZIEWEFTZ 70y b N7z, UL, IEBALEN/2% 7 4 2R X O4HE

SAEZ DOBFT O Tz LR SN AWM ARIET 5. Lo L, FIlser i <idm

I DT — 7 PR E SN T O Y b ENTZ. Zean/ Zneanmax VA LB 7 # O M T

~IVIZBWTH 0.656~08TH ), iREHBER 1, 2BEHIZBVWTH01~02TH5. HA -

A (2005) (&, TRAMEREE 1, 2B H T, WEHROEKRFIZLEAENZATE

5B T YO RMRENMREF SN TVD L IICRZ L 2w BREBOSE TH#B 50 4

B P H OZM L ZA; TN L2 EET 5 L, WA —%E TH USRI
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Fig. 7. Relationship between normalized altitude, H/Hyyw;, and normalized
tafone depth, Z,can/Zmeanmax, at IWami-tatamigaura and at Yayoi Bridge.

BULEFRLOETIZIEDO TEVWEEZ LML, ThbL, @MW L) AL LIC
CWERIZH22Db 56T, AREy HTIREIMETOY 7+ ZiREIHPRKE V. Fig. 61255
&, LB IS TSR AR K I 14 O AE o> Hp T 6,200 AR AT 25 BT %2 8 2., £ 6,000
EFNCHER EAOE -7 2 Mz 72, =2 EOBEIZHALD 5mE L, 0% 4,800
R E TBUBM X ) 2m RS WCIREA V72, £ NDUEBUE £ CoZ2 ki, R
RSB LY 2m BT 42500, SEHREOEMVIEBIELN I ZEAEEDL Lo
TeEZONDL. ZOZENS, MY — 7 DRI U 7222 (Lo i -C IR i
(BT ~ Bl H -2 m #25E) 12, ARE - OB EOMET O& STy 7+ =051
WENRT ol bEZOLND.

DEo ko, ARG O LWIIBIT A2 ERILEI NS 7 1 2R S OREHA L,
W2 LR RS L OTERE & MR AERER O 7 — 5 & L CRRfIT 4. £72, [LkEH
WICBUTAEFtoOmmZ b2 EET 5 L, IR OND Y 7+ =i, BlifEm~H i
16 — 2 m AR O HEE Y] (ST ¥ — 7 DIRT o Rl EA-H B X O E — 27 DIEHHE £ ol
BIZBU 2R ISR SN LR TE L. LD > T, ¥ 7+ =g SOESH
Z1E, A RE - B OWEMO BT 2B S 5\ VIX TR 2 R IR RIS v,
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5.2. 27+ ZDORRERED 5> DIRET

57 4 ZOREREIIEEANICRKERY, TOHBA TS (72& 213 Sunamura
and Aoki, 2011). % 7 + S EEEDORAME (dZ/d) we(mm yr ) 1&, 4 ZETEH L7235
A= &P TORIMA L&A (Sunamura and Aoki, 2011, Eq. 7)

dZ/dt) e =Z.(n/ (i +1))" (5)

B, X6 WCLVFESND [AZ/d) w37 7+ —OEEEFEZE L 2. 22T, Z
RARWIETIEZ, &L, X (B) 1I2X) (dZ/dt) e ZETHET 2 L, ARE 7 HOMEMICE
135 ([dZ/dD) e 1359 X 10  mmyr ' & o7z, SRR RIETSH 520K R ITH
BEL s, EHMERO 150 4EM 5 7 4+ A ZOMEE TR SN EEL T, #iz
WIERENEY 7 =DE X3 0.88mm TH 5.

R, EEHMEENIC R EEII A L TB 5T, EHMERIC, BfEMhoiR L b
EEOE AreaD 2 20em R L7254, ZOH6A, RO Area D O S VII OFE
% Area C O I IV OREEIZE LV, FI—ERO%a, ¥ 7+ 2 SEEFE LT (7
EZITAreaBOME I LI L), BEROMAIVE VIIICBITAY 74 ZESITHL
WIZTTH L. LA T, BIEOHMBEIIBIT Y 7+ SRS OEIENERSAEH» S
HEEFTOMI0FETELAZZEICRL, WMHEDY 7+ 2R E DEIL Zyew T 3.4 mm,
Zio C57mm THY (Table 3), L% 7 4 ZpEHE L ) HH SN D IR ZER X
FTNEFNL0HE, 70ETH L. L7z23o T, EMHERNZH S VIIASHHAE L D) 20 cm (K
CHEIVERUEGES o284, A VIIOS 7+ Z S 3ERO 150 £H THRAED
ESIELZRV., 2oL, IB0FEMICERIND 25 7+ 2RI LBEDY 7 4 =i
SOESMEEET L L, ARE s HOWEMIZB T 2 EPTHERED 5\ IZikEO TR
PIZEDbDOTRERVEEZ OND.

6. % & &

1872 AF MR IS X 2 A S » O W EMERE Ot 2 et 3 5720, HEM Lo
V2= VEREIIBITLY 7+ =IZEFBL, ¥ 71 2REOEMGHrHETLE LD
12, 77+ = A2 S Lz BRI & 121X Sunamura and Aoki (2011) DU
AFAL, RBIFECTHE LS 7+ SR SITMA, ANEEH (2019) LAz Y 2—
VOB - B ERA L. 72, Bohcy 7 ZES O (ShE) 5%,
FIGFEE BOWED S % 2 AR ORI S 17z CIFARS O3 & B 72
IVERGIZ BT A L IZAIL 1951 FF OB T A SHAEF TIRIZTWBHEH O 2wl - 2 &5k
T E NI 720, EBO T — & L O RBIGHN I 2 HZE OF EOHWT AR TH
5. 77+ ZOREMEORERCERSOZESA»S, UTOMRZ&E
O% 7 + ZIBIAENIEA 5,000~7,000 £ & HEH SR, Zhidsy 7+ ZAWECHEED ¥ — 2
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ML ORI NIED /-2 & Z2IRIET 5.

@ By (HEARE ) 128D IERIL SNz 8 7 + =8 S OSFE 54 13 T 2L < b
HeB L UL & ERR e ARG O B L SNz CIZARIRES OS5 & —B L7z, F
7z, BEEALOMEE SN WEIAT ISR S N2y 7 1 =1, et OER R (5
Mt Y — 7 DRt ot EA B L O — 7 DIREBIAE £ COMIMIC BV 2 B ~ B
- 2mBEOHHM) ISR ENEMINTE L. Chohb, ¥ 7+ ZRIOHED
I, ARE - HOBEMO R ZEES 2 Ik =72 SIS s
2%

OARErHICBITDY 7+ ZHEREORAMEIZ59 X 10 mmyr ' TH 570, i
B R 12 0 A2 Fe e L OB L A U A BB L o 2B, TORBRIIEEE TO
150 FEH TR SIS S Y 7+ = 13 0.88 mm TH 5.

INOHEEZETLE, 18T2EIEHMEIC L 50 RE r HOWEMO &K 5 WIZ /AT

B 7ZaBROMEEEIZEbOTHRWEEZ OND. 77+ ZRMMOEHER» 51X, —

WOy 7 5 = IMHAE Y — 7 TH 5 6,000 FELRTCER S NIED /- L EZ 5N L 720,

WA ASE LA A E LD 72 RN IR RIR & 5 W IZ 2 DI Ch 5 LHER S 5.
ABFF2Cld, Sunamura and Aoki (2011) ORAEFIZ, ¥ 7+ ZES EHAOYH - 7

FHMEEHWTY 7+ R OB EZA 7. 29 LzRAARIE, EFEOSPMAIRDY

KIS OEBTH L. RIFFRICL Y, &7+ S F O ERE R EO RN

DRENTZEZEZONSL. LL, SOFELCIIEHRICEZCORENEINTEY,

LBNPOZOREIIRBEETH 2720, AR THEL SN HTFIIHLLE L TEZLNS
AWFZEIE, 1990 AER UL I BIRIBEN O FHEAER T LI LIRS & T —<

Th 5 [1872 FEHMEIC L 2 A RE oW EMEREOTREN] 12 L, &R

WCEDE—DDRER L. LAL, BEMOXSTHER, TOXGT SN &EE

MEREIELZOIIANT ) Va2 - VOBBLUSHEZEET 5L, AEOTHTIE

EbOTHEITNG 2 VAN ZEOFELHIRTE v, Lzd T, SE%IOFEL

Tz g mgEIc L 5, XD Emr L EN 5.

7. F# i3
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JSPS B (FREE S 156H05350) DRIz 2T 7z. TTICRRL CHEERLET.
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