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Features of Hypocental Area of Swarm Earthquakes in Hakone Volcano
in 1970’s Revealed by Re-Analysis Using S-P Data
— Comparison with Recent Activities—

Ryou Honpa*, Hiroshi ITo*, Youhei YUKUTAKE*, Masatake HARADA® and Akio YosHIDA™

The Hot Springs Research Institute (HSRI) has developed seismic observation network in Hakone volcano

since 1968.

and the Omori equation and were confined in the Owakudani geo-thermal area.
earthquakes are known to occur in an extended area in the Hakone caldera recently.
For the purpose we introduce a fitness value to estimate the most

clarify whether the past hypocenters are real.

probable location of swarm activity based on the S-P times.
grid point that covers the Hakone caldera with a spacing of 500 m for all observation sites.

In the first decade of the observation by the HSRI, hypocenters were determined by using S-P times

This is remarkable, because
In this paper, we try to

First, we calculate synthetic S-P times from every
Then, Root Mean

Square (RMS) between observed S-P times for each earthquake in a certain swarm activity and the synthetic S-P

times is calculated for all the grid points.

inverse RMS for all earthquakes belonging to the swarm activity concerned.

The fitness value given to grid points is defined as the summation of the

It is considered that the grid points

with large fitness values exhibit the most probable area of the swarm activity. From the analysis we found that
earthquakes in the period of 1970s occurred in an extended region from Mt. Kintoki to Motohakone, not confined
to the Owakudani area. Some of the swarms seem to have occurred near Lake Ashi. In conclusion, we think
that hypocentral distribution of swarm earthquakes in the past is not much different from that in recent years and
swarm activities in the Hakone caldera have occurred in a similar way at almost the same region since 1970s.
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FERK NGOt S EZER O JLEIC A& L, B 10km 1%
EDH VT T HEEE b OIEKILT, BEMES, BEe
A < IS EHIFRIE T & 0F S BRI IS TR B AN AR
LicZEnfionTnwsd (FlAiE, &4, 2003). KRB
Hid 1917 FORFIEE OB, FiRE0 FTOoETES T
VT 100 FEMENRT 2 SV CHIE 2 BURI L, FERA1Lc s
WTHIO THIER 7 — S IO BIROHEE 21T - 72
(SR ZEAT,  1992). Bl S N BEFEHIE O S-P I
BlO¥H 3 0.7 # T, Thh o RIREEE 6 SIELT

BRI A 4.3km &SRO TV A, 1959 5 5 60 FiTh
JCOBFHEOBRICE, HTTKFHIEITIT 0K F#
12510 & AHUEBIDTO N, hiv kO TEPAT 8 5
(SHREERIMERE T2 BE L, MK D 10~30mm/s TEIPZ O
AT -7 BRI AT A 5 RE RO 0~
—4km L EHEESNTWS OKE, 1960). D& XiT
B & N BB O—IT3, MA&)IRFARSEE | %
WDtz = D%, 1966 HEIC O AH s BEFs = E)
DFEA L, FEICRROBEE RFRIE MBS N T,
RBR & KITEE 2R AT T 5 T & OFEEMEI TR
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S, 1968 I HIEBRHIZEG A3 b 43 IR SR IFFERT (B
TED IR AT [T E SN TEREICE > TV 5.

BRI BNE, TEFET - 1o 60 A & 70 FEARETH
I TEHRTI0ERBREP SV SAKIHE S -
T, LA L 2001 £Eic, drfRI7s HEE R 2 R0 T Ll
K, RS FRABIE EHEE & N B BEFEHIETR B0 5 A L
ttk, HUPOIEHIREEL S >Twa (FE1h
2009). BIFEOBELAMEASELfiF & 7170 1989 4ELIFE, /)Nl
EORFF LIStk O E T & 2 OFERNIC M L
TWa., L»L, 1970 Fft, 80 EROEH I, KNiinx
Huin & U7 SIBIC BRI ST CFE, 1987).
R LOBFEMELE 3 =T, BB kLS
DGR ORISR SAEB A B B L vwibi s GF
, 1987). F7itiED GPS Bl FEFEIck b, ik
BRI DR & WEFFE IR R B O BRI (SR A ) b [FlRpIC
BllshcoT, 2hidE g LEL oS &
FLCcLaafEE s EES TV S (EEfML, 2010). T
5Ll EnS, FRKLOHIEERE, ffahros
LT H i C O EERE OIS 5 02 LA R L <
WA AREMEA B D, T ORISR A2 bpAY
WZh-tehpES I, BFEEEFICBITIST77 =7 R
DOEEEEZ B ETHOANABIEZEW, 72721, 1970 4F
R & BIfE © B CRIRVEEA R > TH D,
ZTOEVDY, BhrTOBHENMOIEEZEVHL TS
HEEME b B 5.

BfE, IR RHISEIZEH ¢ 13, PIERLLROER T — & OFF
BlEatED TVT, 2009 FF TIT, 1968 41978 FEDIH
MO SPHHOF—s 275 MbL, YEOEFRRTE
BT XD BFROBIGEERTT- 7o, B, HKidkke LS
NTWD 1979 FD 5 88 FE TD P M U S I D F|EHs
GNDF—4 &, 1989 FIFAM D (EEN 7 v 5 ks i
todp &, 199541 WIN ¥ R 7 AWAIGHIICEA XN 5
FTOWDOF =y It >VWTHEMET-TVWEET A
Thb., KHETIE, S-PHEZHOTHRES NI 1968
1978 FE DM DOEIRICOWVWT, YMERY Oz fhie
I (BRI, EEHESIRFT ST h N TV 3 2000 ELIER) Dl
EBEHONEREL > TVWA T EIEHL, FEBICER
PIIZEL LTV B D, & 5 W IR BHHE P Z R E E
DEWVCX B RN T L& Dn, MR ZIT- 1.
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1968 £E8 L O HRAE DR RHIFEIIZE A (LIF, IRHID
OISO N %, X 1I1TRd. RHFT OB
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B/ DOEFEHNS L D0, BEOME ZZED > T

km -
12U COllisiON Tokyo
0 20 40
35730
o H'travamg
Study
35°00" -
tau
34'30' - / : e T
138°00" 138°30' 139700 13930 140°00'

4
-"Sénguk whgra-
i

Fig. 1. Tectonic setting around the study area is shown
in the top panel and the bottom panel shows
observation sites of the seismograph network of
the Hot Springs Research Institute (HSRI) of
Kanagawa Pref. Solid circles and squares indicate
observation sites at the present and those in 1970’s,
respectively.
Thick dotted lines indicate plate boundaries of the

Dotted line shows caldera somma.

Philippine Sea Plate and solid lines represent active
A shadowed area represents central corn.
Gray lines indicate contour lines at 100 m interval.

faults.

WIS, BEIBES 4907 © 1989 4% T, KLtk DR
Ndb 5 KMA (OWK) 2l E LT, FE 1km EEOD
#iPHIC ./ S (NNT), #fil (KMY), /NEIL (KKY), i
RAT (0SS), Fi& (SMY) @ 5 Bl EnsEE ST\
73, 1989 LI (3 /M L & TR A O E LT 5T
W5, &Y —1d 1968 Hh 5 1979 H£YF F TRIKTEH)
155y, EEREE 1Hz 0B MHHIERG ch 5. ik,
1968 £/ 5 1971 & TRIAKE D 2mm/s, 197250 5
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1978 % TIIHEE D 4mm/s DR X T, HBHIKRIERS
DA DEFERTIT > Tz, T 07 DI D RS R A X
<754, S-P R A FICKRAFANE VI EREIC X -
TERAJFEL TV (PR, 9, 2001, p. 153).
RERFREUIHIE & S TEERIcvE s 1, 2~3 DfH]
DET—ELTOIEWLA, 256 L< 13280820 (OF
B, 1987). S-PHFHOHANDFEELIL 0.1 TH - 72,
1979 ££7» 5 1988 ZEDO AR I, Lee and Lahr (1975) i
X % hypo7l WA SN, PIE XU S OBERLA
7= & & LT & ARIFIVENITTOb N,
R BFEIR, FHR, BE0 3 > OHUF I T 7o KCERE
g2V TH Y, FHROMEIC >V T, MBS
ELBBIC LB O, BFEOMM 70 ERFE TLIZEME
BRbDENBEIICT 2 —=vranic (REHIF
AT, 1992). F7o, BHSMEREDS BV HOD, +
VA= DERE OEERNCAE S N, DR IE 82 4F
FTICTNTHEEXI N o1 v 7 EXICEHS N,

1989 SELIBR IF B S RIF I A S h, @ ER 2 v
H =T, Mits X0 L IEO 3B O/l ZTT - T
W3, F— g 3 AR T TER R A OB E I
H£ o0, EEYYIEERONIRY — N —12 X 5 T, 1995
ELIFEIE win v 2 7 4 (REE < 30, 1992) ZF]H L T
EHEHEND L DT - 72, 1995 LI O ZFPE I 1Z
hypo71 TEM L T O/ fHROEE RS &, ~ 1 B
A L it ©d % hypomh (Hirata and Matsu’ura,
1987) MRS N TV 5. FHROEE S HE XN 727
FEHS ATV, {thoEE RS TR OHIEOER
SEATS EEESHEN STROHTLE 2 8L, L8
LEBDE SN - tcicd EEZ SN 5 (I, TAE).
RICRBDT ORI > W TR 5, 1978 FEF TORE
BUIHIKIC 7 5 5~ &Nt b O DR R T AR 1
s hTcuwal, MEFRIEShTEST, A7—
Y THAHSPHENES>TVWAEDATHB., KZ -« FH
(2009) &, %D S-P W% (- T, HFFOREIFRELT
HBRIRAREROVIAEKEEIC &L - T, BEOFHRES
Al oI, BERSYEFEORFEAHITEV D%
BaIwIT, WA TV Yo EER D &
S-P B0l & 7 & e KRB OBIREE X, =
NEFRICEFRREEZT- /2. K212, AZ « JHH (2009)
12 & - THIE S L7z 1968 2 5 1978 0 MR O EZiE
D%, X312 2000 LELIRRIC A U 7o F RS TR
DOEFN T EZRT. 1968 Fi» & 1978 FEOMH ORI
MORFEUL, SFE (1987) Ic kg,

1. RiFBoESHEZJuiic, PR 2km F2E O i

IcHErh,
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Fig. 2. Distribution of hypocenters relocated by Honda
and Ito (2009) using a conventional method which
is based on the Omori’s equation and S-P times.
Epicentral distribution is shown in the left top panel.
The right top and left bottom panels represent
cross sections in the N-S and E-W directions,
respectively. The right bottom panel shows number
of earthquakes in each depth range.
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5N s CEHEM, 1986).
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A 515 (2000 FELIE).
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Dhir 5. 2001 FEDRABIBEDOEF OERICIE, 131343
THIEZENFELTBY (N3 D7 L —TRLEER B



4 A e

O 10« FTITEET -

1 I TR 1
] A R
1 . 4 f
10 AT
o : L
@ . y
ah) e S
-
o o
2, s .
= < > X -8
AL ey
1% ’M“'\—
o, °
O I : . : J l ul "
5 Depth[km] 0 139°00
Fig. 3.

B - Sk

| L L I I |
B

\\\\? -

. _.._._.' 1 E

o -

- L

Q

=

B~ *ﬂf: |

i (]

##45£ﬂ§hnﬁ 4 5

’l I T T T T [ 0
19904 Depth{km]

Hypocentral distribution of swarm earthquakes occurred in the period from 2000 to 2009. The central

panel is the map view. The left panel is the cross section in which earthquakes in region A are projected.

The right panel is same as the left panel except that earthquakes in region B are projected. Gray circles

represent the earthquakes occurred in the 2001 swarm activity which was the largest one since 1968.
circles show the swarm earthquakes except for those in 2001.

clusters indicated from (a) to ().

Occurrence data of each activity is shown in Fig. 5.

Black
Remarkable swarm activities are classified into
Hypocenters of

these earthquakes are determined based on the Double Difference method (Waldhauser and Ellsworth, 2000).

PHNCER > TO BB L H 25, 2FELTRLIRDHE
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WAFTO, FEEEERIT A LB OSBRSS To
S-P Bl 043 &, 70 AR D S-P I 0431 % L4 5
LT, NVEROBFEAGAVER I EDOLS> DT
oIt OWTHRIT 5.

FEFEIN 12 2008 4F 6 22 5 2009 4E 4 H & TiTbhfz.
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HAEITTHOE P 51, 2y —13 1S EER 2Hz 3
(L22D) % 3 5w, Foekds 13 H 1L LR o 1L.S7000 %
L Zc. EEEFERRILAR I FeA L 2o iy NE o 5 B,

=T ¢ VIR X - TEIFE S o HIEE 13 1260 {#
(B 4a) T, =D 5 BIHELMHE &[5 URCE O BRI 3
UL CEEELOFEANO BNTE2DIE 136 Hb -
fz. Z T, TNSDOHIED S-P Hf &, 1968-1978 £EiC
Ser: U 72 HIE @ S-P I 0 7% 0 “ 3@ P OS5 1R (RMS)
ZEMETRD 72, RMS Ofid/hswWid &, gLz —»
OHBEOEFMIVW EA2EKT L&A LTRVL. &
TOHEZEDHALGHEICOWT RMS 2 L, RMS 78
0.05 WUITF &R 2HHAEDEDBEONIE, TOHAE
bEHOEEMNIZEFLTH S EEZL S, Kba DEFRD
26, oAz Lz 57 [HoMEOEIR %X 4b 12
Y. BALDSEEREE IR L AR © 5 BB A
7o LR, B[S taisz Lz 10 ERoEOE
Fchsb. ZBHFMERELEN, BHTFOL—F ¢ VL
HEREEENE (K% « I, 2009) Ick-TRO SN
rebDThH B, NEKETIERBAREICRENEE > T
WAEDITH LT, Vv—F 1 YIEETE, Tho0OHED
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(a) Hypocentral distribution of earthquakes determined by HSRI routine analysis in the period of
(b) Solid circles show earthquakes for which RMS between
S-P time of the observation and any one of the old record of S-Ps is less than 0.05sec.

Open circles

represent hypocenters of the corresponding earthquakes determined by the conventional method that was used

in 1970’s (after Honda and Ito, 2009).
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Fig. 5. Frequency distributions of S-P times at KZY

for swarm activities occurred in the period from
2000 to 2009. Swarm activity (a) has the smallest
average S-P times and activity (1) has the largest
value. Locations of swarm activities are shown in
Fig. 3. Occurrence date, total number of earth-
quakes and average of S-P times are given at the
top of each histogram.
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oy FIZRLT, ZOodEX7 ) v FIZEID YT,
KR &S 2HNICRAE L e TR > W TRkDG
HET-T, &7 v FicElb Y THN e 5O
OMZ7 4 v PR REETNE, T ORI REL
HEOEFIN (EEEOS W) 27 ¢ v b x 2{ED
DM SHEETE 2259, D BMHEREROFTREICE,
Joint Hypocenter Determination 7% (Kissling et al., 1994)
ZHVWTT a—=v 7 LicdERE (7)) &ESHIE
fiE (Yukutake, et al., 2010a) ZfHEH L7 GE1). KL,
B AR, IEEE o S B S & [F) U R g E o
A TR bIT WALE 1T H 5 BIEO M R O fE» 5EA T,

Table 1. O-C residuals of P- and S-wave arrival times
used as the site correction at each station in 1970’s.
These O-C residuals are estimated from data ob-
served at stations of recent observation network in
the period from 2000 to 2009. We adopted those O-C
residuals, which are obtained for the nearest station
belonging to same geological structure, as the site
corrections for old stations listed in the table.

0-C (P) O-C (S)
-0.040  -0.230

OWK

KKY 0.009 -0.106
KMY -0.160 -0.491
NNT -0.160 -0.491
SMY  0.009 -0.106
OSS  -0.016 -0.077

13864 138068° 13868° 130.00° 13502° 130047 130.06° 138894 13806 13808

Fig. 6. An example of the conventional method for an earthquake in Sep. 12, 2008.
indicates epicenter obtained by the routine analysis.

130.02° 130.04° 130.06° 138947 12806° 13888° 130007 130.02° 130047 130.06°

The black star
White stars are epicenters obtained with the

conventional method. The left and center panels are results by data of the temporary observation at
old sites (solid circles) only, and the right panel is those by data of old sites together with data of SSN
and KIN. Omori’s coefficient used for the examples are shown in the left top of each panel.



S-P 1A F O 72 FERRATIC & - CTHH & 20T 75 - 72 1970 SR O R R R 8 o 15 1 7

FEOZUNAEF = v 7T BT, BADBDLI-T —_ T
WBEFIZOWT T 1 v bR AEOSHAFIREL, Th
LEBRORFESGE L L TA 5. X813, AificiiT
L, BEOHIED S-P W] & —E L 7oz (X 4b) i
SWVWC, 74 v PRXAEEFELIZODTH S, L,

BRI (3385 S-P RO FH I 72 0 L[] 2 3 4 5 6 7 8 1617181920
EERIEM AT > THRE L. BBORER M & Velocity (km/s) Vp/Vs
749 bR ‘Xﬁ@ﬁ}iﬁbi—ﬁ LTws. 7oL, &3 Fig. 7. Velocity structure model used for the calcula-
3400 m & D FRVES TRIGHORICH LD OFNAL tion of S-P times (after, Yukutake et al., 2010a).
o, FRIGWL 0EZ SN B0, —old, FHRe

ROHIRIZ DWW T L Bl EEEEA LTV 5

foh, 3 IROTHNC LT 2 HEREIC THIE L ST

WIRWEREED D 5. F i< 18 B &R S <

RO RO
1 1 1 | | 1 |
(I LS T I M I |

Vs Vp

P P R e R
L B LA LG B L e

Depth (km)

Jra—

—
L==]

. Depth l400m|

3512

35718

35112

Normalized fitness value

—

00 02 04 06 08 10

35112

%3\
%ﬂm;ﬁ% A

I\ I

139°00" 139706 1359°00" 139°06"

Fig. 8. Distribution of fitness values obtained by using S-P data observed in 1970’s. Open circles show
epicenters of earthquakes shown in Fig. 4b whose depths enter within =500 m from the depth indicated at the
top of each map. Fitness values are normalized by its maximum value in each depth range. The max of the
absolute fitness values in each depth range is given at the bottom of each panel. Note that distribution of the
fitness value is similar to the epicentral distribution of earthquakes at depths shallower than 3400 m.
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Fig. 9. Frequency distributions of the distance between the hypocenter determined by the routine analysis and
the grids that satisfy the fitness criterion. Note that the hypocenters were relocated with the velocity
structure and site corrections shown in Fig. 7 and table 1, respectively. The averages and standard
deviations are given in meters at the left top of each panel.
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Fig. 20. Same as Fig. 11 except for the events in 1970.
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Fig. 25. Monthly number of earthquakes, whose S-P
time is less than 2 sec, in the period from 1961 to
2008. Numbers of earthquakes in a year are
shown for 1994, 2001, 2004, 2006 and 2008
because of huge number of earthquakes (the
monthly number of earthquakes exceeded 600).
A dotted line shows April 1989 in which the
observation network was reconstructed.
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