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Abstract

To determine the scale and depth of a molten material near the volcanic front and at
active volcanoes, the reflection phases on microearthquake seismograms have been stud-
ied. At the east coast off the Izu peninsula many phenomena, such as earthquake swarms
and unusual up rifts of the ground, have occurred. Many interpretations have been
presented regarding these phenomena. It became clear that these phenomena were caused
by the molten material after the submarine eruption which occurred on 13, July, 1989. In
this paper we discuss the location of a molten material beneath the area of earthquake
swarms.

We studied the seismograms of earthquake swarms in 1987, 1988, and 1989, which
occurred at the east coast off the Izu peninsula. Two impulsive phases, which occurred 3
—4.5 and 6-7 seconds after the P arrival, were found on the seismograms. We explain the
cause of the later phases as being the SxP and SxS reflectoin phases at the subcrustal
discontinuity at the depths of 1620 km.

We cannot explain the large reflection coefficients of the phases as reflection waves at
the Conrad discontinuity, even if the focal mechanism is considered. The large reflection
coefficients can be explain as being the reflected phases at the boundary with a S-wave
volocity of about O km/s, such as the molten material. The spatial distribution of the
reflection point is located beneath the swarm area. We suppose that many phenomena in
this area are caused by the molten material found in the present study.
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Fig. 1. Examples of areas where the discontinuities with molten materials have
been found in Japan (hatched areas). [(A) Iwase (1989) (B) MIZOUE et
al. (1980) (C) NisHIWAKI er al. (1989) (D) Mizouk et al. (1989) (E)
KaTto et al. (1990) (F) The area considered in this study.] The broken line
indicates the Volcanic Front (V. F.).
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Fig. 2. Earthquake swarm areas (hatched areas) and locations of seismic
stations (circles, cross). The numbers indicate the years and months when
the earthquake swarms occurred.
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Fig. 3. Examples of vertical-component seismograms of swarm events showing
two clearly reflected waves (X) at the HOK station. The dates are indicated
by numerals. These events occurred in 1989.
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Fig. 4. Velocity profile, the P-wave (Vp) and S-wave (Vs) assumed ‘in this
study after refraction survey by Asano et. al (1985) in the same region.
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Fig. 5. Hypocenter distribution of swarm events (open circles) which occurred
in July, 1989. They were relocated using the master-event method. The
master event is indicated by the large circle. The vertical cross section along
line AB in the map is also shown in the lower part of the figure.
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Fig. 6. Hypocenter distribution of swarm events (open circles) which occurred .
in May, 1987 (a), and from July to August, 1988 (b), respectively. They
were relocated using the master-event method. The master events are
indicated by the large circles. The vertical cross sections along line AB in the
maps are also shown in the lower parts of the figures.
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Fig. 7. Master events relocated by other.master events; <a), <{b), and {c) are
the master events of swarms which occurred in 1989, 1988, and 1987,
respectively. For example, a (b) shows that hypoceter <a> was relocated by
the use of master event {b). The vertical cross section along line AB in the
map is also shown in the lower part of the figure.
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Fig. 8. Examples of vertical-compoment seismograms of swarm events showing
two clearly reflected waves (X1, X2) at the OKV, ATA, and ICY stations.
The dates are indicated by numerals. These events occurred in 1989.
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Fig. 9. Observed travel times of the two reflected phases versus epicentral
distance. The open squares and circles indicate the observed travel times of
X1 and X2, respectively. The data are from the swarm which occurred in
July, 1989.
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Fig. 10. Examples of vertical-component (V) and horizontal-component (H)
seismograms of swarm events showing the clearly reflected wave (X2) at the
NRY, KWZ, and NGH stations. The dates are indicated by numerals.
These events occurred in 1989.
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Fig. 11. Simple possible models proposed for the X2-phase. The stars, trian-
gles and curves indicate the hypocenters, stations, and ray paths of the P and
S waves, respectively.
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Fig. 13. Simple possible models proposed for the X1-phase, assuming that the
depth of the reflector is 16 km. The stars, triangles and curves indicate the
hypocenters, stations and ray paths, respectlvely The ray paths of SxS
phase (X2) are also shown.
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Fig. 15. Observed and theoretical travel times of the two reflected phases (X1,
X2) versus epicentral distance. The open squares and circles indicate the
observed travel times of X1 and X2, respectively. The data are from the
swarm which occurred in May, 1987. The curves indicate the theoretical

* travel times of the SxP and SxS phases. The depth of the reflector is assumed
to be 20 km. The depths of the hypocenters (H) are assumed to be 10 and
13 km.

1GAD 2B OBERAERAELTH S, Fig. 130 5) & 6) DL, XlkB\WTH
amAERy & BRIERS—E L 2w (Fig. 14-(a), (b)), 7) OBABRER2HATE 3
(Fig. 14-(c)). 2% 0, X1 (3FE 16 km IZFET 2 NEFEHE» 5 OREETH 3 LKE
T5E, X1SxP K THZ EEL B EHHPTE 3.

PEDX Sz, 2o0%ERER—OREHEICL S EEL5E, ES 16km ICHHE
T AREGENIC B T B SxP R (X1), SxS KA (X2) &1 % S ERRIEREHEATE
5. '

1989 SEDRNT & [EIREIC 1987 4 5 H, 1988 4F 7~8 H OBRHIBEIC BV T KO
X-P B 25t AH D, EREOERFTEIT - . £ ORE, 1987 FORREHBE TIRES
20km ICEETES A REBEIC B 1T B SxP, SxS KEHE (Fig. 15), 1988 fFEOEFME T IT
S 18 km ITFAT 5 REFREICH 1T B SxP, SxS KHHKE &4 3 L ERAIERAHIATE
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Fig. 16. Observed and theoretical travel times of the two reflected phases (X1,
X2) versus epicentral distance. The open squares and circles indicate the
observed travel times of X1 and X2, respectively. The data are from the
swarm which occurred in 1988. The curves indicate the theoretical travel
times of the SxP and SxS phases. The depth of the reflector is assumed to be
18 km. The depths of the hypocenters (H) are assumed to be 8 and 12 km.

% (Fig. 16).

3-3 IRIBOEHT
RIS R ORIEE & & CHERFOYERIC>WVWTEZ S, JI T, 198947
B OBFREHEARICE > THED B, 32 T~ &) KHIETRRIc B o 2 DOEE
IHRRRIE I, ERMITERES 16 km ICEET 5 ANERHEIICHK T 5 SxP, SxS XN T
BT Lo, —Fh, FEHEBIEBY IATHEREEOHKR, RAEXEETIIES
116 km i BT P HGEED 5.9 km/s 2 5 6.8 km/s ICRE#GICENT 23 5y FIl
WKHSHNTWVWB (Asano et al.,, 1985).
ZFTT, TOBREAEGEOMEE RES O IRKHEORBICOWTERT 5. RIEIZ
A REEEZFTOADTHENMELHRT 20 RIRETH 2720, I TRREKED
i & SIHORBOR L THMADHEEZ 5 &icT 3. $7, KEHEOASABE
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Fig. 17. Velocity structure models used to estimate the amplitude ratio.
{A) Conrad plane model <{B) Molten material model.

RAICED LEEBEICL S TR T 2L 918507, BRERED 25km IO
HETHAMEEERELA LB LBREITS. SEORBOBREBINLOIOTH S,
5, ARIGKEERESORBTER[TRETH S0, BRI 25 km DT OBHIS T
TKEEIRR S DEIRIA S S TV A EHIAUZ NRY & DSZ LW, O NRY 8illS b
DSZ EBlEEBEH L7 & O THRBHT 2 SOBHlIZ B > TV, ZDE, KEEH
oY D B 5 BRE CRITICEATE 2BRAIE 1 EEB->TLEY, F—FOREDK
Y@&mIEE LSS, 20, TR ETERS Z@ERICHW .. SHEOBENTIC LT
A EHOTH 2O THMTERITERVA, BITBN3 &5 cEREOYHEERIC
& o THRBBEDOIRIEN A — 5 —TEI I, % @Ef;{@%ﬁﬁcif‘% 550 EEZ LN
3., 2T, TSI SO L TOWIVWHIED A 2RY, HAREER V. 1,
S & REHRIIASEINES 20ic, ZOBBAEZELMEEBIRY, FTHRAT
DIRIBLLOHE A B 215 - 1.

BLYIL, av 5y FROBEAERESZ /2 € 57V (Fig. 17-A) 2F A f. BHiRd
Bz |3 SEIS83 (Cerveny and Psencik, 1983) ZFV, #HEHE % Fig. 17-A & L 54
ORIET (3-2) TRF - 78R 16 km ISIEAET 5 AEStHE IS B 1 2 RKEHEOIRIE S S K
DIRIED LA KD 1. Fig. 18-(a) WERROHES % 4km, §km & LIHAD 280 OB
WEEFERT, BllEEZ 7oy RS, filldREBLE 0 7 27— LT, HETER
PEREAE & > TV, HREHEICBVWTRBREERMELZIT>TWEWL, TOETIVAT
(&, SxS HHE (Fig. 18—(a) (1)), SxP K&l (Fig. 18-(2)(2)) 0 &' LiFAT b EHiR{E
RERE IR T TR b a <, s 2 REURHEFREERATE RV,

UL, CORIBOERIREREBORELZT 1.0, BROA N =X LREE
BT 208N HB. —F, TOMITHOWHIEBIRSESERML THRY, 2= =
CFa— FAWNSWHIBETH 3120, A H=XAERHRD SNV, £ T, HREMEE
TR 7277 =F2a— FORXWI19894E7 H 9 H 11 B 09 3 OHIE (M=5.5) (&&
PR FAMERER (1990)) (Fig. 19) D * # = X Afif% C OHUB OIS/ I5EREL TV
2HDEELT, BEEHICBT 3 SHERBORIBOLE R, KEEREFR
BOREREICE - TETAAEEEICOWTELTAL, TITR, @riclAVvitT N
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Fig. 18. Observed and theoretical amplitude ratios (Asxs/As (1) and Asxp/As
(2)) versus epicentral distance. As, Asxs, and Asxp show the amplitudes of
the S-phase, SxS-phase, and SxP-phase, respectively. The vertical scale is
given according to the log scale. The open circles and triangles indicate
observed Asxs/As and Asxp/As, respectively. The data are from the swarm
which occurred in July, 1989.

(a) Velocity structure Model (A> (Fig. 17) was used to calculate the
theoretical ratios (curves). The depth of the reflector is assumed to be 16
km. The depths of the hypocenters (H) are assumed to be 4 and 8 km.

(b) Velocity structure Model (B) (Fig. 17) was used to calculate the
theoretical ratios (curves). The depth of the reflector is assumed to be 16
km. The depths of the hypocenters (H) are assumed to be 4 and 8 km.

TOHEZRVWADTIZN L, Fig. 19128 L1z 1989 4F 7 B DRSO 131 5,

PES, FRTEEC - AR 4 1 HT 02V (Fig. 19D A, B, ©), BIHIEIEEEH, S
DFREHE LK E BB LS OKV, ICY, NRY O 3 SVt S Billso
ALED SERFEFFIC BT 5 S Ik & AR OH A & HRMA % Fig. 17-A OEE#HEEH
WTRD, RE LA =X L8 % & &2, Akiand Richards (1980) @ p115 (4.85) =
RO CRIESIC BT 3 ST RKFHORIEOLERD 72 (Table. 1). V350D
HEE 3BAEOZZ DG ITBVWT, BREFICBT 3 SHEERFEORIEOL
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Fig. 19. Hypocenters (solid circles) and stations (open circles) used to calcu-
late the theoretical amplitude ratios (Asxs/As, Asxp/As) near the sources.
Earthquake (A), (B), and (C) occurred on 12:09 15, July, 1989, on 00:47,
17, July, 1989, and on 10:21, 22, July, 1989, respectively, The mechanism
solution of the earthquake which occurred on 11:09, 9, July, 1989 (M=35.5)
(Earthquake Prediction Information Division, Japan Meteorological
Agency, 1990) is also shown.

Table 1. Theoretical amplitude ratios (Ag,s/As, Ascp/As) near the source.
A. B. and C (Fig. 19) are the hypocenters used to calculate the theoretical
ratios.

A B C

ASxP/ AS ASxS/ AS ASxP/ AS ASxS/ AS ASxP/ AS ASxS/ AS
OKV -0.83 -0.84 -1.01 -0.93 ~0.80 -0.64

ICY -1.65 -1.40 -1.41 -1.18 -2.11 -1.78
-0.89 -1.29

-1.18 -1.12 -1.01 -1.42

X, (Agp/Ag) =—1.8~—0.6, (Ag/Ag) =—2.1~—0.6 L7020, Bl N/ KRELE
REIREBBORBEER L, BFIFMELT> TOHPATERL,

COLED IEEROREHFMOAZ VT LY, ChETIOERSNTETEY (&
k1980, 5, 1989), THOLOBIEE G LI TEO S EEEL Okm/s £ 5 EFIN
(Fig. 17-B) 2\ CHREAE L2 & T A, SxSKEE, SxP KEHKIC &\ CHER1E
ZERMEICES Y 2 2 EATE T (Fig 18-(b). TD X DT, REREHERD T TS Bk
BN 0km/s TH5B, DF0IERMELED FEFHETH 5 FREMN S 3.

34 RFEHH
Wiz, TO&DHBAEFEDSE ICELET 20RKD 30, RESOAHEIIO2WT
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Fig. 20. Spatial distribution of reflection points of the SxP and SxS phases
(circles). The vertical cross sections are also shown in the lower and righter
parts of the figure.

ZZ 1. BREBAEONERBMOEROT, #EERBEEE L CREREOES %
BEZNERHEOMNEBIZ—BERNCRE 5, £/, HIBEH, O X-PRENSHANSNT
WB0DT, ZOEREREERERS—T 2 ERIOES ZHEL, MHNAOAME
2R¥I, TOKHIRUTERD S0 SxS KEHE ORE E07 & SxP BT O K& S5y
fi% Fig. 20 1R 9. AR, ERETOEREKE - S Z2hic £ 2km BEE S
SVWTWAEY, BEOESE2:1km FFa#% EREHADES I SxS KB TIZ+0.6
km, SxP REHETIE+08km FTFL, ¥/ X-PHEOFEAWMDEET02WT ST ER
SAEOEX 3 SxS KK T3 0.3 km, SxP KEH TIEX05km FF4507T, 2415
DEFEICLBLEIABKEVEEZZONDE. XEEDHOMTICX D, ABAZ LS T
B b 2 REFE P T LB ERR RS MICEET 5 T LRSI - 72,

§4 E =z

B (3-4) T3, 198745 3, 1988 4E 7~8 H, 19894 7 A OB RMBIc B 57—
A eI, REENER L. (Fig.20). SEIOBITIcBVL T, REnRERO
HELHLRVTOIRVDT, ERLAE LS FTRE O & 2 A O F7E4iF % IR
TLRRHETH P, BEMBORFHOTICEELTWA I LIZHLLTH .

Wi, 1987 E5 5 1989 % TO Z OMIFICB T BHIBEOERSH (Fig. 21, HEIERH
Bick 3) EREREOBROBZRICOWTEZ 3. BEASHR» S, BRMEORE
LTWBTFROFESOHA GERD icfT RIEVEL BRI R OO0 S, £/1-2 0
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Fig. 21. Hypocenter distribution of earthquakes swarms which occurred at the
east off the Izu peninsula from 1987 to 1989. The vertical cross sections are
also shown in the lower and righter parts of the figure.

Ml EEREC, RESOESHES Fig. 20 IR o3 X 5 sl GEAD 1257 it
CBBEIIERLTVEESICRA S, COETH OMERIZ, EHRFETICE-T
1989 4F, 1988 4F, 1987 FEOEFHIE & & icihd & N RNERFE OB S BFHETHEENH
- HEICEY, K& 16km, 18km, 20km & RS - fEICKRE B I EDLSOD S (Fig. 14,
1615). UL, B2 OEREMBICBVTHY K29 —4 XY PRV DI, TD
HEIZZ RS — A XV MEATORS FROHEMHEEZCL S, bt toboTshs
AHEMES D D720, FMEGEENER L TVWE EERSU 3 ER3RNETH 2 EEbNn
3, g, SEOERTEAERHIKETH 2 EERELTVEY, & LEBEOR
EGEEMERI L TW 2 0B 51, ERZZBR LGS EZ LY. 1/, BRBSEBE
Tichh, BREEBESEE2EZ LN EFLVERINGETH 3. BHE FEF
BRAMICBEET2HREBERTHEDT, FRICLBESEIBRETY, £ 72AH
FICBOWTRITOR D - feds, FiE (1990) BETITONTVE/ —< e A—=TF T
MHESEORBEO L WITOEENS, S
INETOWED» S, FEEERBETET - HERME, MREHLIE, < 7/<o
BAIK-> THREBEhTWS (EAK, 1983; AH, 1989; HEA - fh, 1991; #. L « fth,
1991; M « 1 1991). L L, T /e BEIhoffEs N T B LI >VWTIZES
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N\ se

Fig. 22. Simple model used to interprete the phenomena. The open arrows
indicate the directions of stress in this area. The thin solid arrows indicate
the directions of the fault. The thick solid arrows indicate the directions of
the open crack. The numbers indicate the years when the swarms occurred.,

MliTENTOIEW, FIAE, A (199D B0 TlE, =7/ <0E Ak - TR HIE
PEEC B L0 bV E B v DA S B RS TV ALY, TS
w, HEgLconwTiRE- <K S h TV, BERHE & OfEBIGRE & 5%
B D&, FHFICE » TRE - FESH 16~20 km (STEAET BIERMEE £ 5 ATEM: DS
HAHRNEEGRA VOB TH B EEZ N B, DT OERKIABASGEET2 S
DLELTHEREST T3,

VbRt & LAZBRLT, FEFBHFICBOTRIIET > HBS 435 i
#ALLTEFIE Fig. 210 Lic, COEFATE, v r<OEAILL - T 1987 /F,
1988 £, 1989 4 & ?’H’Eiu'érb%ﬁ; L, Tof Jtibi-mEiclfishaRotEcr
BEFEHIE IHIG T ABHOIEINH, 198947 A 9 H oAz I &5&%&ﬂ%ﬁmﬂ
15 %@quLTmmAMMAﬁ%LLt ZD &S E—HOIFE AR C LFENT
HHEEZLNEZ= T IE, AWUIEICE > TRFE o - ESH 16~20 km IR LR
REMS Fiftf o FA - TERLBDOTREVMAEEZ LN S,

AW%@@.@mW%W6%@HM®ﬁLT@:oﬁH%mE*ééﬂti%ﬁ@ﬂ
HrofERE, AEIOES IV TERB ol FOESE2VLTRIASHICT S
CERBTELDS T ﬁﬂ%**6K¢ﬁwﬂﬁﬁ'ﬁﬂﬁéwmﬁ(MAm0KW
BOT, HRAMAEZE T o0 L Tkt ibh s Sl EsH~ L3, SHIcE
WTENRERENA SN P> &M, HAMKIZSHOBEEH~B LN EE
AO6NA, HEMAEDESIC>\W T}, Rio Grande |23 T Ake and Sanrorp (1988) A8
Pk L PxP RUREOEIEOMK» S B L 25+ m EHEEL WL S 0, 12, HREbA
W oL AFAET B EIH & U T Granzner and Ussier (1988) (3, TARLAA B 5 Al
BB ATHIERE ORI RE Lo vy 5y FROESERBE-HTZEns, 7
LTE e~ /< hEEORESEMS 3 v 5 o FIICBLTIRAERYL, v — MRicHk
FHLVIEFNERLTVAS, AR THY LR EHERIC LT biaREE
PO Akt e, ATHBREECL > TRV ORI YTy FlIEI2EE UES 0k
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Bea REBRSBEENA ONIPEFEREIRICE T 2HEMBICB VT, PEAE
DI 2 D ORGSR EE BB TRIIS N, ZOERBTORER, tn 5%
—DORBEAZEZ B ETEHE, FEIH16~20km ITFEET 5 FEEEICE T 5 SxP, SxS
REHETH BT EMbhr -7, TOREGEEZ, hoORMEE S EOIRELEFE
L7ckER, TR SIEEEM 0km/s THEL TRIESKEW, Db, HEMAEZLES vlREH:
DHIANEBEETHLEELOND, Fh, TORBRESE ICHEAET Eh2HO0
2T 2 DI REEORESEA A RO 2 E A, BEMBORIRIBO T I LEEICE
TR E8bd T

#t &
AFEETSICH0, BREMIZSEER TL IS » L EFEKFEHIBR A QR
SIS « MARBIEGE « EHE—RICECEH VLT T, REREOSHREEK -
HAEREKE I FERr IV & L, ERANER, RFFFROKER
KOEFEORTGHERZICH T 3HAIC X > TE LN EERFEHEL LTRED LR
DotebDTHDET. £, [IFFCISHBRSOFELREL TWEE, O
B, HEALEHEO HERBRI L BEEER-> Tl EE L, TTiREEL
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