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Abstract.

We investigate the source mechanism of long-period (LP) events observed at Kusatsu-
Shirane Volcano, Japan, based on waveform inversions of their effective excitation func-
tions. The effective excitation function, which represents the apparent excitation observed
at individual receivers, is estimated by applying an autoregressive (AR) filter to the LP
waveform. Assuming a point source, we apply this method to seven LLP events whose wave-
forms are characterized by simple decaying and nearly monochromatic oscillations. The
inferred source mechanisms are consistent with the repeated activation of a sub-horizontal
crack located 300 m beneath the summit crater lakes of Kusatsu-Shirane. Based on these
results, we propose a model of the source process of LP seismicity in which a gradual
buildup of steam pressure in a hydrothermal crack in response to magmatic heat causes
repeated discharges of steam from the crack. The rapid discharges cause collapses of the
fluid-filled crack and excite acoustic oscillations of the crack, which produce the charac-
teristic waveforms observed in the LP events. Together with the volumetric components
of the source, our inversion also reveals the presence of a single force whose occurrence
is synchronous with the collapse of the crack. This force is interpreted as the release of
gravitational energy that occurs as the slug of steam ejected from the crack ascends to-
ward the surface and is replaced by cooler water flowing downward in a fluid-filled conduit
linking the crack and the base of the crater lake.
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KILPHARE R (Long Period, LP) DI, #IENICH TR ZERWTIE, W< DA
DI Hz DWBEREDERLRHOENBRKY - TW5B, BRSO EA R & BEEHIE LD
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LP DEIREL UTOHIBEDETF IV E UTHARTOPRBINTVWS, RIEDRHEINEY
5w (Aki et al., 1977; Chouet, 1981, 1986, 1988, 1992, 1996a; Ferrick et al., 1982), ¥ '<
DINA T (Chouet, 1985), 7 DYPEPIENZEAL T 5 Kl (Garces, 1997), BRIRD< 7 <Y
(Crosson and Bame, 1985; Fujita et al., 1995), <7 Y B4 RFRICH = ShEHE DR
FHRFEDOBIZEICOWT B, ITEITHhNTWS (Kumagai and Chouet, 1999, 2000; Morrissey and
Chouet, 2001),

HIBEDFHREICOVWTOHEIAT DL D RBDONH B, 75w 7 OEAAZICHE (Ak et al.,
1977; Chouet, 1981, 1985, 1986), HAKHDWEA D3NS & ZIZHA T 5 (Chouet, 1992), ik
DILIRGR D B AICHEH (Ferrick et al., 1982), KEHIDINY 7 OWifiiHy72BH8H (Ukawa and Ohtake,
1987). KEDFHENDIFFZIEC X 5 HFHRE) (Julian, 1994), F 3 — 7 HIC & B ERIRIE (Chouet
et al., 1994; Chouet, 1996b; Morrissey and Chouet, 1997),

ZNABOMEEEICTAT— RETY Y FICHEDIWT LP OFEPFEREFHHET 22D TH
5, —HT. BHBIEES ON—VUarTrZLICkY, BRANZ XL 25X B HEN
5%, Nakano et al. (1998) Tld. effective excitation function % LP OEHIEIE SR 5 Fik
®RUTz, effective excitation function &i&, FEFKECEE (AR) EFIICEIWTRD LN
5, BUETORET LOFETH S, =720, FENA XY MNEHRRICKRERFELTWSZ L
HELTWA,

AREw Tld. Nakano et al. (1998) D HETRD BN D effective excitation function EIFHEA >/
N=Vary3$iZLIiICky, EEABLITRELE LP OBFEAAZXLICOWTEHLLFANS,
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Z ZTCiE. Nakano et al. (1998) IC & 3 effective excitation function DEFL., WA > N—V3
YD (Ohminato et al., 1998) ICDWTHEERICHRANS,

2.1 The effective excitation function

ZZTiE LP %, BEEOHICEME, TRIRICH 7= S W= IR D E B IRE A — Rk X h
B0, LUTETIET S, ZO XD RREE. TXIVF—DF Y OEEICHET 5 7= DIEE
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DT, HEDEDICZZTIHE— RR—=2DHEEICDNTD, effective excitation function (AT
EEF) DE#HFEEBNS, WEREEBEBEMEHAVWE EEF OEFICDWT, #F#L <1E Nakano et
L. (2001) ZZRSNI=\,
—DODE— FNAEET5E. HOBHETORM v TETDOLDICRINS,
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Ai(2) = Aoz ™ (2 — 21)(2 — 27) (2)

==L,
z; = exp(iw; At), wy =2m(f1 —1ig1), (3)

THY, fiv g FENENZDE— FOEEEBEBEBFEEHTH L, £, AR HEFOKRE

& (Agy) ICIHMERMEDH S DT, EEF OIREOMAEILRK E 57\ (Nakano et al., 1998),
BHIE N 7= LP OIRFEORF:DORBEIRE D O EAE BRE =k, (1) OWIC A, () 2VEH

IELZZLICKY. UTFDORD &L DIC EEF 2455,

FN(ZB(),TL) = Al(Z)'ll,(wo,n) = Fl(n)sl(mo), (4)
2.2 BHAIN—-Vay

A > N—Y 3 >id Ohminato et al. (1998) DHEIC LN ok, ZOHETHBIRERE L.
BIREEEBEE—AY MNTF YYD YT IV T —ADEBED T IR D B Z L N TE
BHEND B, AT TIRZDOHEOWTHEISHEN T

EEF L BB D | BEHDBRD % ZNEFN Fi(vAt) & wi(vAt) THRT L. BIRERERIT
UTFTEHEINDEEZERNETDHLDITRKD S,

Z Z {FN vAt) — wZ(I/At)}
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if[ my(vAL) IXEAFD XD ICREIND,
my(jAt) = ka [AT)S(jAL — [AT). (6)
INEAWT, BRBTE w,(vAl) ZEATDEDICEIND,

(VAt) Z ka JAD G (v At — JAL)At, (7)

k=1 7=1

(i=1,---,N,, v=1,---,N),
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7.

3 EEHBLUTEHEHXNE LP O
3.1 BRI L effective excitation function

FEARILITERRKRHEFICL > T 7T HOHEFHN LP OBIFEZHO LDOICRES LTS
(Figure 1), ZD>BD 4 4 (JIE, YNE, YCW, AIM) X250 Y D2E (JTW, MZW,
YNW) G ETFEHOBHTH S, EOvHBEEEH1IBTHY. ¥ FIVEBEIE 120 Hz T
$»5 (Ida et al., 1989),

SEIOFHTTIE. 1992409 AWD 11 FICHELE LP 2HWE, 2D DIEE %R Figure 2
IS, 7—=UITANRY MNU% Figure 3 IGRY, 22T HEFWEBE (f —ig) 5. Q fHE
Q™' = —2g/f THABND, FEE (Kumazawa et al., 1990) IC & o THIE L = HH TR &
Table 1 I5RY, f & Q7' I FAXRY MIKoTERY, Zr ADMEIC f 1.2 B 2.5 Hz £T,
Q' IBkZz—HET 5,

ZDXDITYGE UEERF RN D AR 74 VA =% L. LP OBHBE2EICER S
T EEF %187, Figure 2 IGRUEREDN BB/ L NE EEF * Figure 4 1333, EEF 3% D
DFEDNS DD TNV =TT EZENTED, —DFANY b 0922 & 0923 (FI)IV—T1),
I —2FA XY N 1020, 1030, 1101, 1105, 1118 (F)—T2) TH5, ¥I)—T7 1D EEF i
fAIEMREIT 2 TH Y. —FTIN—T2 TNV IRDEE TH S, ZD & DITHENELT
W5 Z e, LP W70 RAIC& Y, ACAAZXLERRYEBUTHAELEZ L 2
MRELUTWS, 2, ARV K0923 & 1020 DI TRAAZXLRERDREBRE I NELLEL
ZAbhb,

3.2 WEAN—-Yay

TV Y — VBB PR E A R E UCEHELE, P IEEER v, = 2500 m 57! (Ida et al.,
1989) & L. S I#RE X v, = v,/V3. BEL p=2100 kg m™> & Uz, BIREEBEBROIREIIR



DATER =, B
S(vAt) = {cosh (M)} , (8)

tp
ZZT t,=01s &Lk, EBIC, BEEOEME Ar=0.05s & Uk, FHEUEBEBICHEZD
JREEIVR)a—-vary L TAIN=Ya IEHLE,

LP DIFEDAME DAL S LNV IZHHE TRV, FEDFHFARYIC & 2 EFEE \IFE#TH
b, LENST, BIREZZ VY RY—FICKY, A N=VaryDmNEEr25A5HL UTK
Wiz, 7y NORPBIIAEFHEIC 40 m, WS HIAIC 100 m & U=, 7=, A N—-Us
YOBOBRETIVE LT, ROD=Z2RELE : $2bb,. (1) YT NVTH—AZHS (SF
model), (2) B—RA Y MNFUYVIVAES (MT model), (3) YV TN T4 —AZFEHEE—RA VK
F 2V IVAREES (MTHSF model), ZREFNDETIVICONWT, AIC ICK VELE ML=,

Table 2 12, Z2DDEFIVENENICDOWTDA YN—VUa v DFEEL AIC 285, YDA
NY N TH, MT+SF model ICH1T S AIC A& o THEY, JREDETINTHDZ L &RL
TW3, Figure 1 ICIFZDDETFTINVENENDERZRT ., BIROESE 200 ~ 400 m DHFET
HY, BELAZOHDEWEWREUEBEICRE > TWb, ZOFRIE. FTCHWESL R b
A CHIRIC X BIRETHEZ L BRLTWS,

Figure 5 IC1d group 2 DA XY MIX LU THBNZ. MT+SF model DEIRIFEBEB ZRT,
ZZTC. BEEER z,y, 2 W& ENRENIL. R FHE Z2IEE Uz, 7=, Figure 6 IZIdA X2 K 1030
TOBH & GO DB X733, Figure 5 MHbOh B DI, E—AY bF UV IURITERH
BAEDELSMEHE L TS, ZHhEERIC, LREOY Y TIVT 4 —AMHWT WS Z L Hbh
%5 (F, A FHEOAMNE.,

Figure 71, =AY RFUVIIED t =4 s TOEBRY MNUERT, EERYZ NUVDES
ST A EAMEICHMT A EDICTOY bLE, BEEIATHY, BEMELTWEZ L
¥RLUTWS, ZOHTEH, HIEMSPLULINERY MNUOFHETORMENE-> L BREW, H
BEDHIIREK 0.1:1:2 THB, R7VIEHE 13 LELZDISYIDBEDHIF1:1:2 TH
Y (Ohminato et al., 1998), ZHICHVMEL o> TW5, LENSTA YN—YayOiERIZE
FKED T S 7 DRHEERLTWE LB OLNE, BEEOEN ISV I DEGELhbIT MR
25D WA Y N—Ua VICER UEBHEOEA TS5 T o7/=Z & (see Table 1), F 7=,
EEREDNTTICHOD o TWARN S EEDICA IN=TUa VIl TR BEN M-S L E
AbNB, . ZZTERIRVN, ZOEMDA XY MIOWTHFERROF * F OB
EREEMG D=,



AHIZETIE LP DAHWZ X L% EEF OWEA Y N—VavilkoTHENE, ZORE. KEY
ST OIHRICAED VU TN T A — Rk o TREINEZ Wb ok, EDA Y N THER
DAENMIIFERFCTHEZ B, HULBBOREMEYELUIESNEZL2EZZA N5, LE
A>T LP OFEIREOEE BB BEEENRELZLECEELS T, HEoToE 2
BFIFIFEF—ETHo . ZORRIT. HRAEE FEBB OIS HIGEAE O RB ORIt RS Z
EWTEBZZLERLTWVWS (Kumagai and Chouet, 1999, 2000), #ZRERED S HREAE D%
HETEZLICEL T, Kumagai et al. (2001) THLLERL TS,

BADFEFOFERTIE. EHEDOY Y IV T =AM TWBZ e Wbk, Y7V
Tt — AW N5 DIFBIREDONN CTEBEDPYRY A HL55ETHS (Takei and Ku-
mazawa, 1994), A Y N—=T 3 Y OFER, ERED Y Y TV T 4 — AW DUGHE & [FIRFC
B (Figure 5). ZIIFHIBEDN DTRBNIREHLEZZ L ERLTVWES,

DA EDFERMN S, BAITFZEHRILTO LP OREAAZ AL EIRD & DIHEE L=, Figures
ICZ DR ERT, BEDOTH 300 m IFIEKREE D=7 S5y VIROLBEEEZ X 5,
ZhEBES LBUKRDO—E &R L, HIBAOHIEARDATIHEZINTTWS, ZDT T
7 M BIFEE MR DB IS - TEUK PR DB Y ENED > THEY, Z0@EYEICHE
IKRFTENE=ZZNTWBEZEIDND, ITIDDDHENBKENHTZEZLICE->T, HIK
RN OFRBIIEAL L. EAEALEADNEE > TV, H5 L XEAMNERICET 5 L Lk
CEIKDEBYE L DEDEENFE, [ILLUEZREDEIBEMNSHLUEINS., ZORBRBE
ISk Y, HRIBHRIIESEICIHEL 75y 7 OIRFMVFR S LP & UTHIIEN S, BoKTHiZS
NTWEBYEEBWHANLEATZL. ROVICENEYVEWRKNTRET S, 20D, BKD
THEOHEICE > T, EHEOY Y TNV Tx—AWFEINELEZIBND,

HEE EEREARILOBHT — R IRAHEFICLLZ LD EFOETWEEEELE, £E V-
VBB OFEICIIRBREERICREL TWEESE UE, BEHUTRREHRLU LT,
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Figure 1: Location of seismic stations (triangles) operated at Kusatsu-Shirane Volcano by the
Earthquake Research Institute of the University of Tokyo. Yugama and Mizugama are crater
lakes near the volcano summit. Epicenters for the best-fit source locations derived by waveform
inversions of the EEFs are shown with different symbols for three assumed models (see text for
details).
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Figure 2: Records of the vertical ground velocity for LP events at station YNE.
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Figure 3: Amplitude spectra of the velocity seismograms shown in Figure 2.
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Figure 4: Effective excitation functions (EEFs) estimated from the velocity seismograms shown
in Figure 2. The vertical scales are arbitrary.
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Figure 5: Source time functions of the six moment tensor and three single force components ob-
tained by waveform inversion of the EEFs for all events in group 2. The Cartesian coordinates
(z,y,z) correspond to (north, east, down). Since the absolute magnitudes of the EEFs remain
indeterminate (see text), we only show the relative amplitudes of the estimated source time func-
tions, in which the moment tensor components are normalized by the maximum value of the trace
component (Myg), whereas the single force components are normalized by the maximum value of
the vertical single force (F,9). The ratios M/ F,o x 1072 are 1.7, 2.7, 1.7, 2.0, and 2.8 (meters)
for events 1020, 1030, 1101, 1105, and 1118, respectively. The vertical band of shading marks the

time interval during which the eigenvectors of the moment tensor are estimated.
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Figure 6: Waveform match obtained from the waveform inversion of event 1030, in which six
moment tensor and three single force components are assumed for the source mechanism. Red and
black lines indicate the EEFs and synthetic EEFs, respectively. The two horizontal components
at AIM were inoperative at the time.
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Figure 7: Eigenvectors for the moment tensor solutions of events in group 2 at t = 4 s (see shaded
interval in Figure 5). The length of each eigenvector is proportional to its eigenvalue.
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Figure 8: Schematic view of the source process of LP events at Kusatsu-Shirane Volcano inferred
from the results of waveform inversion of the EEFs. See text for details.

Table 1: Estimated characteristic frequencies f, growth rates g, and quality factor Q~', and
number of waveforms /N, used in the waveform inversion.

Event Event Origin Time f, Hz g, s} Q! N,
0922  September 22, 1992 1.2732 £0.0005 —0.0131 +0.0005 0.0206 £+ 0.0008 13
0923  September 23, 1992 1.2711 £0.0005 —0.0097 + 0.0004 0.0153 £ 0.0007 15

1020 October 20, 1992 1.997 + 0.004 —0.044 £ 0.002 0.044 £0.003 14
1030 October 30, 1992 1.700 £ 0.003 —0.055 £ 0.002 0.065 £ 0.003 13
1101 November 1, 1992 1.652 £ 0.003 —0.044 £+ 0.002 0.053 £ 0.002 12
1105  November 5, 1992 1.630 £ 0.005 —0.086 £ 0.004 0.105 £ 0.005 15
1118  November 18, 1992  2.515 + 0.005 —0.043 £ 0.003 0.035£0.003 15

Table 2: Values of residual and AIC for various source models.

SF model MT model MT+SF model
Event Residual AIC Residual AIC  Residual AIC
0922 0.507 -8175 0.375  -11630 0.189  -19901
0923 0.496 -9788 0.400  -12590 0.195  -22629
1020 0.471 -9823 0.395  -11870 0.297  -15396
1030 0.501 -8332 0.317  -13749 0.159  -22023
1101 0.486 -8002 0.365  -11022 0.223  -16371
1105 0.472 -10497 0.310  -16287  0.180  -23801
1118 0.444  -11405 0.294  -17046 0.203  -22055




