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Abstract

Sakurajima is one of the most active volcanoes in the world; 500 to 1,000 explosions have occurred
every year since 2009. In particular, significant seismicity (>800 volcano-tectonic earthquakes in 15 hours)
and crustal deformations (> 10 cm displacement) were observed on Aug. 15, 2015, followed by an unusually
long quiescent period since October 2015. The event is attributed to a dyke intrusion (tensile dislocation
accompanied by magma injection) beneath the volcano. We compare gravity change Ag(#) with strain and
tilt records e(#) and find two remarkable aspects: (i) ratio |[Ag(#)/ e(¢)| during dyke intrusion (Aug. 15, 2015)
is 20 times smaller than that during the other explosion period; and, (ii) time lag between Ag(t) and &(#) is
negligibly small during dyke intrusion, while it is Ag(#) during the other period, exhibiting a significant
time lag (~1 day) to €(¢). These characteristics are explained well from the viewpoint of whether the
conduit is open to the free surface or is blocked.
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Table 1. Geographic coordinates of gravity and crustal
movement observation stations, ARM and HAR (see also
Fig. 1).

Site Latitude Longitude Height
(degree) (degree) (meter)
ARM 31.5601 130.6724 88
HAR 31.5940 130.6333 350
130°36’ 130 ° 39’ 130°42'
y N Kagoshima Bay
} N0
31°36’
Minamidake
Crater
=
31°33

Fig. 1. Locations of gravity and crustal movement observa-
tions on Sakurajima volcano. Absolute gravity is measured
continuously at ARM, Arimura Crustal Deformation Ob-
servation Vault. Strain and tilt monitoring is carried out at
HAR by Disaster Prevention Research Institute, Kyoto
University. The rectangle denoted as “Dyke” shows the
location of the tensile fault proposed by the Geospatial
Information Authority of Japan (2015).
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Fig. 2. Site description of absolute gravity measurement at
Arimura Crustal Deformation Observation Vault. Point FG5-
B is occupied for this study. All numbers are millimeters.
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Table 2. Absolute gravity processing parameters.

Item Value/Source
Nominal Pressure 1003.68 [APa]
Gravity Gradient 0.264 [mgal/m]
Re]:pa;zgzelzzztor 0.3 lugal/hPal
d-factors
DC 1.00000
Long 1.16000
Q1 1.15425
O1 1.15424
P1 1.14915
K1 1.13489
N2 1.16172
M2 1.16172
S2 1.16172
K2 1.16172
Program Package
. . "ETGTAB"
Solid Earth Tide after Timmen and Wenzel
(1994)
Ocean Tide | i cumto e (2001
Earth Model of
Ocean Loading 1066A
Green Function
. NAO.99b after Matsumoto et
Ocean Tide Model al. (2000)
Polar Motion Data IERS Bulletin A
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Table 3. Details of absolute gravity measurement.

Drop Set
. . Drops | | .
Observation period interval | interval
per set .
[sec] [min]
July 26— Aug. 15, 2015 50 10 60
Aug. 15- Aug. 18, 2015 100 10 30
Aug. 18 — Aug. 21, 2015 58 10 30
Aug. 21 — Aug. 25, 2015 50 35 30
Aug. 25— Sept. 30,2015 59 60 60
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B 01X 75"/ (~3.6E5rad) FEICINE > Tz, Th
IS 5> THEL 2 BN o E b g07/2 THZ Hh 5
®T (Micro-g LaCoste, 2006), Z O @ &5t o s}
TELLMIEEIX 06ugal MEE AFDLONE. Zhid
R CHE - E I E ORERHRRE L FFEETH S DT,
UTom ity 22 L3 T 5.

3. 201558 B 15 HOWEES), EAHZ{E, RUHR

TEEYITYEA

3-1. HWEEH

AT (2015) 12X AR, 2015468 H 14 H 228 UT
TAHANS ABMEFEBSHGEL, 16 HOKRUT A1
FIZIFHELTWA, BFEIIFMAKOE FTORES 1~3
km IR LTWAE I DS, 3km UENSOWEEA
B3 A D GUEBRFBE SAFZERT, 2015). 1 K¢H Y4
7o) OMERFERADT 20 x WA B X9 EERIGEING,
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Fig. 3. Gravity and crustal movement during the event of August 15, 2015. (top) Absolute gravity at ARM. (bottom)
Radial tilt and strain at HAR. Gravity and strain/tilt records show perfect synchronization in the shaded time window.
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Table 4. Geometrical and physical parameters represent-
ing the dyke intrusion model.

Parameters Search area | Optimum value
Density of 1 4 3.4 '=2.40.5
cavity-filling 3 3
g/cm g/cm
matter
Fault center 31.5791°N
coordinate 130.6672°F
Fault length -- 1.41 km
Fault width - 0.78 km
Top edge depth -- 0.4 km
Dip angle -- 76.9°
Strike Angle -- N20°E
TCIIS.IIG B U=1.6m
opening
Medi
¢ 1.um -- p=2.3 g/cm’
density

Only density of matter filling the cavity o’ created by dyke
intrusion on August 15, 2015 is estimated to minimize the
difference between observed and theoretical gravity
changes. Other parameters are fixed to those after Geo-
spatial Information Authority of Japan (2015).

{—F LTV T, Bl ShzER - ERETHEEE
Xadbobwz s (Fig 3).

—%, BOEMEELLERE LT, M@~
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5. TITEBIIITIIHAND - 2B ZRGET 5
72012, BICRA D 72WE O 7 %iE %, BIIES)
PORBL o THLID.

YRR R N CARET S LRI T 4 Aa sy —
Ya v L& EENEA Agid, Okubo (1992) 12
IoTRDEINZHZLNTWVS,

Ag=GU[oTo&,n)+(0'—0)Cel&, )| —BAR (1

ZZTG U o, B AIE, ZnEN, TAESITIER B
O R, BEEE, 7Y -7 —®ENHHE (=3.086
pugal/cm), RN ETZEMEZD SbHLT. T2, HEKE
oY, g wEta, EnoshR, B T, C, KT
Chinnery (1961) @ Double vertical || & \»9) it %2 Hw
THREENTWE., INLD85 A —51F, E-HBEE
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&, BIRZ 7SROV 2 B o' 12Tk .
FEMIN-EIEAL—-58+104ugal iz LT, (1) =X
EHWT O #ILET B E 0'=24+05g/cm® & HEE S

Table 5. Theoretical gravity change Ag®™ against density
of matter filling the cavity o’ created by dyke intrusion.

p' [g/em?] 04 09 14 19 24 29 34
AgE! 76 <12 -6.7 -63 -58 -54 49
A -Ag™ | 1.8 14 09 05 00 -04 -09

Ag®® is observed gravity change at ARM during the event
of August 15, 2015. Unit of gravity is ugal. The dyke is
represented by tensile dislocation on a rectangular fault
after Geospatial Information Authority of Japan (2015).

M (Table5), BILIERZi7-TWHEBIE o 75, BEE L
TRE L7 0=23g/cm® £ ZNIFELED LB WT
Eb, WY 7B OMELEICL > Ty 7L
HEINAER, FA7BACESEEZONL.
%5, RICHEASEEOT RSB FEE LY, Buke
OMEAER ARG LTwiiE, o & LT0~1g/em® 28
BoNbEHEESNLINLTHA.
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B A TES (Okada, 1985; Okubo, 1991).
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Fig. 4. Gravity and radial tilt/strain after the event of August 15, 2015. The top panel shows hydrological disturbance to
observed gravity. Gravity change (middle panel) exhibits (1 +1) day time lag behind the tilt/strain records (bottom panel).
Peaks and troughs are indicated with blue and red rectangles, respectively. Vertical green lines denote explosions from the

Minamidake crater.
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Table 6. Cross-correlations C(r) between gravity change Ag(#) and radial tilt/strain &(#) defined by eq. (8).

C(v)
T (days) | -30 |-20|-156|-10|-05| 00 | 05| 10| 15| 20 | 3.0 | 40
Tilt 042|048 | 0.51| 053 |0.59| 0.64| 0.66 | 0.64 | 0.63 | 0.61 | 0.55 | 0.47
Strain -0.01| 0.09| 0.15| 0.20| 0.28 | 0.38 | 0.40 | 0.40 | 0.42| 0.42 | 0.41 | 0.40

E K OMEFHZIE, 100~300 nanostrain/nanaoradian D&
IBOEEHAR ST LD, ZOFELEFOLEIE, 13
ERPILCwBZ s (Fig. 4), /4 ATIRARL T,
KIGEENZ K 2 IR ORHR - Wi 2 RT3 7 F VT
b, 72, W UEHICOWT, Okuboetal (2013) &
FREDBEA ST X — % 2 FIT, HUF GO B EEL
Wiz L (Fig4). ZoBESEMEEME2Bsh
ENEASAELFI 2T, KINGEBRFEOE L)
BERDLZENTESL (Fig.4). 29 L TROHIER
DOENEH EE - EFET L #IbiRT 5 &, KHTFHO
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Loz 121 HiRIZ, EHoM/ME (Fig 4 o)
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RO ¥ — 2 (Fig.4 TO#HW) © 1+1 H#EIZ, &
TOWwAME (Fig. 4 LoFw) 2B TwE. Zhbo
N, 41 TRAZKEMEREBEIIRE R
o TWwb. Fig 4 Ol - HFOWIELD S, IWERE%E
HiEb 5 &, e b LTHBROERZ Lo AT NER
IZ2OWT,

Ag/e (R =10~20 gal, Ag/e () =40~80 gal,
(6)

b, TNOLOREREIL, KEBEPHELTWS L X
Wi s s 6) Rofli~05gal 123k LT, 20 LA LD
K&L o TWVD, SHICHEBRBENT L1, EHEEHO
WA B IR ERERLEIBEIC LY,

r=1=%1 days (7

TH ), WL S NSRS EZ L Tl
(Fig. 4). S HITERMZ#EREZIT) 1T, Ag & e DM
AN BB

_le®)—e)-(Aglt+1)—Ag)
Jie®)—eAbgt)—2g)?

e=(et), Ag=(0g(®) ®)

ZEMITAONE W, 22T, ()RR ET. ¢
ELTHEFROER & o 288102 TOMEM M

FHDLE, 1=05~20days D& EIZHEIIRAE Lo
THY, (HREH—FHL T35 (Table6). 72, 7D
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INHoFEFEE, 3) RE @) REELBIB W2
BofE, $40b5 [HOMNBRIZER IHEEShTn
T, W25 HEEEIGE L 2 KESR RV, b LL
3H - THIEMICHEIREBICH S ], PHFHEL TS
TEEBEWT L. SV, WTREOMBRES
WS HHETA~OMEE (KE) HFINTW S EEEDS
F=ARN
KEPHEL TR EELHOL TV AEHEIZDOW
T, WFRE2SH 25— EHE AM O 7 < HAGED
Holb BITHIRIELLE - st BNEILEE, £
ﬂ%h (sBlosked, AgBlocked), (EO‘DM, Ag()pen) (\: L J: :)
(Fig. 5). MEBMEETORERS 5km FEEICHEINT
WL 7RI LT (Iguchi, 2013), HTF&EEHH» S
DO TR H - TH, KEVHOLTWIUE, £Z
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U %E - fFFhid

60pen<<eBlocked:O( ?;rARZ):O( iﬁ%) (9)

Ehp EMfEE G, —), FOKERTIE, fHash
Tee 7= DIFEALEE, KEWNEHFTVIEILEZIT A
R AT EEZ OGNS, F00, AR TE
U2 ENEAINES L, EAT 270 AT T BT
N AP DT e e B, Lo T, BEL:
BROBELEBNOMOEEREE Az LT L,

GAM Az
Rz'R>

Agopenzo( (10)

b, T2T, Az ~5km, B p=3g/cm®% (9)~
(10) UTRAL T, otz b 5 &

A g Open

“oren > OloGAz)~0.1 gal (11)

2135, Bl ENREREE 6) XATH Y, FHITKE
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Fig.5. Conceptual models explaining different response functions of gravity change to crustal movements. (a) Blocked conduit.
A plug (filled circle) within a conduit blocks the supply of magma from the deep interior. Cumulative overpressure forces
tensile opening in the crust as a dyke intrusion (black rectangle) accompanied by small earthquakes (black stars). Elastic
dislocation theory is applicable to explain both surface displacement/tilt/strain and gravity. (b) Open conduit. Magma
supplied from the deep interior is mostly transported to the free surface through the conduit. The small amount of magma left
in the magma chamber at depth around 4-5km causes much smaller surface deformation.
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