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On the Source Characteristics of Demagnetization and Ground Deformation
Associated with Non-magmatic Activity

Takeshi HASHIMOTO*, Mitsuru Utsucr™, Takahiro OHKURA**, Wataru KANDA***,

Akihiko TERADA***, Satoshi Miura ™ and Masato Igucar™***

We collected information on non-magmatic unrest events reported mainly of Japanese volcanoes that have been
monitored for extended time periods, with the aim of conducting a statistical evaluation of these phenomena, which can
sometimes lead to an eruption. We assessed the geomagnetic field changes and ground deformation, which indicate
demagnetization and inflation, respectively. We then compiled the source depth, intensity, and the rate (i.e., magnetic
moment rate / deformation rate), based on the single magnetic dipole model or the Mogi model, since these models are
the most frequently cited in the literature. We found clear positive correlations between the source depth and its intensity
and rate, exhibiting a linear trend on the log-log scatter plots. We confirmed that all the magnetic events and some of the
deformation events were plotted markedly above the cutoff line related to the detection limit. We suspected that the
geometry of the monitoring network and/or the simplistic point-source modeling could contribute to these positive
correlations ; otherwise some physical requirements such as subsurface structure might be the cause.

Although the number of unrest events collected was small, we investigated the validity of the evaluation of these
unrest events from different viewpoints. Upward deviation from the linear trend on the scatter plot was found to be a
potentially useful criterion, whereas the source depth had no definitive relationship with the subsequent occurrence of
eruptions.

We assert that observable non-magmatic unrest events should be plotted within a diagonal area between the lower-
right and upper-left domains in a scatter plot of source intensity (or rate) and depth. This is because weak sources at great
depths cannot be detected, while overly strong sources close to the ground surface are physically impossible. In the
intermediate zone, “unerupted” and “erupted” unrest events both occur. Based on this idea, we propose a statistical
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evaluation of the severity of unrest events, by measuring the deviation from the “unerupted unrests”, although this

hypothesis must be tested with a sufficient number of unrest events in the future. Meanwhile, care must be taken in

interpreting the data collected here, since they are based on the simplified point-source models that assume a uniform

half-space, and they may not accurately recreate the physical entities.

Further studies that can relate the physical conditions and their time evolution in the subsurface to geophysical

monitoring records at the ground surface will be necessary to evaluate how such unrest events are related to eruptions.

Key words: non-magmatic unrest, phreatic eruption, demagnetization, Mogi source, statistical evaluation
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Fig. 1. Magnetic moment changes assuming a single dipole model, based on the reported geomagnetic total field records.
Event names and references are listed in Table 1. The horizontal axis indicates the source depth from the ground surface.
The dashed line represents a virtual detection limit calculated from the demagnetization sources that produce a
maximum total field change of 1 nT on the ground surface. “Erupted” events are circled in gray.
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Fig. 2. Magnetic moment rates assuming the single dipole model, based on the reported geomagnetic total field records. The
moment rate is plotted in units of Am?/yr. The horizontal axis indicates the source depth from the ground surface. Event
names and references are listed in Table 1. “Erupted” events are circled in gray.
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on FEM modeling by Hotta and Iguchi (2017). The dashed line represents a virtual detection limit calculated from the
inflation sources that produce a maximum uplift of 1 cm on the ground surface. “Erupted” events are circled in gray.
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MK (Miyabuchi er al., 2018) K UF 2016 4F 10 H OIS
B KIZIEAT T BIRA NV N CTH LA, ST 5w
ANV MEFEOSNLT, WBELHOY - ATRLIED
Asl & DFHEREWGIZR SN,

ok BREBETIE, 1999 FEHD & WEFE 2G5 L
AR B S ISHESE MR & G KT O s IR A% 1) 5K
END L) o7z Gk - i, 2015). F72, HifiCi
N E D, ERFIBE A S X RIS HERASE & T
722 ENBHS IR o> T b (Kanda et al., 2010).

GNSS O FAEBIINC IE DV CTHIT - il (2007) ASEAE T
WA & B TEHEERFT > T b, Kel 1 1995/96 4705
2000 22T CTOR S AEMDZALTH Y, v — AR
#600m T@H - 72, Ke2, Ke3 13212791 2005~2006 4F,
2006~2007 FEDIEIRA XV b TH Y, B oOfEE LD
WZHEDE L o> TW b, 2008 429 A5 2009 42 H
G ANT T H B L B ESBIl S N TB Y, 7k -
fil (2015) %% GNSS HFLBIMNIZIED VT, & R R
FD 2 DODEAR Y — 22X BHEEITH> TV D (Ke5a,
Kesb)., SDANY MZOWTIE, LIRS N
REOARZGIH L, WikE~OHEFIL L Ty, &b,
R - b (2015) &, 2 DDA Y — A ZHD CHEER,
R R EFRO G IRIE A KO OZENNZ G2 5580
BEXFMT 572012470720 0THY, £V —ADF
MR ER IS EERIIAVE LTS, £
72, JEARE TV Tld 7 A% Hotta and Iguchi (2017) 12 &
%, BREEEUE L 7oA IREIREE T VA IO O
FRAKDERIKTIIR (2006 4F 1 H~2014 44 7) & kD72
DIZR L7 (Ked). Ked ld Kel~3 D ENR LD HiEViL
EICHEE SN TWD . Keb 1F 2014 SERK I T DL
KIERENZFED CHEETH A, 2015 SEEOFHE K DRI IZ
1, HUFEEER (7,500m ) TV 7Y OFEAD L BBIEN
HolzlEZHNTWS (Yamamoto ef al., 2017).
ZERNBINOWE 7 FKOTIE, 1998 £ 5 1999 4F (12
P, RN AR RS R RIT O GNSS KARHlE T
s Twa, AR - il (2008) 1%, B/ FKOOREPE
B TBEAS T DML S 60m &\ ) R THRRLE 12
REA Y — A %k 7z (Figs. 3,4 D Ad). 7272L, =
OHEETFEEET AL & 3 FEITofill7— % TirbiT
WE 7, PEREIZE L v S o#HEIC LU,
B FKIOTIE, 2O 2001-2005 4F 12K RO H g
TGRS B SN TB Y, —#HOR - U1 x> Mg,
FNENBIY (Figs. 1,2 O Ad) - SEAFRE OB & 3
EIZRIE LTV 5.

5. & =

5-1 V—ZXb5 B - BRSNS MEORH
HIIB O Figs. 1~4 OO 2% X912, AL - b
BEFHOVTIICBNTH, V—AEEE Y — AT
O ZALEOMIZIE, HEZIEOHE» RO NG, 0
BMICoOWT, AETIE3 DOMEPSELT L.
12, BIEOZMAr—VExT) v 7 OREC
DWTIRRG, miEE LTEFTY v 7 Lza, Bl
DZEAT — WIS U2 E DY — AWM &G <
X ZIUCRE ) L) ICHEESI N T2 7280w
R R WIEA D . £ Th A% BIE, Figs. 1~4
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RS NAHBIEHIC AT Eodb o Th Y, RICHA
R CHRBFICHBR RS R > Tz LTh, £
NELELSIBELTW AW £ 5. Fig. 3,4 Tl
) — ATREE 1,000~3,000m DFEBILIZEEIg L %2> T b
FOIWCRZ %25, TIUFHMIC Z OREOBIRIE 2
DI L7 BIEAAE L Cwablzord Likw
—h, FHRELTY - AEELWE (21321 o
IR 2SS 5 072 & 34U, KN I@3 2T
T 7 & AT S D OW IR VIRED B 2 Db L7,
HES S CIRERE AL 2 3R, CoMELFT 512
X, EFVEBEILT A LU, EEORLL Y —
ADFE (V—ADPRPRKEZELFWHZ L2 LHT
X255 OHEZRRIZT B IVF AT — )V OBLHIA Y
WThHAH.

5212, BN B A HEBRA O BRI O W TRE
5. V—ABENSFELTHIUL, FnY— AT EHERIC
BUAZEG@IINS L b, HIZE 21X, BHbR K
FRADSH B & UL, v — ZADNET UL, HIGIZTRW
OTRIFIUSHRIE N2\ S D70, FEEEREREE DL
AN, B EBRHBBERICE Ay bFT - 54 U
TEBEFTHLH. ZZT, Figs. 1 3 ICRON LT
OB, ZDA Y NFT - TA VRO E D DR WGE
T4, WSRE— A MELEER L Fig. 1121, BF
W DOWAREHSZALA InT &by — AR (BEEZE
PAY) 1CHIM S B eq. (1), HREREEZ R L2
Fig. 3121, MEMmMOJA ETERN, $42bby — K
BT 2EEEA 1em & 7% 5 Y — AHISHIST A E
Mleq.(2) %, TR L L& L TR TRL
7z.

20 max

AM =" s M
2n(A+
Av=’;(+7m”>D2Ahmax @

I, DXV - ARE, AM IS TE— A Y ML, w
IFEZEDFBHE, AFpax \THFEE TORKEBIIZAL, A
VISH RS Y — A DIGIRIETE, A [3HERTE TR
KEERE, AR L3I ADEHTHL. T4bb, MW
AT —IVIZBWT, BRE— A ¥ NELEDOKHR
FARIES 3, REEREOZIIEES 2L %5,
ZCC, WHZLOMRA % InT & L7zDIZ,
KOHZLOREIE 10nT THAHZ L L, 29 LK
EEKERIBEOZAII S N & OBAE LRI & > CT—
BRI 10 50 1 BEICERE SN 2 LA EBLZD
DTHAH. —), KROWEFEFADSL  PIKRIT %

FEARTE - KR - fiH

- FHBEE - =W 1 HFHIEA

GNSS SARBINC & 2 N ZEBOFEEA— 125K em #2
JECHDH I LIZHED T, Wilko ETEB OB RAIC
&, ZNEDRR/NEDD 1em i E L 72 W w,
GNSS B, AR AL ERE - ERHFIC L
I, S HINS R T 2 T 5 2 L IZTRETCTH 5.

9, BBZAL (Fig 1) IC2oW TR &, AETHRY
oo 72HfEA XY MIETHIBRFE L XV A2 TB
D, JHEDTF—ATIE I ERE W, $2bb, Bl
FEL L UIMIBBEFIC AT AR E REH R 5
NTWDLZ WD, fE-5T, Fig 1IZAS B ERIK
OMBIL, BEBRFISERT 20y bET7 - 54 02D
LOERELTVADIFTCREZVWIEDNbRL. B,
500m & D ERWHBLEZIT TR &, BIBBRA L L X
DL 1I~2HTRENA NV ML, RELHREILIZIT
HMETH L LR D. ZOMEMIELE TR
LR THD (Fig 2).

Wz, HAEZEE) (Fig.3) (2DW TR L. #2014~
16 5ED 3 DDA XYk (Asl~3) AR 2013 D A
N b (Tr2) &, BHBER L XL XD R TFI2dh 505,
Z AL, As1~3 A% GNSS O, Tr2 23 fLHEFE -
EFTOMBEBIHNIC D WTBY, M EZbEI 5 2
LISTEDTH L, WREBORBREEE LI
Y7 R LTWwL &, Ke3, Trl, Az3, Azd4 THIIIN AU
Wb, TOZEE, FERICIE GNSS FUE B o
PRAA Tem TER S em BETH Y, A XV MEDOT
FRAZZ USRI TS 2 b+ 7 Z2RELTWLEDO0h
LIy, —J5C, Tkl, Tk2, Kel 7% EIEHH S A2k
RAXEBZ CBYVABLERHTH 5.

5302, LB (Figs. 1,3) & ZEALEREAR [ (Figs.
2,4) DB OFENZONWTHRE, THF TS
&, BALEO BB LD b, EEICHT LB
R, FISHBEZBICH L TR oA EHETH
b, KEITHOMARDL L2, HADA XY PERFEL R
BE, BAbES A CHIRIC T O R IAET 5 H O9%E
LG CIEEo)ic7ay hEanbsZ &b, +
DWDr—AbH5. —HKIZ, unrest £ XY MIEES W
R EIRIZIE, KO0 5 OB A F IO FAR DL
W L, TNS B RAT MRS 5L EL N5,
T2, FHBERCIKEIETRON TV X )12, kI
B TIE, HAHMETREI o 2 BEE A X2 F2SIEIC
T2 LR REL, EHHERTROERS XY
FSEEZ B, v X9IZ, BIRNT—H 7% M2 5
PEHMNENLEZELH D, 29 Loy — A TIEIERER
R EE T VB REEA S <, IEikE & HUbi Rt
RLZHRDPHER IS T2 & 13F 212w ito
T, unrest £ N M KIZEL 2 E ) DOFHIIZE T



I~ 7= LD KITHENZ 4 5 IR N TR A B D v — X O FEE 115

ALV HIIZBWTIX, ZbE&7Z2 T Tldn <, &k
THEHL, MEZRETLILICOE®REDH D L2
YR

5-2 BEEOHERREM

WIET T L2910, V—AEEL Yy — A (&
OEDOZEALE) ORIZIZIEOHBNRS Sz, HE
ALLEEIZE DAL, 29 L7z unrest £ X2 D HVER
I KICE L ERIEY, ZOBAR»SFHARS 2 &1
WEEZES 9 . LTIV L D 0BLE LR 5.

5-2-1 V—RRE

3, V— AREIEKOA R ATIRI ISR L T
WDE D PEMRETT S, B ZL (Table 1, Figs. 1, 2)
WZOWTRS E, BAIZE-S 7200, 1R %5 Mpl
(700~1,180 m; F#ATHATHI FF RN, BTERIL Asl (220 m;
FEATIIR A2 EK), As2 (195 m; FEATIIRT R ITIZ A0
As8 (350 m; fEFTHIBIE WA, k7 A M & Wil (200
m; AT A ICER) S5 Ch 5. TR EEBEIZOWT
X, Kel~4 25941 dh 2014 4EREK U029 unrest T
BEXRLTR5IE, Kel 1 610~754m T 12 4%, Ke2
13 95~273m T 10 £ 1%, Kc3 13 78~262m T 8 4 1%,
Ked 13 137~229m T 7 4ERICHEKRK L 722 L1274 5.
Figs. 1,2 ClE, 5 ZIKEOHTH-> TINHDA XY
MAZ/R L7z, Kanda et al. (2010) bR L 72X 912, Kel
& Ke2-4 lTHO DTN E L o TH Y, MAEKDDH
BB CHREEARIBICBE LB LB TE
% . Unrest S KIZIERE L 72T REM S 5 ERE A X v b
#E, Kel & Mpl #BBIFIEwFNd v — 225w, L
L, TOMOFFD HEmIFIUL, v —ADEKITN
WEUFEAT L EEER VLI TH L.

W2, WAZZEE) (Table 2, Figs. 3,4) ([2DOWTHZ &
BEKIZZE > 72 DIEBREE L As1 (5,000 m ; FEHTIA R 212
) BTN As3 (5,000 m; FEFTHI I #2120, TR
B Kel (600m; FEFTHARI O 19~14 4E#2), Ke2 (300m;
9~8 4EF), Ke3 (130m; 8~7 4E1%), Ked (100m; 8~
%), Ke5a/Kesb (2124 100m K U8 600m; 6~5 4
%), Kc6 (7,500m; FATIARI 0 9~24 HTRIZHEK) 72 &
L7 5T, Figs. 3,4 T, ibmxKEOMTH->T
INHEDANRY MNERLZ, TKBEEBEOHAIZIE, W
TR &R L <, 2014 ERERAZITAT < BERE CRZRIE AN <
o TWh, 72721, 2014 SFRPRDFEA 1%, 2015 4EMEA
ORI S N7z iR Y — A (Ke6) (&, Kel-4, Kesa,
Kesb & TR 128 V. Yamamoto et al. (2017) O i
4 5X912, Ko lZ~v 7~ ETHY, 2014
MK LIBT O 4 X2 M RE LT ERD R 5 REME A
W FEERIC Y 7~ O W REEATE W BTER L AsT, 2,3 b
GEhLETHNT 2L, YT~ HOBRIZTRL 2

unrest HHNE, HEWERVIERY —ATHD L IR Z
L. LAL, THOICREBAT S BKIE TR
2014 SELIK B BEKD 1 oA TH L. F/2, V—A
PELCTHEKIZE > TR WHEFIPR, v — 2% km
DEHLDHLLEEETLE, WEEIZOWTRAD
ERIE L, unrest DY —ABNENWI EDAE L 5T, BH
KICEDLDPEPZHET D2 EITBUIRTIINETH 5.
5-2-2 HBIRL > KA 5 DRE

WIS, BABPNZ RSN A IEHED N LY K5 Ol
EVIH NP L EEOHENTE DDA T 5.
DEACERHA (Fig.2) % /A&, MKIZE 572 unrest
A XY NTHD Asl L As2 (Fif#F 1989-90), Ke2-4 (11
7k ELEBES 2003-2007), Wil (R A N 1970) &, &k
DEM L > B bRz, MEERAYE < BRIl
WAL Twb. & biF, FiEEIL 1989 F D~ 7~
KIGEI % & A N> b Asl1E, o~ L2 R
LREHNINTEBVERNTHL. —T7, 201440~ 7
T KIZIEATT AW A N P TH D As8 1, 2000 4E
DIBEDTEE O R CIIZELRIITRKE W D0, &Fko b L
YIFRIZH YRR E TR 2. 72, 2008 411 H
DIKELAE KN % & S MRS E O Mpl & IR %
o 72 EEAMRILO Ks3 OV — A LG TS,
IS RO S TN D DI Tld e v, AR
FECULE L7-#EPH UL, JBIE A X2 M EECER b
Ly REANTEAROLE EINZE S b D120 CIEmE
KLUZZHBNLE N, 72720, ASDEHIZEMH MLV F
FIZhoTHHALIAXRY Pbdhb, 2512, ZE
(Fig. 1) &2 b= (Fig.2) ZMHKT 5 &, BAICES7
Asl, As2, As8 X, ZILHETRALGEDHN, oA X
v WL TSmO EJICE»ro Ty 7 ML
TWBIEWbHIL, W, ZLEERRARZ VDS, &
LTI IS A DO T HIZY 7 P LTWwbEFEL
(Az) 25, GED LX) B WD ONITERICMHET
5.
WIABOWIRE (Fig.4) ¥ 15 L, ke LT
ZALOHAE LD EHEDIE L, LD unrest £ X2 M b
COBEHRPLY AL RECEILTWD LX) ICIEHZ
v, 2 bm (Fig.3) LZ2bZ (Fig.4) =T 5L,
FHHEDOR IR A N> b (Tkl KO TK2) &, ZE L& Tl b
LY FOETRIZHY, FBREDOY —REETH Y 2H 5
MK L7z Ke2 R Ke3 &) bEWirElic7ay F3hb
W, ZAEETEILLAENS LD B THIZY 7 PLTW
L. 2L, TR, SRR BRI Rk L <
WL EERRMLZERETH D, W, BHIEIL (Azl K
O Az3) Tid, Zfbm &0 Q2L TRATA, FHED
V= ARER LMD A R N ) S EWLEICT T
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Fig. 5. Conceptual scatter plot demonstrating the statistical
evaluation of non-magmatic unrest events. The symbols
X and O represent “erupted” and “unerupted” unrests,
respectively. Both kinds occur in the intermediate zone
between the two dashed lines. Very small events at great
depths, which belong in the shaded triangular zone on
the lower-right, are not observable (undetected unrests).
Very strong events close to the ground surface, which
belong in the shaded triangle on the upper-left, are
physically impossible.
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