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Abstract

Microgravity measurements were conducted in Izu-Oshima volcano by Earthquake Research
Institute (ERI), The University of Tokyo and Meteorological Research Institute (MRI), Japan
Meteorological Agency in order to investigate subsurface volcanic processes. In 2018, ERI and MRI
launched a cooperative observational study to better understand these processes and to apply the data
to evaluation of volcanic activity. In the cooperative observation, hybrid absolute and relative gravity
measurements were conducted to obtain the absolute gravity changes for the whole island. Further, it
was intended for the data to be utilized for constraining instrumental properties such as the scale
factor of relative gravimeters. The reading-dependent scale factor for the CG-5#033 relative
gravimeter obtained in a previous study was checked using gravity values from the two absolute
gravity sites at the volcano as well as additional calibration measurement data from sites of the Japan
Gravity Standardization Net 2016. We verified that the scale factor correction worked effectively, so
that apparent gravity changes of uncorrected data are sufficiently suppressed, and that the corrected
gravity differences coincide well with the reference gravity differences obtained at the absolute
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gravity sites. The hybrid absolute and relative gravity measurements conducted in November every
year from 2018 to 2021 revealed the absolute gravity changes for the whole island. The observed
yearly gravity changes reached a maximum of 39uGal. Relative gravity changes obtained by the CG-5
#033 since 2008 show large gravity disturbances of about 80 pGal, particularly between sites with
larger altitude differences. Such observed yearly absolute gravity changes and large relative gravity
disturbances cannot be explained solely by the free-air effects predicted by GNSS ellipsoidal height
changes and —0.3086mGal/m of vertical gradient of the normal gravity, and are probably caused by
infiltration of meteoric water into the volcanic edifice. At the central cone, Mt. Mihara, where
continuous subsidence is observed by GNSS, a continuous gravity increase has also been observed.
The rate of the observed gravity increase is 6.6-11.1 uGal/year, which is higher than 3.5-3.6 uGal/year,
the value predicted by free-air effects. Currently, the cause of such large residual gravity changes is
uncertain. Possible causes include gravitational effects by a continuous contractive deformation and
mass relocation due to frequent collapses of the crater wall, which occurred at Mt. Mihara, as well as
mass addition at depth: specifically, magma intrusion into subsurface void spaces as often reported in

basaltic volcanoes.
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Fig. 1. Topographic relief map of Izu-Oshima volcano
and gravity measurement sites. Red diamonds: absolute
gravity sites established by ERIL Blue squares: relative
gravity sites by MRI shown in Figs. 6-9 with site code.
Yellow circles: other gravity sites shown in Fig. 5. The
topographic contour interval is 100 m. The insert map
shows the location of Izu-Oshima volcano.
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Fig. 2. Absolute and relative gravity measurements in Izu-Oshima volcano. (a) Absolute gravimeter FG5#241 at KGMabs.
(b) Relative gravimeter CG-5#033 at GNSS site (G22) right next to the central pit crater of Mt. Mihara.
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Table 1. Repeated absolute gravity measurements by FG5. The listed gravity values are converted to the ground
level by using in-situ vertical gravity gradients from absolute measurements at a height of 130.0cm.

Site OVOabs KGMabs

Vert. Grad. -0.329 mGal/m -0.360 mGal/m
C . Dat Gravi-  Abs. Grav. Stat. Err. Dat Gravi-  Abs. Grav. Stat. Err.  Difference

Ampaign ate meter  [mGal]  [uGal| ave meter  [mGal]  [uGal] [mGal]
Mar., 2017 Mar. 4,2017 FG5#212 979829.992 0.4 Mar. 15,2017 FG5#212 979718.706 1.5 111.286
Nov.,2018  Nov. 15,2018 FG5#241 979829.996 0.3 Nov. 20,2018 FG5#241 979718.733 0.2 111.263
Nov., 2019 Nov. 7,2019 FG5#241 979830.015 0.6
Nov., 2020 Nov. 19,2020 FG5#241 979829.997 0.4 Nov. 24,2020 FG5#241 979718.752 0.5 111.245
Nov., 2021 Nov. 9,2021 FG5#109 979830.000 0.3 Nov. 12,2021 FG5#109 979718.748 0.2 111.252
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(a) Site Locatlions for Calib. Meas.
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(b) Time-series of Absolute Gravity Values at TKB-FGS
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(a) JGSN2016 site locations used for Feb. 2021 scale factor calibration measurements. (b) Temporal change in

absolute gravity values at TKB-FGS provided by Geospatial Information Authority of Japan. Red symbols: absolute
gravity values measured by FG5 gravimeters (circle: S/N: 104, square: S/N: 201, diamond: S/N: 203). Purple square:
979951.222 mGal, which is the official value for JGSN2016. The broken line indicates a linear regression of the temporal
change. Green and blue vertical lines indicate the dates of the calibration measurements using JGSN2016 sites reported

in Onizawa (2019) and conducted for this study, respectively.
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FHERFFEEHERE V7 —ICRE SN TV, KB
WORE R TIIIUNMEFE M ERABEINTE Y, EL
HIBE X D BB oM EIIHEIZDO W TZE O HE
ENhTwb (https//sokuseikagisl.gsi.gojp/top.html) .
M) S O EF17134 398 mGal TH 5.
R

Table 212, FEKE KT JGSN2016 TOMET — ¥
WKCOWTHEB SN ENERTXBAr—VT 77 5 —
R, EHAEH 111mGal OFERERET— 5 TR
L, Ar—nN7 7 sy —KMEDOYE, SRENAE,
50T I 18uGal 25k 102pGal, AU PEW
BHENLZXBAr— 7 727 7 =3HBEL 250§
N2t (16-92) x10~* K& L, BEAETRDONS




RERA i

Table 2. Verification and re-calibration for CG-5#033 scale factor.

Reference Gravity Difference

Calibration Measurements for CG-5#033

No Scale Factor Correction

Gravity

Re-calibrated Scale Factor
by This Study

Scale Factor
by Onizawa (2019)

Difference Date Gravity  Dev. from  Estimated Gravity  Dev.from Estimated Gravity  Dev.from  Estimated
[mGal] Difference Reference Difference Reference Inteval Difference Reference Inteval
[mGal] [mGal]  Scale Factor [mGal] [mGal] _ Scale Factor [mGal] [mGal]  Scale Factor
Tzu-Oshima Sites (OVOabs - KGM-abs)
Campaign: Mar,, 2017 111 286 May 31, 2017 111.251 -0.035 1.000312 111.272 -0.014 1.000122 111.273 -0.013 1.000113
Jun. 01,2017 111.268 -0.018 1.000164 111.289 0.003 0.999974 111.290 0.004 0.999965
Campaign: Nov., 2018 111.263 Nov. 12,2018 111.213 -0.050 111.259 -0.004 1.000040 111.260 -0.003 1.000030
Campaign: Nov., 2020 111.245 Nov. 15,2020 111.164 -0.081 111.240 -0.005 1.000042 111.242 -0.003 1.000031
Campaign: Nov., 2021 111252 Nov. 07,2021 111.168 -0.084 111.258 0.006 0.999947 111.259 0.007 0.999934
Nov. 16, 2021 111.150 -0.102 111.241 -0.011 1.000102 111.242 -0.010 1.000090
Average -0.062 1.000556 Average -0.004 1.000038 Average -0.003 1.000027
JGSN2016 Sites (TKB-FGS - KMM-FGS)
JGSN2016 Official 397.966 397.656 -0.310 1.000780 397.934 -0.032 1.000080
Feb. 26, 2021
Modified in This Study 397.949 397.939 -0.010 1.000026
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Table 3. List of relative gravity sites.

Site Institute Latitude Longitude Altitude
[deg] [deg] [m]

TBT IMA 34.76627  139.37413 190
GO05 MRI 34.74425  139.40544 480
NWRM IMA 34.73794  139.38046 562
G09 MRI 34.73943  139.42021 438
Gl10 MRI 34.73533  139.40572 538
Gl11 IMA 34.72093  139.42781 405
Gl12 MRI 34.72066  139.40703 704
FTG MRI 34.71255  139.41290 627
G138 MRI 34.74622  139.39186 555
G20 MRI 34.72815  139.39022 679
G22 MRI 34.72431  139.39584 742
G24 MRI 3473939  139.39623 547
OKT-TG MRI 34.78940  139.39131 1
G29 MRI 34.70156  139.36543 22
G30 MRI 34.73071  139.39636 684
G31 MRI 34.74372  139.40225 487
G32 MRI 34.77849  139.36097 40
10210 GSI 34.78366  139.39190 81
10212 GSI 34.78550  139.41132 25
10217 GSI 34.74069  139.43433 348
10220 GSI 34.70893  139.43642 321
10226 GSI 34.68473  139.40369 31
10228 GSI 34.70046  139.37785 59
10233 GSI 34.75789  139.35767 41
93051A GSI 34.78442 139.38139 91
93055A GSI 34.68678  139.43321 70
960594 A GSI 34.76154  139.43402 95
960595A GSI 34.73762  139.35859 40
OSM-GS GSI 34.74972  139.36333 75
YUBA GSI 34.75781  139.39388 442
OovoO ERI 34.75420  139.36266 74
0-1001 ERI 34.73512 139.38535 538
0-1002N ERI 34.73736  139.37930 554
0-1003 ERI 3475787  139.39304 441
0-1004 ERI 34.76033  139.38329 301
0O-1116 ERI 34.73770  139.43480 345
FK-105 ERI 34.71267 139.41361 628
OH ERI 34.75361  139.40298 495
ERI-GPS-SJ ERI 34.68759  139.39520 25

MRI: Meteorological Research Institute

JMA: Japan Meteorological Agency

GSI: Geospatial Information Authority of Japan
ERI: Earthquake Research Institute
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Fig. 5. Yearly observed gravity changes and predicted free-air gravity changes. Upper: observed absolute gravity changes
by hybrid absolute and relative gravity measurements. Lower: free-air gravity changes predicted from GNSS ellipsoidal
height changes and —0.3086 mGal/m of a vertical gravity gradient of the normal gravity.
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Fig. 8. Observed and predicted free-air relative gravity changes for sites in and around the caldera region.
The reference site is OH at the northern caldera rim. Notations are the same as in Fig. 6.

A —=N7 77 ¥ —OBIEN R Sz CG-5#033 & DI
B2 ER L TW5., RIS T—F 2IHAHL
RIEICE Y, WEEE=5) VI NEHTES L) ITh
53T TH5.

5.2 RKZREIH D EHZEILOFTE

KUNGENZPE ) HAOZEL 2 - L & 9 & L72KS,

WICEEIZ R B OPRKREIE) BHELTHS.
TREIZBIT B FKKEE IS BEINELICHET 5 T4
GIREICOWTIE, BE - b (2014, 2016) 12X > TAT
DN T3S, Fig. 9a, b 13 2004 225 2014 FEFTOI
# (OKT-TG KU OSM-GS) #¥#L Lizh V7 Ik
f& (OH) OENENTH 5.
B E CITHER L2k it 2 r — v 7 7 72 5 = %0
BRZILOMEZZShTunianl e, AHEICXS
F = RINFEMESFE N &, Fl—F v Y R=VHNTOH
BoEENEEEEsER LT EThTwb e
WCHEINZw., 20 X5 ko, EHEHE O
AT —VT 77 F —FOFENERERAIE % i LEITEHH
OBESGMEEXEDL I LICXY, TR ARENEbE Bk
THIENTERLDTH A, WES MRS

GBIITRT T3,

&, ERBEKEORMNZL (Fig 9c ofi) LEML
TR F—VDEICHRZL. FERBIZBWTIIHT
ARALASEARHERRE IR S AN AB SR E L T B 2 e
5, COENEAOFEROWHENE L LT, RKKDEEIC
X B ARG R DR GFEFIE DB BB B NG, 22
T, Onizawa et a/ (2009) IZCT#KI I 2L —%
STAR (Pritchett, 1995 : ft#% 5 M) #FHLIT- 72
EFIRETCORTAREEE TV (Fig. 10) Z @ E L
LC, Ell&Ehs: 30 HiRoRKREOKRMZL (Fig. 9c
DHEN—) #5256y 3alb—YarvilExiTo7
(Fig. 9d). M L 725113 RAKRE R D FEAKE D 100%
(FEM) F721% 50% (BEAR), SRIEIRESRAT 3x 10~ 2 m?
(k%) F7213 3x107"m? GR) OMEED 485 =T
H%. Fig. 9d 3 ILRA O 2B 0 7K 538 BE 53 Af O g ]
AL oM SN ENELTH S, HEMAR? I,
KBWIIZEDBEORIFIZIRARERIZ, BEA 75—
WIIRERICEEL S NS LHELE SN L. EHELOIRE
ZHSCHENATAETICEETWRVLOD, REE
100%, #&E#F 3x10°“m2OfMEE GRER) ITBVwT
HEHEALORHMNES) Sy — P hER SR, KKko



PERBIZB 2 A FE B

Observed Gravity Difference

t t t t

1003~ Ref.: OSM-GS Tgt.: OH §
- I [ III x
S s s E T 3
ER I ]
= [} s I%E%

oo 1@ $

t } t }
1004~ Ref.: OKT-TG Tgt.: OH
f W F
T, 5 '
Qo O L2 X e
= - Ii i
)
(b)
-100 ;
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Precipitation
3000 -2 S B N —
| o

E 2000 "~ 7 ™1

10004 ()

0_
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Calculated Gravity Difference

; f f f
1001~ Ref.: OKT-TG Tgt.: OH

/i/"\a SRARA Aa Ag\:\\f\g&\‘ J\v

N4 N wv A A

[uGal]
>

(d)

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

100
=100

Fig. 9. Preliminary calculations of gravity changes caused
by meteoric water infiltration. (a) and (b) observed gravity
changes. Red circles: D#109. Blue circles: CG-5#033. Green
circles: CG-3 M#454. (c) Observed precipitation. (d) Calcu-
lated gravity difference.

AN DREFBN SN L ENEEZ DL LTS L
%z 56N15. Fig 6 DEREZEORKEVBIHEINEICTRS
NLZENEOREGZELIINZRBLADOLFHE
KRG ENCRE S R, RN Z2EDZLE R
572901213 Z OFFli, FHIESATKTHS.

B, RETETHWAHKY I 21 —% STAR i35G
KPP FEANDOHH HID 720, Z2HHN DL K5 Dk
DOMHER BT FLETE L7205 H I A MAsdE
HICKE L, ERIREOKDFEDARDBAY & % 5 A4
JETOEBRMA BT R, B2 KIEE A -
S~ D@ % % 2 72%54, Kazama et al (2015) %
FLOETE ORI L > THE LT XV EHE
TAMDONE 1~3 WILAKX¥FY I ab—a v afl
AT ZF L. 72, BWNICHT2ENEEHD
IS 2T S OB TEFTMVELT, BEICHNS £
NRTG A= Ml E LTHL Lo o7 — 5 ik x &
FHICHE W RERIGAIE 7 (Wil - i, 2020) Z2EAS
HZEDHEANL L,
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Fig. 10. Initial state for groundwater flow simulation
considering meteoric water infiltration.

5.3 RUIGEECH D BEAZILOWK T & EEETE

FERETIE 1986 FEKURE, ~/<BE D~~~
I DOERICL B LEZ 5N DL EEN IR ESEIN
SNTE HREE) & B & &Ml S 7800 - T
oI 7B E ) NOHROMM SR S h, G0
ZETTTIE GNSS & EBMZ MR L Twb., Billsh
TV A IR HRIZILES & ILTHICE 5 £ W22 B
GHRTHE I 00, BIEICHELRKKEEIES E
NEALRRIET A2 L&Y, KILIEE)ICHE S EIZ1L
BT LI EROPETH 5.

BT, HREBICH Y, HEVEREDRWE
HOBRIMAEABNDODL 5 —DDORELERTHL. #
TRETIX 1986 00l E 2 —#oOFHOHR T /<
BB O~ 7 < EAOHEE ATz (Watanabe et al,
1998). S 2 AN H) & b R B O/ A & R
THREEME, b, FIvIT, ZBEH FIC
TRED D VITEREBELRNEDOWEE 21T > TV 5 K1l
THESNTEY, HTOZEBRHF~O~ < DRE - HE
MR- 2RO THMSI NS (FlZ1EX, Rymer
et al, 1993 ; Furuya et al, 2003 : Johnson et al, 2010).
4.3 fiCER L2ZF00 (G20, G22) ToOEIHEIZOw
T, CoOBREZEDTRRZEBREL TN Z EKRD
HETH D, B bliZY - TE, ZFEINTIE R EOAM,
KILDAL B ZDOPHD B I N TWAH I &5,
A 2 I Z L OBBRIEEOEROET ML LD
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PEIZ% B0 Lhawv,

B 2R AlERk 0% > T B 1876 MK ELRE, 1986 4F
DENEEAKEZRETXRTOBEKIZZFINTIHEAELTE
7o BT, ZRIITEY I~ ERAIC L B KILE RA L
XU TUH, HEEKTROS 7 <HE - KILUEKT & v
IEEHEMYELTEY, THITRELLKEPIBRES
NTWBHILZRMTHLDOTHL. KHILOYE,
2004 AEBLARICPE VSN S N7 Afond B BRI & o

T2 gt - TR THZILE I 5 & & bIs,

KEERS I EMOHEEIZE TESTWD (RALR,
2005). FEREBZFEILIZBWT, REKBEPOT T
DOER - TRIIFRLEZVHLEHEEZLN, 20
£ el BNE, KINGEN AL - BFl, <~ 7 <ifEo
fEHD K TRELSFGTHTHA ).

6. £ & &
FEREKRILOKIUNEE) O & KB At~ D@ I
BT, BRI FERT L O/ R ZE 0T C IR %
HBZEIT->TBY, 20184 X b A BT % 9 i
LTE7. ZO)BLARTIE, Y ELERLTE 74
ot 777 0 A R & AR D E W T b CG5#033
WCHETBAr— V7 727 % —OKGEE - FEIE R OHE K
EKIITO# ) B LIEIC & o TH S N7z # R ORI
DWTR LT
- JGSN2016 A M EZHWTHRE LA TF— VT 77
% — (Onizawa, 2019) IZ2oWT, O KRB RUH 72
IZ JGSN2016 Oifext B )i % AV THEGEZ 1TV, 0

ZMPEDFER S 7z, BT, FRAOTEHIZIT T,

N BMET =7 e TRATr— V7775 —
DOFRIE %47 - 72

-+ 2018 AE A 5 2021 AR AR 11 HICFEHE L C & 724
b AR NA T FEHIA S 2 B 2 Mk ) Ok
ML Z B S22 L7z,

- D S INTHIZE % BEE B C O E Il E T,
FRICBIN A MR EORE VA ICENZICRIEOK
ELEASRDOLNS.

- Ih s Bl N EAE bR, WESD L TFESHH»

SEIRF SN B ENZAL (70— 7%HK) L) REW.

I HiE, RKERBEIHED HIZLTH 5 W REMEDE
Abhab.

- MR EAHZLTA SN ZFINTORERBIE, [FEH
W ORIEN LIEEL S FHEINZIDOTH LS, £
OEMEFENE7 ) — 7RSI BMHE D DK
EAN

B

e b 2 o 30 PR P B M R DB AR L 13 H AR E ) ke
HZOWT O, 7—% & TRETH L & bI2, g
WED7-ODMHZ M- TIHE T L7z, BEAKAERT) T
TOWEIZBWTIE, SRR OERRIZ T
HEF L& PFEABCBIABHITIE, HREMZER/E
HZEERH, PERBXREBT, KEIEHE RO
BEROZWH N2 THE T L7z, &HE Th LR HRE
WFZERT O ARB /1 3ERR 2 8% % 720 DR
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19881 CG-5 BEHEORKE

CG-5 BENFHIFRAN T TELNNLRDOMPITL Y
BEHERANTHLDTHL. NRRFWEI L FrH—D
F 5 OBBUCID A S, EHEICS U CTELT 55
BHEEIHLT, 74 =Ky Z7RKICL Y Z O %E
TufEICRTEICENS N BEER N 2RMT 52 &
WWEDVEDZFWELTWS., REBETHEEILSI
T4 =8Ny ZHEHRBED A/DEWMTT ADgy »HE
JIHAL [mGal]l OFEUE gresd ~DEHRIZTELD L)
ICRHEENS

g7 = GCAL1 X ADyy, + GCAL2 X ADZ.

S CHKEERBET S GCALL KT GCAL2 I calibration
factor & IFIEN, EARBICE5ZONE137 XA—5THbH
(Scintrex Ltd., 2010). Z# 5 GCALL KUY GCAL2 1%
A — AN THUE SNEFHNERICERE S 7z LTS
NBH, ZOHI—FICTERETLILLTETH 5.
CG-5#033 D¥e, A —H MR E SN T X —
FREFBFTIMHHL TS, 72721, 2010 4124 L
72T A AT VA Y 2= VDB D720 A — 1 ~FE
7% L7zB%, calibration factor b FFREIC L D AT ST
W5, b CG-5#033 12DV T calibration factor @
JEfE% Table Al I2F 5. 7B, MPHTRELS
calibration factor (23} L T 5 N7z T IUEIC DWW T
RIS 2 &M AR 2 2 72 OIIIHIEDSLETH 5.
FH “Factor for adjusting to setting in Period 2" ®f#
1%, Period 1 TOHEJFHHUE % Period 2 TORKERE
BT 572D DFRBTH 5.

1622 FERUBKTFERT—IV 7 77 2—DREERE
R (2 CRLZATF—VT 7275 — S FERTEE
$, BPMEIAERAET 286, CheLHNTEHT L L
J
S(gread) - Z G (gread)j

j=0

Table Al. Calibration factor settings for CG-5#033
gravimeter.

Calibration factors  Factor for adjusting to

GCAL1  GCAL2
1 October 12,2004  8200.007 0 1.000819
2 October 19,2011  8206.725 0

Period Date setting tting in Period 2
setting In Ferio
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gcorr — S(gread) gread

LB, 22T S(gred) RO georT 13 F M E I
EEIEA r— VT 7 2 % —, A —NT 77 % —HiilEtk
DEIFIRMHE, j(=0,,)) RZERORE, ¢ I3KK
DRETH 5.

22T, BNE L 2 OMEHIIHTLEAEEE
L7356, MEROENGIUEOZE Agsy™ BNEOE)]
7 Aghe LELL RBREZEDND

true corr

Ag;1*¢ = Agzy

— S(ggead) g;ead _ S(QIead) g{ead

&N D, X512 CG5#033 122V T Fig. 4 0 Xk
HNCEAFHUEIH L TR A — V7 7 7 5 —H13T
B EICES L2, ENmIUEICH T 28O R
r—N7 725 —%RETHE

S(giread) = ¢ + c giread
LR TES. o,
Agériue — Co(ggead _ giread) 4+ ((g;ead)z _ (giread)z)

WIEIZH 720 T, Iz g KU ¢ 2R E L7z
B AR E L, #xdEI) s o EJ) 2 % BEA O ZAl
Agie & H7e LC, FIFWRE 2 B AL A2 120 LT
FiF v, Table A2 IR L7728 o K ¢ 1T 2D X
IWCLTHRELZ/SF XA —FTHAH. %PB, Onizawa
(2019) R°AWFFETHEM L 7 M8 9_T Table Al
@ Period 2 NTHY, ZIITRTHRE co KD ¢; D
HM @ calibration factor 12X 95 b DTH 5.

1833 GNSS #5% - BHICH S EHEE
AHFFEIZ B 2 BIBINCIEZE < © GNSS #l % F
AL TWwa2S, [RMZEHTO GNSS Bl L - X

Table A2. Coefficients for reading-dependent scale factor
for CG-5#033 gravimeter. The values given in paren-
theses are the standard deviations of the estimated
coefficients.

Co €
Onizawa (2019)
0.9956492001  (0.0000919565) 0.0000004932 (0.0000000107)
Corrected in this study
0.9956249347  (0.0000778341) 0.0000004967 (0.0000000089)

HHZOTEMEPHEATWIZ/20, A TRI B
SO BRI~ OB 2 ) ke ToT& 72, 2
NOBBREH TIE, IHBII SRS RS H B 2 B L,
PIHEN A O GNSS 7 — & $%it D 728 O AT B ]
M Zalr72. GNSS 8L S ORERE ECHENET 2 HIJME
IZBWTH, 2 GNSS AT B A 2 el & %
T, FHHBREHOA 71y PEEZFEH L7z, Table
A3 12 CG-5#033 TOWREIZ & 2 IHBLM 32> S Hr il 21
NENEEERT 57200+ 7y MREE T LD

T84 BBSEHRRVCBET —4

Fig. 5 IR L7z 1 SEEOMS EHREME LD E 25
7o BNEIN S oMK ESIMEY) A b % Table Ad 12, F7-,
Figs. 6, 8 {270 v b L7288 w0 B2 O RE R 5
F—Z 2DV Tid Table A5 IZHLY &7,

%3, Figs. 5, 6, 8 IZERL727— % KU Table A4,
A5 ZF 0BT — %13, Table A3 I[ZRL7zF 7
ty PEZTTIIMKRLERTHS. WThor—%
WL CTEH 7y MLMAEEEL 720 E B TE S L),
Table A4, A5 DiEWICIZZDBEZERL TV 5.

18%5 STARMBIFEE I1L—4F

AT I 2 b— IS BN 8 O BT 55 O M B 5
OHFBICHBEINIZDDTH Y, RYEBRE O ZERRNGT
ROIEE T il & Bk & BENICF R T 230 TH
5. BRI, SNV —REIRE L E R
IANF—PAFANC D . MRFIIAEES 7 v F
W&o THERUE SN, EEOHIESERB SN SI1E),
HL R BN ) v NI ERE, BiEE, Bn
BREQYMEZ 525 2 LMKk D. —F, EERATEK
IZDWTIE, K- ZBRED [L5]), Wl - BHED
[ZH] ZBDIEH 2 TE, HELETHHBLWE -
JEJJ GRS U Tl 2 IR R 2 IR LAHT 5 2
ENTEL. Thoi5 25N MME, BRE&EGO
bR LM E, ZRARARORE, Th, wHmM
EEORE S E MO HAEEHET 5. ERHFELE
DFARY 7 b =27 OBEIZ DWW TIX, Matsushima
(2011) 2@ E N7z,
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Table A3. Offset gravity values observed by CG-5#033
for adjusting from old to new measurement points

associated with GNSS replacements.

Gravity Difference

. Measurement
Site (New)- (Old)  Error Date
(Old) (New) [mGal] [mGal]
Gl10 G10A G10D -0.110 0.002 2019-03-29
G12 G12C G12D 0.893 0.002 2019-03-06
G18 G18B G18C 0.030 0.004 2021-03-14
G20 G20B G20C 0.431 0.001 2019-03-16

Table A4. List of absolute gravity values obtained by yearly hybrid absolute and relative measurements.

2018 2019 2021
. Nov. 12-22 Nov. 5-16 Nov. 13-21 Nov. 6-16
Site = - . - Remarks
Gravity Gravity Gravity Gravity
[mGal] [mGal] [mGal]
TBT 979808.251 979808.273 979808.255 979808.232
GO05 979750.669 979750.690 979750.683
NWRM 979717.131 979717.161 979717.148 979717.112
G09 979756.803 979756.792 979756.791
G10 979730.753 979730.786 979730.795 979730.775 *G10A: Offset corrections adjusting to G10D have been done.
Gl11 979762.624 979762.643 979762.633 979762.630
G12 979683.117 979683.156 979683.147 979683.145 *G12C: Offset corrections adjusting to G1CD have been done.
FTG 979699.055 979699.064
G18 979727.073 979727.102 979727.097  * 979727.063 *G18B: Offset corrections adjusting to G18C have been done.
G20 979692.197 979692.228 979692.234 979692.210 *G20B: Offset corrections adjusting to G20C have been done.
G22 979672.738 979672.774 979672.768 979672.752
G24 979732.435 979732.468 979732.461 979732.461
OKT-TG 979854.313 979854.322 979854.328 979854.302
G29 979830.954 979830.970 979830.949 979830.962
G30 979694.169 979694.164 979694.141
G31 979749.145
G32 979839.524
10210 979837.136 979837.155
10212 979847.427
10217 979772.945
10220 979776.170
10226 979827.966
10228 979822.733 979822.746
10233 979837.103 979837.125
93051A 979833.145 979833.169 979833.151 979833.143
93055A 979827.931 979827.949 979827.945
960594A 979828.332 979828.357 979828.336 979828.336
960595A 979835.656 979835.672 979835.666
OSM-GS 979829.772 979829.789 979829.784 979829.770
YUBA 979752.865 979752.889 979752.894 979752.874
ovVo 979830.157 979830.178 979830.136
0-1001 979732.845
0-1002N 979718.701 979718.729
0-1003 979753.415 979753.443
0-1004 979784.669 979784.699 979784.689 979784.659
0O-1116 979773.787 979773.811
FK-105 979700.138 979700.160 979700.154
OH 979741.750 979741.772 979741.764 979741.732
ERI-GPS-SJ 979827.637
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Table A5. List of observed gravity differences for selected site combinations shown in Figs. 6 and 8.

Fig. 6a

Reference Site: NWRM

Target Site: G20

Fig. 6¢

Reference Site: TBT

Target Site: G20

Figs. 6f and 8b

Reference Site: OH
Target Site: NWRM

Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks
[mGal] |[mGal] [mGal] [mGal] [mGal] [mGal]
2009/02/21 -25.002 0.005  G20B* 2010/06/24 -116.102 0.003  G20B* 2008/11/16 -24.626 0.003
2010/06/24 -24.975 0.010 2017/10/26 -116.059 0.010 2009/06/21 -24.651 0.004
2014/03/24 -24.978 0.006 2018/03/07 -116.047 0.002 2010/03/13 -24.641 0.007
2016/12/21 -24.945 0.003 2019/06/06 -116.058 0.002  G20C 2013/01/23 -24.630 0.012
2017/03/10 -24.945 0.006 2019/08/01 -116.053 0.003 2014/01/21 -24.619 0.007
2017/10/26 -24.927 0.011 2019/11/12 -116.046 0.003 2014/01/22 -24.620 0.006
2018/03/07 -24.933 0.005 2020/02/04 -116.024 0.004 2014/03/24 -24.622 0.004
2018/07/24 -24.940 0.012 2020/03/26 -116.030 0.004 2014/03/25 -24.622 0.006
2018/11/17 -24.938 0.004 2020/11/13 -116.025 0.003 2016/12/21 -24.631 0.003
2019/01/18 -24.910 0.003 2021/01/19 -116.028 0.006 2016/12/22 -24.632 0.004
2019/06/06 -24.919 0.009 G20C 2021/03/11 -116.027 0.003 2017/03/11 -24.623 0.006
2019/08/01 -24.931 0.003 2021/06/21 -116.025 0.008 2017/10/26 -24.649 0.006
2019/11/12 -24.934 0.003 2022/03/16 -116.025 0.003 2018/03/07 -24.618 0.006
2020/02/04 -24.920 0.004 2022/06/23 -116.036 0.003 2018/07/24 -24.626 0.010
2020/03/26 -24.926 0.004 *Offset corrections adjusting to G20C have been done. 2018/11/17 -24.620 0.004
2020/11/13 -24915 0.004 2018/11/20 -24.619 0.003
2021/01/19 -24.916 0.005 Fig. 6d 2019/08/01 -24.621 0.004
2021/03/11 -24911 0.004 Reference Site: OSM-GS 2019/11/12 -24.616 0.006
2021/06/21 -24.919 0.003 Target Site: G20 2020/02/04 -24.614 0.005
2021/08/05 -24911 0.003 Grav. Diff.  Error 2020/03/26 -24.612 0.004
Date Remarks
2022/03/16 -24.910 0.005 [mGal] [mGal] 2020/07/28 -24.620 0.003
2022/06/23 -24.910 0.002 2009/02/21 -137.678 0.009 G20B* 2020/11/13 -24.616 0.006
*Offset corrections adjusting to G20C have been done. 2016/03/17 -137.628 0.004 2021/01/19 -24.609 0.006
2017/10/26 -137.582 0.010 2021/11/12 -24.621 0.007
Figs. 6b and 8g 2018/03/07 -137.567 0.008
Reference Site: OH 2018/07/24 -137.598 0.009 Fig.6g
Target Site: G20 2019/06/06 -137.601 0.003  G20C Reference Site: TBT
Date Grav. Diff.  Error Remarks 2019/08/01 -137.577 0.002 Target Site: NWRM
[mGal] [mGal] 2019/11/12 -137.562 0.004 Grav. Diff.  Error
2014/03/24 -49.599 0.007  G20B* 2020/02/04 -137.543 0.005 Date [mGal] [mGal] Remarks
2016/03/17 -49.591 0.008 2020/03/26 -137.557 0.003 2008/11/16 -91.114 0.003
2016/12/21 -49.575 0.002 2020/11/13 -137.551 0.002 2009/06/21 -91.141 0.003
2017/10/26 -49.576 0.010 2021/01/19 -137.556 0.007 2010/03/13 -91.124 0.005
2018/03/07 -49.551 0.004 2021/06/21 -137.560 0.008 2010/06/24 -91.128 0.010
2018/07/24 -49.566 0.010 *Offset corrections adjusting to G20C have been done. 2010/06/25 -91.127 0.010
2018/11/17 -49.558 0.002 2014/01/21 -91.118 0.006
2018/11/19 -49.541 0.004 Fig. 6e 2014/03/25 -91.141 0.005
2019/08/01 -49.552 0.003  G20C Reference Site: OKT-TG 2016/12/22 -91.132 0.008
2019/11/12 -49.550 0.006 Target Site: G20 2017/10/26 -91.132 0.007
2020/02/04 -49.534 0.004 Grav. Diff.  Error 2018/03/07 91.114 0.005
Date Remarks
2020/03/26 -49.538 0.003 [mGal] [mGal] 2018/11/20 -91.119 0.006
2020/11/13 -49.531 0.005 2017/03/10 -162.144 0.005 G20B* 2019/06/06 -91.139 0.009
2021/01/19 -49.525 0.006 2017/10/26 -162.111 0.012 2019/08/01 -91.122 0.004
*QOffset corrections adjusting to G20C have been done. 2018/03/07 -162.125 0.006 2019/11/12 -91.112 0.003
2018/07/24 -162.159 0.009 2020/02/04 -91.104 0.005
2019/06/06 -162.144 0.002 G20C 2020/03/26 -91.104 0.005
2019/08/01 -162.110 0.002 2020/11/13 -91.110 0.004
2019/11/12 -162.091 0.006 2021/01/19 -91.112 0.007
2020/02/04 -162.081 0.005 2021/03/11 -91.116 0.004
2020/03/26 -162.084 0.003 2021/06/21 -91.105 0.008
2020/11/13 -162.095 0.003 2021/11/12 -91.121 0.003
2021/01/19 -162.114 0.004 2022/03/16 -91.116 0.004
2021/03/11 -162.112 0.002 2022/06/23 -91.127 0.003
2021/06/21 -162.114 0.009
2021/08/05 -162.108 0.003
2021/11/13 -162.093 0.002
2022/03/16 -162.103 0.003
2022/06/23 -162.089 0.001

*Offset corrections adjusting to G20C have been done.



Fig.6h

Reference Site: OSM-GS
Target Site: NWRM
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Table A5. Continued.

Fig.6j

Reference Site: TBT

Target Site: OH

Fig.61

Reference Site: OKT-TG

Target Site: OH

Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks
[mGal] [mGal] [mGal] [mGal] [mGal] [mGal]
2009/02/21 -112.676 0.007 2008/11/16 -66.488 0.004 2014/03/25 -112.587 0.009
2009/02/22 -112.686 0.007 2009/06/21 -66.490 0.003 2017/03/08 -112.580 0.005
2009/06/26 -112.663 0.006 2010/03/13 -66.484 0.006 2017/05/31 -112.577 0.004
2014/01/21 -112.643 0.007 2014/01/21 -66.499 0.005 2017/06/01 -112.591 0.004
2014/03/25 -112.666 0.004 2014/03/25 -66.518 0.007 2017/10/26 -112.535 0.008
2016/12/22 -112.659 0.006 2016/03/16 -66.517 0.006 2018/03/07 -112.574 0.007
2017/10/26 -112.655 0.007 2016/12/22 -66.500 0.007 2018/07/24 -112.593 0.006
2018/03/07 -112.634 0.009 2017/05/31 -66.494 0.003 2019/08/01 -112.558 0.003
2018/07/24 -112.658 0.008 2017/06/01 -66.507 0.004 2019/11/12 -112.541 0.008
2019/06/06 -112.682 0.009 2017/10/26 -66.483 0.004 2020/02/04 -112.546 0.006
2019/08/01 -112.646 0.004 2018/03/07 -66.496 0.004 2020/03/26 -112.546 0.003
2019/11/12 -112.629 0.004 2018/11/20 -66.501 0.006 2020/07/28 -112.540 0.005
2020/02/04 -112.623 0.006 2019/08/01 -66.501 0.004 2020/11/13 -112.564 0.006
2020/03/26 -112.631 0.004 2019/11/12 -66.496 0.006 2021/01/19 -112.589 0.006
2020/07/28 -112.621 0.006 2020/02/04 -66.490 0.005 2021/11/12 -112.570 0.008
2020/11/13 -112.636 0.004 2020/03/26 -66.492 0.004
2021/01/19 -112.640 0.007 2020/11/13 -66.494 0.006 Fig.6m
2021/06/21 -112.641 0.007 2021/01/19 -66.503 0.007 Reference Site: OSM-GS
2021/11/12 -66.500 0.007 Target Site: TBT
Fig.6i Date Grav. Diff.  Error Remarks
Reference Site: OKT-TG Fig.6k [mGal] [mGal]
Target Site: NWRM Reference Site: OSM-GS 2010/06/23 -21.497 0.004
Grav. Diff.  Error Target Site: OH 2013/01/24 -21.533 0.004
Date Remarks
[mGal] [mGal] Grav. Diff.  Error 2014/01/21 -21.525 0.005
2010/06/25 -137.153 0.008 Date [mGal] [mGal] Remarks 2014/03/25 -21.525 0.005
2014/03/25 -137.210 0.008 2014/01/21 -88.024 0.006 2016/03/16 -21.520 0.005
2017/03/10 -137.200 0.006 2014/03/25 -88.044 0.006 2016/12/22 -21.526 0.008
2017/10/26 -137.184 0.010 2016/03/16 -88.038 0.007 2017/10/26 -21.523 0.005
2018/03/07 -137.192 0.008 2016/03/17 -88.037 0.008 2018/03/07 -21.520 0.008
2018/07/24 -137.219 0.009 2016/12/22 -88.027 0.005 2019/06/06 -21.543 0.003
2019/06/06 -137.225 0.008 2017/03/08 -88.036 0.005 2019/08/01 -21.524 0.003
2019/08/01 -137.179 0.003 2017/10/26 -88.006 0.004 2019/11/12 -21.517 0.005
2019/11/12 -137.157 0.006 2018/03/07 -88.016 0.009 2020/02/04 -21.519 0.006
2020/02/04 -137.161 0.006 2018/07/24 -88.032 0.006 2020/03/26 -21.527 0.005
2020/03/26 -137.158 0.004 2019/08/01 -88.025 0.003 2020/11/13 -21.526 0.003
2020/03/27 -137.166 0.003 2019/11/12 -88.013 0.007 2021/01/19 -21.528 0.008
2020/07/28 -137.160 0.005 2020/02/04 -88.008 0.006 2021/06/21 -21.535 0.010
2020/11/13 -137.180 0.004 2020/03/26 -88.019 0.003
2021/01/19 -137.198 0.005 2020/07/28 -88.001 0.006
2021/03/11 -137.201 0.004 2020/11/13 -88.020 0.005
2021/06/21 -137.195 0.009 2021/01/19 -88.031 0.008
2021/08/05 -137.197 0.003
2021/11/12 -137.191 0.004
2022/03/16 -137.194 0.004
2022/06/23 -137.179 0.002




Fig.6n

Reference Site: OKT-TG
Target Site: TBT
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Table A5. Continued.

Fig. 8a

Reference Site: OH

Target Site: G18

Fig. 8h

Reference Site: OH

Target Site: G22

Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks Date Grav. Diff.  Error Remarks
[mGal] |mGal] [mGal] [mGal] [mGal] [mGal]
2010/06/25 -46.026 0.008 2009/06/21 -14.703 0.004 GI8B* 2014/01/22 -69.051 0.007
2014/03/25 -46.069 0.009 2010/03/13 -14.686 0.009 2014/03/24 -69.065 0.005
2017/05/31 -46.083 0.004 2013/01/23 -14.690 0.007 2016/03/17 -69.053 0.008
2017/06/01 -46.084 0.004 2014/01/21 -14.686 0.006 2016/12/21 -69.041 0.005
2017/10/26 -46.051 0.009 2014/03/25 -14.674 0.007 2018/07/24 -69.020 0.010
2018/03/07 -46.078 0.006 2016/03/16 -14.681 0.011 2018/11/17 -69.015 0.003
2019/06/06 -46.086 0.002 2017/03/11 -14.680 0.005 2018/11/19 -69.001 0.005
2019/08/01 -46.057 0.003 2018/11/17 -14.679 0.002
2019/11/12 -46.045 0.006 2018/11/21 -14.672 0.007
2020/02/04 -46.057 0.006 2019/11/08 -14.669 0.003
2020/03/26 -46.055 0.004 *Offset corrections adjusting to G18C have been done.
2020/11/13 -46.070 0.004
2021/01/19 -46.086 0.007 Fig. 8¢
2021/03/11 -46.085 0.002 Reference Site: OH
2021/06/21 -46.089 0.012 Target Site: G12
2021/11/12 -46.070 0.004 Grav. Diff.  Error
2022/03/16 -46.078 0.002 Date [mGal] [mGal] Remarks
2022/06/23 -46.052 0.002 2010/03/12 -58.650 0.007 GI12C*
2016/12/21 -58.642 0.005
Fig.60 2017/03/11 -58.635 0.009
Reference Site: OKT-TG 2018/11/19 -58.630 0.006
Target Site: OSM-GS *Offset corrections adjusting to G12D have been done.
Date Grav. Diff.  Error Remarks
[mGal] [mGal] Fig. 8d
2008/11/15 -24.509 0.009 Reference Site: OH
2009/11/18 -24.521 0.005 Target Site: GO5
2014/03/25 -24.543 0.008 Grav. Diff.  Error
Date Remarks
2015/02/19  -24542  0.003 [mGal]  [mGal]
2017/03/08 -24.544 0.005 2010/03/12 8.895 0.007
2017/10/26 -24.529 0.008 2014/01/22 8.928 0.006
2018/03/07 -24.558 0.010 2014/03/22 8918 0.004
2018/07/24 -24.561 0.003 2017/03/11 8919 0.006
2019/06/06 -24.543 0.003 2018/11/21 8.924 0.007
2019/08/01 -24.533 0.002 2019/11/15 8918 0.003
2019/11/12 -24.529 0.007
2020/02/04 -24.538 0.007 Fig. 8e
2020/03/26 -24.528 0.003 Reference Site: OH
2020/07/28 -24.539 0.006 Target Site: G24
2020/11/13 -24.544 0.003 Grav. Diff.  Error
Date Remarks
2021/01/19  -24558  0.007 [mGal]  [mGal]
2021/06/21 -24.554 0.011 2010/03/12 -9.353 0.007
2021/11/09 -24.532 0.006 2014/01/22 -9.329 0.006
2014/03/22 -9.347 0.005
2017/03/11 -9.328 0.006
2018/11/21 -9.310 0.008
2019/11/15 -9.304 0.003
Reference Site: OH
Target Site: G10
Date Grav. Diff.  Error Remarks
[mGal] [mGal]
2014/01/22 -10.967 0.008 GI0A*
2014/03/22 -10.995 0.006
2017/03/11 -10.991 0.008
2018/11/19 -10.994 0.005
2019/11/15 -10.986 0.002 GI10D

*Offset corrections adjusting to G10D have been done.



