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Abstract

The Noto Peninsula has experienced seismic swarms accompanied by transient crustal deformation since Novem-
ber 2020, followed by two major earthquakes (M6.5 on May 5, 2023, and M7.6 on Jan. 1, 2024). Previous studies

have suggested that fluids are involved in a series of activities. Most evidence on fluids constrains only their exist-
ence, and quantitative information on dynamic fluid migration remains scarce. Past precise gravity measure-

ments in volcanic areas captured changes at the uGal scale (107® m/s?) due to magma movement. Here, we report
the gravity difference caused by the M6.5 earthquake that was obtained via a similar method of measurement. Most
of the observed gravity change can be explained by a fault slip model determined from the geodetic inversion

of GNSS data. However, a significant change of approximately 10 uGal remains unexplainable in the northern coastal
area of the northeastern tip of the Noto Peninsula. To explain this change, we estimate environmental effects, such
as groundwater and sea-level variations. These environmental effects are too small to fully explain the change unless
large local groundwater changes that are not represented in the groundwater model are considered. Instead, adding
a fluid-fed fault that opens above the coseismic fault could reasonably explain both the GNSS and gravity data. The
inferred volume of fluids is approximately 10% of the volume to have accumulated in a deeper fault by June 2022,

as estimated from GNSS data. This result suggests that fluids migrating to shallower areas may have increased the risk
of the M7.6 earthquake. The relatively shallow seismic velocity anomalies inferred by seismic tomography might indi-
cate that such an upward migration process due to large earthquakes has been repeated in the past.
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1 Introduction

The Noto Peninsula is located on the back-arc side of the
Japanese island arc, where the Pacific Plate (PA) and the
Philippine Sea Plate (PHS) subduct beneath the Eurasian
Plate (EU) (Fig. 1). The recent tectonics of the northern
Noto Peninsula are characterized mainly by offshore
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Fig. 1 Study area. a Tectonic setting. The area shown by the red box is magnified to b. b Observation sites. The black diamond (SZHK) and squares
denote the absolute and relative gravity measurement sites, respectively, and the inverted triangles represent the GNSS stations used in this study.
The gray dots represent the epicenters of earthquakes from December 2020 to March 2023. The star denotes the epicenter of the M6.5 event
on May 5, 2023. The white circle marked by AMeDAS represents the AMeDAS station. Suzu city and Wajima city are located at the northeastern
and western ends of the northern Noto Peninsula, respectively. The dashed lines represent the boundary lines of the local governments
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active reverse faults under northwest-southeast com-
pression, which occasionally caused the occurrence of
large earthquakes such as the 2007 M6.9 Noto Peninsula
earthquake, and the absence of volcanic activity (Sato
1994; Yamada and Takahashi 2021; Nakajima 2022). Since
November 2020, an earthquake swarm has been active at
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a depth of approximately 16 km in the southern part of
Suzu city (Fig. 1), accompanied by gradual crustal uplift,
and the earthquake swarm has propagated counterclock-
wise as its sources have become slightly shallower over
2.5 years (Yoshida et al. 2023). M6.5 and M7.6 earth-
quakes occurred consecutively in the northern coastal
areas on May 5, 2023, and January 1, 2024, respectively.

The above seismic activity since November 2020 is
considered to have been caused by crustal fluids. Many
studies, including seismic and electromagnetic observa-
tions (e.g., Nakajima and Hasegawa 2007; Nakajima 2022;
Matsubara et al. 2022; Yoshimura et al. 2023; Okada et al.
2024) and geochemical analyses (e.g., Nakamura et al.
2008; Umeda et al. 2009), suggest that fluids supplied by
the underlying oceanic plate(s) have risen close to earth-
quake sources.

Compared with such evidence for the “static” fluid
distribution in the present era that is formed by the
accumulation of past fluid flows, there is little evidence
to suggest that the dynamic and transient fluid flows
occurred during the earthquake swarm and major earth-
quakes. Nishimura et al. (2023) analyzed Global Naviga-
tion Satellite System (GNSS) crustal deformation data up
to the 2023 M6.5 earthquake and reported that between
November 2020 and June 2022, a volume of approxi-
mately 3x10” m? of fluid was supplied into a southeast-
dipping fault from a deeper region. Yoshida et al. (2023)
noted that upward fluid migration indicated by the grad-
ual shallowing of the sources of the earthquake swarm
triggered the 2023 M6.5 earthquake. Kato (2024) noted
that the fast propagation velocity of the front of the after-
shock of the 2023 M6.5 earthquake suggested that the
coseismic rupture increased permeability and caused
the upwelling of fluids.

Crustal deformation data can be used to quantitatively
estimate the volume of material that moves in a vol-
canic region on the basis of elastic deformation models
(e.g., the Mogi model). However, such data for geometri-
cal deformation cannot reveal which material (magma/
water/gas) is truely involved. To overcome this problem,
gravity observations which sense mass movement can be
combined. Previous studies using absolute gravimeters
have successfully captured gravity changes on the order
of only 1 pGal (10~® m/s?) associated with volcanic activ-
ity (e.g., Yoshida et al. 1999; Okubo 2020) and subsurface
mass movement in a slow slip area that might be associ-
ated with crustal fluid flow (Tanaka et al. 2018).

The purpose of this study is to obtain quantitative
information on transient fluid flow in the Noto Peninsula
on the basis of gravity observations. This study focuses on
the gravity changes caused by the May 2023 M6.5 earth-
quake. “Data and methods” section describes the grav-
ity observations and the methods used to evaluate the
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obtained data. “Results” section presents the observed
results, groundwater variation as a major error source,
and gravity changes due to coseismic fault slip as known
causes. “Discussion” section discusses possible causes of
residual unexplainable gravity anomalies, including fluid
migration. Finally, “Conclusions” section summarizes the
results.

2 Data and methods

2.1 Gravity data

Campaign observations were carried out on March
7-9, May 16-17 and September 6-7 in 2023 via an FG5
absolute gravimeter #212 and Lacoste-Romberg G-type
relative gravimeters #581 and #705. Details of the obser-
vations with these instruments and the data processing
are described in Okubo et al. (1997) and Tanaka et al.
(2010). Figure 1b shows the sites at which gravity meas-
urements were taken. Absolute gravity measurements
were made in an air-conditioned room on the ground
floor of a building originally used as an elementary
school (SZHK in Fig. 1b). At each campaign, at least 25
hours of continuous absolute gravity data were obtained.
The gravity differences from SZHK to the other sites
were measured using relative gravimeters. All the grav-
ity measurement sites were in the vicinity of continuous
GNSS stations (Nishimura et al. 2023).

The absolute gravity data were processed as follows.
The set gravity data (100 drops/set, set interval =30 min)
were corrected for solid-Earth and ocean tides with
TIDE4AN (Tamura et al. 1991) and GOTIC2 (Mastumoto
et al. 2001). The effects of atmospheric pressure and polar
motion were removed, using an admittance of —0.3 pGal/
hPa and the Earth orientation parameters published in
Bulletin B of the International Earth Rotation Service
(https://datacenter.iers.org/eop.php). Throughout the
three campaigns, the laser 1F voltage was stable and the
correction for atmospheric pressure changes was within
2 pGal.

Figure 2 shows the residual absolute gravity data
obtained after these corrections. In March (left panel), we
obtained 50-h (i.e., 100 sets) continuous data. A weighted
average of these sets, which is based on the standard
deviations (SDs) for the set gravity values, was used
to calculate the final gravity value (980,001,210 pGal)
and the measurement error (0.25 pGal). The instru-
mental and model uncertainties estimated by the FG5
software were added, and the total uncertainty became
approximately 2 uGal. The results were within 1 pGal
when different 25-hour successive data were used for
the 50-hour dataset. In May (middle panel), during
DOYs (days of year) 137.0-137.4, the south-southwest
wind speed increased and the set SDs increased to 2—3
times higher than those before DOY 137.0. Beginning
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Fig. 2 Absolute gravity data at SZHK after the corrections. The horizontal axis denotes the day of the year. The vertical axis represents the absolute
gravity value, and each data point shows a set gravity value, consisting of approximately 100 drops (a few outliers can be rejected) and the set
interval is 30 min. The horizontal red solid line in each panel shows the final gravity values calculated with the 25- or 50-h data (see text). The
uncertainty of the final values is approximately 2 uGal. The horizontal broken line denotes the value expected from the observed coseismic vertical
displacement (“A “dynamic”gravity anomaly” section). The gap between the solid and broken lines in the middle panel represents the negative

gravity anomaly

on DOY ~137.0, gravity gradually decreased and then
recovered to approximately the same level. To reduce
tidal effects that cannot be fully expressed by the above
tidal models, a weighted average of the first 25 hours
of data was used to calculate the final gravity value
(980,001,163 + 0.4 pGal). The total uncertainty was esti-
mated to be approximately 2 uGal, as it was in March.
For comparison, the results when the first and last
13-hour data were used were 980,001,164+ 0.3 uGal and
98,001,160+ 0.5 uGal, respectively. In September (right
panel), we obtained approximately 36 hours of continu-
ous data. A weighted average of the first 25-hour data
when the set SDs were smaller was used to calculate the
final value (980,001,166 + 0.5 uGal). The total uncertainty
was again approximately 2 uGal.

The relative gravity data were processed accord-
ing to Tanaka et al. (2010). The difference between
the daily round-trip measurements after tidal effects
were removed for each gravimeter was smaller than
10 pGal in almost all of the cases. We did not use the
data obtained at 0523, NTYD and 0574 in the follow-
ing analysis because the differences between March and
May were 40-90 puGal even though the results from the
two gravimeters agreed within 10-20 pGal, implying
that local disturbances were too strong to detect tectonic
movements. For uncertainty, even if the round-trip dif-
ference is smaller than 10 pGal, this type of gravimeter
could show larger systematic bias values of 10-20 uGal
between individual instruments (Tanaka et al. 2010). For
a robust estimation, we employed this uncertainty rather
than the round-trip measurements.

2.2 GNSS data

Continuous GNSS observations have been made in the
vicinity of the above mentioned gravity measurement
sites, and three-dimensional daily coordinates are avail-
able (Nishimura et al. 2023). Figure 3 shows the coseis-
mic displacement due to the 2023 M6.5 event; this value
was obtained by taking the difference between the April
27—-May 4 and May 6-8 daily coordinates. The coseismic
displacement was used for constructing the fault models
in “Results” and “Discussion” sections.

2.3 A“dynamic” gravity anomaly
The concept of a gravity anomaly is usually used to study
spatial variations in the density structure of the subsur-
face. Here, we consider a gravity anomaly to be related
to the temporal gravity change, as was done in Tanaka
et al. (2018). The gravity difference between two peri-
ods includes a component originating from the verti-
cal movement of the crust that occurred between them.
The contribution is proportional to the vertical move-
ment and is divided into two effects: the apparent effect
of the change in instrumental height (free-air effect) and
the effect of the attraction due to the crust replacing the
atmosphere (Bouguer effect). The residual gravity change
obtained by removing these two effects represents the
contribution of subsurface mass redistribution, apart
from nontectonic effects.

In this study, a free air gradient of —3.086 pGal/cm and
a Bouguer plate with an average crustal density of 2.4 g/
cm?, which was obtained from a gravity survey in the
area (Sawada et al. 2012), were employed to calculate the
dynamic gravity anomalies. For the vertical movement
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Fig. 3 Coseismic fault slip model. The horizontal and vertical displacements observed at the GNSS stations are shown by the black arrows
in a and b, respectively. The fault model is shown by the red line with the thick line representing the top edge. The calculated displacements
are superimposed by white arrows. ¢ Gravity change theoretically calculated for the same fault model. d Contribution of subsurface dilatation

to the total gravity change shown in ¢. The units of ¢ and d are pGal

between two periods, the coseismic vertical displace-
ments described in the previous section that were used
to evaluate the displacement from March 7 to May 4 and
that from May 9 to May 18 were negligible, considering
the uncertainty of gravity observations (Additional file 1).

2.4 Groundwater contribution

2.4.1 Groundwater model

Nontectonic mass redistribution by surface fluids (e.g.,
the atmosphere, ocean, terrestrial water, and snow) also
changes gravity. Groundwater fluctuations are a major
factor and are known to produce signals at the scale of
uGal or greater (Kazama et al. 2012; Crossley et al. 2013).
Accurately estimating all the behaviors of groundwater
in the vicinity of an observation site is extremely difficult
because accurate subsurface local permeability struc-
tures are rarely understood and sites for groundwater
level monitoring are limited. However, the behavior of
unsaturated groundwater originating from rainfall can be
estimated with relatively high accuracy. In this section,
the method for estimating the gravity difference due to
unsaturated groundwater flow between March and May
2023, when pre- and postearthquake gravity observations
were made, is described. Gravity changes due to other
nontectonic effects will be discussed in “Discussion”
section.

We used GWATER-1D software, which calculates the
vertical flow of unsaturated groundwater in a homoge-
neous semi-infinite medium and the associated gravity
change (Kazama et al. 2012). The input is the effective
precipitation calculated from precipitation and evapo-
transpiration. The fluid flow is governed by a nonlinear
advection—diffusion equation such that the hydraulic
conductivity and diffusion coefficient depend on the soil
moisture content. The change in gravity is finally com-
puted from the soil moisture profile via Newton’s law.
Owing to the large uncertainty in the soil parameters,
the range of gravity changes was constrained for different
model parameters rather than determining only the opti-
mal model, as in Tanaka et al. (2018).

2.4.2 Inputdata

The effective precipitation was calculated on the basis
of the daily precipitation, temperature, humidity, wind
speed and daylight hours from Jan. 2021 to Sep. 2023,
which were obtained at the Japan Meteorological Agency
(JMA) AMeDAS station in Suzu city (http://www.data.
jma.go.jp/obd/stats/etrn/index.php; the location is
shown in Fig. 1).
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2.4.3 Settings for the soil parameter range

In the vicinity of the SZHK absolute gravity measure-
ment site, mainly fine-grained soils with clay aggregates
and gleysols are distributed (G1k1tl and F2a2tl of the
Japanese soil system classification, https://soil-inventory.
rad.naro.go.jp/figure.html). Considering the low hydrau-
lic conductivity of these soils (Carter and Bentley 1991),
we set the hydraulic conductivity range used in the fol-
lowing calculation to 1077 to 10~ m/s. For the diffusion
coefficient, we could not find data corresponding to these
soils. Therefore, we set the range of the diffusion coef-
ficient as wide as possible, on the basis of the diffusion
coefficients of common soils (e.g., Ishida et al. 1990): 10~*
to 1072 m?/s.

The maximum and minimum soil moisture contents
were fixed to the default values of the software (6, =
0.28 and 60y,,4x = 0.52). However, we changed the conver-
gence of the moisture content, 6y, to that at a sufficient
depth below the groundwater table. Four different val-
ues were taken for comparison, by dividing the interval
between the maximum and minimum soil moisture con-
tents into approximately 5 equal parts [0.32, 0.38 (soft-
ware default), 0.42 and 0.46].

As a result, calculations were performed for 72 pairs of
soil parameters.

Table 1 Candidate fault parameters (* =fixed)

Page 6 of 17

2.4.4 Comparison data

To further constrain the range of soil parameters, the
gravity change estimated by GWATER-1D was com-
pared with the observed gravity change in specific peri-
ods. At SZHK, a similar absolute gravity measurement
was conducted in September 2023. The gravity change
with respect to the May 2023 measurement was approxi-
mately +3 pGal. No significant crustal deformation was
observed during this period, suggesting that the gravity
difference reflects mainly the influence of groundwater
(Additional file 1).

In addition, the computed soil moisture content was
compared with other results of simulations for the soils
in Wajima city, published by the National Agriculture
and Food Research Organization (https://soil-inventory.
rad.naro.go.jp/). The simulation was based on observed
weather and soil data. The average seasonal change over
30 years was compared with our groundwater model.

2.5 Coseismic fault model

From a geodetic inversion of the coseismic displacement
(“GNSS data” section), we determined a rectangular fault
model with a uniform shear slip, assuming the elastic
half-space model of Okada (1985). The strike and dip
angles were fixed at those of the JMA centroid moment
tensor (CMT) solution. For convenience, we refer to

Flt Long Lat D L w 3 o AU’ AUt X1or2 89
XGNss Ag

Units Degree km Degree M - pGal
Case I: shear slip only

A 137.243 37.543 6.0 7.1 89 34 % 194 0.0 6.84' -25

283 -565

Case Il: yis the smallest|8g/Ag| > 0.15

A fixed as for Case | 86 144 00 3.24 -75

B 137.233 37.528 05 50 25 90* 90* - 00 0.2 3.22 —447
Case Ill: 1y is the second smallest|§g/Ag| > 0.15

A fixed as for Case | 86 144 0.0 332] -66

B 137.233 37.528 05 50 25 90* 90* - 00 0.25 331 —438
Case IV: ;s the smallest, §g < —5 pGal

A fixed as for Case | % 1.44 0.0 2,99 -56

B 137233 37.528 05 50 25 90* 90* - 00 02 289 —454
Case V: ¥, is the smallest,|§g/Ag| > 0.15

A fixed as for Case | 86 1.64 00 2.78? -78

B 137233 37.528 05 50 25 90* 90* - 00 03 277 —50.2
Case VI: x5 is small,[8g/Ag| > 0.15, Ag s closer to Aggp,

A fixed as for Case | 86 154 00 2.92? -77

B 137.233 37.528 05 50 25 90* 90* - 00 03 295 —474

D: depth of the top edge of the fault L: length W: width ©, §, a: strike, dip and rake angles. The superscript values 1 or 2 represent j; or ,, respectively
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this fault as Fault A. The obtained fault model parame-
ters are listed in Table 1 (Case I). The gravity change due
to fault slip was calculated via the analytic formula of
Okubo (1992) on the basis of the same half-space model.
In “Results” section, the results show that this grav-
ity change is insufficient to explain the observed gravity
anomaly.

2.6 Additional tensile fault representing fluid flow

In “Discussion” section, we examine whether subsur-
face fluid flow could explain the gravity data, assum-
ing that fluid paths are approximated by a tensile fault
in the elastic half space. By adding a tensile fault, the
fault parameters of Fault A listed in Case I of Table 1
need to be adjusted. The fault parameters for the ten-
sile fault and Fault A are determined with a grid search
algorithm so that the sum of the displacements and
gravity changes due to these faults, as calculated with
Okada (1985) and Okubo (1992), better explains both
the GNSS and gravity data. The density of the fluid was
set to 1000 kg/m?,

To reduce the number of parameters in the grid search,
for Fault A, we fixed all the parameters except for the slip
amount (= AU°®) and rake angle. For the tensile fault, we
inferred the location, depth, length, width and opening
amount (= AUY) as free parameters. The strike and dip
angles were fixed at 90° (i.e., dikes in the east—west direc-
tion), on the basis of the geological structure and a trial
calculation (“The case when the coseismic fault opens” to
“Overview of the tensile fault model” sections).

The grid search was performed to minimize the chi-
square value described below. First, we define

N i i )2 i_ i \? i i )2
XéNSS = Z <(u I:obs) + (V Zobs) + (W ;Vobs) >

i—1 O O oy

where (&, V%, wi) denote the east, north and height com-
ponents of the calculated displacement at the i-th obser-
vation site, respectively, and those with obs denote the
observed displacement. N(= 9) denotes the number of
observation sites. Considering that the ratio of the uncer-
tainties of the horizontal and vertical components was
approximately 1:3 (Ohta and Ohzono 2022), we set oy
and oy as 3 mm and 9 mm, respectively. Next, we define

2 (Ag - Agobs) 2

where 0, = 2 pGal and Ag and Ag_,, represent the com-
puted and observed gravity changes at SZHK. Here, the
nontectonic effects of -3 puGal, which is an average of
—4 to —2 pGal (“Other nontectonic contributions” sec-
tion and Table 4), were removed from the observed
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Table 2 Observed gravity change Ag, gravity anomaly §g, and
vertical displacement wgp,

Site Ag 8g Wobs o
Units uGal uGal cm HGal
SZHK —47 -10 18 2
SZMS -16 -12 2 10-20
SZOoT -7 -1 3

0971 -13 * *

NTWT -8 * *

“The vertical displacement was insignificant

total gravity change (i.e., Ag.,, =—44 pGal). The grav-
ity data obtained at stations other than SZHK were not
sufficiently accurate to constrain the fault parameters
(Table 2).

Because the number of gravity data points (=1) was
much smaller than the number of GNSS data points, we
minimized the following quantity

X1=4/ (YéNss + Xg)»YGNss = \/ xénss/3N

so that GNSS data and gravity data have equal weights.
For comparison, we also used

X2 = \/(XéNSS + ng)/(SN +1)

where the difference in the number of data
points between the GNSS and gravity measurements was
not considered. Furthermore, we note that models that
reproduce Ag,,. do not necessarily produce large grav-
ity anomalies as observed (“Observed gravity change”
section). Therefore, we imposed an additional condi-
tion in which the ratio of the calculated gravity anom-
aly to the total gravity change was greater than 15% to
extract models that could reproduce the observed ratio
(O pe/ Agope =—7/—44=16%).

3 Results

3.1 Observed gravity change

Table 2 shows the observed gravity changes, coseismic
vertical displacements and gravity anomalies obtained
by the method described in “Gravity data’, “GNSS data”
and “A “dynamic” gravity anomaly” sections. Significant
uplifts were observed near the epicenter of the 2023 M6.5
earthquake and negative gravity changes were detected
at all the observation sites. At SZHK, where the uplift
was the largest, the amplitude of the gravity change was
the largest, exceeding 40 pGal. This change was well
above the error of observations. The gravity anomaly was
—10 pGal, which was also significant. At the other sites,
the gravity changes were approximately — 10 pGal, which
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was small compared with the error of observations. How-
ever, those changes tended to decrease with increasing
distance from the epicenter. At SZMS, the gravity anom-
aly was comparable with that at SZHK, but the reliability
of the result was lower, considering the error of observa-
tions. In the following, we focus on the gravity anomaly
at SZHK.

Table 3 Candidate soil parameter sets for the groundwater

model
Model ks ds 6o Ags Ag>
Units m/s m?/s m3/m?3 uGal uGal
la 5e-8 le=5 0.38 +0.7 -09
b le=7 le=7 0.38 -06 -25
2 5e-8 le-5 0.32 +0.3 -25
3 5e—-8 le=5 042 +04 -0.5
(obs) - - - +2.5 -1
Agq: observed gravity change from May 2023 to September 2023, Agy:
March 2023 to May 2023
(a) Gravity change and effective precipitation
3 110
2 90
%' 1 70 .
U] IS
=0 50 €
o -
< 30
2 10
3 -10
2021 2021.5 2022 2022.5 2023 20235
(b) Soil moisture content
0.6

——20 cm below surface

0.1 ——surface

2021 2021.5 2022 2022.5 2023 2023.5
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3.2 Groundwater contribution

First, we considered the case of 6y = 0.38. From the
calculated results, we excluded unreasonable sets of
hydraulic conductivity ks and diffusion coefficient d; val-
ues in the following manner. The results that revealed a
large increasing/decreasing trend over the entire period,
meaning that the soil moisture content did not converge,
were eliminated. Next, parameter sets that could not
explain the gravity change of +3 pGal observed from
May to September within 6 pGal were excluded. Con-
sequently, only two sets, shown by Models 1a and 1b in
Table 3, remained.

Figure 4 shows the results for these two sets. The lower
envelope of the orange curve in (a) shows that the effec-
tive precipitation reached a maximum in winter, which
corresponded to the largest peak in gravity (blue curve).
Furthermore, in summer, precipitation was infrequent,
but large daily rainfall events occurred, which corre-
sponded to the second largest peak in gravity. The change
in gravity during the whole period was approximately
3 pGal In the figure, the three red diamonds indicate
when the gravity observations were made. The grav-
ity differences between May and September (Ag;) and

(c) Gravity change and effective precipitation

4 110
3 90
2
=1 70 z
Q
=0 50 €
o 1 =
< 30
-2
3 10
-4 -10
2021 2021.5 2022 2022.5 2023 20235
(d) Soil moisture content
0.6

——20 cm below surface

01 ——surface

2021 2021.5 2022 2022.5 2023 2023.5

Fig. 4 Groundwater model. a Daily gravity change (blue) and effective precipitation (orange). Case for ks = 5 x 1078 m/sand ds = 107> m%s. The
red diamonds indicate when the gravity observations were made. b Soil moisture content at two different depths corresponding to a. ¢ Same as a
but forks = 107/ m/s and ds = 10~" m?%/s. d Soil moisture content at two different depths corresponding to ¢
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Table 4 Observed and calculated gravity changes at SZHK from March to May 2023

kinds Ag (pGal) Remarks
a. Observation
Total change —47+2 Including correction errors
BG anomaly -10+2 Corrected with GNSS-observed height of 18 cm
b. Sea level changes
Coseismic decrease —-0.9 (UL Mass attraction (upper limit)
Seasonal change -02 (UL Ocean bottom pressure by satellite gravimetry
c. Groundwater (GW)
Unsaturated GW —-25t0-05 GWATER-1D, AMeDAS, Ag; in Table 3
Unconfined GW (=27) Rapid horizontal flow after earthquake (unlikely)
Confined GW - Poroelastic flow, counted in the dilatation below
Sum (b+¢) —-4to-2
d. Tectonic effects
Dilatation -2 Fault A (shear slip)
Dilatation +fluid mass —-6to—4 Fault B (vertical tensile)
Sum (d) -8to—-6 Cases II-Vlin Table 1
Total (b+c+d) —-12to -8

between March and May (Ag>) were smaller than 1 pGal,
which was less than the measurement uncertainty.

Figure 4c shows the result for Model 1b in the same
manner. The gravity change showed a pattern similar to a
triangle wave, implying that the attenuation of soil mois-
ture was relatively slow. The change in gravity during the
whole period was approximately 6 pGal. The gravity dif-
ference between May and September was — 0.6 uGal and
that from March to May was —2.5 puGal, which could
partly explain the negative gravity anomaly of —10 pGal.

Figure 4b/d shows the soil moisture content at two
different depths for Model 1la/b. Abrupt changes from
Omin to Omax occurred at the surface in response to each
rainfall event and that these responses were weaker at a
depth of 20 cm and that long-term behaviors were more
easily discernible. The tendency for the highest values to
occur in winter and the second highest values to occur in
summer exhibit good agreement with the results of
another simulation, although there is a systematic bias
caused by setting Omin to approximately 0.3 in our model,
indicating that the parameter sets of Model 1a/b are rea-
sonable (Additional file 1). A more careful examination
reveals that (b) is closer to the simulation than (d) in that
it reproduces the fact that the variability decreases more
rapidly with depth.

For 0y = 0.32, screening the parameter sets by the same
criteria caused only the same set as Model la above to
remain (Model 2 in Table 3). The gravity differences Ag;
and Agy were 0.3 pGal and —2.5 pGal, respectively. The
result of this model was difficult to distinguish visually
from that of 8y = 0.38. For 8y = 0.42, a similar result was
obtained and the gravity difference from March to May

was — 0.5 pGal. For 6y = 0.48, unnatural trends occurred,
and no rational solution was obtained.

On the basis of the above results, the March—May
gravity differences from this groundwater model ranged
from —2.5 to —0.5 pGal and could explain a maximum
of —2.5 microGal of the observed gravity anomaly of
—10 pGal (Table 4).

3.3 Contribution of the coseismic fault model

The coseismic displacement calculated for the fault
parameters of Case I in Table 1 is superimposed on the
data in Fig. 3a, b. The good agreement with the observa-
tions indicates that a single fault with uniform slip can
reproduce the observed deformation pattern, especially
the horizontal component, well. Figure 3c shows the
gravity change calculated using the same fault param-
eters. By removing the free-air and Bouguer effects
from (c) and using the calculated height, we theoreti-
cally obtained the contribution of subsurface dilatation
(Fig. 3d). A comparison of (c) and (d) reveals that the
latter was only approximately 5%. At SZHK, the total
change was —56.5 pGal and the dilatation effect was —2.5
uGal, corresponding to 4.4%. The ratio of the observed
gravity anomaly to the observed total gravity change
was greater than 20% (“Observed gravity change” sec-
tion). Even if the fault parameters were adjusted so that
the calculated height change at SZHK completely agreed
with the observed height change, the dilatation effect
would explain only approximately 5% of the variation
(~—2 pGal) as long as only shear slip was assumed. In
addition, considering the characteristics of Green’s func-
tion for shear slip, heterogeneities in the Earth structure
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and slip distributions cannot reproduce the relative ratio
of the gravity anomaly to the total gravity change (Addi-
tional file 1).

4 Discussion

4.1 Other nontectonic contributions

4.1.1 Sea level changes

The May 2023 earthquake caused a seafloor uplift in
the northern part of the epicentral area. The uplift of
the seafloor moved seawater away, creating a secondary
negative change in the gravity field. This contribution
can be estimated theoretically by solving the sea-level
equation, which has often been used in the field of gla-
cial isostatic adjustment (Farrell and Clark 1976). Here,
owing to the expected small signal, loading deformation
was ignored, and only the gravitational pull of seawater
was considered for a simplified estimate. The calculation
of the coseismic vertical displacement presented in “Con-
tribution of coseismic fault model” section reveals that
the maximum uplift of the seafloor was approximately
30 cm. The distance from SZHK to the coast was 130 m
and the elevation was 30 m. Considering this geometry
and using Newton’s law, we estimated the upper limit of
the gravity change, assuming a 30 cm uplift of the entire
seafloor. The result was —0.9 pGal, which was only 9% of
the observed gravity anomaly of — 10 pGal.

In addition to seafloor uplift, oceanographic seawa-
ter mass movements caused gravity changes. The most
prominent variation in the Sea of Japan was seasonal.
Satellite gravity observations indicate that ocean bottom
pressure reached a maximum in winter, with peak-to-
peak amplitudes of 10 to 20 cm (CNES GRACE plotter,
https://thegraceplotter.com/). We estimated the gravity
change from March to May due to this seasonal varia-
tion, considering the geometry used in the previous para-
graph. The result was only —0.2 pGal.

4.1.2 Unmodeled groundwater contributions

We examined whether contributions not included in the
unsaturated groundwater model (“Groundwater contri-
bution” section) could be the main cause of the gravity
anomaly.

Confined groundwater is known to flow with frame
deformation around pores. Hence, coseismic deforma-
tion may cause poroelastic fluid flow. The contribution
to the gravity change would theoretically be almost the
same as the contribution of the change in the elastic volu-
metric strain, which was estimated in “Contribution of
coseismic fault model” section, although there are dif-
ferences in the temporal evolution between elastic and
poroelastic materials. Therefore, this effect is not consid-
ered to be a primary cause.
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Owing to the lack of available data on groundwater
levels around SZHK, it is very difficult to estimate the
contribution from variations in unconfined groundwa-
ter accurately. In the following text, the possible contri-
butions of unconfined groundwater are discussed.

First, the coseismic decrease in sea level relative to that
at the observation site (“Sea level changes” section) may
have caused a horizontal difference in groundwater pres-
sure, which could have resulted in the discharge of ter-
restrial groundwater into the sea. The uplift at SZHK is
18 cm. Assuming a Bouguer plate with a porosity of 0.38,
the decrease in gravity is estimated to be 2.7 uGal, which
could partly explain the gravity anomaly. Here, a porosity
value of 0.38 was chosen to maintain consistency with the
value of 6y adopted in groundwater Models la and 1b
(“Groundwater contribution” section and Table 3). How-
ever, given the inferred low hydraulic conductivity and
diffusion coefficient of the soils (“Groundwater contri-
bution” section), it is unlikely that groundwater would
have flowed out rapidly within two weeks from imme-
diately after the earthquake to the time of gravity meas-
urement (one could confirm this by a simple dimensional
analysis for a distance of 130 m, k; of ~10~ or d of ~10~
®). Furthermore, as far as the authors were able to ascer-
tain, there were no reports of a significant decrease in
groundwater levels immediately after the earthquake
near SZHK.

Next, we considered a slower variation in the uncon-
fined groundwater table from March to May. Assuming
a porosity of 0.38, a 40 cm decrease in the groundwater
level would result in a gravity change of —6 puGal. How-
ever, the average monthly tide level at Wajima is ~ 20 cm
higher in summer (Geospatial Information Authority of
Japan (GSI), https://www.gsi.go.jp/kanshi/tide_furnish.
html). The phase is opposite to that of changes in ocean
bottom pressure from satellite gravity observations
(“Sea level changes” section) because of the steric com-
ponent. The tide level change from March to May 2023
was + 11 c¢cm according to the same GSI data. In general,
near the ocean, groundwater levels are linked to sea level.
Therefore, it is unlikely that groundwater levels decreased
from March to May, at least intuitively. Further investi-
gation is needed to determine whether a decrease in the
groundwater table exceeding 40 cm occurred between
March and May.

4.1.3 Summary of the nontectonic contributions

Table 4 summarizes the nontectonic gravity changes
described above. Unsaturated groundwater, mainly
from rainfall, reached —2.5 pGal. Relative decreases in
sea level due to coseismic deformation and seasonal
variation caused negative changes reaching —0.9 pGal
and —0.2 pGal, respectively. The contribution from
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the poroelastic fluid flow of confined groundwater can be
considered the elastic dilatation effect, neglecting tem-
poral evolution. Unconfined groundwater could cause
negative gravity changes of up to —2.7 pGal if rapid flow
occurred immediately after the earthquake, but this is
unlikely. Excluding the last contribution, the nontec-
tonic effects could explain — 2 to —4 uGal of the observed
—10 pGal anomaly. Moreover, the elastic dilatation
effect calculated by a well-established dislocation theory
could explain —2 pGal (“Contribution of coseismic fault
model” section). To explain the remaining gravity anoma-
lies of —6 to —4 pGal with changes in the groundwater
table, one would have to show that the groundwater table
decreased by approximately 40 cm (corresponding to
— 6 pGal) from March to May.

4.2 Tectonic contributions assuming crustal fluid flow

4.2.1 The case in which the coseismic fault opens

On the basis of the results of the previous section, we
examine whether the remaining —4 to —6 pGal anoma-
lies could be explained by adding a hypothetical tensile
fault. First, we investigated the case in which the coseis-
mic fault (Fault A) opened. We found from trial-for-
ward calculations that such a model, when given fluid
volumes to explain the —4 to —6 pGal anomalies, pro-
duced a radial horizontal displacement pattern around
SZHK, causing a large discrepancy with the displace-
ments observed at 9094, SZMS, SZID and 0523 (Figs. 1
and 3a). Therefore, we excluded the possibility of opening
the coseismic fault as a fluid pathway. Similarly, the case
in which a shallow extension of the fault opens could not
explain the observed displacements well.
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4.2.2 Overview of the tensile fault model

Next, we considered a tensile fault with a different incli-
nation than that of Fault A. One possibility is to assume
a vertical flow of fluid, which would be natural, consider-
ing buoyancy. Such a flow can be represented by the hori-
zontal opening of a vertical tensile fault. Vertical tensile
faults (or dikes) generally tend to be parallel to the direc-
tion of compression under the regional stress field (i.e.,
NW-SE). However, an east-west-oriented seismic anisot-
ropy resulting from geologic features is indicated in this
area (Okada et al. 2024), indicating that cracks tend to
develop in the east-west direction.

Figure. 3a shows that the computed horizontal dis-
placements at SZMT and SZOT are shifted eastward
relative to the observed displacement whereas that at
9095 is shifted westward. Moreover, Fig. 3b shows that
the computed uplifts at SZHK and 9094 are overly large.
Tilting the direction of the fault slip to the west should
eliminate the disagreement with the observations at
SZMT and SZOT and leave a southward displacement
at 9095. Adding a dike along the east-west direction
near SZHK would produce a southward displacement at
9095 and subsidence around SZHK. Therefore, a model
that includes a dike in the east-west direction is expected
to have better agreement with the observations than Case
L

In addition, the coseismic crustal deformation caused
extensional stress in the N-S direction, which tends to
open cracks along the E-W direction (Additional File 1).

On the basis of the above considerations of geological,
geometric and dynamic aspects, the azimuth of the verti-
cal tensile fault was assumed to be 90°. We refer to this
tensile fault as Fault B (Fig. 5a). The actual fluid pathway
may consist of numerous smaller cracks in the east-west

(c)

Fig. 5 Model schematic. a Fault planes. A: Coseismic fault, B; vertical tensile fault imitating fluid flow. b The case in which fluids are supplied
from Fault C, where the accumulation of fluids was suggested before the earthquake (Nishimura et al. 2023), to Fault B. ¢ The case in which fluids are

supplied from the deeper fluid-abundant region to B through A and C
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direction. Because of the sparse gravity observations, our
model cannot represent such local structures.

0 % As a source of fluids flowing into Fault B, the slow
2 3 4 5 6 7 8 slip region located below the epicenter of the May 2023
2 o earthquake was considered (the source parameters are
4 I those for Period C in Nishimura et al. 2023). We refer
jf . VO I to this fault as Fault C. The amount of “closing” of Fault
= o C could be given so that the volume of fluids flowing
© 3 “0 ) . into Fault B matched the volume flowing out of Fault C
: (Fig. 5b). However, such a model caused subsidence of
1o - the southern part of Suzu city, which could not explain
12 : the uplift at SZMS, SZID and 0523 (Fig. 1).
An alternative source of fluid could be from a region
Fig. 6 ¥;and the gravity anomaly for each fault parameter set deeper than Fault C, where fluid is abundant (Nakajima
in the grid search. Smaller values of ¥, indicate better agreement 2022; Nishimura et al. 2023). We assume that this region
between the model and observations. The circles marked by |- is connected to Faults A, B and C and that the crustal

IV correspond to Cases |-V in Table 1. The blue dots represent

_ deformation associated with outflow from this deeper
the parameter sets that reproduce the observed gravity change

fluid-rich region is too small to detect. The amount of

137.0 137.5 137.0 137.5
Caselll Caselll

37.5] | i
(C) Case IV (d) Case IV

37.5] o L
CaseV (f) CaseV

37.5] ] i

Fig. 7 Displacement fields calculated for the selected parameter sets (white arrows). The observed displacements are shown by the black arrows.
(a/b), (c/d) and (e/f): horizontal/vertical displacements for Cases I, IV and V in Table 1, respectively. The strike of the tensile fault is represented
by the thin red line in the east-west direction
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fluid flowing into and out of Fault C is equal, and the
effective opening of Fault C is zero (Fig. 5¢). We adopt
this assumption below.

4.2.3 Grid-search results

We present the results of estimating the parameters of

Faults A and B on the basis of the method described in

“Additional tensile fault representing fluid flow” section.
Figure 6 shows x; for different fault model parameters

in the grid search. In the figure, the upper right circle
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marked by I represents the case in which only the shear
slip is considered (Case I in Table 1). The vertical axis
denotes the computed gravity anomaly. The total gravity
change was —56.5 pGal due to the overestimated uplift
at SZHK (Fig. 3b), which resulted in a large ¥; value
(=6.84). The computed gravity anomaly was —2.5 uGal,
which did not reproduce the observations as already
mentioned (“Contribution of coseismic fault model” sec-
tion). Many parameter sets occurred for which the value
of x; was less than 6.84. However, the parameters that

6 6 6
4 - 4 - 4 B
g2
slip1 slip2 rakel
2 - 2 - 2 B
0 ! 0 T 0 — 1 1
1.0 1.5 2.0 0.0 0.5 60 70 80 90 100
m m deg
6 8 6
6 -} -
4 s 4 .
% 4 B 1 depth2
long2 |
27 B lat2 2 B
2 -} -
0 T T 0 T 0 ————
137.1 1372 1373 1374 374 37.5 37.6 0 5 10
deg. deg. km
6 6

A N

L2 W2

0o +—m——m——F——— 0
0 5 10 0

km

5 10

km

Fig. 8 Dependence of x;when each fault parameter for Case Il is moved. “slip1”and “slip2” denote the amount of shear slip of Fault A and the fault
opening of Fault B, respectively. ‘rake1”is the rake angle of Fault A.“long2", "lat2", "depth2", "L2" and "W2" are the longitude, latitude, depth, length

and width of Fault B, respectively
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minimize ¥; produced a gravity anomaly of only approxi-
mately —2 pGal (the leftmost gray dot). Therefore, we
extracted the parameter sets for which the ratio of the
calculated gravity anomaly to the total gravity change
was greater than 15% (the blue dots).

Among these blue dots, the case with the smallest ¥
was marked with II in Fig. 6. The parameters are shown
in Case II of Table 1. As expected, the rake angle of
Fault A shifted slightly to the west. The tensile fault was
located west of SZHK along the coastline (Fig. 7a) and its
depth was shallow (Table 1). The computed total grav-
ity change and gravity anomaly due to both faults were
—44.7 pGal and —7.5 pGal, respectively, which suc-
cessfully reproduced the remainder of the observations
minus nontectonic effects (—44 pGal, “Additional tensile
fault representing fluid flow” section). Figure 7a, b shows
the computed displacement field. Compared with Case I,
the agreement for the vertical component at SZHK was
significantly improved because of the increased weight
in gravity. The computed uplift at SZHK was 17.5 cm,
which was very close to the observed 18 cm. ¥ gnss for
Case II was 3.22, which was greater than 2.83 for Case I,
indicating that Case II explained the gravity data better
than did Case I by slightly sacrificing the agreement with
the GNSS data. Figure 8 shows the behavior of ¥; when
each parameter of Case II is moved. The results show that
%1 has one minimum value for most parameters and that
the minimum values were located near the Case II values
shown in the table.

Figure 9a shows the total gravity change for Case
II. Compared with Fig. 3c, the overall pattern of grav-
ity change remained the same, but the magnitude of
the change decreased because the overestimation of
the change in height was eliminated as mentioned
above. Figure 9b shows the spatial pattern of the grav-
ity anomaly for Case II. Compared with Fig. 3d, a large
negative anomaly was localized near SZHK. The volume

137.0
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of fluid was 2.5 x 10® m?. The computed gravity anoma-
lies from Faults A and B were —1.9 pGal and —5.6 pGal,
respectively.

Case III in Table 1 shows the parameters such that ¥
was the second smallest (Fig. 6). The difference from
Case II was only the amount that the fault opened. The
reproducibility of the GNSS and gravity data was nearly
the same as that for Case II (Table 1).

Case IV in Table 1 shows the parameters that mini-
mize ¥; among the sets that produced gravity changes
smaller than —5 pGal (Fig. 6). The location of the tensile
fault was the same as that in Cases II and III, and only the
rake angle was slightly different. As a result, the pattern
of displacement in Case IV was almost identical to that
in Case II, although agreement with the observed vertical
displacement at SZHK in Case IV was slightly degraded
(compare Fig. 7c, d with a, b). The computed total grav-
ity change and gravity anomaly were also close to those
of Cases II and III (Table 1). ¥ gnss for Case IV improved
to 2.89, which was nearly the same as that for Case I
(2.83), indicating that Case IV accounted for the gravity
data to some extent without sacrificing agreement with
the GNSS data.

Next, Case V in Table 1 shows parameters that
minimize ), when the ratio of the gravity anomaly
was greater than 15%. Only the amounts of shear slip and
fault opening were slightly different from those in Cases
II and III. As a result of the reduced weight on grav-
ity, Xgnss for Case V was better than that for Case L
Comparing Figs. 3a with 7e and 3b with 7f, the results
show that the agreement in the vertical component was
greatly improved. The computed gravity anomaly was
sufficiently large. However, the amplitude of the com-
puted total gravity change was larger than that of the
observed change because of the overestimated uplift at
SZHK (Fig. 6f). Case VI in Table 1 shows an example
for which the computed total gravity change was closer

137.0

37.5

Fig. 9 Gravity change calculated for Case Il. a Total gravity change. b Contribution of subsurface dilatation to the gravity change in a. The units are

uGal
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to the observation. ¥ gngg for Case VI was smaller than
those for Cases II and III. Only the amount of shear slip
was different from that in Case V.

The above results indicate that placing an east-west
vertical tensile fault west of SZHK and making its top
edge shallower than the top edge of the coseismic fault
could reproduce both GNSS and gravity data. This ten-
dency did not strongly depend on the choice of function
that is minimized in the grid search.

4.2.4 Geophysical implications

From the above results, the following results related to
fluids can be derived. Before the May 2023 earthquake,
~3 x 107 m3 of fluids had accumulated in the deeper-dip-
ping fault (i.e., Fault C) (Nishimura et al. 2023). The May
2023 event broke the seal of preexisting cracks in the
shallower part of the coseismic fault, which triggered an
upward transient flow driven primarily by pressure dif-
ferences and buoyancy. Such mechanisms can be found
in the literature (e.g., Husen and Kissling 2001; Sibson
2020). Consequently, approximately 10% of the fluids
(~3 x 10° m®) moved into a region shallower than the
coseismic fault (tensile Fault B). Nearly the same volume
of fluids that flowed out of Fault C was likely fed imme-
diately from the fluid-rich region below it (Fig. 5c). The
estimated fluid volume on the order of 10° m® was within
the range of fluid volumes (105 m®) which was indicated
from an analysis based on injection-induced seismicity
(Mukubhira et al. 2022).

Kato (2024) reported that the aftershock front migrated
along the coseismic fault plane immediately after the May
2023 earthquake and noted that this shallowing could
have been triggered by the upwelling of fluids (Fig. 3a,
b of Kato (2024)). Our result was partly consistent with
his result in that our model could explain the upward
migration of fluids through the coseismic fault (Fig. 5c),
although the vertical tensile fault could not explain a
migration along an inclined plane. In addition, the loca-
tion of the tensile fault coincided with the source region
of the January 2024 M7.6 earthquake. This finding indi-
cates that fluid upwelling might have been one of the
factors that facilitated the January earthquake. Ma et al.
(2024) suggested that the initial rupture process of the
January event occurred within a fluid-rich fault zone.

Seismic tomography by Nakajima (2022) revealed that
a region with high V},/V; values exists in the lower and
upper portions of the source area of the 2007 Noto Pen-
insula earthquake. In addition, a region with high V,,/V;
values is located near the northeastern coastal area of
Suzu city in both the lower and upper parts of the source
of the May 2023 earthquake [V},/V; of F and G in Fig. 3
and the case for 5 km in Fig. S3 of Nakajima (2022) and
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Fig. 4 of Okada et al. (2024)]. The existence of such a
region in the shallower portion than the earthquake
source fault might indicate that the coseismic upwelling
of fluids, inferred from our gravity observations, has been
repeated in the past.

Even larger negative gravity anomalies, which could
not be explained by elasticity dislocation theory, were
observed in January 2024 at SZHK and NTWT after
the M7.6 event (in preparation). As mentioned above,
in these two areas, regions with high V},/V; values are
located in the shallow and lower portions of the sources.
These facts increase the possibility that the gravity anom-
aly between March and May reported in the present
paper is related to tectonic activity rather than fluctua-
tions in groundwater.

5 Conclusions

This paper reports the possibility that absolute grav-
ity measurements captured coseismic crustal fluid flow
in a nonvolcanically active region. The gravity meas-
urement site, SZHK, was located above the fault, and
a large gravity difference was detected from March to
May 2023, amounting to —47 pGal. The gravity anom-
aly calculated using the GNSS observed uplift of 18 cm
was — 10 pGal (Table 2). Nontectonic and tectonic ori-
gins to explain this gravity anomaly were considered.
Among these anomalies, —2 to —4 pGal was explain-
able by sea level changes and groundwater fluctua-
tions (Table 4). The subsurface density change caused
by coseismic shear slip, which was calculated from
dislocation theory, was approximately only —2 pGal.
Therefore, we added a vertical tensile fault to represent
the fluid flow shown in Fig. 5c. This model produced a
change of an additional —4 to — 6 pGal with little loss
of agreement with the GNSS-observed coseismic dis-
placement field (Cases II-VI in Table 1). Instead of
crustal fluid flow, a 40 cm decrease in the groundwater
level from March to May 2023 could explain the grav-
ity anomaly of — 6 pGal, but evidence is needed to sup-
port it. The migrated volume of crustal fluid inferred
from our analysis was approximately 10% of the vol-
ume that had accumulated on the deeper-dipping
fault (Nishimura et al. 2023). The fluid distributions in
the shallower regions inferred by seismic tomography
might have indirectly supported that the upwelling of
fluid due to such large earthquakes has been repeated
in the past. In conclusion, this paper provides the first
quantitative estimate of the volume of fluid movement
associated with the May 2023 earthquake, by com-
bining crustal deformation monitoring with precise
gravimetry.
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