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Abstract Understanding the physical mechanisms of intraplate earthquakes requires a better understanding
of the earthquake cycle and aseismic slip. A potential short-term repetition of intraplate earthquakes has been
documented from interferometric synthetic aperture radar (InSAR) observations of two M,,5.9 events in
northern Ibaraki Prefecture, Japan, which occurred on 19 March 2011 and 28 December 2016. However, our
understanding based on surface geodetic measurements remains limited, particularly in terms of spatial
resolution at depth. Here, we used the near-field seismic waveform data to complement InSAR data, thereby
improving the spatial resolution of the coseismic slip distributions. First, we confirmed that the aftershocks of
both events occurred along a common fault area. We then conducted a joint inversion that successfully
reconciled near-identical surface displacements with the different seismic waveforms. Our results indicate that
while the 2011 event mainly ruptured just updip of the hypocenter at 6 km depth, the 2016 rupture initiated
deeper, at 10 km, and propagated to the shallow, northern side, causing large slip near the 2011 rupture area. The
slip distributions of two events were complementary in the deeper portion (3 < z < 6 km), whereas those on the
shallower side (z < 3 km) largely overlapped, resulting in nearly identical surface displacements. Small
earthquakes rarely occur shallower than 3 km, suggesting that this shallow segment releases accumulated strain
aseismically. The two events repeatedly triggered seismic slip on this typically aseismic shallow segment,
possibly due to dynamic stress changes.

Plain Language Summary Two M,,5.9 crustal earthquakes occurred in northern Ibaraki Prefecture,
Japan, in 2011 and 2016, resulting in very similar surface displacements. While previous geodetic studies
have suggested that these two events represent a rare instance of extremely short-term earthquake repetition
on an intraplate fault, slip at depth may not have been fully resolved by geodetic data alone. In this study, we
used near-field seismic waveform data to complement existing geodetic data and improve the spatial
resolution of coseismic slip distributions. First, we confirmed that the aftershocks of both events occurred
along a common planar structure. We then combined near-field seismic waveform and surface displacement
data to estimate fault slip evolution. The results revealed that the two events ruptured slightly different fault
sections at greater depths (3 < z < 6 km) with distinct rupture characteristics. However, the shallowest parts
of the fault (z < 3 km) experienced repeated slip on nearly identical slip areas, producing strikingly similar
surface displacement patterns. Small earthquakes rarely occur at such shallow depths, suggesting that this
shallow segment releases accumulated strain aseismically. Due to dynamic stress changes, however, the two
mainshocks may have caused seismic slip on this otherwise aseismic segment, resulting in characteristic
surface displacements.

1. Introduction

Understanding earthquake occurrence processes requires understanding the stress accumulation and release
processes in seismogenic regions. At plate boundaries, a common view is that aseismic slip loads seismic patches
(asperities) and generates earthquakes (Lay & Kanamori, 1981). An increase in strain and stress on fault is
monitored via geodetic analysis (Saito & Noda, 2022; Savage, 1983), which exhibits substantial lateral variations
(e.g., Noda et al., 2018; Ryder & Biirgmann, 2008; Suwa et al., 2006). This depiction typically applies to plate-
boundary faults, while it remains unclear whether this applies to intraplate faults. For intraplate faults, the fric-
tional and rheological properties, fault maturity, loading rate, and the cause of loading may differ significantly
from those of interplate faults.
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Figure 1. (a) Map showing the study region. Red rectangle indicates the area shown in (c). Black contour lines show the
coseismic slip distribution of the 2011 M9 Tohoku event (Kubota et al., 2022). (b) Magnitude—time diagrams in the study
region. Blue circles with gray bars indicate the magnitudes in the Japan Meteorological Agency unified catalog. The black
line denotes the number of earthquakes with My, > 2.0, which is well beyond the lower detection limit. (c) Hypocenter
distribution. Gray circles show the hypocenters of shallow earthquakes (z < 40 km) with M4 >2.0 from 1 January 2003 to 30
September 2022. The circle sizes correspond to the diameters of Eshelby's (1957) circular fault with a stress drop of 3 MPa. Stars
and beach balls show the hypocenters and moment tensors for the two events, with blue and red indicating the 2011 and 2016
M,5.9 events, respectively. Black triangles denote the stations whose waveforms are shown in Figure 3. Blue and red contour
lines represent the coseismic slip distributions for the 2011 and 2016 events, respectively, by Fukushima et al. (2018).

Island arc crusts in subduction zones have various faults away from plate boundaries, each generating earth-
quakes. The force exerted on the plate boundary is the primary cause of stress fields that drive intraplate
deformation. Consequently, shallow intraplate faults have significantly lower loading rates than plate-boundary
faults. Aseismic deformation on the deep extension may cause stress concentrations away from the plate boundary
(Iio & Kobayashi, 2002). While some cases of interseismic aseismic deformation have been documented for
shallow intraplate faults (e.g., Meneses-Gutierrez & Nishimura, 2020), such observations remain limited owing to
their long recurrence intervals.

An important rationale supporting the asperity model is the existence of repeating earthquakes that rupture the
same fault area (Matsuzawa et al., 2002; Nadeau & Johnson, 1998; Uchida & Biirgmann, 2019). They are
interpreted as occurring in persistent asperities on faults surrounded by aseismic areas, and their detection is often
based on the high similarity of seismic waveforms (e.g., Uchida & Biirgmann, 2019). Recently, repeating
earthquakes have also been detected on intraplate faults far from the plate boundaries (Bourouis & Bernard, 2007;
Hayashi & Hiramatsu, 2013; Hiramatsu et al., 2011; Lengliné et al., 2014; Lin et al., 2016; Nakajima & Hase-
gawa, 2023; Naoi et al., 2015; Yoshida, Hasegawa, et al., 2020; Yoshida, Taira, et al., 2020; Yukutake
et al., 2022), suggesting that earthquakes on intraplate faults also occur at asperities on the faults, and the sur-
rounding aseismic slip contributes to stress accumulation. However, most intraplate repeating earthquakes
detected in previous studies were small (M|, < 4), and their details, including the validity of their detection, have
not been thoroughly examined.

In the northern Ibaraki Prefecture region of Japan, the seismicity level of normal-fault earthquakes drastically
increased after the 2011 M9 Tohoku event (Figures 1a and 1b, and Figure S1 in Supporting Information S1). In
this region, a normal fault stress regime under east-west tension had locally developed before the Tohoku
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Figure 2. Interferometric synthetic aperture radar (InSAR) records and seismic waveforms (vertical component) during the 2011 and 2016 M,,5.9 events at the IBRH13
downhole accelerometer. (a) and (b): Quasi-vertical components from InSAR records for the 2011 and 2016 events, respectively, by Fukushima et al. (2018). The cross
indicates the location of station. (c) and (d): Vertical components of acceleration, velocity, and displacement seismic waveforms for the 2011 and 2016 events,

respectively.

earthquake, which is an unusual feature for northeastern Japan (Imanishi et al., 2012; Yoshida et al., 2015a).
Before the Tohoku earthquake, the stress rate was low or even negative, primarily due to east-west compression
resulting from the slip deficit at the plate boundary. However, following the Tohoku earthquake, the loading rate
increased significantly due to the coseismic slip and subsequent afterslip (Imanishi et al., 2012; Kato et al., 2011;
Yoshidaet al., 2012, 2015a, 2019), which led to the drastic increase in seismicity. Magen et al. (2024) suggest that
creep on an offshore shallow normal fault also contributed to loading this area for up to a month after the Tohoku
earthquake.

Unusually similar crustal deformations were observed associated with two M,,5.9 earthquakes 5.8 years apart in
2011 and 2016 (Figure 1). The first event was an M, 5.87 earthquake on 19 March 2011, and the second was an
M. 5.94 earthquake on 28 December 2016. Here, the moment magnitudes, M,,, were based on the results of the W-
phase inversion by Kanamori et al. (2020). The Interferometric synthetic aperture radar (InSAR) observation
provided very similar surface displacements associated with the two events (Figures 2a and 2b; Fukushima
et al., 2018). Fukushima et al. (2018) inferred that the 2011 and 2016 M,,5.9 events ruptured the same area on an
identical fault. Subsequent studies examined the evolution of deformation as well as stress and strain changes in
this region by using InSAR and GNSS data (Magen et al., 2024; Wimpenny et al., 2022). According to Wimpenny
et al. (2022), the coseismic slip during the Tohoku earthquake induced approximately 10 microstrain of E-W
stretching in the region. This was followed by an additional ~0.4 microstrain of E-W stretching between 11
March and 18 March, just prior to the 2011 M 5.9 event. During the interevent period between these two M,,5.9
events, the GPS network recorded 3.1-3.6 microstrain. Wimpenny et al. (2022) conducted quantitative modeling
of the surface displacement and stress field, concluding that the repetition of these events required reduced fault
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strength. Since the GNSS stations are located outside the source region, it remains challenging to accurately
determine the spatio-temporal variations in stresses on the fault using GNSS data.

A key indication in previous geodetic studies has been that the two events repeatedly ruptured the same fault
segment. However, the seismic waveform inversion results provide a significantly different picture of these
earthquakes. Tanaka and Iwakiri (2017) and Hikima (2023) reported that the slip areas of the two events based on
seismic waveform modeling are not the same but rather located complementarily. However, their widely different
slip models do not explain the near-identical surface displacements obtained from the InSAR observations (Figure
3 of Hikima, 2023). Hikima (2023) suggested that in addition to the 2011 coseismic slip, further slip is necessary
to explain the observed amount of surface displacement, with a possible candidate being an early afterslip within a
day of the mainshock. Based on the analysis of GNSS data from 12 March to 10 April 2011, Magen et al. (2024)
also identified significant slip on the fault of the 19 March 2011 earthquake that was not associated with coseismic
slip, suggesting the occurrence of pre-and/or postseismic slip.

Determining whether the surface displacement immediately after an earthquake is primarily caused by coseismic
slip or is strongly affected by other effects (e.g., early afterslip or slow plastic deformation) is critical for un-
derstanding the fault dynamics. However, previous studies analyzed the seismic and geodetic data separately and
did not investigate whether the two data sets could be explained by common coseismic slip models. Given the
nonuniqueness of inversion solutions, joint inversion is needed to better resolve rupture processes (Dreger
etal., 2015; Funning et al., 2014; Kim et al., 2016; Kubo et al., 2013; Wald & Heaton, 1994; Yoshida et al., 1996).
Moreover, this pair of earthquakes provides a rare opportunity to study the possible repetition of nearly M, 6
intraplate earthquakes using near-field observations (the closest seismic station is 1.4 km from the epicenter),
which can provide critical insights into intraplate processes. In this study, we investigated the fault structures,
rupture processes, and slip distributions of the two M,5.9 events using the hypocenter distribution, near-field
seismic waveform data, and geodetic data.

2. Near-Field Seismic Waveforms

Fortunately, two downhole strong-motion sensors IBRH13 and IBRH14 in Figure 1c) were located close to the
epicenters of the two events and recorded high-quality accelerations (Figures 2c and 2d and Figure S2 in Sup-
porting Information S1; Yoshida, 2024). According to information from the National Research Institute for Earth
Science and Disaster Resilience (NIED) Hi-net, downhole sensors are surrounded by granite with high seismic
velocities (https://www.hinet.bosai.go.jp/st_info/detail/?LANG=en). Figures 2c and 2d show the velocity and
displacement waveforms (vertical components) obtained by performing one and two integrations on the accel-
eration waveforms from the downhole sensor of station IBRH13. We observed the velocity pulses and static
displacements associated with these two events. Figures 2a and 2b show the quasi-vertical displacements (tilted
8.4° south of the vertical) estimated by Fukushima et al. (2018) by converting line-of-sight (LOS) displacements
from two different directions. Based on the KiK-net data, the final vertical displacement was approximately 10 cm
for the 2011 event, whereas it was approximately 6 cm for the 2016 event. These vertical displacement values are
slightly smaller than the InSAR quasi-vertical observations (17.2 cm for the 2011 event and 7.8 cm for the 2016
event). This may be attributed to several factors, including postseismic deformation in the InSAR data (the
conversion includes data obtained approximately 1 month after each event) and the tilt.

The waveform characteristics of the two events exhibit distinct differences. Figure 3 compares the vertical velocity
waveforms with and withouta 0.25 Hz low-pass filter. The cutoff frequency corresponds to the approximate S-wave
corner frequency of an M, 5.9 event with a stress drop of 3 MPa based on the Brune (1970) source model. This
frequency is comparable to the recommended upper limit of the frequency band to detect repeating earthquakes of
this size (Uchida, 2019). After filtering, the waveforms still retain their different characteristics that are less evident
at teleseismic distances (Wimpenny et al., 2022), highlighting the importance of using near-source data.

3. Fault Structure and Aftershocks

We examined the fault structures and early aftershocks of the two M,,5.9 events. The hypocenters were obtained
from Yoshida et al. (2024a, 2024b), who refined the one-dimensional velocity model in this region and relocated
the hypocenters of 33,400 My, > 1 events using near-source observational data. The standard errors for the 2011
hypocenter are 0.23 km in longitude, 0.17 km in latitude, and 0.22 km in depth. For the 2016 hypocenter, the
standard errors are 0.26 km in longitude, 0.14 km in latitude, and 0.24 km in depth.
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Figure 3. Velocity waveforms of the transverse S-waves of the (a) 2011 and (b) 2016 M,,5.9 events at the five stations shown in Figure 1c. Blue and red show the

waveform with and without a low-pass filter with a cutoff frequency of 0.3 Hz. The time at = O corresponds to the origin time.

Figures 4 and 5 show maps and cross-sectional views of the hypocenters, respectively. The aftershocks within a
week of the 2011 and 2016 M, 5.9 events are shown in Figures 4a and 4b, respectively. Most events are
concentrated at depths of 3—11 km, with only a few occurring at depths shallower than 3 km. The distribution near

140.6°E

140.7°E

140.6°E

140.5°E

140.5°E

Figure 4. Hypocenter distributions. Black circles represent aftershocks within a week of the (a) 2011 and (b) 2016 M 5.9 events. Circle sizes correspond to the fault
diameter, assuming a stress drop of 3 MPa. Blue and red stars represent the epicenters of the 2011 and 2016 M 5.9 events, respectively. The contour lines indicate the

mainshock coseismic slip distributions.
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Figure 5. Cross-sectional view of the hypocenters. The 16 subfigures show across-fault vertical cross-sections along the lines shown in Figure 4. Blue and red stars
indicate the hypocenters of the 2011 M 5.9 and 2016 M, 5.9 events, respectively.

the northern (Figures 5a—5d) and southern edges (Figures 5k—5p) is complex, showing an intricate distribution of
multiple conjugate planar structures. However, a large west-dipping planar structure is observed in the central
region between the two hypocenters (Figures 5g-5j).

Previous studies have suggested that this west-dipping planar structure represents the fault of the 2011 M 5.9
event (Yoshida et al., 2015b). Figure 6 shows the focal mechanisms of the F-net moment tensor catalog (Kubo
etal., 2002) at the hypocenters. The focal mechanisms of these two M,,5.9 events and other events were consistent
with the west-dipping plane and several conjugate planes. The 2016 M,,5.9 event likely produced a rupture on this
plane. Figures 4 and 7 show the distribution of My, > 2 aftershocks within a week of each M,,5.9 event. They are
distributed on the same west-dipping planar structure in the central part, with similar lateral ranges.

However, the rupture initiation points (hypocenters) of the two events are distinct: the 2011 M,,5.9 event initiated
at the middle depth of this planar structure (z = 6.1 km; Figure 7b), while the 2016 M,,5.9 event started from a
southern and deeper position (z = 9.6 km; Figure 7d). The distance between the two hypocenters is approximately
10 km. The large differences in the hypocenter locations indicate that their rupture processes widely differed.

4. Coseismic Slip Distributions for the Two M 5.9 Events

4.1. Data

We estimated the rupture processes of the two M,,5.9 events using joint inversion of near-source waveform and
InSAR data (Figure 2). The InSAR records from Fukushima et al. (2018) were included in our data set (Figures 8a
and 8d), with the long-wavelength displacement signals caused by the Tohoku earthquake already removed. Each
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broken lines represent the model fault. The green crosses indicate the locations of the subfaults of the two-fault model.
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Figure 8. Observed and computed surface displacements in the line-of-sight (LOS) directions associated with the 2011 and 2016 M, 5.9 events. The arrows indicate the
LOS direction. (a) and (d): Surface displacements after the 2011 and 2016 M 5.9 events, respectively, obtained from interferometric synthetic aperture radar

observations. (b) and (e):

Surface displacements calculated from the slip distributions obtained in this study (Figure 9) for the 2011 and 2016 M 5.9 events, respectively.

(c) and (f): Observed-minus-computed (O-C) residuals for the 2011 and 2016 M,,5.9 events, respectively.

interferogram was obtained from the images acquired before and after the earthquake: 27 days prior and one day
after for the 2011 event, and 44 days prior and 56 days after for the 2016 event. The LOS directions are in the ENE
direction (azimuth of 280.32°, indicated by the arrows in Figure 8) both for the 2011 and 2016 events (incidence
angle of 38.7° and 36.2°, respectively). Additionally, we used seismic waveform records obtained from five
downhole sensors at KiK-net stations within 20 km of the hypocenters (Figure 1¢). Unfortunately, because the
waveform was not recorded at one station (IBRHO06) at the time of the 2011 event, we used only waveforms from
the other four stations for this event. We used all the three components in our inversion.

The InSAR data were downsampled at 0.01° intervals in areas of high displacement and at 0.02° intervals in areas
of low displacement, as indicated by the crosses in Figures 8a and 8d. The high-cut frequency for seismic
waveform was set at 1 Hz and downsampled at 0.1 s intervals. The velocity waveforms obtained by integrating the
acceleration waveforms were used.

4.2. Method

We retrieved time-dependent slip distributions using the methods of Hartzell and Heaton (1983) and Wald and
Heaton (1994), by simultaneously inverting the InSAR and waveform data. It was assumed that the rupture front
propagates along the model fault at a constant velocity V, from the hypocenter. The model fault was set based on
the aftershock distribution and focal mechanisms, as shown in Figures 6 and 7. We used a common geometry of
the subfaults for these two events. The strike angle is 155°, and the dip angle is 50°, with a length of 22.5 km and a
width of 9.9 km. The hypocenters of the two events were located at the center of different subfaults. We allowed
the rake angle to vary within a range of —90° to +45° for each subfault and time window. The model fault was
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divided into 408 subfaults, with a length of 0.66 km and width of 1.28 km. The number of subfaults was 34 along
the fault length and 12 along the fault width. The shallowest subfault center is 0.47 km deep, and the deepest
subfault center is 11.2 km deep. The local moment rate function at each subfault was represented by the su-
perposition of five triangular submoment-rate functions (sMRFs) with a half-duration of #,. At each subfault, the
onset of the ith sMRF occurs att =ty + (i — 1)fy,, where f;,0p, is the time when the rupture front reaches the
center.

We estimated a vector m containing the amplitudes of 2040 (408 X 5) sMRFs by solving the following linear

equation:

Wdy, = WGm. (1)

dwv/ SS va

dinsar/ SSRinsar
InSAR data (dj,sar), G is the synthetic waveform matrix, and W is a diagonal matrix to weight each equation. We

where d,, = ( ) is the data vector containing the amplitudes of the waveforms (d,,,) and

normalized d,,, and dj,5ag in dyps as well as the corresponding synthetics in G using their sums of square root
(SSRy,y and SSRy;sar, respectively). As components of the diagonal matrix W, we set the weights of the
waveform data to a constant value of 1 and the relative weights of the InSAR data to r,,, where r,, is determined
later. To obtain the synthetic waveform and displacement data (G), we used the wavenumber integration code of
Zhu and Rivera (2002) and the depth-dependent medium model of Yoshida et al. (2024a) (Figure S3 in Sup-
porting Information S1) based on the empirical relationship with seismic velocity.

We used the nonnegative least-squares algorithm of Lawson and Hanson (1995) to obtain m under damping
conditions. We determined the specific damping factor of 4 = 0.4 based on the trade-off curve. Since the re-
siduals increase rapidly when A exceeds this point, the current setting produces a slip distribution near the res-
olution limit. The slip distribution was computed from the moment-release distributions obtained with depth-
dependent rigidity. Then, we performed joint inversion under various V,/V, (0.1-0.9 at 0.1 intervals), #, (0.1-
1.2 s at 0.1 s intervals), and r,, (0.5, 1.0, and 2.0). Here, V, is the S-wave velocity at the depth of the respective
hypocenter, which is 3.45 and 3.52 km/s for the 2011 and 2016 events, respectively.

—_ 2
We computed the variance reduction, VR = 100 X (1 - %) , between the synthetic (s;) and observed
amplitudes (d;) for the seismic waveform (VR,,) and InSAR data sets (VRysar), respectively. We adopted
rwi = 1.0, which maximizes the average variance reduction, VR csn = (VRy, + VRysar)/2, to account for

both data sets.

4.3. Results

The optimal parameters are V,/V, = 0.9 and , = 0.2 s for the 2011 event and V,/V, = 0.6 and 1, = 0.4 s for the
2016 event. Figures 9a and 9b show the derived coseismic slip distributions for the 2011 and 2016 events. The slip
distribution in the fault coordinates, and the waveform fitting are shown in Figure S3 in Supporting Informa-
tion S1. Our models reconcile the observations of near-identical surface displacements (Figures 8b, 8c, 8e, and 8f)
with differing seismic waveform data (Figure S3 in Supporting Information S1). VR .., is 88.4% (VR,,, is 83.9%
and VRgar i 92.9%) for the 2011 event and 89.3% (VR,,, is 86.2% and VRy,gar is 92.5%) for the 2016 event. In
both events, VRsar shows high values (>80%) with little dependence on the assumed V, or f;,, whereas VR,
shows a strong dependence on them (Figure S4 in Supporting Information S1).

The estimated M, is 5.92 for the 2011 event and 5.88 for the 2016 event, similar to the estimates based on W-
phase inversion (Kanamori et al., 2020). In both events, the estimated rake angles were consistent with normal
fault slip for each subfault (Figure S3 in Supporting Information S1). We calculated the distribution of the shear
stress change on the fault based on Okada (1992) for a semi-infinite elastic body (Young’s modulus of 80 GPa and
Poisson’s ratio of 0.25). The energy-based stress drop (Noda et al., 2013) is Aoy = 1.4 MPa for the 2011 event
and 0.9 MPa for the 2016 event (Figure S5 in Supporting Information S1). The stress drop around the slip peak
exceeded 5 MPa for the 2011 event. According to Kanamori et al. (2020), the radiated energies of the 2011 and
2016 events are Ex = 1.5 x 10" and 9.9 x 10'? J, respectively. The 2011 earthquake exhibited a larger
maximum slip, stress drop, rupture velocity, radiated energy, and slightly greater seismic moment, contributing to
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Figure 9. Coseismic slip distributions for the (a) 2011 and (b) 2016 M,,5.9 events obtained via joint inversion. The contour lines indicate the slip amount. The stars
denote the mainshock hypocenters. Gray circles show aftershocks within 1 week. (c) Comparison of the slip areas of the two M,,5.9 events. Blue and red represent the
2011 and 2016 events, respectively. The colored circles represent the ratio s,0;1/(s2011 + S2016)> Where sog;; and 556 are the slip amounts of the 2011 and 2016
earthquakes, respectively, as shown in the color scale. Dots indicate the subfaults whose slip amounts are shown in Figure S15 in Supporting Information S1. (d) and (e):
Moment-rate functions for the 2011 and 2016 events, respectively.

the slightly larger velocity and acceleration amplitudes observed at the nearest stations (Figures 2c and 2d). The

moment-scaled radiated energies based on the obtained seismic moments are ey = AE/T}; = 1.57 x 107> for the

2011 event and 1.19 x 107> for the 2016 event. These values are similar to or slightly smaller than the average
value of 3 X 107 in the crust of Japan (Kanamori et al., 2020; Yoshida & Kanamori, 2023). Assuming a rigidity
u of 32 GPa, the radiation efficiencies are n = ZpAL{‘;n = 0.33 for the 2011 event and 0.40 for the 2016 event.
These values fall within the typical range (0.25-1.0) obtained for various tectonics worldwide (Venkataraman &
Kanamori, 2004).

Both events had their main slips near the hypocenter of the 2011 event and away from the hypocenter of the 2016
event (Figure 9). The lateral extents of the main slip regions are similar for both events and align closely with the
regions where gaps were observed in the early aftershock distributions (Figure 4). The moment-rate functions
(Figures 9d and 9¢) show that the 2011 event completed rupture in the first 5 s, whereas the 2016 event started the
main rupture at # = 5 s and lasted approximately 5 s. Figure 10 shows the time variation of the slip distributions of
the two events in six time windows (0.0-1.5, 1.5-3.0, 3.0-4.5, 4.5-6.0, 6.0-7.5, and 7.5-9.0 s). During the 2011
event, large slip occurred near the hypocenter at ¢ = 0.0-1.5s. In contrast, the main slip of the 2016 event occurred
approximately 5 km north of its hypocenter near the hypocenter of the 2011 event, approximately 5.0 s later
(Figures 10j and 10k).

Figure 9¢ compares the final slip distributions of the two events on the map. We also calculated the slip ratio
between the two events, R(x), for each subfault and presented it in the figure, where
R(x) = s5011(x)/ (52011(x) + $2016(x)), and s50;,(x) and s,,6(x) indicate the slip distribution of the 2011 and
2016 events, respectively. When R(x) is close to 0.5, both events cause the same amount of slip on that subfault,
while when R(x) is close to 0 and 1, the slip occurs primarily only during the 2011 and 2016 events, respectively.
To emphasize the subfaults with significant slip, results were excluded when the slip amounts for both events
were less than 30 cm. The figure shows that one of the slip areas, located east of the 2011 hypocenter at depths
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Figure 10. Time evolution of the coseismic slip distribution for the 2011 and 2016 M,,5.9 events. The amount of slip shown by color and contour represents the
cumulative amount within each time window. The blue and red stars represent the 2011 and 2016 M,,5.9 epicenters, respectively.

shallower than 3 km, is nearly identical for both event (indicated by white circles; R(x) ~ 0.5). This similarity
explains the similar observed surface displacements (Figure 8). We refer to this area as the shallow slip area. In
contrast, the slip areas on the deeper side (3 < z < 6 km) of the two earthquakes were offset, yet remained adjacent
to each other. The largest slip area of the 2011 event is located just northeast of the hypocenter (blue star), while
the peak of the 2016 slip is shifted to the southeast of the 2011 peak. We refer to these areas as the deep slip areas.

In general, the inversion results of the rupture process are subject to uncertainties. The uncertainties in the final
slip distributions were examined by changing the three assumed parameters (V,/V, ,, and r,,). Figure 11 shows
the slip distributions of all the models whose VR cans VRy, and VR sar Were greater than 90% of those of the
optimal model (shown by crosses in Figure S4 in Supporting Information S1 for r,, = 1.0). The results indicated
that the slip areas of the two events were fairly stably determined (Figure 11). The two deep slip areas are offset in
all cases, while the shallow slip areas consistently overlap for both events. Overall, our slip distribution exhibits
more localized slip areas compared to those of Fukushima et al. (2018), due to the enhanced spatial resolution
provided by the waveform data.

Yoshida et al. (2024a) estimated the depth variation in the Q-value in this region and suggested that the Q-value is
significantly smaller (~55) than that assumed in the shallow part (z < 3 km), affecting the high-frequency
waveforms (>15 Hz). We performed an inversion using Green’s function with the shallow low Q-value model
and obtained results that were nearly identical to the original (Figure S6 in Supporting Information S1). Because
we used near-source data, the effect of the low Q-value was negligible in this low-frequency band (<1 Hz).

Above, we used a simple single-fault model. However, the spatial pattern in the InSAR records suggests that the
fault strike may change just south of the displacement peak (Fukushima et al., 2018). Building on this idea, we
also created a fault model consisting of two planar faults with different strike and dip angles and performed
additional inversions using the same data. Following Hikima (2023), we assumed a 141° strike and 47° dip for the
northern fault, and a 160° strike and 50° dip for the southern fault (Figure 7 and Figure S7 in Supporting
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Figure 11. Variation of results for different assumed parameters. (a): The 2011 event; (b) the 2016 event. The light-colored
contour represents the slip amount of the other event. Blue and red stars represent the epicenters of the 2011 and 2016 M,5.9
earthquakes, respectively. Black contour lines represent slip areas by Fukushima et al. (2018). (c) and (d): Moment-rate
functions for the 2011 and 2016 events, respectively.

Information S1). The hypocenters of the 2011 and 2016 events are located on subfaults of the northern and
southern faults, respectively. The width and length of each subfault are set to 1.1 and 0.7 km, respectively,
resulting in a total of 403 subfaults. The rupture initiation time at each subfault is given by #;,,, = r/v,, where r
denotes the distance from the hypocenter to the center of the subfault. This result (Figure S7 in Supporting In-
formation S1) also shares the same characteristics as our single planar fault model, with comparable variance
reductions of 89% for the 2011 event and 88% for the 2016 event. In both results, the deeper slip areas are
displaced from each other, while the shallower slip areas overlap. The locations of the deep slip areas for the 2011
and 2016 events are nearly identical to our single fault-model results, with the 2011 event associated with the
northern fault and the 2016 event with the southern fault.

To evaluate the seismic constraints independently from the InNSAR constraints, we performed inversions using
only seismic waveform data (Figure S8 in Supporting Information S1). Estimating the slip distribution based on
seismic waveforms alone depends on the assumption of rupture propagation. However, in the present case,
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because near-field seismic waveform data, including surface displacement signals, are available (Figures 2c and
2d), the static slip distribution is expected to be robustly constrained. Indeed, the obtained slip models are
similar to our joint inversion results at depths greater than 3 km (Figure S8 in Supporting Information S1).
Waveform fitting is slightly better than for joint inversion, with VR, of 88.0% and 86.8% for the 2011 and
2016 events, respectively, though the difference is minimal. They also roughly reproduced the surface dis-
placements (Figure S9 in Supporting Information S1; VRysar = 54% for the 2011 event and VR sar = 66%
for the 2016 event). In the case of the 2016 event, the inversion using waveform alone effectively reproduces the
peak of the InSAR displacement. However, the amount of shallow slip is too small for the 2011 event and does
not explain the large local surface displacement near the shallow ends of the faults. This result indicates that,
even when near-source seismic waveform data are available, the combined use of InSAR data is necessary to
fully resolve shallow slip.

Because the main rupture of the 2016 event occurred away from the hypocenter, it is possible that the ruptures at
the hypocenter and the main slip area represent separate events. To test this hypothesis, we consider a scenario in
which the 2016 event was initiated at the same hypocenter as the 2011 event. We set the delay time to 4.0 s after
the onset, based on Figure 9e, and performed the same joint inversion with various parameters of V,/V and ,.
The maximum VR, is 89.0% (VR,,, = 84.6% and VR sar = 93.4%) when V,/V, = 0.9 and 1, = 0.3 (Figures
S1, S11, and S12 in Supporting Information S1). This value is comparable to the VR, for the original setting
(89.3%). Even in this case, the deep slip patch of the 2016 event is complementary and shallower than that of the
2011 event (Figures S10 and S11 in Supporting Information S1), similar to the original results.

5. Discussion

The two M 5.9 events occurring 5.8 years apart in northern Ibaraki Prefecture have been characterized by near-
identical surface displacement patterns and widely different seismic waveforms. Previous studies have used two
types of data separately and obtained different trends. This study performed a joint inversion and reconciled near-
identical surface displacements with different waveforms.

Figure 12 summarizes the results. The hypocenters of the two events are offset by approximately 10 km
(Figure 3), and the rupture processes of the two events are markedly different and are responsible for their widely
different seismic waveforms (Figure 3). In the 2016 event, the main rupture occurred nearly 10 km from the
hypocenter and might have been dynamically triggered by seismic waves rather than by rupture propagation
initiated at the hypocenter. Nevertheless, the main slip areas of the two events were close to each other. The
inferred deep slip areas (z > 3 km) of the two events are adjacent to each other (Figure 9). Aftershocks are
distributed in a manner that avoids these areas, likely reflecting stress redistribution.
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Based on similar InNSAR images, previous geodetic studies have suggested that the two events caused repeated
ruptures at the same segment on the same fault (Fukushima et al., 2018; Wimpenny et al., 2022). Short-term
repetition of events as large as M,, ~ 6 has occasionally been reported at plate boundaries (e.g., Yosh-
ida, 2023), although they are rare on intraplate faults. However, our results suggest that the 2011 and 2016
earthquakes were not repeating earthquakes. Tests with different rupture parameters always resulted in an offset
in the deep slip areas for the two events (Figure 11). Based on surface displacement data, Wimpenny et al. (2022)
showed that the amount of interseismic stress increase between the two events was insufficient for the 2016 event
to re-rupture the 2011 event rupture area. A stress drop >5 MPa in the deep slip area of the 2011 event (Figure S5
in Supporting Information S1) also suggests that slip repetition in this area does not occur easily.

The obtained feature of the deep slip area of the 2011 event, adjacent to that of the 2016 event, is consistent with
previous studies based on seismic waveform data (Hikima, 2023; Tanaka & Iwakiri, 2017). However, the pre-
vious models did not explain the near-identical surface displacements obtained from InSAR observations. Our
joint inversion results include areas of relatively high slip at shallower depths (z < 3 km), which explain the short-
wavelength pattern of the surface displacement near the top of the fault. Over 30 cm of coseismic slip occurred at
the shallow depth (z < 3 km). The moment releases at z < 3 km are approximately 35% and 39% of the total
moment releases for the 2011 and 2016 events, respectively. The depth profiles of the slip near the major slip area
(indicated by dots in Figure 9c) show that the cumulative slip from both earthquakes remains approximately
constant at about 0.9 m, within depths ranging from 1 to 3 km (Figure S13 in Supporting Information S1). This
value is somewhat smaller than, but comparable to, the 1.1 m slip at the peak located at a depth of 4.5 km.

Figure 13 shows the distribution of surface displacements calculated from the subfaults at z < 3 km (Figures 13a
and 13b) and z > 3 km (Figures 13c and 13d). The deep slip at z > 3 km contributes to the overall long-wavelength
pattern, and the major influence on the observed local displacement is the shallow slip at z < 3 km. In contrast, for
the waveforms, shallow slip (z < 3 km) has only a minor effect on the later portions of the waveforms (Figure S3
in Supporting Information S1). Thus, shallow slip areas were not imaged for the 2011 event only from seismic
waveform data, even with near-field data. Nevertheless, the contribution of shallow slip is crucial for surface
displacements.

Our results show that a slight difference in the deep slip area can produce near-identical InSAR image patterns if
the shallow slip areas are close (Figure 8). This implies that similar surface displacement patterns can arise even
when the major slip areas at depth are not indentical. This nonuniqueness in fault slip inversions is widely known,
and our results highlight that this problem exists even for shallow (z < 10 km) surface-rupturing events because of
the strong shallow-depth sensitivity of the surface displacement data. Combining surface displacement and
seismic waveform data is essential for unraveling the details of the rupture processes for shallow earthquakes.

Our InSAR data for the 2011 event were derived from the radar image acquired one day after the event
(Fukushima et al., 2018). We assumed that no significant afterslip occurred within a day, but several studies of
other earthquakes have shown that early afterslips within a day can account for approximately 30% of the
coseismic slip (Jiang et al., 2021; Milliner et al., 2020). Differences in observation timescales can be problematic
when using seismic and geodetic data jointly for fault slip inversions. In our study, because the slip at the
shallowest part (z < 3 km) is not constrained by the seismic waveforms (Figure S8 in Supporting Information S1),
we may not completely eliminate the possibility that the shallowest slip occurred as extremely early afterslip
within a day. However, InSAR images obtained by Wimpenny et al. (2022) (Figure 4 in Wimpenny et al., 2022)
suggest that at least a few days following the mainshock, afterslip did not occur in the area where our joint
inversion estimated shallow slip but to the south of it.

For the 2016 event, our InSAR data were derived from the radar image acquired 56 days after the event
(Fukushima et al., 2018). According to Fukushima et al. (2018) and Wimpenny et al. (2022), the afterslip of the
2016 event is much smaller than that of the 2011 event, although some effects may still be present in the data
because of the long time period. For the 2016 event, records from one day after the mainshock are also available
for descending orbits (azimuth of 79.6° and incidence angle of 36.1°), despite the different LOS direction from
that used for the 2011 event (Fukushima et al., 2018). We performed a source inversion of the 2016 event using
the InSAR data from the descending LOS, with the same waveform data. The results are very similar to those
obtained from the ascending record (Figures S14 and S15 in Supporting Information S1). In addition, this shallow
area was also identified in the inversion results using only the waveform data (Figure S8b in Supporting Infor-
mation S1), suggesting that the effect of aftershock slip is only minor.
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Figure 13. Surface displacements produced by shallow (z < 3 km) and deep (z > 3 km) subfaults. (a) and (b): Contributions of
shallow subfaults (z < 3 km) to the surface displacements associated with the 2011 and 2016 events, respectively. (c) and (d):
Contributions of deep subfaults (z > 3 km) to the surface displacements associated with the 2011 and 2016 events,
respectively.

Our results suggest that the two mainshocks caused slip shallower than 3 km, contributing to localized surface
displacement. Most aftershocks occurred at depths greater than 3 km (Figure 7), with almost no aftershocks
shallower than 3 km near the mainshock rupture areas nor along the strike extension. The lack of small earth-
quakes suggests that the shallowest part (z < 3 km) of the fault can release the accumulated strain aseismically
because of mildly velocity-strengthening (Kaneko et al., 2010) or conditionally stable velocity-weakening re-
gimes due to small normal stresses at shallow depths (Scholz, 1998). Granite is distributed near the ground surface
in this region (AIST Geological Survey of Japan, 2023). The temperature dependence of the frictional properties
of granite (Blanpied et al., 1991) or clay evolution on the faut (Vrolijk & van der Pluijm, 1999) may have
contributed to the development of the velocity-strengthening frictional properties. Nevertheless, the coseismic
ruptures may have propagated through this aseismic segment during the two events, possibly due to their dynamic
stress changes (e.g., Kaneko et al., 2008), and caused shallow slip that significantly contributed to the surface
displacement.
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The deep slip in 2016 occurred at a depth of 3—4 km, near the depth where smaller events cease to occur at
shallower levels. The 2011 event did not cause significant slip in the 2016 deep patch, suggesting that this slip
patch acted as a barrier during the 2011 event due to a local geometrical bump or fault bend. Following the 2011
M,,5.9 event, its significant afterslip, postseismic deformation of the Tohoku earthquake (Fukushima et al., 2018;
Wimpenny et al., 2022), and other small earthquakes may have accumulated shear stresses in this patch, ulti-
mately causing it to rupture and produce a large slip during the 2016 event. The deep slip patches of the 2016 and
2011 events exhibit velocity-weakening, rather than velocity-strengthening, frictional behavior. This situation for
the intraplate fault may be analogous to the prevailing type of asperity model based on the rate-and state-
dependent friction laws (Dieterch, 1979; Ruina, 1983), where the velocity-strengthening zone surrounds the
seismic asperities.

The slip models for the 2011 and 2016 events presented in this study offer valuable insights into the physical
processes driving the seismic cycle of the intraplate fault. However, further investigation is necessary, particularly
to quantify the static and dynamic stress interactions between the inferred shallow and deep fault-slip patches.
Such analyses are essential for a more comprehensive understanding of the earthquake cycle on the intraplate
fault, especially under the influence of time-dependent loading associated with the 2011 Tohoku earthquake.

6. Conclusion

We complemented previous geodetic data with near-field seismic waveform data to enhance the spatial resolution
of two near-identical M, 5.9 earthquakes in northern Ibaraki Prefecture, Japan. The results showed that the deep
slip areas (3 < z < 6 km) of the two events are adjacent to each other and that they were not repeated ruptures of the
same slip patch. Nevertheless, the observed InSAR data were very similar because the shallowest slip areas
(z < 3 km) largely overlapped. Seismic waveforms are typically less sensitive to late slips during the rupture
process, and surface displacements have a lower spatial resolution for deeper slips. These differences indicate that
seismic waveform and surface displacement data should be jointly used to unravel the detailed processes of
shallow events (z < 10 km). Small earthquakes rarely occur at depths shallower than 3 km in this region, sug-
gesting that the shallow segment can release accumulated strain aseismically. The two mainshock ruptures may
have triggered aseismic slip in the same aseismic segment, possibly due to the dynamic stress changes, producing
characteristic surface displacements.

Data Availability Statement

The InSAR data used in this study and the slip inversion results are available at Zenodo via https://doi.org/10.
5281/zenodo.14772367 with CC-BY 4.0 license (Yoshida et al., 2025). The seismograms used in this study were
collected and stored by the JMA, national universities, and the National Research Institute for Earth Science and
Disaster Resilience (NIED, 2019). This study used the hypocenter catalog by Yoshida et al. (2024b) and moment
tensor data from the F-net moment tensor catalog (Kubo et al., 2002). The figures were created using the Generic
Mapping Tool (GMT; Wessel & Smith, 1998).
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