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Abstract 

Crustal earthquakes are generally recognized as having recurrence periods of more than 1000 years. However, 
in northern Ibaraki Prefecture, Japan, two moderate-sized earthquakes occurred on almost the same fault plane 
in 2011 and 2016. Moreover, it has been reported that the slip distributions derived from crustal deformation data 
from these two events are almost identical. We performed a near-field waveform inversion analysis to estimate 
the details of the spatiotemporal distribution of the co-seismic rupture. Our results reveal large slip areas during each 
earthquake at different locations across the bend of the fault plane. These results indicate that the shear stress 
of the fault area where the main slip occurred during the 2011 event was not rebuilt in such a short period, a phe-
nomenon that had not previously been discussed for this sequence. Our results also suggest that the fault geometry 
affected such complex fault ruptures.
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Graphical Abstract

Introduction
In northern Ibaraki Prefecture on the eastern coast of 
Honshu, Japan, facing the source area of the 11 March 
2011 Tohoku-Oki earthquake (moment magnitude MW 
9.0), a moderate earthquake of MJ 6.3 (MJ refers to the 
magnitude scale determined by the Japan Meteorologi-
cal Agency) occurred on 28 December 2016. However, 
in almost the same location, a comparable MJ 6.1 earth-
quake had previously occurred on 19 March 2011 (Fig. 1). 
The fault slip models of these earthquakes have almost 
identical fault planes and slip distributions, according to 
inversion analyses of the crustal deformation data (Fuku-
shima et  al. 2018; Kobayashi 2017). These prior results 
indicate that the fault plane slipped with an interval of 
only approximately 5.8  years. However, crustal earth-
quakes, which occur in Earth’s upper crust, are recog-
nized as typically having recurrence periods of 1000 years 
or more. Therefore, this singular phenomenon gives sig-
nificant information on the occurrence of crustal earth-
quakes. However, the source analyses appear to have 
limited time resolution because they were performed 
using static deformation data.

According to Fukushima et al. (2018), the causes for the 
extremely early recurrence were (1) that exceptionally 
large post-seismic deformation following the first MJ 6.1 
event rebuilt the shear stress on the fault and (2) that the 
rapid and sizeable post-seismic deformation of the 2011 
Tohoku-Oki earthquake also promoted such afterslip. 
The afterslip of the first MJ 6.1 event is considerable, and 
it should be considered that source process analysis using 
interferometric synthetic aperture radar (InSAR), which 
was the main approach used in the analysis by Fukush-
ima et  al. (2018), may contain not only co-seismic slip 
but also post- and pre-seismic slip. This is because these 
InSAR images were obtained by taking the difference 

between the satellite images before and after the earth-
quake. Wimpenny et al. (2022) provided a more detailed 
discussion of the causes of the early recurrence, using not 
only crustal deformation data but also far-field seismic 
records. However, they did not present a new slip model 
but instead followed the slip distributions determined by 
Fukushima et al. (2018). Therefore, source process analy-
sis with high-temporal-resolution data is also required to 
derive detailed co-seismic slip distributions for the 2011 
and 2016 events. We should examine the causes of the 
recurrence of these events, considering co-seismic source 
models derived in this manner.

In this study, we performed a waveform inversion anal-
ysis using near-field strong ground motions to construct 
detailed spatiotemporal source models of these earth-
quakes, updating our previous results (Hikima 2017). 
Although some research groups have performed similar 
studies (Uchide et  al. 2018; Tanaka and Iwakiri 2017), 
we performed the analysis assuming a bending fault 
geometry based on the detailed hypocenter distribu-
tions (Kato et al. 2017). In this paper, we first report the 
seismic moments for these events collected from catalog 
data and demonstrate that the results using InSAR data 
contain slips other than co-seismic slips, especially for 
the 2011 event. Then, we show the co-seismic slip results 
for both events and discuss the causes of the difference 
between the slip distributions using crustal deformations 
and our results. Finally, we discuss potential scenarios 
from the 2011 event to the 2016 event.

Moment release for each event
Earthquake parameters, including magnitude (seis-
mic moment), are routinely determined and published 
by some institutions in publicly available databases. 
The magnitudes and seismic moments for the 2011 and 
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2016 northern Ibaraki earthquakes, taken from these 
databases, are listed in Table  1. Those reported by the 
JMA-CMT and F-net are determined by moment tensor 
analysis using the local seismic networks of Japan, and 
those by GCMT (Dziewonski et al. 1981; Ekström et al. 
2012) are solutions using global network waveforms. 

These moment magnitudes are consistent, and the MW 
of the 2011 and 2016 events are 5.8 and 5.9, respectively. 
Notably, the 2011 event is smaller than the 2016 event. 
However, the moment magnitudes determined from 
InSAR data for the 2011 and 2016 events are 6.13 and 
5.90, respectively (Fukushima et al. 2018). Therefore, the 
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Fig. 1  Map of the target area of this study. The upper right inset shows the surrounding area of Honshu, Japan; the red frame indicates the area 
of the main map, and the blue area corresponds to the fault of the 2011 Tohoku-Oki earthquake. The red and blue stars in the main map 
represent the epicenters of the 2011 and 2016 events, respectively, and the centroid moment tensor (CMT) solutions by F-net are plotted using 
the corresponding colors. The strong motion stations used in the inversion analysis are shown as inverted triangles for KiK-net and squares 
for K-NET. The fault planes of the target events are depicted by purple dashed and solid lines. Aftershocks within 48 h of each event are plotted 
as red and blue dots for the 2011 and 2016 events, respectively (Kato et al. 2017). The right figure shows a depth cross-section of the hypocenters 
in the rectangular area bounded by a thin grey line on the main map

Table 1  Moment magnitudes for the 2011 and 2016 events from different databases

* 1) https://​www.​data.​jma.​go.​jp/​eqev/​data/​bulle​tin/​eqdoc.​html
* 2) https://​www.​fnet.​bosai.​go.​jp/​frees​ia/​top.​php?​LANG=​en
* 3) https://​www.​globa​lcmt.​org/

Catalog Moment magnitude Mw (seismic moment M0)

2011 event 2016 event

JMA-CMT (*1) Mw 5.8 (M0 = 7.5 × 1017 Nm) Mw 5.9 (M0 = 9.4 × 1017 Nm)

F-net (*2) Mw 5.8 (M0 = 6.35 × 1017 Nm) Mw 5.9 (M0 = 9.0 × 1017 Nm)

GCMT (*3) Mw 5.8 (M0 = 6.92 × 1017 Nm) Mw 5.9 (M0 = 7.92 × 1017 Nm)

This study Mw 5.8 (M0 = 7.0 × 1017 Nm) Mw 5.9 (M0 = 9.9 × 1017 Nm)

Fukushima et al. (2018) Mw 6.13 (M0 = 1.97 × 1018 Nm) Mw 5.90 (M0 = 8.91 × 1017 Nm)

https://www.data.jma.go.jp/eqev/data/bulletin/eqdoc.html
https://www.fnet.bosai.go.jp/freesia/top.php?LANG=en
https://www.globalcmt.org/
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seismic moment for the 2011 event is more than twice to 
that for the 2016 event, and the magnitude relationship 
between these events is opposite that for the co-seismic 
moment release estimated from the waveforms.

Because the magnitudes of the 2016 event are approxi-
mately the same for both the seismic and geodetic data, 
these results can be considered to correspond to co-seis-
mic moment release. Conversely, it is thought that the 
estimation of the 2011 event using the InSAR data con-
tains a significant amount of moment release from causes 
other than co-seismic slip. Although Fukushima et  al. 
(2018) mention the possibility of the influence of an MJ 
5.7 event occurring in the satellite image period, such a 
small event alone cannot explain the difference between 
the results obtained from the waveforms and the InSAR 
data. This is strong evidence that other causes, such as 
the afterslip of the 2011 Ibaraki event or the effect of the 
2011 Tohoku-Oki earthquake, are included in the InSAR 
data results.

Consequently, it is necessary to estimate the detailed 
spatiotemporal co-seismic slip distributions for both 
events before discussing potential scenarios underlying 
the events. Source process inversion analysis using near-
field waveforms is crucial for this purpose.

Rupture process inversion
Fault plane geometry
We first set the fault plane for estimating the rupture 
processes from the waveform data. Because fault planes 
are often configured using the hypocenter locations of 
the main shock and early aftershocks, these should be as 
accurate as possible. Around the northern Ibaraki area, 
dense seismic networks of approximately 60 portable sta-
tions equipped with short-period sensors were deployed 
to monitor the activated seismicity after the 2011 
Tohoku-Oki earthquake (Kato et al. 2013). The hypocent-
ers of the 2011 and 2016 Ibaraki events have also been 
determined using these data (Kato et al. 2017), and these 
parameters are suitable for considering the fault planes of 
these events.

In Additional file 1: Figure S1 (see the Additional file), 
the aftershocks determined by Kato et  al. (2017), which 
occurred within 48  h after each mainshock of the 2011 
and 2016 events, are plotted in different colors. The high 
degree of overlap between the aftershock distributions 
suggests that both events occurred on approximately 
identical fault planes (Kato et al. 2017). In the depth cross 
sections, strongly aligned dipping toward the southwest 
is clearly visible in the southern part of the aftershock 
area. In contrast, the alignment tends to be blurred in 
the northern portion near the hypocenter of the 2011 
event. When these results are projected to other cross 
sections with a different strike angle, the aftershocks in 

the northern part align more clearly. Furthermore, it is 
difficult to place the hypocenters of the 2011 and 2016 
main shocks on the same flat plane with the aftershocks. 
Therefore, the aftershock distributions suggest a curved 
fault surface, which is consistent with the results esti-
mated using the geodetic data (Fukushima et al. 2018).

Considering these conditions, we configured the fault 
as two flat planes to approximate a curved surface, with 
a strike of 130° and dip of 42° for the northern plane and 
a strike of 155° and dip of 47° for the southern plane. The 
total length was 19 km, and the width was 12 km. These 
planes have been commonly used to estimate the slip dis-
tributions for the 2011 and 2016 events. In Figs.  1 and 
Additional file 1: Fig. S1, these fault planes are projected 
onto the ground surface, and the aftershocks of each 
event are also plotted. The hypocenters of the 2011 and 
2016 events (Kato et  al. 2017) are on the northern and 
southern planes, respectively. Furthermore, the north-
ern plane was shifted to a shallower depth so that its top 
reached the ground surface, to account for the surface 
deformation found in the northern area (Fukushima et al. 
2018; Komura et al. 2019).

Methods and data
The rupture process inversion analysis was performed 
using multiple time-window methods (Yoshida et  al. 
1996; Hikima and Koketsu 2005). The fault models were 
divided into 1 km × 1 km subfaults, and the slip histories 
were represented by a combination of ramp functions 
with a rise time of 0.5 s. The slip vectors were represented 
by a linear combination of two components in the direc-
tions of − 90° ± 45° considering normal faults obtained by 
the centroid moment tensor (CMT) solutions.

We used acceleration waveforms recorded at 16 sta-
tions (Additional file  1: Figure S2) selected from the 
K-NET and KiK-net strong ground motion networks 
(Aoi et al. 2004; NIED 2019) for their close proximity to 
the source area and their records of both the 2011 and 
2016 events. We expected that using an identical set of 
stations for each event would increase the reliability of 
the relative slip distribution between the two events. Fur-
thermore, records from the IBRH13 station, located just 
above the source fault (Fig.  1), also contribute to pro-
viding detailed slip distributions. The three-component 
accelerograms were numerically integrated to obtain 
velocity waveforms, which were filtered with a pass band 
of 0.05–0.8 Hz and re-sampled with a 0.2-s sampling rate.

Because Green’s functions (theoretical waveforms) 
are calculated using the reflectivity method (Kohketsu 
1985), they require one-dimensional stratified veloc-
ity models. To obtain accurate Green’s functions, we 
applied an inverse technique (Hikima and Koketsu 2005; 
Ichinose et al. 2003) to tune velocity models adapted to 
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each station. To this end, we used the seismograms from 
the moderate magnitude event within the source area 
(19 February 2012, MW 4.9). The initial models for each 
station were obtained as the vertical profile at the objec-
tive position in the three-dimensional velocity model 
(Koketsu et  al. 2012). The resultant velocity models are 
shown in Additional file 1: Figure S3.

Results
The estimated final slip distributions for the 2011 and 
2016 events are shown in Fig.  2. The waveforms calcu-
lated using these slips show good agreement with the 
observed waveforms (Additional file  1: Figure S4). This 
indicates that these results are appropriate for these 
events. The seismic moment and the maximum slip for 

the 2011 event are M0 = 7.5 × 1017 Nm (MW 5.8) and 
0.7  m, respectively, and those for the 2016 event are 
M0 = 9.9 × 1017 Nm (MW 5.9) and 0.8 m, respectively. The 
moment magnitudes are almost equal to the CMT values 
estimated from seismic waveforms (Table  1). However, 
the inverted moment release for the 2011 event is lower 
than the estimation from the InSAR data (Fukushima 
et  al. 2018). As mentioned previously, the result for the 
2011 event estimated using waveforms is thought to cor-
respond to only co-seismic slip, whereas the estimate 
based on the InSAR data includes considerable afterslip.

Focusing on each slip distribution, the large slip area 
(asperity) of the 2011 event is located on the northern 
part of two fault planes, whereas the asperity of the 
2016 event is on the southern part. To clearly display 
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Fig. 2  Estimated final slip distributions for each event. These are bird’s-eye views from the southwest for the a 2011 and b 2016 events. c 
Distribution of slips greater than 0.3 m for the two events projected onto the horizontal plane and superimposed at 0.1 m intervals. Aftershocks 
that occurred within 48 h of each event (Kato et al. 2017) are also plotted. The total moment tensors for each event and the CMT solution obtained 
by F-net are displayed for comparison. The 2011 and 2016 events are shown in red and blue, respectively. The black inverted triangles and squares 
denote observation stations, as in Fig. 1. d Velocity waveforms at the IBRH13 station. Upper red traces depict the 2011 event, and lower blue traces 
show those for the 2016 event. Every trace is plotted from the origin time for each event
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the interrelationships, slip distributions greater than 
0.3 m are projected onto the ground surface and super-
imposed with the aftershocks of each event in Fig. 2c. 
This reveals that the asperities have little mutual over-
lap, and those that do are located adjacent to each other 
across the bending part. Furthermore, there are few 
aftershocks on and around the asperities, as often seen 
in the relations between large slip areas and aftershocks 
(e.g., Mendoza and Hartzell 1998; Das and Henry 2003). 
In addition, it can also be seen that the number of after-
shocks associated with the 2011 event is low around the 
asperity for the 2016 event (see also Additional file  1: 
Figure S5 for cross-sectional plots).

These results demonstrate that the 2011 event caused 
little slip at the location of the asperity for the 2016 
event. Additionally, it may be possible to conclude that 
the coupling part, which became the asperity for the 
2016 event, had already existed during the 2011 event 
from the perspective of the co-seismic slip distributions 
and aftershock patterns. Therefore, the co-seismic slip 
distribution derived using the waveforms suggests that 
the main part of the 2016 event is the “slip residue” of 
the 2011 event.

Discussion
Validation of results and differences from results obtained 
from InSAR data
The slip distributions obtained from the waveforms dif-
fer in detail from those obtained from the InSAR data. 
Therefore, the inversion analysis and resultant slip distri-
butions should be verified before discussing the process 
underlying the recurrence. Furthermore, it is necessary 
to consider the cause of the different slip distributions 
obtained from the waveforms and the InSAR data.

To confirm the complementary asperity distributions 
for the 2011 and 2016 events, we compared the wave-
forms for these events directly. The waveforms for the 
two events at the IBRH13 station, which is located just 
above the fault surface (Fig.  1), are shown in Fig.  2d. 
The waveforms recorded at this station during the two 
events have different characteristics. Specifically, the 
maximum amplitude of the north–south (NS) compo-
nent is larger than that for the east–west (EW) compo-
nent for the 2011 event, whereas the opposite is true 
for the 2016 event. This means that the arrival direc-
tions from the main slips are different if the fault mech-
anisms are almost the same. This is consistent with the 
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Fig. 3  Calculated surface deformations assuming the derived slip distributions for the a 2011 and b 2016 events. The vector field represents 
the horizontal deformation, and the color contour shows the vertical deformation. Yellow arrows correspond to the observed permanent 
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waveform inversion results, which indicate that the 
co-seismic asperities follow different directions from 
IBRH13.

Next, we discuss the disparity of the seismic moments 
in the results obtained from the waveforms and the 
InSAR data. We calculated surface deformations assum-
ing the slip distributions obtained by waveform inver-
sions (Fig.  3). These deformations were calculated 
assuming a homogeneous half-space (Okada 1992). The 
calculated patterns are similar to the observed InSAR 
images (Fukushima et  al. 2018). However, the average 
deformation for the 2011 event is smaller than that for 
the 2016 event in the calculated distributions, whereas 
the opposite is true in the observed InSAR data. To 
compare these results with the actual co-seismic defor-
mations, we estimated the permanent displacements by 
taking the double integral of the accelerograms at the 
IBRH13 station (Additional file 1: Figure S6). The derived 
co-seismic displacement for the 2011 event, which 
is 2.5  cm to the south, 0.45  cm to the east, and 8.6  cm 
downward, is smaller than that for the 2016 event, which 
is 3.8  cm to the south, 0.74  cm to the east, and 6.7  cm 
downward. These displacements are almost consistent 
with that calculated from the derived co-seismic fault slip 
distributions (Fig. 3). From this discussion, the slip distri-
bution obtained in this study is reasonable for co-seismic 
slip, whereas the 2011 slip distribution determined from 

the InSAR data also includes a considerable amount of 
early afterslips immediately following the main shock.

Although the slip distribution estimated from the 
InSAR data includes the effect of afterslip, it is true that 
the main slip for the 2016 event overlaps with the slip dis-
tribution near the time of the 2011 event. However, when 
the afterslip is equal to or larger than the main shock 
that occurred at the time of the 2011 event, it is possible 
that the geodetic data may not be detected due to insuf-
ficient resolution, even if part of the fault plane remains 
locked. Therefore, based on the co-seismic slip distribu-
tion for the 2011 event, we made a hypothetical model in 
which the total seismic moment was more than doubled 
without changing the slips at the asperities for the 2011 
and 2016 events and calculated the surface deformation 
(Additional file 1: Figure S7). The results confirm that the 
synthetic crustal deformation was similar to the pattern 
for the 2011 event, and the distinct deformation pattern 
associated with the slip deficit at the asperity for the 2016 
event was not recognized. Namely, the possibility that the 
portion that would be the asperity for the 2016 event had 
remained locked even after the 2011 event is not ruled 
out by the InSAR data.

Rupture scenario from the 2011 event to the 2016 event
The rupture histories for each event are shown in Fig. 4 
to elucidate the co-seismic slip for these events and to 

Fig. 4  Snapshots of the slip velocity at intervals of 1 s derived by source process inversions for the a 2011 and b 2016 events. The yellow star 
denotes the hypocenters of each event. The moment rate functions are also shown
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discuss corresponding scenarios for the 2011 to 2016 
events. The plots in Fig.  4 show snapshots of the slip 
velocity in intervals of 1  s. These snapshots show that 
the two events have somewhat different time histories. 
Namely, the 2011 event slipped primarily near its hypo-
center with a relatively high speed. In contrast, during 
the 2016 event, the rupture began at the southern hypo-
center, propagated slowly toward the north, and finally 
ruptured the asperity, located at the northern edge of the 
southern fault. Therefore, in simple terms, the 2011 event 
ruptured more rapidly than did the 2016 event.

Considering these slip histories, we hypothesize that 
the relationship between the 2011 and 2016 events is as 
follows. The 2011 event occurred as an ordinary earth-
quake and slipped largely near the hypocenter. However, 
the adjacent area across the bend did not slip at that time. 
After that, the area remained locked until the 2016 event. 
At the time of the 2016 event, the rupture started at a dis-
tance from its asperity, and rupture propagation or seis-
mic waves excited the locked area, which thus became 
a large slip area. The propagation speed appeared to be 
slow because the asperity slipped as if induced. It may be 
possible that the large afterslip for the 2011 event and the 
2011 Tohoku-Oki earthquake caused stress to accumu-
late around the source area, as suggested by the crustal 
deformation analysis (Fukushima et al. 2018), although it 
is not the same area as the 2011 event.

Finally, we would like to consider why the asperity for 
the 2016 earthquake did not rupture during the 2011 
event. Of course, it is possible that the stress accumula-
tion at the asperity for the 2016 event was insufficient 
for slip to occur at the time of the 2011 event. In addi-
tion, it is possible that the fault geometry—specifically, 
the bending between the asperities—contributed to the 
co-seismic slip. Additional file  1: Figure S8 shows the 
Coulomb failure stress ( �CFF) calculated for the south-
ern fault, assuming the slip distribution on the northern 
fault for the 2011 event. A negative value is calculated 
at the northern edge of the southern fault, and it shows 
that the slip was suppressed near the southern area of 
the bending zone. Although this calculation is simplified 
and contains many uncertainties, the bending of a fault 
tends to inhibit rupture (e.g., Kame and Yamashita 1999, 
2003; Biasi and Wesnousky 2017). On the other hand, at 
the time of the 2016 event, the asperity was likely easily 
ruptured because the hypocenter and the asperity were 
on the same plane.

Because of the bending of the fault, this sequence of 
seismic activity—namely, halting of the initial rupture 
being followed by a rupture from another hypocenter 
in the place where large slip did not initially occur—has 
been observed in the past, e.g., in the 2003 northern 
Miyagi earthquakes (Hikima and Koketsu 2004). Earlier 

reported examples have also shown that changes in 
stress caused by earlier earthquakes induce moderate-
scale earthquakes (e.g., Hikima and Koketsu 2005). 
Therefore, the 2011 and 2016 events in northern Iba-
raki Prefecture can be considered to be cases where 
fault geometry plays a role in recurrence, although the 
interval is not so short (approximately 5.8 years).

Conclusion
We performed a near-field waveform inversion analy-
sis to derive a detailed spatiotemporal rupture his-
tory of the 2011 and 2016 northern Ibaragi prefecture 
earthquakes. Large slip areas during each earthquake 
were obtained at different locations across the bend of 
the fault plane. These earthquakes can be viewed as a 
series of ruptures on the same fault plane rather than 
simply due to the rebuilding of shear stress at the same 
location.
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