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S U M M A R Y
Subduction zones are associated with significant seismic hazards around the world and deter-
mining the future locations of large earthquakes within these systems is a perpetual challenge
of the Earth sciences. This study presents back-projection results from the 2021 Mw 7.1
Fukushima earthquake which show that the rupture area of this event filled a previously iden-
tified coseismic gap within the rupture area of the 2011 Mw 9.1 Tohoku-oki earthquake. These
results, combined with observations of a similar coseismic gap from the 2010 Mw 8.8 Maule,
Chile earthquake that was subsequently filled by a Mw 7.1 aftershock, demonstrate that future
assessments of seismic hazards following giant earthquakes should include the identification
of coseismic gaps left within main shock rupture areas.

Key words: Earthquake hazards; Earthquake interaction, forecasting, and prediction; Earth-
quake source observations.

Aftershock sequences, which are associated with stress changes
from major earthquakes (e.g. King et al. 1994), pose significant
seismic hazards around the world (e.g. Utsu 1970; Reasenberg &
Jones 1989; Stein & Liu 2009). At subduction zones, portions of the
plate interface adjacent to megathrust rupture areas are subjected
to particularly large stress changes (e.g. Kaneko et al. 2010; Corbi
et al. 2017) and tend to be regions where the largest aftershocks
are located (e.g. Wetzler et al. 2018). This study shows that large
and potentially devastating aftershocks also occur within the main
shock slip area where rupture behaviour abruptly changes (e.g. gaps
in the slip distribution) during megathrust events.

On 13 February 2021, the Mw 7.1 Fukushima earthquake oc-
curred approximately 60 km offshore of Fukushima Prefecture,
Japan at a depth of 55 km (Fig. 1a). This event was located near the
downdip portion of the seismic plate interface, where the sources
of high-frequency seismic radiation that produce strong ground
shaking in coastal regions have been observed for several large
earthquakes (e.g. Lay et al. 2012). Strong ground shaking from the
2021 Fukushima event was widespread, resulting in more than 180
injuries, one fatality and power outages at over 950 000 households
within the Tohoku and Kanto regions. The earthquake also trig-
gered landslides along the east coast of Honshu, Japan, leading to
the disruption of coastal road networks in this region.

The 2021 Fukushima event occurred within the general rupture
area of the 2011 Mw 9.1 Tohoku-oki megathrust earthquake, where
one might expect a lower likelihood of large aftershock occurrence
due to strain release during the 2011 main shock. Several studies
that investigated the high-frequency rupture properties of the 2011
Tohoku-oki earthquake showed that the rupture jumped as much as
70 km distance as it propagated from northeast to southwest along
the coast of Honshu (Fig. 1a; Movie S1; Wang & Mori 2011; Asano
& Iwata 2012; Kiser & Ishii 2012; Yao et al. 2012). The seismic

hazard potential of this ‘coseismic gap’ became apparent following
a study of the 2010 Mw 8.8 Maule, Chile megathrust earthquake
and aftershock sequence (Kiser & Ishii 2013). As in the Tohoku-oki
case, the Maule, Chile megathrust earthquake exhibited a large gap
in the downdip sources of high-frequency seismic waves during the
rupture. Though the Maule, Chile megathrust earthquake produced
a vigorous aftershock sequence in the months following the event,
there was only one major earthquake (Mw ≥ 7) that occurred near
the plate interface within the megathrust rupture area. This Mw 7.1
aftershock occurred in 2012 and filled the coseismic gap associated
with the 2010 main shock in the downdip portion of the plate inter-
face (Fig. 1c). This observation indicated that coseismic gaps are
regions where the plate interface does not fail during megathrust
events and therefore are primed to be the locations of future large
earthquakes. Based upon this interpretation, it was inferred that the
Tohoku-oki coseismic gap also had the potential to produce a large
event (Kiser & Ishii 2013).

Though it is evident that the epicentre of the 2021 Fukushima
earthquake is within the 2011 Tohoku-oki coseismic gap (Fig. 1a),
further analysis is needed to determine if the rupture area of this
event caused failure throughout this portion of the subduction zone.
To assess this possibility, we perform a back-projection analysis
(Ishii et al. 2005) of the Mw 7.1 earthquake using seismic data from
North America to constrain the event’s rupture properties (Fig.
S1). The back-projection method time shifts and stacks waveforms
recorded at a seismic network to a grid of potential source locations
to determine the spatiotemporal evolution of the earthquake rup-
ture properties (Ishii et al. 2005; Kiser & Ishii 2017). In this study,
bandpass filtered data (0.5–2 Hz) are back-projected to a 2◦ by 2◦

grid of potential source locations centred around the hypocentre
of the 2021 Mw 7.1 Fukushima earthquake with a grid spacing of
0.05◦. Traveltimes for the back-projection analysis are calculated
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Figure 1. Rupture areas of the 2021 Mw 7.1 Fukushima and 2012 Mw 7.1 Chile earthquakes and their relationships to the Tohoku-oki, Japan and Maule, Chile
coseismic gaps. (a) White contours show normalized integrated stack amplitudes from the back-projection analysis of the 2021 Mw 7.1 Fukushima earthquake.
Contours greater than or equal to 0.7 are plotted using an interval of 0.1. The black star and beachball are the epicentre [Japan Meteorological Agency (JMA)
catalogue] and focal mechanism (Global Centroid Moment Tensor catalogue; Ekström et al. 2012) of the Fukushima earthquake. The dots are the centroid
locations of high-frequency energy release during the 2011 Tohoku-oki megathrust earthquake in time increments of 5 seconds with colour indicating time with
respect to the hypocentral time (Kiser & Ishii 2012). Black contours show the area associated with the centroid locations of the Tohoku-oki earthquake and are
calculated using the maximum value at each gridpoint from the normalized back-projection amplitudes at each centroid time. The 0.93 and 0.97 contours are
plotted and the area above 0.97 is shown in light grey. The red star is the epicentre of the Tohoku-oki main shock (JMA catalogue). The parallel dashed lines
and associated label (CG) show the along strike location of the Tohoku-oki coseismic gap from Kiser & Ishii (2013). The line with triangles is the location
of the Japan trench. On- and off-shore regions are shown with white and dark grey background colours, respectively. The black dashed rectangle is the region
shown in (b). The inset shows the regional context of the study area. (b) Dots are the centroid locations of high-frequency energy release during the 2021 Mw

7.1 Fukushima earthquake in time increments of 1 s with colour indicating time with respect to the hypocentral time. The white squares are the epicentres of
aftershocks during the first 5 d following the Fukushima earthquake (JMA catalogue). White contours are the same as in (a). (c) The light grey and pink areas
are the imaged rupture areas of the 2010 Mw 8.8 and 2012 Mw 7.1 Chile earthquakes, respectively, modified from (Kiser & Ishii 2013). The red and black stars
are the epicentres of the 2010 Mw 8.8 and 2012 Mw 7.1 Chile earthquakes, respectively [National Earthquake Information Center (NEIC) catalogue]. The line
with triangles is the location of the Peru-Chile trench. All other plotting details are the same as (a).

using the 1-D seismic velocity model IASP91 (Kennett & Engdahl
1991). Initial P-wave arrivals from one of the aftershocks (Mw 5.3,
15 February 2021 12:26:04 UTC) of the Fukushima main shock are
time shifted to the hypocentre of the event and then aligned using an
empirical cross-correlation approach (Ishii et al. 2007). This step
corrects for the 3-D seismic velocity structure of the Earth, and the
resulting traveltime corrections are added to the theoretical trav-
eltimes for the back-projection analysis. A coherency-based back-
projection method (Ishii 2011), which reduces smearing artefacts
in the source images, is used to determine the centroid locations of
imaged energy throughout the Fukushima earthquake. A separate
linear back-projection analysis (Ishii et al. 2005) is performed to
determine the relative amplitude of energy release throughout the
rupture (Fig. S1). The amplitudes of all back-projection results are
evaluated as a function of time using a 10-s averaging window.

Results from the back-projection analysis show a north-
east/southwest bilateral rupture with a total length of approximately
56 km and duration of around 30 s (Fig. 1b; Movie S2). The initial 8
seconds of the rupture are dominated by southwest propagation at a
speed of approximately 1.9 km s–1. Following this, the rupture tran-
sitions to a northeast propagation direction at a speed of 2.5 km s–1.
A comparison between these results and the Tohoku-oki coseismic
gap shows that the rupture area of the Mw 7.1 earthquake filled a
significant portion of this gap (Fig. 1a). The imaged rupture area of
the Mw 7.1 event is also significantly larger than the resolution ker-
nel associated with the seismic array used in the back-projection
analysis (Fig. S2), indicating that the inferred rupture area is

controlled by the source properties of the event and not limitations
in spatial resolution.

As with the 2012 Mw 7.1 earthquake that filled the 2010 Maule,
Chile coseismic gap, the Fukushima event is the only major (Mw

≥ 7) thrust faulting aftershock to occur within the Tohoku-oki
megathrust rupture area. One potential difference associated with
the Fukushima earthquake compared to the Maule, Chile earth-
quake sequence is that the reported depth of the Fukushima event
is slightly below the inferred plate interface depth at this location
(Hayes et al. 2018), and therefore this event may have actually
occurred in the subducting Pacific Plate as opposed to the plate
interface. Though this may indicate differences in the details of
how the coseismic gaps were filled, in both the Tohoku, Japan and
Maule, Chile cases these sections of the subduction zone were evi-
dently primed for future large events by their respective main shock
ruptures. In the case of the Tohoku-oki coseismic gap, slip from
the 2011 megathrust earthquake surrounding this region would be
expected to increase compressional stresses in this section of the
subducting slab (e.g. Astiz et al. 1988). It is possible that thrust
faulting within this compressed section of subducting slab accom-
modated the stress changes associated with the coseismic gap as
opposed to failure on the plate interface. The Maule, Chile and
Tohoku-oki, Japan megathrust earthquakes provide the best imaged
cases of this coseismic gap phenomenon, however, there is evidence
of other megathrust events exhibiting this same behaviour. For ex-
ample, though the initial back-projection analysis of the 2004 Mw

9.1 Sumatra–Andaman earthquake focused on the event’s general
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rupture properties, it was noted that the rupture exhibited intermit-
tent energy release around the Nicobar Islands (Ishii et al. 2005).
As in the Chile and Japan cases, the only major thrust faulting af-
tershock (Mw 7.2 in 2004) within the general rupture area of the
Sumatra-Andaman megathrust earthquake occurred within this dis-
continuous section of the rupture and thus could represent an area
where a coseismic gap formed and was quickly filled by the 2004
Mw 7.2 aftershock.

Both of the Chile and Japan coseismic gaps occur near the
downdip end of the seismic plate interface. This region is char-
acterized by heterogeneous frictional properties, which would be
expected to produce the irregular ruptures observed during megath-
rust earthquakes (Lay et al. 2012). The correspondence between
coseismic gaps of the 2010 Maule, Chile and 2011 Tohoku-oki,
Japan megathrust earthquakes and the rupture areas of their large
aftershocks suggests that coseismic gaps can be used to predict the
locations of future large aftershocks. Aftershock forecasting is typ-
ically performed using statistical models that incorporate empirical
observations of seismicity (e.g. ETAS; Ogata 1988) and physical
models that calculate stress changes in the surrounding crust due
to slip on the rupture surface of a main shock (e.g. Coulomb stress
change; King et al. 1994). These models are effective at estimating
aftershock seismicity rates and magnitude distributions, as well as
the regions where faults of certain orientations are more likely to
fail following the main shock. The observations of this study show
that when evaluating where large aftershocks are likely to occur
within the rupture surfaces of main shocks, clear evidence of co-
seismic gaps warrants a more deterministic approach to evaluating
seismic hazards that utilizes information about where faults have
and have not failed in recent earthquakes (McCann et al. 1979).
The downdip locations of the coseismic gaps imply that the after-
shocks will produce high frequency seismic waves that can cause
widespread strong ground shaking and significant damage, as ob-
served during the 2021 Fukushima event. Therefore, identification
of coseismic gaps through detailed rupture analyses such as back-
projection and finite-fault modelling (Ide 2007; Kiser & Ishii 2017)
is critical for seismic hazard mitigation.
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Supplementary data are available at GJI online.

Figure S1. (a) Distribution of seismic stations (blue triangles) used
in the back-projection analysis of the 2021 Mw 7.1 Fukushima
earthquake. (b) Relative source–time function of the 2021 Mw 7.1
Fukushima earthquake. Time is with respect to the hypocentre time.
Figure S2. White contours show normalized integrated stack am-
plitudes from the back-projection analysis of the 2021 Mw 7.1
Fukushima earthquake. Contours greater than or equal to 0.7 are
plotted using an interval of 0.1. Red contours show normalized

integrated stack amplitudes from the back-projection analysis of a
Mw 5.3 aftershock that occurred on 15 February 2021. Contours
greater than or equal to 0.7 are plotted using an interval of 0.1.
Movie S1. Movie of the 2011 Mw 9.1 Tohoku-oki earthquake
high-frequency (0.8–2.0 Hz) back-projection results (Kiser & Ishii,
2012). Dark red to dark blue represents high amplitude to low am-
plitude back-projection stack amplitudes, respectively. The colour
scale is normalized to the maximum amplitude as a function of time.
The red star is the epicentre from the JMA catalogue. The yellow
line is the Japan trench. The white line is the coast of Japan. UTC
time is shown in the upper right corner.
Movie S2. Movie of the 2021 Mw 7.1 Fukushima back-projection
results. White to blue represents high amplitude to low amplitude
back-projection stack amplitudes, respectively. The black star is the
epicentre from the JMA catalogue. The white line is the coast of
Japan. Time with respect to the hypocentral time is shown in the
upper left corner.
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