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Abstract

We conducted a detailed investigation of an earthquake cluster distributed from the lower crust to the upper crust beneath

Hakodate, Hokkaido, which included both low-frequency earthquakes (LFEs) and regular earthquakes. Relocated hypocentres

clearly show that both the LFEs and regular earthquakes occurred close to each other in the brittle upper crust of this non-

volcanic area, while only LFEs occurred in the lower crust. This indicates that LFEs can occur not only in the ductile lower

crust, but also in the brittle upper crust, which suggests that LFEs can occur in an environment similar to that of regular

earthquakes. Regular earthquakes that occur in close vicinity of LFEs have very similar waveforms and nearly overlapping

source regions, which indicate that they reflect the repeated rupture of the same asperity patch on a fault. Temporally, the

intervals between events in the repeating earthquake sequence were very short, thus suggesting that they were caused by a

sudden increase in pore pressure. The cluster of LFEs and repeating earthquakes, which has a rod-like distribution extending

from the bottom of the crust to the surface and tilted slightly eastward, might represent a pathway of aqueous fluid movement

sourced from the subducting slab.
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SUMMARY

We conducted a detailed investigation of an earthquake cluster distributed from the lower crust to

the upper crust beneath Hakodate, Hokkaido, which included both low-frequency earthquakes

(LFEs) and regular earthquakes.  Relocated hypocentres clearly show that both the LFEs and

regular earthquakes occurred close to each other in the brittle upper crust of this non-volcanic

area, while only LFEs occurred in the lower crust. This indicates that LFEs can occur not only in

the ductile lower crust, but also in the brittle upper crust, which suggests that LFEs can occur in

an environment similar to that of regular earthquakes. Regular earthquakes that occur in close

vicinity of LFEs have very similar waveforms and nearly overlapping source regions, which

indicate that they reflect the repeated rupture of the same asperity patch on a fault. Temporally,

the  intervals  between  events  in  the  repeating  earthquake  sequence  were  very  short,  thus

suggesting that they were caused by a sudden increase in pore pressure. The cluster of LFEs and

repeating earthquakes, which has a rod-like distribution extending from the bottom of the crust to

the surface and tilted slightly eastward, might represent a pathway of aqueous fluid movement

sourced from the subducting slab. 

Key words: Seismicity and tectonics,  Earthquake source observations,  Earthquake dynamics,

Rheology and friction of fault zones
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1. INTRODUCTION

Pore pressure changes at depth affect fault strength and thus play an important role in the

generation of earthquakes (e.g. Hubbert & Rubey 1959; Nur & Booker 1972; Rice 1992; Sibson

1992, 2020; Hasegawa 2017). A remarkable example of this is induced seismicity caused by fluid

injection (e.g. Healy  et al. 1968). Fluid injection-induced seismicity has distinct characteristics

that are similar to those observed in the swarm activity of natural earthquakes (e.g. Cox 2016),

including the seismicity pattern and the migration behaviour of hypocentres (e.g. Shapiro et al.

1997; Parotidis et al. 2003). Such a similarity suggests that the involvement of fluids also plays

an important role in the occurrence of natural earthquakes. This hypothesis is consistent with

various  geophysical  and  geological  observations  of  the  stress  fields,  seismic  velocity,  and

attenuation structures (e.g. Sibson 1992, 2020; Hasegawa 2017).

Previous studies have suggested that the occurrence of deep low-frequency earthquakes

(LFEs), a special type of earthquake characterized by longer-period seismic waves and greater

focal depths (e.g. Ukawa & Ohtake 1987; Hasegawa & Yamamoto 1994; Obara 2002; Katsumata

& Kamaya 2003;  Rogers  & Dragert  2003;  Aso  et  al.  2013),  is  also closely related to  fluid

behaviour. Deep LFEs can be classified into the following two groups: (1) those occurring in the

transition zone between the brittle rupture of a regular earthquake and stable sliding along the

plate boundary (e.g. Obara 2002; Katsumata & Kamaya 2003; Rogers & Dragert 2003) and (2)

those occurring in the lower crust of the upper plate far from the plate boundary, often located

beneath active volcanoes (e.g. Hasegawa & Yamamoto 1994). The first type of deep LFEs are

estimated to represent shear faulting along the plate boundary (Ide  et al. 2007a; Shelly  et al.

2007), while the generation mechanism of the second type of deep LFEs is not well understood,

compared to the former. In fact, deep LFEs of the second type have been estimated to have
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significant compensated linear vector dipole (CLVD) components (Nakamichi et al. 2003; Aso &

Ide 2014). Also, waveforms of the second type of LFEs are characterized by long-lasting high-

amplitude codas, which largely differ from those of regular earthquakes and the first type of deep

LFEs. This study deals with this second type of deep LFEs. Note that several of these deep LFEs

in  the  lower  crust  occur  away from the  plate  boundary  near  volcanoes;  however,  some are

located far from volcanoes (Hasegawa et al. 1991, 2005; Hasegawa & Yamamoto 1994; Kamaya

& Katsumata  2004;  Takahashi  & Miyamura  2009).  The LFEs  that  occur  near  and far  from

volcanoes have similar features, which suggests that their generation mechanism is very similar

(Aso et al. 2011, 2013). 

The Japan Meteorological Agency (JMA) routinely locates earthquakes that occur in and

around the Japanese Islands by using a nationwide seismic network that covers the entire country

of  Japan.  Recent  densification  of  the  seismic  observation  network  in  the  country  has

considerably improved the earthquake detection capability, and it is now possible to observe in

detail the activities of deep LFEs throughout Japan (e.g. Kamaya & Katsumata 2004; Takahashi

&  Miyamura  2009).  Earthquakes  that  occur  in  the  deep  crust  and  have  low  frequency

components can be distinguished from many other regular earthquakes and are then classified as

deep LFEs in the JMA unified earthquake catalogue. Fig. 1(a) shows the lateral distribution of

such deep LFEs in northern Japan from January 2003 to October 2018; these data were compiled

from  the  JMA  unified  catalogue.  Many  of  these  events  are  located  at  depths  near  the

Mohorovicic discontinuity (30–40 km), which is much deeper than the typical depth limit for

regular earthquakes (~10–15 km) and is consequently well below the brittle-ductile transition

depth in the mid-crust (Hasegawa & Yamamoto 1994; Omuralieva et al. 2012). Previous studies

have suggested that the occurrence and characteristics of these deep LFEs are related to deep

4

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

4



magmatic  activities  such  as  fluid  movement  (Hasegawa  &  Yamamoto  1994),  fluid-induced

oscillations (Aki 1977; Julian 1994), and cooling magma (Aso & Tsai 2014). 

Most of the deep LFEs classified by the JMA are located at lower crustal depths where

regular earthquakes do not occur probably because ductile flow or aseismic slip is the dominant

mode of failure. However, exceptions exist in several areas where the events classified as deep

LFEs by the  JMA are  located in  the upper  crust  with similar  depths  to  regular  earthquakes

(Kosuga and Haruyama 2018; Noguchi et al. 2018). A typical example is an area in Hakodate,

Hokkaido, in northern Japan (indicated by a green rectangle in Fig. 1b), where many deep LFEs

have occurred despite the lack of nearby active volcanoes. Fig. 2 shows the map and cross-

sectional views of hypocentres of both regular earthquakes and deep LFEs located by the JMA in

this region. The figure indicates that the deep LFEs classified by the JMA are distributed at

various crustal depths ranging from 5 to 35 km, which is well above the upper plate boundary of

the subducting Pacific plate (at a depth of ~110 km). Shallow LFEs in the upper crust are also

located close to shallow regular earthquakes.

An  important  question  is  what  causes  the  difference  between  LFEs  and  regular

earthquakes?  This  study  investigated  LFEs  and  regular  earthquakes  occurring  in  the

aforementioned  region  of  Hakodate,  Hokkaido,  based  on  their  hypocentre  locations  and

waveform characteristics. The region is covered by a locally dense seismic network (AS-net;

Noguchi  et  al. 2017)  that  has  been  operated  by  the  Association  for  the  Development  of

Earthquake Prediction (ADEP) since 2014 (blue inverted triangles in  Fig.  1b).  Although the

accuracy of the relative locations of LFEs from the JMA unified catalogue is not very good,

inclusion of the data from this dense local network will contribute to significant improvements in

the accuracy of locating the hypocentres of both regular earthquakes and LFEs. This provides a
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unique  opportunity  to  investigate  the  relationship  between  regular  earthquakes  and LFEs  in

detail. 

2. DATA AND METHODS

The distribution of seismic stations used in this study is shown in Fig. 1(b). The stations

belong to the AS-net (blue inverted triangles) and the nationwide seismic network in Japan called

the  Kiban  seismic  network  (black  inverted  triangles).  We  relocated  the  hypocentres  of  212

earthquakes (M JMA 0.0–2.7) listed in the JMA unified catalogue from this region of Hakodate,

Hokkaido, for the period from January 2003 to October 2018 (Fig. 2). Of these earthquakes, 189

and  23  were  classified  as  LFEs  and  regular  earthquakes,  respectively,  in  the  JMA unified

catalogue.

For hypocentral relocation, we applied the double-difference location method (Waldhauser

& Ellsworth 2000) to the differential arrival time data of P and S waves, following the procedure

adopted by Yoshida & Hasegawa (2018a, 2018b). Arrival times for the P and S waves of the

target earthquakes at the AS-net stations were manually picked and were used with those listed in

the JMA unified catalogue.  In addition,  we obtained precise differential  arrival  time data by

using waveform cross-correlation, which largely improved the accuracy of relative hypocentre

locations. We used waveform data obtained in and around the source region (Fig. 1b), applied a

bandpass filter of between 5 and 12 Hz, and computed the cross-correlation function for all event

pairs whose horizontal distance was less than 3.0 km. The differential arrival times were adopted

if the cross-correlation coefficient was higher than 0.85. We initially measured the timing of the

correlation peak to the nearest sample (0.01 s), then refined the timing and height of the peak by

performing a simple quadratic interpolation, as in Shelly et al. (2016). Durations of 2.5 s and 4.0

6

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

6



s were adopted for P and S wave windows, respectively, starting at 0.3 s before onset. The P

wave window was truncated in order to avoid overlapping with the S wave window when S-P

times were less than 2.5 s. The assumed seismic velocity structure was the 1-D model proposed

in  Hasegawa  et  al. (1978),  which  has  been  adopted  by  Tohoku  University  for  routinely

determining hypocentre locations and focal mechanisms for events in northeastern Japan. Also,

we used another 1-D velocity model, JMA2001, by Ueno et al. (2002) to check the robustness of

the main results. The velocity models of Hasegawa  et al. (1978) and Ueno  et al. (2002) are

shown in Fig. S1. Differential arrival time data derived from the manual picking produced 2,459

P wave arrivals  and 6,860 S wave arrivals.  Waveform cross-correlation delay measurements

produced 677 P wave and 643 S wave arrivals.

We evaluated the uncertainty in the hypocentre locations by recalculating the relocations

1000 times based on bootstrap resampling of differential arrival time data. We computed the 95%

confidence  intervals  of  longitude,  latitude,  and  focal  depth  for  each  earthquake  as  half  the

difference of the maximum and minimum values within the 950 solutions close to the main

result. The frequency distributions are shown in Fig. S3. The median values of the 95% interval

of distances along longitude, latitude, and depth were 1.5 km, 2 km, and 2 km, respectively.

3. RESULTS

Fig. 3 shows the spatial distribution of the relocated hypocentres. Many of the LFEs are

clustered in the central region of the study area in a depth range of 15–35 km, dipping slightly

eastward.  The LFEs are also distributed in the shallow upper crust (~10 km) in the western

region, which appears to be a shallow extension of the deeper LFE cluster. The same tendency

was obtained for relocated hypocentres based on the velocity model of Ueno et al. (2002) (Fig.
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S2). Fig. 4 shows examples of the LFE waveforms obtained at the closest Kiban seismic network

station (HU.ESH), which is located north of the source region (Fig. 1b) and has been operated by

Hokkaido University. The diversity of LFE focal depths can be confirmed by an increasing S-P

time with increasing determined focal depth.

Fig. 5 shows an enlarged view of the spatial distribution of regular earthquakes and LFEs

in the western region of the study area. The LFEs occurred in the immediate vicinity of regular

earthquakes, which is also apparent in the observed waveform records shown in Fig. 6. The S-P

times of the regular earthquakes shown in Figs. 6k, l, n, and o are approximately 2.5 s, which are

similar to those of LFEs shown in Figs. 6b, c, g, m, r, s, t, x, and A. Moreover, waveforms of the

initial phases of direct waves of some LFEs (Figs. 6c, g, and r) are similar to those of the regular

earthquakes in Figs. 6k, l, n, and o, thus suggesting that both the propagation- and site-effects of

these earthquakes are also similar.  These results indicate that LFEs can also occur at  depths

shallower than the brittle-ductile transition depth (~12 km; Omuralieva  et  al. 2012) and can

spatially  coexist  with  regular  earthquakes.  On the  other  hand,  later  phases  of  the  LFEs  are

characterized  by  large  amplitudes,  which  are  quite  different  from  those  of  the  regular

earthquakes.

Key differences between regular earthquakes and LFEs are the dominant frequency and

existence or non-existence of long-lasting codas of observed waveforms. From Fig. 6 it is clear

that  some  earthquakes  classified  as  regular  earthquakes  in  the  JMA unified  catalogue  have

waveforms with predominantly low frequencies and characteristic high-amplitude later phases

(Figs. 6b, m, p, s, t, v, w, x, and B). Waveforms from these earthquakes are very similar to those

of events classified as LFEs by the JMA (Figs. 6a, c, d, e, f, g, h, i, j, q, r, u, y, z, A, C, and D).

Although  classified  as  regular  earthquakes  in  the  JMA catalogue,  these  events  should  be
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reclassified  as  LFEs  due  to  the  aforementioned  characteristics.  This  indicates  that  the  JMA

unified  catalogue  includes  LFEs  that  have  been  misclassified  as  regular  earthquakes.  Such

misclassifications of LFEs in the shallow upper crust are likely because the classifications are

routinely  made  by  humans  who  have  prior  knowledge  that  typical  LFEs  occur  deeper  than

regular earthquakes, well below the brittle-ductile transition depth. In this study, we reclassified

the misclassified LFEs in this region. Figs. 5 and 6 show LFEs and regular earthquakes that have

been  reclassified  by  manual  inspections  of  their  waveforms.  Many  of  the  events  originally

classified as regular earthquakes by the JMA in this region were reclassified as LFEs, and regular

earthquakes were actually only a small fraction of the recorded earthquakes in the study area

(only four; Figs. 6 k, l, n, and o).

In order to confirm our reclassification of LFEs by manual inspection, we quantitatively

assessed the validity of our classification based on the dominant frequency and existence or non-

existence of long-lasting codas of observed waveforms. We first computed velocity spectra by

applying the multi-taper spectral estimation library of Prieto  et al. (2009) to the waveforms in

Fig. 6, and the results are shown in Fig. 7. We then estimated the dominant frequency of each

spectra similarly to the corner frequency of Andrews (1986): f d=
1
2π √

∫
f 1

f 2

D2( f )df

∫
f 1

f 2

V 2(f )df

, where D( f )

and V ( f ) are the amplitudes of displacement and velocity spectra, respectively. Here, we set f 1 to

2 and f 2 to 20 Hz. We also computed waveform envelopes by using the bandpass-filtered data of
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waveforms in Fig. 6 for the frequency range of 2–8 Hz in the same way as Hiramatsu  et al.

(2000).  We calculated  the  root  mean  square  (RMS) amplitude  in  a  moving window with  a

duration of 0.8 s, and the results are shown in Fig. 8. We then determined the decay rate a of the

envelope  amplitudes  by fitting  the  linear  equation  ln A ( t )=at+constant  by  the  least  squares

method using envelopes after the arrival of direct S waves. Here, t  is the elapsed time and A (t ) is

the envelope amplitude. Fig. 9 compares the frequency distributions of the dominant frequency

f d and the decay rate a of regular earthquakes with those of LFEs. We can see two peaks both in

the histograms of the dominant frequency (Fig. 9a) and decay rate (Fig. 9b) corresponding to

regular earthquakes and LFEs, which supports the validity of our classification. The dominant

frequencies of the LFEs are certainly small (~2–5 Hz) compared to the regular earthquakes (~6

Hz). The decay rates of the regular earthquakes (< ~-0.5) are different from those of LFEs (-0.3–

0.1) as well. 

Previous  studies  have  suggested  that  LFEs  and  regular  earthquakes  occur  at  different

depths; regular earthquakes occur in the upper crust above the brittle-ductile transition depth,

while LFEs occur in the lowermost crust to uppermost mantle, well below the transition depth

(e.g. Hasegawa & Yamamoto 1994). Given that regular earthquakes and LFEs occur above and

below the brittle-ductile transition depth, respectively, this adds constraints on the potential cause

of each type of earthquake, such as the temperature, pressure, and deformation mode. However,

the present study shows that some LFEs certainly can occur in almost the same locations as

regular earthquakes. 

The spatial coexistence of regular earthquakes and LFEs suggests that they can occur in

similar environments. While LFEs occurred both in the brittle and ductile regions of the crust, as

shown in the data,  regular earthquakes occurred only in  the brittle  upper  crust.  Since active
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volcanoes are not located in the study area, the cause of these LFEs is not likely to have been

directly  related  to  magmatic  activity.  One  possible  explanation  is  the  involvement  of  non-

magmatic fluids. Fluids are also suggested as the cause of regular earthquakes (e.g. Hubbert &

Rubey 1959; Nur & Booker 1972; Rice 1992; Sibson 1992; Hasegawa 2017) and deep LFEs

along the plate boundary (e.g. Kodaira et al. 2004; Shelly et al. 2006; Kato et al. 2010), in which

the effect of increasing pore pressure is  thought to play a key role.  Increased pore pressure

reduces effective normal stress and might affect the rupture speed, slip speed, and stress drop

(e.g. Liu & Rice 2005). This also might explain the occurrence of LFEs in the upper crust away

from the plate boundary. The rapid movement of fluid and drastic reduction of frictional strength

by extremely high pore pressure might enable a fault to slip rapidly by causing a rapid increase

in strain rate, even in the ductile lower crust that is governed by the flow law. Fluid flows also

may change the anelastic properties around the sources and affect seismic waveforms.

The  observed  differences  between  LFEs  and  regular  earthquakes  might  be  due  to

differences  in  pore  pressure  or  fluid  volume.  In  fact,  seismic  waveforms  of  typical  LFEs

generally have high S wave amplitudes compared to those of P waves, thus suggesting that shear

deformation is also predominant for LFEs. In the ductile part of the crust, effective normal stress

must be very small to cause fault-slips (Kohlstedt et al. 1995), which might be why only LFEs

can occur in the ductile lower crust. Even LFEs are absent at depths greater than 35 km, which

might be because the effective normal stress is too small to cause fault-slip rapidly enough to

emit observable seismic waves at such depths. However, a reduction in effective normal stress

alone cannot explain some characteristics of LFE waveforms, including their significant CLVD

components  and long-lasting  high-amplitude codas.  In  the  present  case,  regular  earthquakes,

which do not have the latter feature, occurred near LFEs, which suggests that the long-lasting
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codas of LFEs originated at  or very close to the sources.  This feature is similar to those of

volcanic shallow long period (LP) events (e.g. Chouet & Matoza 2013) and some fluid-injection

induced events (Bame & Fehler 1986; Ferrazzini  et al. 1990). These characteristics could be

explained by incorporating the effects of the reduction in effective normal stress (decreases in

rupture  speed,  slip  speed,  and stress  drop)  with other  fluid effects,  such as  fluid  movement

(Hasegawa  & Yamamoto  1994),  nonlinear  self-excited  oscillations  induced  by  a  fluid  flow

(Julian 1994),  or oscillations  of  fluid-filled resonators  (e.g.  Kubotera 1974;  Aki  et  al. 1977;

Chouet 1985), which were proposed to explain the characteristics of volcanic long-period (LP)

events.

In Fig.  3,  the  deep cluster  of  LFEs in  the lower  crust  dips  slightly  eastward,  and the

shallow cluster of LFEs and regular earthquakes in the upper crust seems to be located in the

shallow extension of the deeper cluster. Based on precise seismic tomographic images of P and S

wave velocity structures in northeastern Japan, Hasegawa and Nakajima (2004) suggested that

aqueous fluids  that  were originally  expelled  from the  subducted  Pacific  slab are  transported

through  the  upwelling  flow  formed  in  the  mantle  wedge  and  finally  reach  shallow  depths

immediately below the Mohorovicic discontinuity of the overriding plate. In fact, according to

the results  from recent seismic tomography studies,  the upwelling flow in the mantle wedge

reaches the crust  immediately below this  region (Zhao  et al. 2012; Shiina  et al.  2018).  The

continuous eastward-dipping zone might represent the pathway of these slab-derived aqueous

fluids from the bottom of the lower crust to the shallower region of the upper crust. 

4. DISCUSSION

We have shown that LFEs in Hakodate occur even within the upper crust in close vicinity
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to regular earthquakes. The co-existence of regular earthquakes and LFEs enables us to study the

source process of LFEs in more detail. Here, we investigate the characteristics of these spatially

co-existing regular earthquakes and LFEs in the upper crust. 

4.1.  Crustal repeating earthquakes due to increased pore pressures

Waveforms of the four regular earthquakes shown in Figs. 6(k), (l), (n), and (o) are very

similar, which suggests that these earthquakes occurred at locations very close together. This is

supported by the relocated hypocentres shown in Fig. 5. Fig. 10 shows enlarged cross-sectional

views  of  various  directions  for  these  four  regular  earthquakes.  We  refer  to  these  regular

earthquakes  as  #1,  #2,  #3,  and #4  in  Figs.  6  and 10.  The  size  of  the  circles  in  the  figure

corresponds to the circular crack size with a stress drop of 3 MPa, according to Eshelby (1957).

The distances  between the four regular  earthquakes are  smaller  than their  fault  sizes,  which

suggests that they were caused by repeated slip along the same section of a fault. Figs. S4(a)–(f)

show the frequency distributions of the distances between the four earthquakes based on the

results from 1000 bootstrap re-samplings. In the figures, only 950 results most similar to the

main  results  are  displayed  to  show  the  95% confidence  region.  These  figures  indicate  that

distances between the four regular earthquakes are significantly less than 80 m.

Fig. 11 shows the waveforms of the two largest events of the four regular earthquakes

observed at  the  nearest  seismic station  (A.TSRN),  which is  located  northwest  of  the source

region (Fig. 1b). One is an M 1.6 earthquake (event #3 in Figs. 6 and 10) that occurred at 8:02 on

6 Dec. 2016 (JST), and the other is an M 1.4 earthquake (event #2) that occurred at 8:13 on 6

Dec. 2016 (JST). The time interval between the two events was approximately 10 min. Even the

raw waveforms that include both P and S waves are similar (with cross-correlation coefficients
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higher  than 0.93),  thus  indicating that  their  locations  are  very close together  and their  focal

mechanisms are very similar. If we apply a bandpass filter of 5–12 Hz to the waveforms to

remove the effects of rupture process complexity and noise, they become almost identical (with

cross-correlation coefficients higher than 0.98). 

To confirm the coincidence of source locations of the two earthquakes, we showed the

difference in S-P time at each station, i.e. the difference in the differential arrival times of P (

dt p)  and  S  waves  (dt s),  by  using  its  frequency  distribution  (Fig.  12a).  These  values  were

determined  by  using  the  waveform  correlation  (Section  2),  and  only  those  having  cross-

correlation coefficients higher than 0.95, both for P- and S waves, are shown in the figure. Most

of the S-P time differences obtained are concentrated around 0.00 s, with a few exceptions (one

sampling deviation). Fig. 12(b) shows the spatial distribution of S-P time differences, in which

we do not  observe spatial  coherence,  which suggests that  the ~0.01 s deviations come from

measurement error of one sampling deviation due to noise. dt p−d t s<0.003 s

at stations in various orientations indicate that the distance between the two events is less than 25

m,  assuming  the  Omori  coefficient  of  8.3  km/s  based  on  the  velocity  model  in  NE Japan

(Hasegawa et al. 1978). This is much smaller than the source diameter of ~60 m assumed from

the stress drop of 3 MPa.

Next, we attempt to estimate fault sizes of these regular earthquakes more directly from

corner frequencies of source spectra of S waves. Since the observed waveforms are generally

contaminated  by  the  effects  of  wave  propagation,  we  first  need  to  remove  those  effects  to

properly extract information on the earthquake source. We adopted the empirical Green function

(EGF) method (Hartzell 1978), in which waveforms of nearby earthquakes are used to remove

the propagation effects. When the corner frequency of the numerator event is lower than that of
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the denominator (EGF) event, the spectral ratios decrease in the frequency range between the

lower and the higher corner frequencies. In contrast, the spectral ratio increases when the corner

frequency of the numerator event is higher than that of the denominator event. We used time

windows with a duration of 5.12 s, starting from 0.3 s before S wave arrival, and computed their

amplitude spectra. We also computed the amplitude spectra of noise by using a time window

with the same duration but starting from 6 s before P wave arrival. When the signal to noise

ratios were higher than 3 for all of the frequency points from 1 to 15 Hz, we computed the ratios

between the amplitude spectra of two earthquakes at the same station.

Obtained amplitude spectral ratios for the six pairs of the four regular earthquakes are

shown by black curves  in  Fig.  13.  The blue curves  in  the figure  show the  mean amplitude

spectral ratio. The figure shows that the spectral ratios are almost flat for the three pairs (Figs.

13a, c, and e) out of the six, thus suggesting that corner frequencies of the M1.6, M1.4, and M0.7

events do not exist in the frequency range below ~15 Hz or the corner frequencies of the three

events are the same. For the remaining three pairs, spectral ratios are almost flat up to ~8 Hz and

then suddenly increase (Figs. 13b and d) or decrease (Fig. 13f) above this frequency. Let us refer

to the corner frequencies of the events #1, #2, #3, and #4 as fc1, fc2, fc3, and fc4, respectively. The

spectral ratios increase above ~8 Hz when the spectra of event #2 (Fig. 13b) or event #3 (Fig.

13d) are divided by those of event #1. This suggests that fc1 is smaller than fc2 and fc3, and fc1 is

approximately 8 Hz. To be precise, the corner frequency of event #1 obtained according to the

method of Andrews (1986) is 7.5 Hz. The spectral ratio decreases above fc1 when the spectra of

event #1 are divided by those of event #4 (Fig. 13f). This suggests that  fc1 (7.5 Hz) is smaller

than fc4. 

Interestingly, the corner frequency of the M1.1 earthquake (event #1) is smaller than those
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of the M1.6 (#2) and M1.4 (#3) earthquakes, thus suggesting that stress drops, rupture speeds, or

slip speeds differ among these earthquakes. The source diameter is estimated to be 266 m and the

stress drop 0.010 MPa when applying the source model of Sato & Hirasawa (1973) and assuming

the value of the rupture velocity divided by the S wave velocity to be 0.9. Here, we estimated the

seismic moments by approximating the moment magnitude by the local magnitude (M1.1). The

fault size is much larger than the distance between the earthquakes (< 80 m), thus supporting the

proposal that these earthquakes are caused by repeating slips at the same asperity patch. 

The corner frequency of event #1 is 7.5 Hz, and we did not see the second change of

slopes of spectral ratios corresponding to the corner frequencies of the events #2, #3, and #4 in

Figs. 13 (b), (d), and (f). These observations suggest that their corner frequencies are out of the

frequency range (> ~15 Hz), which denotes that the fault diameters of the three earthquakes are

less than ~130 m.

Many repeating earthquakes have been observed along plate boundary faults (e.g. Nadeau

et al. 1995; Igarashi et al. 2001; Matsuzawa et al. 2002; Uchida et al. 2003; Kimura et al. 2006).

Earthquakes in each repeating earthquake sequence occur at approximately regular intervals and

are interpreted as repeated slip on the same asperity patch of the plate interface that is caused by

the loading of aseismic slip in the surrounding stable sliding area. On the other hand, recent

fluid-injection experiments have shown that repeating earthquakes also occur along crustal faults

that are not plate boundaries (Bourouis & Bernard 2007; Lengliné et al. 2014; Lin et al. 2016). In

this  case,  events  in the same repeating earthquake sequence occur  over  short  time intervals.

These events are thought to be caused by drastic increases in pore pressure due to fluid-injection

and/or the loading of the surrounding creep caused by increased pore pressure.

The results of the present study suggest that natural repeating earthquakes also can occur
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because of increases in pore pressure, similar to fluid-injection induced seismicity. The repeating

earthquakes observed near the LFEs in Hakodate took place over a very short time interval of

approximately 10 min. Similar repeating earthquake occurrences over such a short time interval

have  also  been  observed  in  the  induced  seismicity  of  a  recent  fluid-injection  experiment

(Lengliné et al. 2014). Loading due to aseismic slip in the surrounding stable sliding area seems

to be less likely to have caused earthquake recurrence over such a short time interval. Rather, the

earthquakes might have been caused by successive reductions in fault strength driven by drastic

pore pressure increases. Previous studies suggest that the earthquake stress drop decreases with

increasing pore pressure (Allmann & Shearer 2007; Chen & Shearer 2011; Goertz-Allmann et al.

2011; Yoshida  et al. 2017). The extremely small stress drop observed for the M1.1 earthquake

might have been due to very high pore pressures during this period.

4.2.  Source properties of LFEs

The  difference  in  the  frequency  component  between  LFEs  and regular  earthquakes  is

essential  for  understanding  the  LFE  generation  mechanism.  There  are  currently  questions

regarding the spectral  characteristics of LFEs that occur along the plate boundary (Ide  et al.

2007b; Zhang et al. 2011). Source displacement spectral amplitudes of regular earthquakes are

known to decrease with the square of frequency above the corner frequency, but those of LFEs

might be different. In fact, previous studies suggest that LFEs along the plate boundary have a

smaller displacement amplitude decay rate with frequency (Ide et al. 2007b; Shelly et al. 2007),

which can be explained by a source time function similar to a boxcar. On the other hand, Zhang

et al. (2011) analysed non-volcanic tremors in Cascadia and concluded that their spectral falloff

is  similar  to  that  of  regular  earthquakes.  In  this  case,  the  main  difference  between  regular
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earthquakes and LFEs results only from the source corner frequency rather than the spectral

falloff.  To  address  spectral  differences,  we  investigated  the  source  spectra  of  the  LFEs  in

Hakodate that occurred in the vicinity of the regular earthquakes. In the present study, we can use

waveforms of these nearby high-frequency regular earthquakes as EGFs. 

We used the earthquake pair from the largest regular earthquake (M 1.6) (Fig. 6n, #3) and

a nearby LFE of M 0.9 (Fig. 6r, L1), for which waveform data from AS-net (operated since

2014) were available. The two hypocentres are very close together, and their initial parts of the P

wave (< ~0.3s) have similar waveforms, thus suggesting that their propagation effects can be

removed  by  using  the  EGF  method.  We  computed  the  velocity  spectra  of  the  observed

waveforms by using time windows with a duration of 5.12 s, starting from 0.3 s before the S

wave arrival and computed their amplitude spectra (red and blue curves in Fig. 14a). We also

computed the amplitude spectra of noise by using a time window with the same duration but

starting from 6 s before the P wave arrival (green curves in Fig. 14a). When the signal to noise

ratios were higher than 3 for all of the frequency points from 1 to 15 Hz, we computed the ratios

between the amplitude spectra of two earthquakes at the same station, shown by black curves in

Fig. 14(b). The red curve in Fig. 14(b) shows the mean amplitude spectral ratio.

Because the corner frequency of the regular earthquake is higher than 15 Hz, the obtained

spectral ratios basically reflect the shape of the LFE source spectra. The spectral ratio roughly

decays linearly with the frequency, which is different from the omega-square characteristics (Aki

1967) of regular earthquakes in the frequency range from the corner frequency of ~2 Hz to the

analysed upper limit of ~15 Hz. This suggests that the difference in the frequency components of

LFEs and regular earthquakes results from not only the corner frequency but also the decay rate

above the corner frequency, as suggested for the plate boundary LFEs in Japan (Ide et al. 2007b;
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Shelly et al. 2007).

We also examined other LFEs (L2, L3, L4, and L5 in Fig. 6) that occurred in close vicinity

of the M1.6 regular earthquake. Figs. 15(b), (c), (d), (e), and (f) show the obtained spectral ratios

of M0.9. M0.6, M0.8, M0.7, and M0.3 LFEs, respectively, with the M1.6 regular earthquake. We

only used LFEs that occurred after the installation of the AS-net. Their locations are shown in

Fig. 5. The distances of these LFEs from the M1.6 regular earthquakes are less than 2 km (Figs.

S4g–k). Fig. 15(a) shows the average of these spectral ratios. The decay rates in these cases of

other LFEs also follow the inverse of frequency similar to the case of Fig. 14, thus suggesting

that the style of the temporal evolution of moment release is generally different between regular

earthquakes and LFEs.

Although the local magnitude of the M 0.9 LFE in Fig. 14 is smaller than that of the

regular earthquake (M 1.6), the amplitude ratio is almost one in the low frequency range of 1–2

Hz, thus indicating that their seismic moments are almost the same. The LFEs have much lower

corner frequencies (~2 Hz) than the regular earthquake with a similar seismic moment, which

suggests that the stress drop is extremely low or that the rupture and/or slip speed is quite small. 

The difference in  corner  frequency cannot  explain all  of the features of typical  LFEs,

including non-DC components (e.g. Ukawa & Ohtake 1987; Nishidomi & Takeo 1996; Okada &

Hasegawa 2000; Ohmi & Obara 2002; Nakamichi et al. 2003; Aso & Ide 2014) and long-lasting

high-amplitude  characteristic  codas.  The  existence  of  long-lasting  codas  is  similar  to  the

characteristics of some earthquakes induced by fluid-injection (Bame & Fehler 1986; Ferrazzini

et al. 1990) and volcanic LP events (e.g. Chouet & Matoza 2013). Explaining these features of

the LFEs probably will require a more complicated mechanism, in which some other process

such as fluid movement (Hasegawa & Yamamoto 1994) or flow-induced oscillations (Aki et al.
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1977; Chouet 1981; Julian 1994) is combined with shear faulting.

5. CONCLUSIONS

We  investigated  the  relationship  between  regular  earthquakes  and  LFEs  in  a  seismic

cluster that extends from the bottom of the crust to the surface, beneath Hakodate, Hokkaido. A

dense local seismic network covering this region made it possible to investigate this relationship

in  detail.  Relocated  hypocentres  and  observed  waveforms  clearly  show  that  both  regular

earthquakes and LFEs occur in close proximity to each other in the brittle upper crust, although

only LFEs occur in the ductile lower crust. This indicates that LFEs can not only occur in the

ductile part of the crust, but also in the brittle part of the shallow crust, thus suggesting that the

environments  causing  regular  earthquakes  and  LFEs  can  be  similar.  The  deep  cluster  of

earthquakes, composed of LFEs, in the lower crust seems to connect with a shallower cluster of

earthquakes composed of both LFEs and regular earthquakes. As a whole, the earthquakes have a

rod-like distribution extending from the bottom of the crust to near the surface and dipping

slightly eastward. This continuous eastward-dipping zone that extends through the entire crust

might represent a pathway of aqueous fluids originally sourced from the subducting slab.

Regular earthquakes that occur in the close vicinity of LFEs in the upper crust have very

similar  waveforms,  and  the  separations  between  their  relocated  hypocentres  are  sufficiently

smaller than their source diameters. This indicates that these regular earthquakes are repeated

ruptures of the same asperity patch. Similar crustal repeating earthquakes have been reported in

induced seismicity by fluid-injection experiments (Bourouis & Bernard 2007; Lengliné  et al.

2014).  The  similarity  and  co-location  with  LFEs  supports  the  proposal  that  these  repeating

earthquakes were caused by drastic increases in pore pressure.
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Inspection of the observed earthquake waveforms has shown that some LFEs that occur in

the shallow upper crust were originally misclassified as regular earthquakes in the JMA unified

catalogue. This suggests that more LFEs exist in the shallow upper crust than are presently listed

in  the  JMA unified  catalogue,  which  might  be  an  important  clue  to  understanding  their

generation mechanism.
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Figures

   

Figure 1. Epicentre distributions of deep LFEs for the period from January 2003 to October 2018

(a) in northern Japan and (b) in the region shown by a dashed rectangle in (a). Red crosses

indicate the epicentres of the deep LFEs and black triangles indicate active volcanoes. Open

triangles  and  inverted  triangles  in  (b)  indicate  Quaternary  volcanoes,  and  seismic  stations,

respectively. Blue inverted triangles in (b) indicate stations operated by the Association for the

Development of Earthquake Prediction (ADEP). The green rectangle in (b) indicates the area of

interest  in  this  study.  Dotted  contours  show  the  depth  to  the  upper  plate  interface  of  the

subducting Pacific plate (data from Nakajima et al. 2009).
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Figure 2. Hypocentres of regular earthquakes and LFEs in Hakodate, Hokkaido, from the JMA

unified catalogue for the period from January 2003 to October 2018. (a) Map view. (b) Cross-

sectional  views  along  lines  A-A’ and  B-B’ in  (a).  Blue  circles  and  red  crosses  show  the

hypocentres of regular earthquakes and LFEs, respectively.
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Figure 3. Relocated hypocentres of regular earthquakes and LFEs in Hakodate, Hokkaido. (a)

Map view.  (b) Cross-sectional  views along lines  A-A’ and B-B’ in  (a).  Blue circles  and red

crosses show hypocentres of regular earthquakes and LFEs, respectively.
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Figure 4. Observed LFE waveforms at a nearby seismic station (HU.ESH). These are ordered

according  to  increasing  focal  depth.  Red  and  black  traces  show  vertical  and  transverse

components, respectively. Red traces are normalized using the maximum amplitude for the initial

2 seconds from the onset to illustrate P waves. Black traces are normalized using the maximum

amplitude for the entire period to illustrate S waves. Blue vertical dashed lines show predicted

onset times of S waves according to the relocated hypocentres. The bottom left corner of each

trace shows the relocated focal depth (Z) and magnitude (M).
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Figure 5. Enlarged view of the spatial distribution of hypocentres in the western region of the

study area. (a) Map view and (b) cross-sectional view along line A-A’ shown in (a). Red crosses

and blue circles show the hypocentres of LFEs and regular earthquakes, respectively, according

to  the  JMA unified  catalogue.  Red  crosses  outlined  by  red  circles  show  events  which  are

classified  as  regular  earthquakes  in  the  JMA  unified  catalogue  but  as  LFEs  in  our

reclassification.
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Figure  6.  Observed raw waveforms for  earthquakes  in  the western region of  the  study area

obtained  at  HU.ESH,  ordered  with  increasing  focal  depth.  Red  and  blue  traces  show  the

waveforms of LFEs and regular earthquakes, respectively, according to our classification. Red

crosses  and  blue  circles  on  the  left  side  show  LFEs  and  regular  earthquakes,  respectively,

according to the JMA unified catalogue. Red crosses outlined by red circles show events which
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are  classified  as  regular  earthquakes  in  the  JMA unified  catalogue  but  as  LFEs  in  our

reclassification.
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Figure 7. Velocity spectra obtained at HU.ESH for earthquakes in the western region of the study

area, ordered with increasing focal depth. Red and blue traces show S wave spectra of LFEs and

regular  earthquakes,  respectively,  according  to  our  reclassification.  Gray  traces  show  noise

spectra. Red cross and blue circle in up-right in each panel shows LFE and regular earthquake,

respectively, according to the JMA unified catalogue. Red crosses outlined by red circle show

events which are classified as regular earthquakes in the JMA unified catalogue but as LFEs in

our reclassification. 
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Figure 8. Log waveform envelopes (2–8 Hz) obtained at HU.ESH for earthquakes in the western

region of the study area,  ordered with increasing focal depth.  Red and blue traces show the

envelopes  of  LFEs  and  regular  earthquakes,  respectively,  according  to  our  reclassification.

Vertical  lines  indicate  the  arrivals  of  S  wave.  Broken  lines  indicate  the  lines  fitted  to  the

amplitude envelopes after the S wave arrivals. Red crosses and blue circles on the left side show

LFEs and regular earthquakes, respectively, according to the JMA unified catalogue. Red crosses

outlined by red circles show events which are classified as regular earthquake in the JMA unified

catalogue but as LFEs in our reclassification. 
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Figure 9. Frequency distributions of (a) dominant frequency and (b) decay rate of amplitude

envelope for earthquakes in the western region of the study area obtained at HU.ESH. Red and

blue ones show the results of LFEs and regular earthquakes, respectively.
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Fig.  10.  Map view (left)  and cross-sectional  views (A–I)  of  hypocentres  of  the four regular

earthquakes (#1 through #4) in the study area. Size of the circles in the figure corresponds to

fault size with a stress drop of 3 MPa, according to Eshelby (1957).
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Fig. 11. Observed waveforms (vertical component) for the two largest regular earthquakes at the

nearest seismic station (A.TSRN). Their amplitudes were normalized. (a) Raw waveform data.

(b)  Bandpass-filtered  (5–12  Hz)  waveform data.  The  upper  figures  show  the  superimposed

waveforms of the two earthquakes. Black and blue traces show the waveforms of the largest (M

1.6)  and the  second largest  (M 1.4)  earthquakes,  respectively.  The middle  figures  show the

waveforms of the largest event. The lower figures show the waveforms of the second largest

event.
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Figure 12. (a) Frequency distribution of the differences in S-P time between the largest event and

the second largest event, i.e. the difference of differential arrival times of P ( ) and S

waves ( ) at each station. (b) Spatial distribution of  shown at each

station location by the colour scale. The star indicates the locations of the two earthquakes.
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Fig. 13. Spectral ratios of the six combinations of the four regular earthquakes. Black: spectral

ratio for each station. Blue: Mean spectral ratio.
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Figure 14. (a) Velocity spectra of an LFE (L1) and the M1.6 regular earthquake (#3). Blue and

red curves show the velocity spectra of the regular earthquake and the LFE, respectively,  at

various  seismic  stations.  Green  curves  show the  noise  spectra.  Bold  curves  show the  mean

spectra. (b) Spectral ratio of the LFE and the M1.6 regular earthquake. The red curve indicates

the mean value. Inverted triangle indicates the corner frequency.
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Fig. 15. Spectral ratios between LFEs and the M1.6 regular earthquake (#3). (a) Mean spectral

ratios of five different LFEs with the M1.6 regular earthquake (b–f). Black curves show spectral

ratios between the individual LFEs and the M1.6 regular earthquake. The red curve shows the

mean value. (b)–(f) Spectral ratios of the five LFEs with the M1.6 regular earthquake. Black

curves show individual spectral ratios at each channel, and red curves show the mean values.

Inverted triangle indicates the corner frequency.
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Fig. S1. P and S wave velocity models of Hasegawa et al. (1978) (red) and Ueno et al. (2002)

(black).
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Fig. S2. Relocated hypocentres of regular earthquakes and LFEs in Hakodate, Hokkaido, based

on the velocity model of Ueno et al. (2002). (a) Map view. (b) Cross-sectional views along lines

A-A’ and B-B’ in (a). Blue circles and red crosses show hypocentres of regular earthquakes and

LFEs, respectively.
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Fig. S3. Frequency distributions of the 95% interval of relocated hypocenters of (a) E–W, (b) N–

S, (c) U–D directions.
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Fig.  S4.  Frequency  distributions  of  distances  of  11  earthquake-pairs  in  the  95% confidence

region according to the 1000 bootstrap results.
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