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Connecting Slow Earthquakes to Huge Earthquakes
Kazushige Obara and Aitaro Kato

Earthquake Research Institute, The University of Tokyo

Abstract

Slow earthquakes are characterized by a wide spectrum of fault slip behaviors and
seismic radiation patterns that differ from traditional earthquakes. However, slow
earthquakes can have common slip mechanisms with huge megathrust earthquakes and
are located in neighboring regions of the seismogenic zone. The frequent occurrence of
slow earthquakes may help reveal the physics underlying megathrust events as useful
analogs. Slow earthquakes may function as stress meters due to their high sensitivity to
stress changes in the seismogenic zone. Episodic stress transfer to megathrust source
faults leads to increased probability of triggering huge earthquakes if the adjacent
locked region is critically loaded. Careful and precise monitoring of slow earthquakes

provides new information on the likelihood of impending huge earthquakes.

Introduction

Megathrust earthquakes occurring along the boundary between a subducting oceanic
plate and an overriding continental plate may cause devastating damage due to the
resulting strong ground motion and possible tsunamis. If we can retrieve a precursory
signal prior to a megathrust earthquake, it would be useful for disaster mitigation. While
many studies have investigated earthquake prediction, no practical method has been
established for the short-term prediction of an impending huge earthquake. Even though
long-term changes in b-value [which characterizes the magnitude-frequency distribution
of seismicity (1)] and the tidal sensitivity of regular earthquakes (2) were retrospectively
observed in the mainshock rupture areas of the 2004 Mw 9.2 Sumatra and the 2011 Mw
9.0 Tohoku earthquakes, we cannot yet come to any conclusion about the quantitative
predictive power of these parameters (3, 4).

Slow earthquakes show an intermediate type of fault slip that is transitional between

the fast rupture of regular earthquakes and stable sliding along a megathrust fault
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interface. The deployment of geodetic and seismic observation networks such as
GEONET (5) and Hi-net (6) in Japan have contributed to the discovery of various types
of slow earthquakes. Slow earthquakes provide phenomenological evidence for the
existence of a transition zone between locked and creeping zones proposed by thermal
modeling studies (7), and the partial release of slip deficit. In the past two decades, slow
earthquakes have been detected in many subduction zones along the Pacific Rim (8).
The existence of different modes of fault slip is useful for understanding the physics of
earthquake phenomena. Furthermore, the characteristic activity of slow earthquakes
might be linked to huge earthquakes despite the limited period during which
observations of such phenomena have been made. Soon after the discovery of slow
earthquakes, it was suggested that slow earthquakes could lead to an increased
probability of megathrust events (9), although there have been not so many observations
to confirm or refute this hypothesis statistically. Based on observations accumulated
during the last decade, we focus here on how the study of slow earthquakes can help
further our understanding of the earthquake cycle, which should in turn help narrow and
focus our ability to improve disaster preparedness for this megathrust earthquake

hazards.

Types of slow earthquakes

Slow earthquakes in the Nankai subduction zone are typically categorized as seismic
or geodetic events according to their characteristic time-scale (Fig. 1). Geodetic slow
earthquakes are characterized as being either long-term slow slip events (SSEs) with
durations of months or years, or short-term SSEs with durations of days. Seismic slow
earthquakes are characterized by very-low-frequency (VLF) earthquakes at dominant
periods of tens of seconds, and low-frequency tremor at dominant frequencies of several
Hz. These slow earthquakes are located both shallower and deeper than the seismogenic
zone of the 1946 Mw 8.3 Nankai and 1944 Mw 8.1 Tonankai earthquakes (Fig. 2). Deep
tremor is nearly continuously distributed within a narrow belt-like zone along the
downdip edge of the megathrust seismogenic zone over a length of 600 km and the belt

width is several tens of kilometers (10). Tremor episodes usually continue for several
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days and accompany both short-term SSEs (11) and deep VLF earthquakes (12). The
association of short-term SSEs with tremor was first discovered in Cascadia (13, 14);
these coupled phenomena are also referred to as episodic tremor and slip (ETS).

Long-term SSEs occur in southwest Japan, and shift to shallower depths than the
deep ETS zone, appearing to fill a gap between tremor and shallower locked zones (15).
In the Tokai region near the eastern edge of the deep ETS zone, a long-term SSE
occurred from 2000 to 2005, releasing a seismic moment equivalent to a Mw 7.1
earthquake (16). In the Bungo channel at the western-most part of the deep ETS zone, a
Mw 6.8 long-term SSE, with a duration of several months, occurs about every 6 or 7
years, accompanying tremor activity (17). On the shallower side of the locked zone,
shallow VLF earthquakes are sporadically distributed on the landward side of the
Nankai trough (18). Data from seafloor seismometers reveal that the intensification of
shallow tremor was coincident with shallow VLF earthquake activity off the east coast
of Kyushu (19). The shallow VLF earthquakes extend to the Ryukyu Islands from off
Kyushu (20), associated with short-term SSEs (21). Another shallow VLF earthquake
zone is located east of Hokkaido (22), strongly modulated by afterslip following the
2003 Mw 8.1 Tokachi-oki earthquake.

In contrast to ETS observed in the Nankai subduction zone, a series of SSEs of Mw ~
6.6 located near the Boso Peninsula, central Japan, has consistently accompanied
swarms of regular earthquakes on the downdip part of the SSE area (23). Each SSE,
with a duration of weeks, occurs once every 5 to 7 years.

Among the various slow earthquake types observed along the Pacific Rim (Fig. 3),
Cascadia ETS behavior is similar to that seen in Nankai; however, the scale of activity
is much larger in Cascadia, where the ETS zone extends for 1200 km along the strike of
the subducting plate and is divided into several segments (24). Recently, deep VLF
earthquakes were detected (25); however, no accompanying long-term SSEs or shallow
slow earthquakes were observed. In Mexico, long-term SSEs with Mw > 7 were
detected first, followed by tremor in the downdip portion of the long-term SSE source
area (26). Slow earthquakes around the North Island of New Zealand show more

complicated behavior (27). That is, SSEs with durations of weeks occur at intervals of a
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few years along the shallow interplate zone of the Hikurangi margin accompanying
regular earthquakes, similarly to the Boso SSEs. Recently, seafloor pressure gauge
observations revealed that the slip area of the SSE extends close to the trench (28). At
depths of 20 ~70 km, long-term SSEs occur with durations of a couple of years, and
minor tremor activity has been detected near the SSE-generating fault.

Tremor occurs not only in subduction zones but also along the transform plate
boundary setting, at the deep extension of the San Andreas Fault (29). Tremor
associated with teleseismic surface waves has also been detected in the zone of collision

between the Pacific and Eurasian plates in southern Taiwan (30).

Slow earthquakes as analogs of megathrust earthquakes

Megathrust earthquakes are characterized by their variability in size and recurrence
interval (31). Nankai megathrust earthquakes seem to occur repeatedly; however, the
rupture area and recurrence interval are highly variable. On the other hand, some slow
earthquakes are characterized by their regular, periodic occurrence. Typical recurrence
intervals of slow earthquakes range from months to years, much shorter than those of
megathrust earthquakes. Therefore, the repetitious nature of slow earthquakes may be
useful for improving our understanding of rupture styles and recurrence cycles of
megathrust earthquake.

Among the various types of slow earthquakes, episodic tremor and slip (ETS) is
analogous to megathrust earthquakes, as both exhibit recurrent activity and rarely
rupture multiple fault segments. An ETS zone at the deeper extension of the
seismogenic zone along a plate interface can be separated into segments (Fig. 4) based
on recurrence interval, which ranges from 3 to 6 months in southwest Japan (11) and
from 10 to 19 months in Cascadia (24). This recurrence interval is more regular than
those for megathrust earthquakes, although the interval and rupture area for each
episode are variable. ETS events usually migrate within each segment, and rarely
propagate to adjacent segments. For example, tremor episodes occur independently at
six-monthly intervals in the Kii and Tokai segments, separated by a gap at Ise Bay (Fig.

2). However, during the 2006 ETS episode, slow slip events (SSEs) continuously
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propagated from the Kii to the Tokai segments through the Ise Bay gap, without any
excitation of tremor (12). The continuous propagation of minor slow slip without tremor
has also been observed at Cascadia (32). The gap zone does not always host tremor,
allowing smooth migration of tremor on other occasions. These observations suggest
that frictional properties may change over space and time at the gaps that characterize
segment boundaries. ETS migration that extends to an adjacent segment is analogous to
multi-segment rupture during huge earthquakes. Consequently, ETS zone segment-
boundaries play an important role in controlling rupture termination.

Interestingly, for the 2003 and 2010 episodes the Bungo channel long-term SSE
recurred with almost identical slip parameters, including moment magnitude, slip area,
and duration of SSE (33). This SSE seems to be a characteristic earthquake, which is a
unique earthquake rupturing at approximately the same source with a regular interval.
On the other hand, moment magnitude and slip area of each Boso SEE were not always
identical, based on the longest observed repetition history of any SSE, almost 30 years.
The three most recent SSEs detected by GNSS (Global Navigation Satellite System)
occurred in 2002, 2007, 2011, and 2014, indicating a gradual shortening of the
recurrence interval, possibly due to stress transfer related to the 2011 Tohoku
earthquake (23, 34). Alternatively, this shortening may signal a stress-state change
caused by an approaching large earthquake, as seen in numerical simulations (35), as
discussed below. On the other hand, a small SSE was detected by seismological means
immediately after the 2011 Tohoku earthquake (36). If we take this small SSE hidden by
substantial afterslip following the Tohoku earthquake into account, the recurrence
interval shows a more complex pattern, and the entire recurrence history must be

reconsidered.

Slow earthquakes as stress meters

Slow earthquakes are sensitive to external stress perturbations because of fault
weakness. During episodic tremor and slip (ETS), tremor is usually modulated by stress
variations associated with Earth tides (37). On the other hand, during inter-ETS periods,

triggered tremor is often associated with the propagation of surface waves from distant,
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large earthquakes (38). The sensitive nature of tremor means that slow earthquakes may
play an important role as stress meters, and reflect stress accumulation at strongly
locked sections of the megathrust adjacent to slow earthquake regions.

At Parkfield, California, U. S. A., two possible changes in tremor activity along the
San Andreas Fault have been recognized prior to the 2004 Mw 6.0 Parkfield earthquake.
One is an increase in tremor seismicity beginning approximately 3 weeks before the
earthquake (39). This foretremor might have been caused by preslip at the mainshock
nucleation point, as indicated by an elevation in tremor seismicity that decays gradually
after the earthquake, consistent with afterslip (40). Another change is a characteristic
migration pattern of seismicity revealed by precise event catalogs (41). Tremor usually
migrates in both directions along the fault; however, during the 3 months before the Mw
6 earthquake, all tremor events migrated unilaterally in a southward direction towards
the rupture initiation point of the Mw 6 earthquake. This change in migration direction
might indicate stress accumulation around the rupture initiation point.

Relative changes in shear stress at depth can be inferred from temporal changes in the
recurrence interval of tremor along the San Andreas Fault. The tremor pattern regularly
oscillated at doubled recurrence intervals of 3 and 6 days for many years, but was
disrupted by the 2004 Parkfield earthquake (42). Period-doubling tremor can be
modeled as regular slip in slow and fast ruptures using physics-based modeling (43).
Sudden changes, and gradual recovery, of the recurrence intervals can be explained by
temporal changes in shear stress driven by a rise in pore pressure following the
Parkfield earthquake.

Slow earthquakes, and their relationship to huge earthquakes, have been well studied
using numerical simulations (35, 44). Matsuzawa et al. (35) modeled a locked zone with
high effective normal stress and a downdip ETS zone with high pore fluid pressure on
the dipping interface, adopting a rate- and state-dependent friction law with cutoff
velocities. Allowing lateral variations of fluid pressure in the ETS zone, they
reproduced the recurrence interval of short- and long-term slow slip events (SSEs), and
the depth-dependent behavior of ETS. The recurrence intervals of long- and short-term

SSEs gradually become shorter as the huge earthquake approaches. The shortening of
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recurrence interval is caused by stress accumulation due to a gradual unlocking near the
edge of the strongly locked region. After the earthquake, the recurrence intervals return
to larger values. This result suggests that shortening of recurrence intervals may indicate
an impending huge earthquake. We are unsure if this result is real, as it may result from
the simplicity of the model. However, if the modeling results are correct, they point to
the possibility that precursory changes in slow earthquake activity may be indicative of
an upcoming huge earthquake. Integrating monitoring with slow earthquake simulation
will not only deepen our understanding of this connection, but also potentially allow us
to evaluate the timing of events from a long-term perspective. The best-case scenario
might be an improvement in the estimation of the probability of earthquake hazard, as
slow earthquakes provide a different type of information that is not yet being utilized.
One of the striking properties of slow earthquakes is the interaction between different
types of such events. These interactions are explained by stress transfer from larger slow
earthquakes to triggered slow earthquakes, as discussed in the next section. On the other
hand, differences in the type of slow earthquake activity that is triggered may reflect shear
strength or stress level variations therein. During the 2003 and 2010 long-term SSEs in
the Bungo channel, shallow very-low-frequency (VLF) earthquakes were triggered (17)
as well as deep tremor (Fig. 4). The association of shallow VLF earthquakes with shallow
tremor activity was also seen in seafloor observations for the 2013 shallow slow
earthquake episode (19). If we compare the 2010 and 2013 shallow slow earthquake
episodes, both are seen to initiate at the southern part of the zone and both migrate in the
same direction northwards. In 2013, the shallow slow earthquake activity terminated at
the point where the Nankai trough bends; however, during the 2010 long-term SSE, the
shallow slow earthquake episode propagated around this bend (45). We interpret this
process of overcoming bends as a weakening of interplate coupling due to the long-term

SSE.

Possible stress transfer from slow to huge earthquakes

Understanding the interactions between huge earthquakes and other phenomena would

very valuable for evaluating the potential of an impending huge earthquake. So far, we
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have observed a few kinds of interaction: 1) between different slow earthquakes; 2)
between slow earthquakes and smaller earthquakes; and 3) between slow earthquakes and
larger earthquakes. The most obvious interaction between slow earthquakes occurs during
the long-term slow slip event (SSE) in the Bungo channel when, for a few months, minor
tremor activity intensifies in the updip part of the tremor zone closest to the SSE source
fault. However, the rate of deeper tremor activity is constant, regardless of SSE activity
(17). The tremor response to the SSE clearly depends on distance from the SSE source
fault. Therefore, the long-term SSE seems to occur spontaneously and triggers tremor in
the adjacent downdip region (Fig. 4). A similar interaction between long-term SSEs and
tremor is observed in Mexico. During the 2006 SSE in this region tremor occurred on the
shallower side of the SSE, even though deeper tremor was more persistent (46). In
contrast, the long-term SSE in Tokai lacks any concurrent, sharp increase in tremor count
like that seen in the Bungo channel, even though the relative distance between tremor and
SSE source fault is almost the same. The degree of interaction is roughly dependent on
the slip velocity of the long-term SSE; slip velocity in the Bungo channel (~3 cm/month)
is six times that at Tokai (~0.5 cm/month), resulting in greater production of tremor.

Recently a series of small long-term SSEs has been detected in the gap between the
Nankai earthquake rupture area and the tremor zone (47). These SSEs appear to migrate
eastward along the gap adjacent to the Bungo channel SSE. Tremor count at the updip
part of the deep tremor zone shows a slight increase due to a downward stress loading
by these migrating SSEs. The front of the increase in tremor activity propagates quite
slowly (~25 km/year). This slow-migrating SSE seems to be a kind of afterslip that is
enhanced by the Bungo channel long-term SSE, as afterslip following the 1946 Nankai
earthquake occurred in the same region. It is possible that the gap zone is weakly
locked, thereby facilitating afterslip in response to neighboring large slip events.

The Boso SSE is a typical example of a large-magnitude SSE driving a swarm of
small earthquakes downdip of the major slip patch of the SSE (23). The moment
magnitude of the SSE and the largest triggered earthquake are generally Mw 6.6 and
Mw 5.3, respectively. The duration of the SSE and the triggering of downdip events

resemble the behavior observed during the long-term SSE in the Bungo channel.
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Therefore, the mechanism enabling the Boso SSE to drive earthquake swarms might be
similar to that which drives tremor related to the Bungo channel SSE. However, these
SSEs differ in their source depth; the Boso SSE source fault is up to 20 km deep, which
is shallower than that of the Bungo channel SSE, and so the thermal regime in Boso is
colder than that in Bungo. The different thermal regime in the two cases might affect the
type of slip seen in the triggered events.

Before the 2011 Tohoku earthquake, with the exception of afterslip, no slow
earthquakes had been reported off Tohoku. However, precise studies using data
retrieved by on-land networks and offshore seafloor instruments subsequently revealed
that slow earthquakes with various time scales in and around the rupture area of the
Tohoku earthquake had loaded the mainshock fault. A decade-long SSE took place in
the deepest part of the Tohoku mainshock rupture area, and accelerated over time (48).
Near the mainshock rupture initiation point, SSEs were detected geodetically by
seafloor pressure gauges in 2008 and 2011 in the vicinity of the high-slip area of the
mainshock rupture zone (49). During the foreshock sequence lasting 23 days before the
Tohoku earthquake, two sequences of SSE migrated toward the mainshock rupture
initiation point (50). In addition, shallow tremor was detected by seafloor seismometers
during the foreshock sequence (51). These observations indicate that the plate interface
near the mainshock initiation point had been locally unlocked by these slow earthquakes
during the foreshock sequence.

Similar slow earthquakes preceding huge earthquakes have been observed in Mexico
and Chile. The Mw 7.3 Papanoa (Mexico) earthquake of 18 April 2014 was clearly
triggered by an SSE that started in February 2014 in the region neighboring the
earthquake source fault (52). Before the 2014 Mw 8.2 Iquique earthquake in northern
Chile, an SSE lasting about 2 weeks occurred prior the mainshock. The SSE was located
near a strongly locked section of the megathrust, as revealed by both seismicity analysis
and geodetic slip inversion of GPS data recorded near the coastline (53). The spatio-
temporal evolution of intense foreshocks indicates that the SSE migrated towards the
rupture initiation point of the mainshock, as also seen before the Tohoku earthquake (54,

55). Of course, accumulated stress on the strongly locked area is required to be close to a
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critical level for SSEs to prompt unstable dynamic rupture of the mainshock. When an
SSE migrated near the strongly locked area, the locked area did not always rupture
dynamically, which suggests that forecasts of an impending earthquake cannot rely solely
on a migrating pattern of SSEs.

A combination of repeating earthquake analysis and crustal deformation analysis has
revealed quasi-periodic slow slip behavior that is widely distributed across the off Tohoku
megathrust zone (56). The recurrence interval of the slow slip transients ranges from one
to six years and often coincides with, or precedes clusters of large interplate earthquakes
(i.e., M >5), including the 2011 Tohoku earthquake. These periodic slow slip events cause
periodic stress loading onto the plate boundary fault, and modulate the recurrence time of

large earthquakes.

Conclusion

Slow earthquakes have been frequently detected in regions neighboring megathrust
seismogenic zones. Some types of slow earthquakes have somewhat similar occurrence
styles to those of megathrust earthquakes. The study of slow earthquakes as an analog to
megathrust earthquakes is expected to improve our understanding of the megathrust
rupture cycle. Furthermore, a better understanding of the various slow earthquake types
may deepen our knowledge of the tectonic framework required for the formation of
subduction systems, including the rupture style of huge megathrust earthquakes. Slow
earthquakes have the possibility of playing a role as stress meters or in stress transfer.
Frequent loading might eventually trigger failure of the megathrust, although the stress
transfer due to each slow earthquake episode will be very small. However, we should
recall that many slow earthquakes don’t lead directly to megathrust earthquakes because
the final rupture of the megathrust earthquake depends on the areal extent of the
megathrust fault that is close to failure and how close the critical area is to failure in the
seismogenic zone (57). The most important and useful information for evaluating
seismic potential would be an estimate of the degree of criticality within the
seismogenic zone adjacent to slow earthquake source region. Long-term monitoring of

slow earthquakes is required so that a reliable picture of these phenomena can be built
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over all timescales, and so that physics-based numerical simulations that reproduce the

observed plate boundary faulting behavior can be developed.
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Figure 1: Cross-section of a subduction zone showing the occurrence of various types of

slow earthquake and summarizing the instruments used for slow earthquake detection

and monitoring based on the Nankai subduction zone. Key to acronyms: SSE (Slow Slip
Event); VLF (Very Low Frequency); ETS (Episodic Tremor and Slip); GSI (The

Geospatial Information Authority of Japan); NIED (National Research Institute for

Earth Science and Disaster Resilience); Hi-net (High Sensitivity Seismograph Network

of Japan); F-net (Full Range Seismograph Network of Japan); JMA (Japan

Meteorological Agency); AIST (The National Institute of Advanced Industrial Science

and Technology).
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