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Recent deployments of dense seismic and geodetic obser-
vation networks have revealed a detailed pattern of crus-
tal stress and strain rate in tectonically active regions all 
over the world. Furthermore, the 2011 M9.0 Tohoku-oki 
earthquake provided a unique opportunity to investigate 
how the Japanese Islands’ crust responds to instantane-
ous as well as transient stress changes due to the giant 
fault motion. This special issue includes 28 papers, which 
are the results of state-of-the-art researches carried out 
to understand the crustal dynamics and earthquake 
generation process in the island arc system. The papers 
might be categorized into several groups: (1) inhomo-
geneous structures related to earthquakes; (2) inelastic 
deformation; (3) stress and fault strength; (4) fluids and 
earthquakes; and (5) characteristic of fluids.

It is evident that inhomogeneous structures affect seis-
mic activities, but the detail of the effect is still ambig-
uous. Baba and Yoshida (2020) clarified the detailed 
geological structure in the northeastern Japan forearc 
and demonstrated a close relationship between seis-
mic activity and the geological structure of the overrid-
ing plate. Barbot (2020) constructed a two-dimensional 
rheological model for the northeastern Japan subduc-
tion zone. He showed that most of the partial ruptures 
of the megathrust are structurally controlled, and the 
model consistently explains the characteristics of his-
torical earthquakes in the Miyagi segment, the slow-slip 
and foreshock preparatory phase of the 2011 Tohoku-oki 

earthquake, the large slip near the trench during the giant 
rupture, and essential features of its postseismic defor-
mation. Shi et al. (2020) modeled a representative cross-
section of the Nankai subduction zone offshore Shikoku 
Island, where the frictional behavior is dictated by the 
structure and composition of the overriding plate. They 
showed that mechanical interactions between neighbor-
ing fault segments and the impact from the long-term 
viscoelastic flow strongly modulate the recurrence pat-
tern of earthquakes and slow-slip events. Miyake and 
Noda (2019) investigated the effect of viscoelasticity on 
the transition between seismogenic and aseismic behav-
ior using a numerical simulation. Their results indicate 
that the transition associated with slow-slip events and 
tremors is dominated by changes in frictional properties 
rather than changes in viscoelastic properties.

Not only the large-scale heterogeneity mentioned 
above, but local to regional scale inhomogeneities will 
also affect the seismogenesis. Hisakawa et  al. (2020) 
investigated the rupture process of the 2018 Hokkaido 
Eastern Iburi earthquake, Japan, by using dynamic rup-
ture simulations to show that the observed complexity 
of the event can be explained primarily by the effect of 
non-planar fault geometry with multiple bends. Tsuda 
et al. (2019) estimated the velocity structure in the San-
in district, southwestern Japan, using seismic travel-time 
tomography to find that the lower crust beneath the seis-
mic belt showed lower velocities. They concluded that 
the seismic belt is generated because the lower crust 
beneath the belt is weak due to the high temperature in 
the eastern part and the water dehydrated from the Phil-
ippine Sea plate in the western part. Suemoto et al. (2020) 

Open Access

*Correspondence:  toru.matsuzawa.c6@tohoku.ac.jp
1 Graduate School of Science, Tohoku University, Sendai 980‑8578, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-020-01337-5&domain=pdf


Page 2 of 4Matsuzawa et al. Earth, Planets and Space           (2021) 73:32 

derived a three-dimensional S-wave velocity model 
for the San-in area of southwest Japan using ambient 
noise data from a dense seismic network. In the result-
ing model, faults and a previously unrecognized tectonic 
boundary appeared as low-velocity anomalies or velocity 
boundaries, and the velocity anomalies were also associ-
ated with many past earthquake hypocenters.

Since earthquakes release the elastic strain energy accu-
mulated in the plates, elastic strain estimation is crucial 
to assess large earthquakes’ potential. However, inelastic 
deformation is also essential to understand the topogra-
phy and stress concentration, both of which are strongly 
related to earthquakes. Fukuda et al. (2020) investigated 
cooling/denudation history in the northern part of the 
northeastern Japan arc using thermochronometry. The 
results indicate slow denudation rates in the fore-arc 
side and high rates in the Ou Backbone Range and on 
the back-arc side, similar to the southern part of the arc. 
Fukahata et  al. (2020) successfully separated plastic/vis-
cous deformation from the observed strain in the north-
ern Niigata–Kobe Tectonic Zone (NKTZ), central Japan, 
using GNSS data before and after the 2011 Tohoku-oki 
earthquake. Their results indicate that the strain rate was 
exceptionally faster before the Tohoku-oki earthquake 
because of plastic strain, and the discrepancy between 
the geodetic and geologic strain rates is much smaller in 
most of the period. Otsubo et al. (2020) investigated the 
relationship between contractional deformation of sedi-
mentary mass in the upper crust and the geodetic strain 
rate in a high-strain zone of the mid-Niigata region, cen-
tral Japan, to find numerous examples of layer-parallel 
slip (bedding-plane slip) generated by folding. The results 
support an existing model, based on geodetic obser-
vations, of mechanical decoupling between the weak 
sedimentary layers and basement. Dojo and Hiramatsu 
(2019) analyzed the temporal variation in coda Q in the 
northeastern part of the NKTZ in central Japan. They 
found no statistically significant temporal variations in 
the spatial distribution of coda Q in the periods before 
and after the 2011 Tohoku-oki earthquake, which implies 
the existence of a persistent ductile deformation in the 
upper crust contributes essentially to the generation pro-
cess of the high strain rate in the northeastern part of the 
NKTZ. Tamura et al. (2020) quantified the slip rate attrib-
utable to minor faults in the southeastern-central part of 
the NKTZ to the south of the Atotsugawa Fault, central 
Japan. Their results indicate that these minor faults con-
tribute 4–24% of the total crustal strain in NKTZ. Mene-
ses-Gutierrez and Nishimura (2020) analyzed GNSS data 
within the San-in Shear Zone, southwestern Japan, to 
clarify the width of the inelastic deformation zone in the 
lower crust beneath it. In eastern Tottori, the estimated 
inelastic zone’s center coincides with the source region of 

the 1943 Tottori earthquake, while the inelastic zones are 
located just below the source regions of the 2000 West-
ern and the 2016 Central Tottori earthquakes.

When an earthquake occurs, the shear stress on the 
fault must be larger than the strength. Thus, inves-
tigations of the stress concentration and strength 
reduction are essential to understand the earthquake 
generation process. Iio et al. (2020) investigated the tem-
poral changes in the spatial distributions of hypocenters 
and focal mechanisms of aftershocks of the 2016 Cen-
tral Tottori Prefecture earthquake, southwestern Japan, 
using the data from a dense temporary seismograph net-
work. They concluded that the aftershock activity was 
controlled mainly by stress concentration rather than 
strength reduction due to high fluid pressure. Mitogawa 
and Nishimura (2020) calculated the temporal evolu-
tion of the Coulomb failure stress changes on the crus-
tal faults in southwest Japan by utilizing viscoelastic 
modeling of megathrust earthquake cycles. They found 
that the large inland earthquakes before the megath-
rust earthquakes can be explained only when the appar-
ent frictional coefficient is less than ~ 0.1. Kameda et  al. 
(2019) demonstrated that the swelling pressure system-
atically increases with a decrease in sample porosity 
from experiments using the fault material, composed 
primarily of smectite, obtained by the IODP Expedition 
343 JFAST program. The experiments suggest that the 
modified effective confining pressure of the fault is quite 
low or potentially zero, which means the fault may be 
intrinsically weak. In order to investigate the stress in the 
seismogenic zones, we need a great many focal mecha-
nisms. Hara et al. (2019) developed a model of the con-
volutional neural networks (CNNs) to determine P-wave 
first-motion polarities of observed seismic waveforms 
automatically. They found that the accuracies of the CNN 
models were generally high (≳95%) and that regional 
dependence was insignificant.

Among all the possible causes of strength reduction, 
an increase in the pore fluid pressure is the most prob-
able candidate. In and around many fault zones, Sibson 
(2020) found many geological and geophysical charac-
teristics that support his "fault-valve" model, especially 
in compressional–transpressional tectonic regimes, 
which are better at containing overpressure and are 
‘load-strengthening’ (mean stress rising with increasing 
shear stress). Maeda et  al. (2019) investigated the focal 
mechanisms of aftershocks of the 2008 Iwate–Miyagi 
Nairiku earthquake (M 7.2) in the northeastern Japan arc 
and detailed Vp/Vs structure there. They concluded that 
exceptional N–S compressional aftershocks occurred 
in regions with low strength due to the high pore pres-
sure and with N–S compressional stress caused by the 
stress change due to the mainshock in a low differential 
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stress regime. Matsumoto et  al. (2020) investigated ine-
lastic strain decay rates using aftershock moment tensor 
data obtained from dense seismic observations in the 
focal area of the 2000 M7.3 Western Tottori earthquake, 
southwestern Japan. They found an increase in the spa-
tial variations in the inelastic strain rate, and they con-
cluded that the decay in the inelastic strain rate is mainly 
controlled by a power-law fluid and slow decay in some 
regions might be attributed to aseismic slip. Amezawa 
et al. (2019) found distinct scattered wave packets (DSW) 
in the waveforms of S-coda from earthquakes around the 
Moriyoshi-zan volcano in the northeastern Japan arc. 
Since the DSW origin is located between the large cluster 
of earthquakes and a low-velocity zone, they concluded 
that the DSW origin was composed of geofluid accumu-
lated midway in the upward fluid movement from the 
low-velocity zone to the earthquake cluster. Hutapea 
et  al. (2020) developed a continuous monitoring sys-
tem of the seismic velocity of the Japanese Islands using 
seismic interferometry. The system clearly shows spatio-
temporal seismic velocity changes that could be related 
to pore pressure and/or magma variations.

As mentioned above, fluids can be the most responsi-
ble for reducing the fault strength. In order to model the 
strength reduction, however, we have to understand the 
detailed characteristics of fluids. Kusuhara et  al. (2020) 
showed that the isotopic characteristics of brine samples 
from the Kashio mineral spring, central Japan, indicated 
that the Kashio brine could have originated from fluids 
dehydrated from the Philippine Sea slab as well as the 
Arima hot spring, located at 250 km west of the Kashio. 
They evaluated the chemical difference between those 
two springs with the depths of the subducting Philippine 
Sea slab and also possible interaction with crustal rocks 
above it. Koizumi et al. (2019) analyzed daily streamflow 
data collected in regions with strong ground motion dur-
ing the 2016 Kumamoto earthquake. They concluded 
that the postseismic hydrological changes were caused 
mainly by earthquake-induced surface phenomena and 
little contribution from a hydrothermal fluid. Sato et  al. 
(2020) investigated long-term hot spring discharge trig-
gered by the 2011 Mw 6.6 Iwaki earthquake, northeastern 
Japan, and they concluded that such long-term discharge 
might be explained by the rise of thermal water from the 
deep part and the permeability changes along the hot 
spring channels. Fukuda and Shimizu (2019) investigated 
variation in water contents in quartz in the Sanbagawa 
Metamorphic Belt, Japan. Using an infrared spectro-
scopic mapping technique, they measured the quartz’s 
water contents to be 40–310  ppm. The lowest values 
were obtained for large quartz grains in the high-grade 
metamorphic zones. They speculated that relatively high 
water contents in the lowest metamorphic grade zone 

reflect grain-boundary water. Kuwatani and Toriumi 
(2020) developed a kinetic model that illustrates the rela-
tive roles of intergranular diffusion and surface reactions 
in overall metamorphic net-transfer reactions involving 
solid solutions. Their conceptual model can be extended 
to capture more complex behaviors of metamorphic 
reactions in natural systems. Watanabe et al. (2019) con-
ducted elastic wave velocity and electrical conductivity 
measurements in a brine-saturated granitic rock sample 
in the laboratory. Electron microscopic observation of 
pores in the sample showed remarkable variation in the 
aperture of each crack. At high pressures, narrow aper-
ture parts are closed while wide aperture parts are still 
open to maintain conduction paths, explaining the vari-
ations in the seismic wave velocity and electrical conduc-
tivity observed in the field.
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