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1  Preface
Many scientific discoveries have been made since the 
2011 Tohoku earthquake (or Tohoku-Oki earthquake in 
many papers including those in this SPEPS, occurred on 
March 11, 2011, M 9.0), thanks in large part to the enor-
mous amount and quality near-field observations and 
the existing scientific knowledge about the northeast-
ern Japan arc that had already accumulated before the 
earthquake (e.g., Lay 2018; Goto et al. 2021; Uchida and 
Burgmann 2021). The earthquake highlighted dynamic 
frictional behaviors of the shallowest parts of the sub-
duction interface, which had previously been regarded 
as mostly aseismic. An increasing amount of evidence 
for spatial correlation between the distribution of inter-
plate faulting events of various sizes and time scales and 
the structural heterogeneity of the plate boundary have 
been presented. Several stress re-distribution processes 
were activated after the earthquake, including viscoelas-
tic relaxation, aseismic afterslip and fluid remobilization. 

These transients occurred in both the overriding and 
incoming plates and the underlying mantle astheno-
sphere, and insights gained from studying these post-
seismic processes have greatly improved our overall 
understanding of subduction zone dynamics. Abundant 
records of the associated tsunami provided new insights 
into various processes during the generation, propaga-
tion, and inundation of tsunamis. The earthquake also 
provided a unique opportunity to compare the fault rup-
ture models obtained from modern observations with 
those of past earthquakes based on geological records, 
allowing for improvements in the reconstructed recur-
rence history of massive earthquakes in the region. A 
collection of research regarding the Tohoku earthquake 
is expected to benefit our general understanding of infre-
quent gigantic (M > 9) subduction earthquakes around 
the world. For this special issue of SPEPS, we invited 
authors to contribute their own latest research as well as 
reviews on the seismotectonics along the northeastern 
Japan margin from various aspects related to the Tohoku 
earthquake.

Through the application of novel analysis methods to 
various geophysical observation data, new insights into 
the generation process of the Tohoku earthquake have 
been gained. Kubota et  al. (2022) estimate the distribu-
tion of coseismic stress drop through the reanalysis of 
tsunami waveforms and coseismic crustal deformation. 
Tanaka et al. (2022) successfully elucidate the spatiotem-
poral development of early afterslip that occurred within 
~ 1  h after the Tohoku earthquake from carrier phase 
data obtained from GNSS observations. Inazu et  al. 
(2023) report on temperature variations in the deep sea-
floor at the source region and speculated that these might 
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be caused by groundwater discharge from beneath the 
seafloor triggered by the earthquake.

Seafloor observations significantly contributed to 
improved understanding of the characteristics of the 
crustal structure around the Tohoku earthquake source 
region. Fujie et  al. (2023) demonstrate a strong correla-
tion between spatial variations in the crust and man-
tle structure of the subducting Pacific Plate and seismic 
activity at the plate boundary by compiling results from 
past seafloor seismic surveys around the Japan Trench 
and Kuril Trench. Nakamura et  al. (2023) highlight that 
the dominant fault dipping direction of bending normal 
faults developed on the upper surface of the Pacific Plate 
near the trench axis varies along the Japan Trench. East-
ward dipping normal faults were dominant in the north-
ern and southern parts of the Japan Trench, whereas 
westward dipping normal faults were more numerous 
in the central part, corresponding to the rupture zone 
of the Tohoku earthquake. Seismicity in the outer rise 
region was activated over a wide area after the Tohoku 
earthquake. The activity, occurring along multiple bend-
ing normal faults, was complex, but Obana et al. (2023) 
attempt to understand its details through seafloor seis-
mic observations.

The presence of slow earthquake activity prior to the 
Tohoku-Oki earthquake was reported, drawing attention 
to slow earthquake activity along the Japan Trench, lead-
ing to numerous observational reports. Nishikawa et  al. 
(2023) review slow earthquake activity along the Japan 
Trench based on these new observational discoveries. 
Takahashi et  al. (2022) report on the activity of shallow 
tectonic tremors north of the Tohoku earthquake source 
region immediately after its occurrence. Detection of 
slow earthquake activity without seismic wave radiation 
relies on geodetic methods. Hino et al. (2022) analyze the 
detection capabilities of seafloor pressure gauges in the 
S-net, a cabled seafloor monitoring network deployed in 
2016. With appropriate noise mitigation strategies verti-
cal seafloor motions associated with nearby slow earth-
quakes should be captured by the network. The tsunami 
generated by the Tohoku earthquake was detected across 
the Pacific Ocean, significantly advancing the under-
standing of long-distance tsunami propagation. Watada 
(2023) provide an explanation of the theory taking the 
coupling of solid Earth and ocean into account to accu-
rately describe long-distance tsunami waveforms and 
arrival times.

The 2011 Tohoku earthquake emphasized the useful-
ness of tsunami deposits in investigating earthquake 
history, accelerating research in this area. Detailed field 
investigations and subsequent analyses of the 2011 
Tohoku earthquake tsunami deposits were crucial for 
reconstructing the tsunami behavior and understanding 

its general characteristics. Many papers on the 2011 
Tohoku earthquake tsunami deposits have been pub-
lished in the past decade, and this special issue also 
includes two new research papers. Matsumoto et  al. 
(2023) compile the results of surveys and sedimento-
logical analyses of the 2011 Tohoku earthquake tsunami 
deposits over a wide area, mainly in Sendai Plain. The 
large dataset of the thickness and grain size of the tsu-
nami deposits, together with the tsunami inundation 
depth, will be useful for reconstructing the hydraulic 
conditions of past tsunamis. Shinozaki et al. (2022) focus 
on traces of the tsunami inundation other than sandy 
materials to correctly evaluate the tsunami inundation 
limit, as the distribution of sandy tsunami deposits is sys-
tematically narrower than actual inundation areas. They 
succeed in accurately determining the tsunami inun-
dation limit by examining the terrigenous biomarkers. 
Tsunami deposits data are also crucial for reconstruct-
ing past earthquake source images. Masuda et al. (2022) 
demonstrated that effectively combining tsunami deposit 
data with sediment transport simulations could improve 
the accuracy of estimating source models of past tsu-
namigenic events.

Research on the paleoseismology along the Japan and 
Kuril trenches based on tsunami deposits faces the major 
challenge of elucidating the true nature of earthquakes 
that occurred in the fifteenth to seventeenth centuries. 
Yamanaka and Tanioka (2022) suggest that the 1611 Kei-
cho earthquake, which has posed many mysteries regard-
ing its source, might have been a tsunami earthquake with 
significant slip along the Japan Trench and composed of 
multiple patches of large shallow coseismic slip. Separat-
ing the traces of the seventeenth century Kuril Trench 
giant earthquake, which occurred around the same time 
as the Keicho earthquake, is important but challenging. 
Aware of this issue, Ishimura et  al. (2022) conduct tsu-
nami deposit surveys at a coastal lowland on the north 
coast of the Shimokita Peninsula, where tsunamis associ-
ated with both the Japan and Kuril trenches earthquakes 
could strike. They identify five tsunami deposits, includ-
ing the fifteenth–seventeenth century tsunami deposit, 
during the past 6000 years. Based on this geological data, 
Sato et al. (2022) conduct the numerical tsunami calcula-
tions and indicated the possibility of a giant earthquake 
with a significant slip on the plate interface in the junc-
tion zone.

Research on the earthquake history through tsunami 
deposits is being actively conducted not only off the 
coast of Tohoku but also along the Nankai Trough. Shi-
mada et al. (2023) contribute the results of such research 
to this special issue. They collect sediment cores at a 
coastal lake in Mie Prefecture and identified several 
event layers formed by past Nankai Trough tsunamis and 
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extraordinary storms. More such studies in the future 
are essential to elucidate the history of tsunamis and to 
assess future risks.

Records of past massive earthquakes also remain on 
the deep seafloor as turbidites. Kanamatsu et  al. (2023) 
identify traces of past great earthquakes comparable to 
the Tohoku earthquake through age determination using 
paleomagnetic analyses. Ikehara et al. (2023) examine the 
causal relationship between the peak ground acceleration 
of great earthquakes and turbidite deposition by focus-
ing on estimates of strong ground motion from historical 
earthquakes on the deep seafloor.

Along with the results of historical research based on 
preserved records of past great earthquakes, numerical 
modeling of the earthquake cycle has also progressed. 
The overview of these results is summarized in the review 
paper by Shibazaki (2023), which explains new concepts 
about the frictional properties of plate boundaries and 
highlights the importance of viscoelasticity in modeling 
long-term crustal deformation during the interseismic 
periods. Nakata et  al. (2023) conduct simulations to 
reproduce interacting earthquake cycles, where frequent 
M7-class and infrequent M9-class earthquakes coexist, 
in the central Japan Trench where the Tohoku earth-
quake occurred, and attempted to verify the results with 
actual observational data. Regarding the importance of 
the lithosphere’s viscoelasticity pointed out by Shibazaki 
(2023), Dhar et al. (2023) discuss evidence for the spatial 
heterogeneity of the viscoelastic earth structure along the 
northeastern Japan arc based on post-earthquake crustal 
deformation observation results.

While research on the Tohoku earthquake is show-
ing steady progress, the significant postseismic defor-
mation triggered by the Tohoku earthquake continues. 
In this sense, the full picture of the infrequent great 
Tohoku earthquake has not yet been revealed. Ongoing 
research on various tectonic phenomena in the postseis-
mic period will contribute to constructing more realistic 
earthquake cycle models and elucidating the rheologi-
cal structure of the subduction zone. Historical research 
on earthquake occurrence suggests the possibility of 
more unknown great earthquakes in the past, in addi-
tion to the great earthquake accompanied by a massive 
tsunami that occurred in the seventeenth century in the 
Kuril Trench. We expect that the integration of research 
on earthquake mechanisms and historical research will 
be especially important to allow for construction of a 
model describing earthquake cycles comprising multiple 
infrequent and gigantic events occurring over a wide area 
from the Japan Trench to the Kuril Trench, an important 
theme in future research on the Tohoku earthquake. All 
the research results of the 10 years after the 2011 Tohoku 
earthquake, including the papers collected in this special 

issue, will form a strong foundation for such next-gener-
ation research.

Abbreviations
GNSS  Global navigation satellite system
S‑net  Seafloor observation network for earthquakes and tsunamis along 

the Japan Trench

Acknowledgements
We, the guest editors of the special issue “10 Years After the 2011 Tohoku 
Earthquake: A Milestone in Solid Earth Science,” would like to express our deep 
appreciation to the many anonymous reviewers for their valuable efforts in 
improving the submitted manuscripts included in this issue. We also extend 
our gratitude to the editorial board and the editorial office of Progress in Earth 
and Planetary Science for their encouragement and support in successfully 
realizing this special issue.

Author contributions
All authors wrote and approved this final manuscript.

Funding
RH and TI were partly funded by JSPS KAKENHI Grant Number JP19H05596.

Availability of data and material
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interest.

Author details
1 Graduate School of Science, Tohoku University, 6‑6 Aramaki‑Aza‑Aoba, 
Aoba‑ku, Sendai 980‑8578, Japan. 2 Research Institute for Marine Geody‑
namics, Japan Agency for Marine‑Earth Science and Technology, 3173‑25, 
Showa‑machi, Kanazawa‑ku, Yokohama 236‑0001, Japan. 3 Research Institute 
for Marine Geodynamics, Japan Agency for Marine‑Earth Science and Technol‑
ogy, Natsushima‑cho 2‑15, Yokosuka 237‑0061, Japan. 4 Department of Geol‑
ogy, Faculty of Science, Shinshu University, 3‑1‑1 Asahi, Matsumoto 390‑8621, 
Japan. 5 Department of Earth and Planetary Science, University of California, 
Berkeley, CA 94720‑4767, USA. 

References
Dhar S, Muto J, Ohta Y, Iinuma T (2023) Heterogeneous rheology of Japan 

subduction zone revealed by postseismic deformation of the 2011 
Tohoku‑oki earthquake. Prog Earth Planet Sci 10:9. https:// doi. org/ 10. 
1186/ s40645‑ 023‑ 00539‑1

Fujie G, Kodaira S, Obana K, Yamamoto Y, Isse T, Yamada T, No T, Nakamura 
Y, Miura S (2023) The nature of the Pacific plate as subduction inputs 
to the northeastern Japan arc and its implication for subduction 
zone processes. Prog Earth Planet Sci 10:50. https:// doi. org/ 10. 1186/ 
s40645‑ 023‑ 00578‑8

Goto K, Ishizawa T, Ebina Y, Imamura F, Sato S, Udo K (2021) Ten years after the 
2011 Tohoku‑oki earthquake and tsunami: Geological and environmen‑
tal effects and implications for disaster policy changes. Earth Sci Rev 
212:103417. https:// doi. org/ 10. 1016/j. earsc irev. 2020. 103417

Hino R, Kubota T, Chikasada NY, Ohta Y, Otsuka H (2022) Assessment of S‑net 
seafloor pressure data quality in view of seafloor geodesy. Prog Earth 
Planet Sci 9:73. https:// doi. org/ 10. 1186/ s40645‑ 022‑ 00526‑y

Ikehara K, Usami K, Kanamatsu T (2023) How large peak ground acceleration 
by large earthquakes could generate turbidity currents along the slope 
of northern Japan trench. Prog Earth Planet Sci 10:8. https:// doi. org/ 10. 
1186/ s40645‑ 023‑ 00540‑8

https://doi.org/10.1186/s40645-023-00539-1
https://doi.org/10.1186/s40645-023-00539-1
https://doi.org/10.1186/s40645-023-00578-8
https://doi.org/10.1186/s40645-023-00578-8
https://doi.org/10.1016/j.earscirev.2020.103417
https://doi.org/10.1186/s40645-022-00526-y
https://doi.org/10.1186/s40645-023-00540-8
https://doi.org/10.1186/s40645-023-00540-8


Page 4 of 4Hino et al. Progress in Earth and Planetary Science           (2024) 11:54 

Inazu D, Ito Y, Hino R, Tanikawa W (2023) Abrupt water temperature increases 
near seafloor during the 2011 Tohoku earthquake. Prog Earth Planet Sci 
10:24. https:// doi. org/ 10. 1186/ s40645‑ 023‑ 00556‑0

Ishimura D, Ishizawa T, Yamada M, Aoki K, Sato K (2022) Washover depos‑
its related to tsunami and storm surge along the north coast of the 
Shimokita Peninsula in northern Japan. Prog Earth Planet Sci 9:69. https:// 
doi. org/ 10. 1186/ s40645‑ 022‑ 00529‑9

Kanamatsu T, Ikehara K, Hsiung K‑H (2023) Submarine paleoseismology in 
the Japan Trench of northeastern Japan: turbidite stratigraphy and sedi‑
mentology using paleomagnetic and rock magnetic analyses. Prog Earth 
Planet Sci 10:16. https:// doi. org/ 10. 1186/ s40645‑ 023‑ 00545‑3

Kubota T, Saito T, Hino R (2022) A new mechanical perspective on a shallow 
megathrust near‑trench slip from the high‑resolution fault model of the 
2011 Tohoku‑Oki earthquake. Prog Earth Planet Sci 9:68

Lay T (2018) A review of the rupture characteristics of the 2011 Tohoku‑oki 
Mw 9.1 earthquake. Tecotonophysics 733:4–36. https:// doi. org/ 10. 1016/j. 
tecto. 2017. 09. 022

Masuda H, Sugawara D, Abe T, Gogo K (2022) To what extent tsunami source 
information can be extracted from tsunami deposits? Implications 
from the 2011 Tohoku‑oki tsunami deposits and sediment trans‑
port simulations. Prog Earth Planet Sci 9:65. https:// doi. org/ 10. 1186/ 
s40645‑ 022‑ 00527‑x

Matsumoto D, Sawai Y, Tanigawa K, Namegaya Y, Shishikura M, Kagohara K, 
Fujiwara O, Shinozaki T (2023) Sedimentary diversity of the 2011 Tohoku‑
oki tsunami deposits on the Sendai coastal plain and the northern coast 
of Fukushima Prefecture Japan. Prog Earth Planet Sci 10:23. https:// doi. 
org/ 10. 1186/ s40645‑ 023‑ 00553‑3

Nakamura Y, Kodaira S, Fujie G, Yamashita N, Obana K, Miura S (2023) Incoming 
plate structure at the Japan Trench subduction zone revealed in densely 
spaced reflection seismic profiles. Prog Earth Planet Sci 10:45. https:// doi. 
org/ 10. 1186/ s40645‑ 023‑ 00579‑7

Nakata R, Uchida N, Hori T, Hino R (2023) Recurrence intervals for M > 7 Miyagi‑
ken‑Oki earthquakes during an M ~ 9 earthquake cycle. Prog Earth Planet 
Sci 10:34. https:// doi. org/ 10. 1186/ s40645‑ 023‑ 00566‑y

Nishikawa T, Ide S, Nishimura T (2023) A review on slow earthquakes in 
the Japan trench. Prog Earth Planet Sci 10:1. https:// doi. org/ 10. 1186/ 
s40645‑ 022‑ 00528‑w

Obana K, Takahashi T, Yamamoto Y, Iinuma T, Nakamura Y, Fujie G, Miura S, 
Kodaira S (2023) Fault geometry of M6‑class normal‑faulting earthquakes 
in the outer trench slope of Japan trench from ocean bottom seismo‑
graph observations. Prog Earth Planet Sci 10:11. https:// doi. org/ 10. 1186/ 
s40645‑ 023‑ 00541‑7

Sato K, Yamada M, Ishimura D, Ishizawa T, Baba T (2022) Numerical estimation 
of a tsunami source at the flexural area of Kuril and Japan trenches in the 
fifteenth to seventeenth century based on paleotsunami deposit distri‑
butions in northern Japan. Prog Earth Planet Sci 9:72. https:// doi. org/ 10. 
1186/ s40645‑ 022‑ 00530‑2

Shibazaki B (2023) Progress in modeling the Tohoku‑oki megathrust earth‑
quake cycle and associated crustal deformation processes. Prog Earth 
Planet Sci 10:43. https:// doi. org/ 10. 1186/ s40645‑ 023‑ 00575‑x

Shimada Y, Sawai Y, Matsumoto D, Tanigawa K, Ito K, Tamura T, Namegaya 
Y, Shishikura M, Fujino S (2023) Marine inundation history during the 
last 3000 years at Lake Kogare‑ike, a coastal lake on the Pacific coast of 
central Japan. Prog Earth Planet Sci 10:49

Shinozaki T, Sawai Y, Ikehara M, Matsumoto D, Shimada Y, Tanigawa K, Tamura 
T (2022) Identifying tsunami traces beyond sandy tsunami deposits using 
terrigenous biomarkers: a case study of the 2011 Tohoku‑oki tsunami in a 
coastal pine forest, northern Japan. Prog Earth Planet Sci 9:29. https:// doi. 
org/ 10. 1186/ s40645‑ 022‑ 00491‑6

Takahashi H, Hino R, Uchida N, Matsuzawa T, Ohta Y, Suzuki S, Shinohara M 
(2022) Tectonic tremors immediately after the 2011 Tohoku‑Oki earth‑
quake detected by near‑trench seafloor seismic observations. Prog Earth 
Planet Sci 9:66. https:// doi. org/ 10. 1186/ s40645‑ 022‑ 00525‑z

Tanaka Y, Ohta Y, Miyazaki S (2022) Continuous estimation of coseismic and 
early postseismic slip phenomena via the GNSS carrier phase to fault slip 
approach: a case study of the 2011 Tohoku‑Oki sequence. Prog Earth 
Planet Sci 9:55. https:// doi. org/ 10. 1186/ s40645‑ 022‑ 00514‑2

Uchida N, Bürgmann R (2021) A decade of lessons learned from the 2011 
Tohoku‑Oki earthquake. Rev Geophys 59:e2020RG000713. https:// doi. 
org/ 10. 1029/ 2020R G0007 13

Watada S (2023) Progress and application of the synthesis of trans‑oceanic 
tsunamis. Prog Earth Planet Sci 10:26. https:// doi. org/ 10. 1186/ 
s40645‑ 023‑ 00555‑1

Yamanaka Y, Tanioka Y (2022) Short‑wave run‑ups of the 1611 Keicho tsunami 
along the Sanriku coast. Prog Earth Planet Sci 9:37. https:// doi. org/ 10. 
1186/ s40645‑ 022‑ 00496‑1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s40645-023-00556-0
https://doi.org/10.1186/s40645-022-00529-9
https://doi.org/10.1186/s40645-022-00529-9
https://doi.org/10.1186/s40645-023-00545-3
https://doi.org/10.1016/j.tecto.2017.09.022
https://doi.org/10.1016/j.tecto.2017.09.022
https://doi.org/10.1186/s40645-022-00527-x
https://doi.org/10.1186/s40645-022-00527-x
https://doi.org/10.1186/s40645-023-00553-3
https://doi.org/10.1186/s40645-023-00553-3
https://doi.org/10.1186/s40645-023-00579-7
https://doi.org/10.1186/s40645-023-00579-7
https://doi.org/10.1186/s40645-023-00566-y
https://doi.org/10.1186/s40645-022-00528-w
https://doi.org/10.1186/s40645-022-00528-w
https://doi.org/10.1186/s40645-023-00541-7
https://doi.org/10.1186/s40645-023-00541-7
https://doi.org/10.1186/s40645-022-00530-2
https://doi.org/10.1186/s40645-022-00530-2
https://doi.org/10.1186/s40645-023-00575-x
https://doi.org/10.1186/s40645-022-00491-6
https://doi.org/10.1186/s40645-022-00491-6
https://doi.org/10.1186/s40645-022-00525-z
https://doi.org/10.1186/s40645-022-00514-2
https://doi.org/10.1029/2020RG000713
https://doi.org/10.1029/2020RG000713
https://doi.org/10.1186/s40645-023-00555-1
https://doi.org/10.1186/s40645-023-00555-1
https://doi.org/10.1186/s40645-022-00496-1
https://doi.org/10.1186/s40645-022-00496-1

	Preface for article collection “10 years after the 2011 Tohoku earthquake: a milestone of solid earth science”
	1 Preface
	Acknowledgements
	References


