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Abstract 

High-accuracy age estimations of tsunami deposits are very important for tsunami deposit research because the 
recurrence interval and frequency of tsunami deposits allow us to assess the devastating impacts of tsunamis in a 
populated country such as Japan. The correlation of tsunami events between remote coastal areas further enables us 
to constrain tsunami scenarios and fault segmentation along a trench. Before the 2011 Tohoku-oki earthquake, the 
long-term tsunami history along the Sanriku Coast was not well known. Age data of the long-term tsunami history 
are essential to understand the mechanisms of tsunami generation and earthquakes and to assess the risks posed 
by them. This study re-examined the age of historical and paleo-tsunami deposits (E1 to E11 deposits) at Koyadori in 
the middle of the Sanriku Coast and estimated their ages with high accuracy by using continuous sediments since 
approximately 4 ka. Radiocarbon dating was conducted in combination with other radiometric dating methods (137Cs 
and excess 210Pb) to estimate the ages of the sediments. The resulting ages revealed the reliable ages of ten histori-
cal and paleo-tsunami deposits. The average recurrence interval of historical and paleo-tsunamis in the last 4 ka is 
350–390 years, and each recurrence interval between the E4 and E11 deposits is similar despite the tsunami deposits 
having different characteristics. Moreover, far-field tsunamis do not seem to inundate this site based on the observed 
and documented records. The continuous and long-term data of tsunami deposits at Koyadori offer important con-
straints on the timing and frequency of near-field earthquakes (e.g., megathrust, outer-rise, and tsunami earthquakes) 
around the Japan Trench.
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© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Background
One of the goals of tsunami deposit research is to reveal 
when, where, and how a tsunami occurred. Tsunami 
deposits are first identified on the basis of various crite-
ria (e.g., Goff et al. 2012), and then analyzed to estimate 
the ages of the sediments. However, high-precision and 
high-accuracy age estimations of tsunami deposits are 
usually difficult owing to the varied preservation of the 
sediments (i.e., preservation potential, dating material, 
and geomorphic setting). The age data of tsunami depos-
its are also significant because they are influential in 
several research areas (e.g., geophysics, history, geology, 

geography, and engineering) and society (e.g., risk assess-
ment, hazard mitigation, and city development).

For age estimations of tsunami deposits, radiocarbon 
dating is generally used, while other dating methods may 
occasionally be conducted. Radiocarbon dating is very 
useful; however, this technique may sometimes yield 
inaccurate values owing to problems such as contamina-
tion, disturbance of deposits, and preservation of dating 
material. Therefore, careful sampling and additional dat-
ing methods are required to be conducted.

Koyadori, the research area, is located in the mid-
dle of the Sanriku Coast, where multiple historical and 
observed tsunamis have been reported (Watanabe 1998). 
The tsunami triggered by the Mw 9.0 2011 Tohoku-
oki earthquake hit Koyadori, where an approximately 
30  m run-up height was recorded (The 2011 Tohoku 
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Earthquake Tsunami Joint Survey Group 2012). Ishimura 
and Miyauchi (2015) identified tsunami deposits within 
long and continuous deposits since approximately 4  ka 
and correlated some tsunami deposits with historical 
tsunami events at Koyadori, where the largest number of 
tsunami deposits on the Sanriku Coast has been found. 
Therefore, the Koyadori site can be a type location for 
the tsunami history along the coast and allows for a com-
parison of tsunami event ages and frequencies in Hok-
kaido (e.g., Nanayama et  al. 2003) and around Sendai 
(e.g., Sawai et al. 2012). However, Ishimura and Miyauchi 
(2015) have not yet reported the high-precision and high-
accuracy ages of the paleo-tsunami deposits owing to the 
reversal in the radiocarbon dates. Thus, the author added 
radiocarbon dating and integrated additional radiometric 
dating techniques (137Cs and excess 210Pb) after Ishimura 
and Miyauchi (2015). This study presents a re-exami-
nation of the ages of the historical and paleo-tsunami 
deposits at Koyadori.

Regional setting and previous studies at Koyadori
Koyadori is a small valley fill lowland facing a southern 
bay (Fig.  1). It is surrounded by alluvial fans, talus, and 
beach ridges, making it an appropriate site for a tsunami 
deposit survey (Ishimura and Miyauchi 2015). Ishimura 
and Miyauchi (2015) reviewed historical tsunamis at 

Koyadori and their run-up heights (Tables 1, 2, Ishimura 
and Miyauchi 2015). Before the 2011 Tohoku-oki earth-
quake tsunami, the 1896 Meiji Sanriku tsunami and the 
1611 Keicho Sanriku tsunami were the largest tsunamis 
observed and documented since the Edo Period approxi-
mately 400 years ago, respectively. In the last 100 years, 
the 1933 Showa Sanriku tsunami also inundated the 
study site; however, the 1960 Chile earthquake (Mw 9.5) 
tsunami, a far-field tsunami, did not inundate the area. 
Although another large far-field historical tsunami, the 
1700 Cascadia earthquake (Mw 8.7–9.2) tsunami, hit the 
Sanriku Coast, the tsunami height at Miyako and Otsuchi 
(Fig. 1) was estimated to be less than 5 m (Satake et  al. 
2003), which was equivalent to that of the 1960 Chile 
earthquake tsunami. There is no historical record for the 
region around Koyadori prior to the Edo Period.

Ishimura and Miyauchi (2015) excavated a trench 
(hereafter the KYD trench) at Koyadori and identi-
fied 11 tsunami deposits (E1–E11), including the 2011 
Tohoku-oki earthquake tsunami deposits (E1 deposits) 
(Additional file 1: Figure S1). They correlated some of the 
tsunami deposits to historical tsunami events using radi-
ocarbon dates and a tephra (E2 deposits: 1896 Meiji San-
riku tsunami, E3 deposits: 1611 Keicho Sanriku tsunami, 
and E4 deposits: possibly 869 Jogan tsunami deposits). 
However, estimated ages older than the E5 deposits were 

Fig. 1 Map of the study site. a Map showing the plate distribution and epicenter (star) of the 2011 Tohoku-oki earthquake. SP Sendai Plain, IP 
Ishinomaki Plain. b Color map of the Sanriku Coast. c Contour map of the study site with a geomorphic classification modified after Ishimura and 
Miyauchi (2015). The contour map is based on the 1-m mesh DEM supplied by the Iwate Prefecture. The contour interval is 1 m
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not constrained owing to the reversal in the radiocar-
bon dates. Thus, Ishimura et al. (2016) examined a kind 
of material that shows the true sediment age within the 
marsh sediments at Koyadori using drilled core samples 
(Ishimura et  al. 2014), because appropriate materials 
for age estimations (e.g., seeds, fruits, and leaves) could 
not be found from all horizons in the limited samples. 
Ishimura et  al. (2016) compared the radiocarbon dates 
of various materials (e.g., plant fragments, seeds, leaves, 
and organic sediments) with the age of a tephra. Conse-
quently, all plant fragments showed the same or younger 
dates than those of the organic sediments, fragile organic 
materials (leaves and seeds), and age of a tephra. On the 
other hand, organic sediments corresponded well with 
dates of fragile organic materials and tephra age, and 
indicated that the most part of the organic sediments 
at Koyadori comprised in  situ organisms and that the 
influence of old carbon from the upstream area was less 
because the catchment area was narrow and hinterland 
geology did not contain organic materials.

Methods
Samples from the KYD trench and the Handy Geoslicer 
(Nakata and Shimazaki 1997; Takada et al. 2002) (hereaf-
ter HGS) cores were used. Ishimura and Miyauchi (2015) 
excavated the KYD trench (a 12-m-long, 3-m-wide, and 
2-m-deep trench) and used block samples (50-cm-long, 
10-cm-wide, and 5-cm-deep) from the three trench 
walls: grid S-1.95  m on the south wall, grid E-11.75  m 
on the east wall, and grid W-2.75  m on the west wall 
(Additional file 1: Figure S1). According to the results of 
Ishimura et  al. (2016), organic sediment samples from 
the block samples were dated. Sediments having a thick-
ness of 1–2  cm were resampled for radiocarbon dating 
in the horizons that were nearly identical to those where 
Ishimura and Miyauchi (2015) sampled (Fig.  2). New 
radiocarbon dating of 27 samples was conducted via 
accelerator mass spectroscopy at the Institute of Accel-
erator Analysis Ltd. The obtained radiocarbon dates were 

calibrated using the OxCal 4.2 program (Ramsey 2009) 
and the IntCal13 calibration curves (Reimer et al. 2013). 
In addition, the event ages were modeled using a Bayes-
ian analysis (Ramsey 2008).

The HGS cores are drilled along the survey line in 
Fig. 1 at 2.5-m intervals (Ishimura et al. 2015). Tsunami 
deposits within the HGS cores had already been corre-
lated with those in the KYD trench based on high-density 
array cores (Additional file  2: Figure S2). Samples of an 
HGS core drilled at 100 m from the KYD trench (Fig. 1) 
were used to measure 210Pb and 137Cs to constrain the 
ages of the young sediments near the surface. The block 
samples of the KYD trench were not used for 210Pb and 
137Cs measurements because the E2 deposits were frag-
mentary, and strong artificial modification was expected 
in the trench. Thus, the HGS samples clearly showing the 
E1, E2, and E3 deposits were chosen. Samples were taken 
at 5–10-cm intervals because the influence of cultivation 
above the E2 deposits, as Ishimura et al. (2015) described 
(Additional file  2: Figure S2), cannot be negligible and 
these sediments were not expected to have high resolu-
tion. From these settings, 210Pb and 137Cs measurements 
were used as age constraints, and not for age determina-
tion of near-surface sediments. Six samples were meas-
ured using a gamma spectrometer at the Archaeological 
Research Consultant, Inc. Several soft X-ray images were 
also obtained using the HGS cores drilled at 40 and 
72.5  m (Fig.  1), because the trench block samples were 
already used and disturbed, and thus, could not be used 
for soft X-ray images. Fortunately, sediments and their 
sedimentary facies between the E3 and E4 deposits in the 
HGS cores were similar to those in the trench. Then, the 
HGS cores were used instead of the trench samples.

Results and discussion
Measurement of 137Cs and excess 210Pb
The measurement results for 137Cs and excess 210Pb are 
shown in Table 1 and Fig. 3. 137Cs is detected in samples 
1 and 2 but not in samples 3–6. This indicates that the 

Table 1 Results of 137Cs and excess 210Pb measurements

ND not detected

210Pb 137Cs

Sample no. Depth (cm) Weight (g) 210Pb (excess) (dpm/g) Sample no. Depth (cm) 137Cs (dpm/g)

1 10–20 2.00 3.76 ± 0.39 1 10–20 0.60 ± 0.05

2 20–25 2.00 1.66 ± 0.33 2 20–25 0.42 ± 0.05

3 38–44 1.99 0.85 ± 0.42 3 38–44 ND

4 44–50 2.01 ND 4 44–50 ND

5 58–63 1.99 ND 5 58–63 ND

6 63–68 2.00 0.42 ± 0.44 6 63–68 ND
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Fig. 2 Block samples from the KYD trench and sample positions of the radiocarbon dating. The photographs, sketches, and density results were 
modified after Ishimura and Miyauchi (2015). Detailed locations of block samples are shown in Additional file 1: Figure S1. Red arrows indicate 
gradual density decrease above tsunami deposits
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sediments above the E2 deposits contain 137Cs, which is 
produced by nuclear experiments that commenced after 
AD 1950s. The value of 137Cs for sample 1 is greater than 
that for sample 2, indicating that the sampled horizon 
of sample 1 includes the peak of 137Cs production (AD 
1960s). The excess 210Pb shows a rapid decrease between 
samples 1 and 3, and is negligible or undetectable in 
samples 4–6. The decay of excess 210Pb indicates that 
sediments in sample 3 correspond to around AD 1900, 
meaning that the E2 deposits occurred around AD 1900 
and the E3 deposits occurred at least prior to AD 1900.

These age constraints are consistent with the previ-
ous correlations of tsunami deposits and historical tsu-
namis (E2: 1896 Meiji Sanriku tsunami and E3: 1611 
Keicho Sanriku tsunami; Ishimura and Miyauchi 2015). 
However, there have been two inundating tsunamis 
(not counting the 2011 Tohoku-oki tsunami) in the last 
100 years at Koyadori: the 1933 Showa Sanriku tsunami 
and the 1896 Meiji Sanriku tsunami. In this case, we can 
correlate the E2 deposits with both historical tsunamis. 
Conversely, Ishimura et al. (2015) discovered new event 
deposits (E1.5 deposits) between the E1 and E2 depos-
its that are below the cultivation soil in the HGS cores 
(Fig.  3, Additional file  2: Figure S2). From the 137Cs 
measurements, it can be interpreted that the age of 
E1.5 deposits is before AD 1960s. Thus, the E1.5 depos-
its might correlate to the 1933 Showa Sanriku tsunami. 
The E1.5 deposits are fragmentary owing to artificial 

disturbance and are distributed only in the well-pre-
served area downstream of the KYD trench, which cor-
responds to the inundation area of the 1933 tsunami 
(Earthquake Research Institute, the University of Tokyo 
1934). Consequently, it is interpreted that the E1.5 and 
E2 deposits are most likely correlated with the 1933 
Showa Sanriku tsunami and 1896 Meiji Sanriku tsunami, 
respectively.

Radiocarbon dating and the modeled ages of tsunami 
deposits
The 29 AMS radiocarbon dates obtained using organic 
sediment samples provide a chronology of the sediments 
in the KYD trench (Table  2). The age–depth plots are 
shown in Fig.  4 using depth information of each trench 
wall. For modeling ages of tsunami deposits, the deposi-
tion model “Sequence” (Ramsey 2008) is applied to esti-
mate the ages of tsunami deposits (E3–E11) (Table  3; 
Fig.  5) using the OxCal 4.2 program, because sam-
ple depths in each trench wall do not match due to the 
change in lateral thickness, and thus the depth infor-
mation is not used for age modeling. This program also 
calculates the model agreement index,  Amodel, which 
indicates the likelihood of the estimates. Ramsey (2009) 
reported that an  Amodel of more than 60% is acceptable.

Initially, all radiocarbon data are used (hereafter Model 
A) and the model displays high-precision dates (Table 3; 
Fig. 5; Additional file 3: Figure S3). However,  Amodel has 

Fig. 3 Sketches of HGS cores at 60, 65, and 100 m and results of 134Cs and excess 210Pb measurements. Locations of the HGS cores are shown in 
Fig. 1. The sketches were modified after Ishimura et al. (2015), and all sketches of the HGS cores and subsurface profile are shown in Additional file 2: 
Figure S2
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a very low value (13.5%). In addition, the modeled date 
of the E3 deposits, which has been correlated with the 
1611 Keicho Sanriku tsunami by Ishimura and Miyauchi 
(2015), is AD1330–1430. During the Edo Period, the 
1611 Keicho Sanriku tsunami was the largest of the 
six documented near- and far-field historical tsuna-
mis (Table 2, Ishimura and Miyauchi, 2015; Satake et al. 
2003). Historical documents describing the 1611 Keicho 
Sanriku tsunami have been found in the Koyadori region 
(Earthquake Research Institute, the University of Tokyo 

1989; Tsuji and Ueda 1995). Some studies have estimated 
the run-up height of the 1611 tsunami at Koyadori to be 
20–25  m (Imamura 1934; Hatori 2009), indicating that 
the magnitude of the 1611 tsunami was similar to that 
of the 2011 tsunami. Therefore, the deposits associated 
with the 1611 tsunami must have been deposited at Koy-
adori and the E3 deposit is the only possible candidate. 
The inconsistency between the modeled date of the E3 
deposits and the date in the historical documents may 
be due to the strong age constraints of Model A. Despite 

Fig. 4 Age–depth plots. Output results of the east (orange) and south (green) walls were shifted by −25 cm and +12 cm in depth, respectively, to 
match the output of the west wall (blue). The portion in light gray indicates the probability distributions for the single calibrated dates, whereas that 
in dark gray indicates the probability distributions for the modeled dates. Under bars below the probability distributions and depth model curves 
show the range of 95% probability distributions for the modeled dates
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the tsunami deposits in the KYD trench showing erosive 
contact at the bottom (Ishimura and Miyauchi 2015) and 
sediments below the tsunami deposits possibly being 
lost, radiocarbon dates below and above the tsunami 
deposits (E3, E4, E5, E7, E8, and E10) are either very close 
or show inverse dates (Table 2). Therefore, it is possible 
that radiocarbon dates just above the tsunami deposits 
are older than the true sediment age owing to the deposi-
tion of secondary sediments just after the tsunami depos-
its containing eroded materials. From this point of view, 

density values gradually decrease above some tsunami 
deposits in block samples (Fig.  2), indicating that the 
sediments just above the tsunami deposits contain coarse 
materials (sand to granule) rather than peaty materials 
and that the contents of coarse grains decrease upward. 
Soft X-ray images also show that sediments above the 
E4 deposits contain more coarse materials compared to 
those just below the E3 deposits (Fig.  6). Radiocarbon 
dates of sequential samples (Sample Nos. 7–9) above the 
E4 deposits show nearly the same age (Table  2; Fig.  4), 
indicating rapid sedimentation. These compositions 
and dates support the hypothesis that sediments just 
above the tsunami deposits are secondary deposits just 
after a tsunami event. It is likely that rapid sedimenta-
tion above tsunami deposits by secondary deposits is 
typical at Koyadori because its topography is character-
ized by a depression that is surrounded by fans, talus, 
and beach ridges (Fig. 1). Therefore, secondary deposits 
by post-tsunami surface processes are easily deposited 
at the trench site, resulting in the contamination of old 
carbon just above the tsunami deposits. The radiocar-
bon dates of Sample Nos. 4–6 in the peaty sediments 
showing low density (Fig.  2) just below the E3 deposits 
show a sequential age order, indicating a slow sedimenta-
tion rate. These results and interpretations indicate that 
radiocarbon dates just above the tsunami deposits show 
older ages than the true sediment age. Conversely, the 
radiocarbon dates just below the tsunami deposits are 
likely appropriate for estimating the timing of the tsu-
nami deposits. Although it is difficult to confirm whether 
all samples just above the tsunami deposits contain old 
carbon, another depositional model (hereafter Model B) 
is applied to estimate the more reliable ages of tsunami 
deposits using only the dates below the tsunami deposits 
(Table 3; Fig. 5; Additional file 4: Figure S4). Even though 
the tsunami ages from Model B are less precise than 
those from Model A,  Amodel has a higher value (93.4%). 
In terms of the accuracy of the tsunami deposit ages, the 
ages estimated using Model B are more appropriate than 
those estimated using Model A.

On the other hand, Goto et  al. (2015) conducted a 
paleo-tsunami survey in Miyako, 50  km north from 
Koyadori, and discovered nine washover deposits inter-
preted as tsunami and storm deposits since 15 centuries. 
The study estimated each event age using 137Cs, excess 
210Pb, and radiocarbon dating. Although Goto et  al. 
(2015) identified more events since fifteenth centuries 
compared to this study, they indicated the occurrence 
of the 1933, 1896, and 1611 historical tsunami deposits 
identified in Koyadori. However, there were too many 
washover deposits in Goto’s site, and thus it is considered 
that they could not distinguish between the tsunami and 
storm deposits clearly. Thus, we need more information 

Table 3 Modeled dates of tsunami deposits

Model A (use all data) Model B (omit dates above tsu‑
nami deposits)

Event no. Modeled date (2σ) 
(BP)

Event no. Modeled date (2σ) 
(BP)

E3 620–520 E3 610–150

E4 1380–1310 E4 1290–970

E5 1800–1640 E5 1710–1440

E6 2290–1980 E6 2220–1690

E7 2730–2420 E7 2710–2240

E8 2930–2790 E8 2860–2580

E9 3310–3000 E9 3240–2820

E10 3540–3390 E10 3430–3210

E11 3940–3720 E11 3880–3420

Fig. 5 Event age diagram
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on tsunami deposits along the Sanriku Coast for estab-
lishment of paleo-tsunami history.

Recurrence interval of historical and paleo‑tsunami events
The average recurrence interval of tsunami deposits is 
calculated to be 350–390 years using the modeled date of 
the E11 deposits in Model B and the number of identi-
fied events at the trench site. At Koyadori, the distribu-
tion of tsunami deposits implies a tsunami larger than 
the 1896 Meiji Sanriku tsunami or the 1933 Showa San-
riku tsunami because (1) Ishimura and Miyauchi (2015) 
found very thin tsunami deposits, meaning that the pres-
ervation potential of sediments is high and (2) Ishimura 
et al. (2015) discovered the E1.5 deposits and correlated 
it with the 1933 tsunami, which were supported in this 
research. As for far-field tsunamis, the 1960 Chile earth-
quake tsunami did not inundate Koyadori (Ishimura and 

Miyauchi 2015). The possibility of inundation of the 1700 
Cascadia earthquake tsunami is low because the tsunami 
height (less than 5 m; Satake et al. 2003) is same as that 
of the 1960 Chile earthquake tsunami. Therefore, it can 
be assumed that the tsunami deposits at Koyadori only 
reflect near-field tsunamis containing various tsunami 
types triggered by earthquakes such as megathrust earth-
quakes (e.g., The 2011 Tohoku-oki earthquake tsunami), 
outer-rise earthquakes (e.g., The 1933 Showa Sanriku 
tsunami; Watanabe 1998), and tsunami earthquakes (e.g., 
the 1896 Meiji Sanriku tsunami; Watanabe 1998) around 
the Japan Trench. This also means that the risk of tsu-
nami hazards along the Sanriku Coast has likely been 
more severe than the risk of strong ground motion by 
earthquakes for the past several thousands of years.

As for the age interval, the age distribution of tsunami 
deposits, except for the E3 deposits, displays almost 

Fig. 6 Soft X-ray images and sketches of the HGS cores at 40 and 72.5 m. All sketches of the HGS cores and subsurface profile are shown in Addi-
tional file 2: Figure S2
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equal intervals in Fig.  5, meaning that the E4–E11 tsu-
nami events have occurred at nearly the same interval. 
Even though paleo-tsunamis can be triggered by several 
types of earthquakes, the nearly constant age intervals 
indicate that the tsunamigenic earthquakes that occurred 
off the Pacific coast in Northeast Japan are tectonically 
related. However, the age intervals in the most recent 
one thousand years vary (Table 4). If the established cor-
relation with historical tsunamis (E2: 1896 Meiji Sanriku 
tsunami and E3: 1611 Keicho Sanriku tsunami) is correct, 
the age intervals are 115  years (E1/E2), 285  years (E2/
E3), and 631–951  years (E3/E4); this trend is different 
from that between the E4 and E11 deposits. In the future, 
detailed characterizations of each tsunami deposit will be 
essential to understand the source tsunamis and tsunami 
types.

Conclusions
Radiocarbon dating and measurements of 137Cs and 
excess 210Pb in the KYD trench samples and HGS cores 
were conducted to determine and constrain the ages of 
tsunami deposits at the Koyadori site along the San-
riku Coast in Northeast Japan. On the basis of meas-
urements of 137Cs and excess 210Pb, the E2 deposits 
are most likely correlative to the 1896 Meiji Sanriku 
tsunami. To estimate the ages of the tsunami depos-
its older than the E3 deposits, the age of each tsunami 
deposit was modeled using all organic sediment radi-
ocarbon dates. However, these ages were systemati-
cally shifted to older ages due to contamination from 
old carbon transported by post-tsunami surface pro-
cesses. An alternative model was then suggested using 
radiocarbon dates obtained just below the tsunami 
deposits, resulting in more accurate age estimations 
than was found with the previous model. This sec-
ond model estimates an average recurrence interval of 
350–390 years during the last 4000 years. On the basis 

of the inundation area of each historical and observed 
tsunami, it can be assumed that the tsunami deposits 
at Koyadori can only be attributed to near-field tsuna-
mis along the Sanriku Coast (e.g., the 2011, 1933, and 
1896 tsunami types). Even though source tsunamis 
include several types of tsunamis, the almost constant 
recurrence intervals between the E4 and E11 deposits 
at Koyadori indicate that tsunamigenic earthquakes off 
Northeast Japan have related mechanisms. The recur-
rence intervals between the E1 and E4 deposits are 
variable; therefore, we should collect more data on 
the ages of paleo-tsunami deposits to constrain the 
frequency, age interval, and mechanism of the earth-
quakes along the Japan Trench.

Abbreviation
HGS: handy geoslicer.

Acknowledgements
DI would like to thank Fumihiko Imamura, Shinji Toda, Kazuhisa Goto, Daisuke 
Sugawara, Yuichi Niwa, and Takashi Ishizawa for their helpful discussions, 
Noelynna T. Ramos for comments on an earlier draft of the paper, and Gento 
Shinohara and Eri Katayama for providing assistance with the soft X-ray 
images. DI would like to thank the two anonymous reviewers for providing 
valuable comments and suggestions, which were helpful for improving the 
manuscript.

Competing interests
The author declares that he has no competing interests.

Funding
This work was partially supported by the Intramural Research Grant for Special 
Project Research from the International Research Institute of Disaster Science 
(IRIDeS), Tohoku University, and JSPS KAKENHI Grant Numbers JP26242033 
and JP26882001.

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

Received: 7 October 2016   Accepted: 28 April 2017

Additional files
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Additional file 2: Figure S2. Sketch of the HGS cores and subsurface 
profile. The sketches were modified after Ishimura et al. (2015).

Additional file 3: Figure S3. Output results of age modeling (Model A) 
using OxCal. The portion in dark gray indicates the probability distribu-
tions for the modeled dates. Under bars below the probability distribu-
tions show the range of 95% probability distributions for the modeled 
dates.

Additional file 4: Figure S4. Output results of age modeling (Model B) 
using OxCal. The portion in dark gray indicates the probability distribu-
tions for the modeled dates. Under bars below the probability distribu-
tions show the range of 95% probability distributions for the modeled 
dates.

Table 4 Recurrence intervals based on the model B

These values from the E2 to E11 were calculated by OxCal program

Recurrence interval (year)

E1/E2 115

E2/E3 100–560

E3/E4 440–1040

E4/E5 220–670

E5/E6 80–680

E6/E7 130–890

E7/E8 40–520

E8/E9 40–530

E9/E10 60–520

E10/E11 60–580
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