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A B S T R A C T   

Rising sea levels and associated coastal topography changes are expected to increase coastal vulnerability to 
tsunamis. Reliable records of the periodicity of the most damaging tsunamis, with recurrence intervals of several 
centuries, are often incomplete. To understand the likelihood of coastal disasters that would be worsened by sea- 
level rise, as well as their possible occurrence leading to the actual extent of inland inundation, it is useful to 
examine the geological record of the mid-Holocene highstand periods to supplement the written archives. 
However, the formation and preservation potential of event layers depends heavily on the depositional envi
ronment resulting from coastal evolutions. This study attempted to reconstruct the depositional environment 
changes using diatom and chemical analyses on the Hidaka coast of Hokkaido, Japan, to examine the preser
vation of event layer archives. 

Following field investigations, we found three sand layers formed by extreme waves from field investigations. 
The relationship between the depositional environment and the timing of the event layer formation over the past 
7000 years along the central Hidaka coast indicates that supratidal to freshwater marsh environments are the 
most suitable for preserving tsunami deposits in this region. Since sand layers in the distant areas from wave 
sources were not well preserved in upland (as at elevations above marsh environment) and saltmarsh environ
ments, the time windows of preservation were very limited depending on the depositional environments with 
relative sea-level changes. On the other hand, in areas closer to the Kuril Trench, sand layers were preserved not 
very sensitive to the depositional environment, suggesting that the event archive length is related to the 
magnitude of tsunamis.   

1. Introduction 

Sea-level rise is expected to exacerbate many future coastal disasters 
(Dura et al., 2021). In particular, some studies have indicated that the 
impact of extreme events, such as storm surges and tsunamis, is greatly 
affected by relative sea-level (RSL) changes (Dura et al., 2011, 2015, 
2016; Brill et al., 2016; Kelsey et al., 2015; Yokoyama et al., 2019a; 
Nakanishi et al., 2020a) . For tsunamis, a recent simulation predicts that 
sea-level rise will cause significant damage to coastal plains impacted by 
tsunamis, even in places that are globally distant from the usual origins 
of tsunami waves (Dura et al., 2021). 

It is known that RSL was higher than today in the mid-Holocene ‘far- 

field’, remote from the sites of former glaciation and subsequent 
isostatic rebound (Yokoyama et al., 2012, 2019a; Yokoyama and Pur
cell, 2021). This far-field elevation is known as the mid-Holocene sea-
level highstand (HHS). The HHS period is considered to be a useful 
model of a contemporary near future affected by sea-level rise; the 
identification of coastal disasters that occurred during this period will 
therefore help with the assessment of future risk. It will be possible to 
determine whether the sea-level rise that produced the HHS caused 
more severe tsunami impacts at sites distant from the tsunami source, by 
examining the geological record. 

Whether distinctive deposits of sand and other debris that are often 
caused by tsunamis and storm surges—deposits referred to as event 
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layers in this study—can accurately inform us of the occurrence, wave 
height, and run-up of such inundations depends both on the conditions 
at the time, such as sedimentation rate, and on subsequent conditions, 
such as the biogenous soil mixing rate, whereby a deposit once formed 
may be erased (Wheatcroft, 1990; Leorri et al., 2009; Spiske et al., 
2013). The potential for event layer formation at any given location is 
assumed to depend on the distance from the shoreline, the height of the 
local ground above actual sea level at the time (including whether the 
tide was high or low), the height of any beach ridge, and also wave 
heights. Therefore, the presence or absence of event layers does not 
correspond faithfully to the actual history of local coastal inundations in 
every case. To better interpret the geological traces of past coastal in
undations due to tsunamis or storms, it is necessary to identify all the 
potentially confounding influences of the local geology and topography 
to understand the interaction of the coastal evolution and its deposi
tional environment with the effects of any difference in RSL at the time 
of any past inundation events (Nakanishi et al., 2022a). 

Coastal marshes distributed between beach ridges are considered 
suitable for detecting event layers such as tsunami or storm deposits (e. 
g., Scileppi and Donnelly, 2007; Spiske et al., 2013). Even “coastal 
marsh” in one word, it shows a diversity of depositional environments 
(e.g., freshwater marsh and saltmarsh), and the degree to which they 
preserve past geological traces is also thought to be variable (Leorri 
et al., 2009). Since there are few examples of studies on the interaction 
of coastal evolution processes with RSL changes and the formation of 
tsunami deposits (Chagué et al., 2020; Fujiwara et al., 2020, 2022; 
Nakanishi et al., 2020a, 2022a), it is still not fully clear what kind of 
depositional environment within coastal marshes is most suitable for the 
preservation of an accurate record of past inundations, including those 
that occurred in the time of the HHS. 

This study focused on areas far from the tsunami wave source and 
conducted a field survey along the Hidaka coast of Hokkaido to identify 

the event layers and the depositional environment evolution. Inundation 
traces in these distant areas are suitable for assessing the effects of the 
depositional environment on preservation. The relationship between the 
age of the event layers and the depositional environment was discussed 
by organizing the added geological data and previous studies along the 
Hidaka coast. Our findings reveal the environment in which event layers 
are most likely to be formed and preserved, and thus furnish information 
that will help to understand the true history of low-frequency in
undations and their future inundation potential under conditions of 
future sea-level rise, more generally. 

2. Previous studies 

The southern Kuril Trench is a subduction zone east of Hokkaido 
where, based on reliable local records of the earthquakes of the last 200 
years (the earlier record is less reliable), Mw~8 earthquakes have 
occurred at intervals of 50–100 years (Satake, 2015). For the past 
several thousand years, some studies related to tsunami deposits in 
eastern Hokkaido have revealed the occurrence of tsunamis generated 
by earthquakes of much larger magnitude than any southern Kuril 
Trench earthquake observed over the last 200 years (Nanayama et al., 
2003; Sawai, 2020). The recurrence intervals of these large tsunamis 
were estimated to be several hundred years (Sawai et al., 2009; Ishizawa 
et al., 2017); the most recent is believed, based on numerical simulation 
of the tsunami deposits in eastern Hokkaido, to have originated from the 
17th-century earthquake of magnitude Mw 8.8 (Ioki and Tanioka, 
2016). On the other hand, the observed heights of tsunami waves 
impacting the Hidaka coast over the last 200 years have not significantly 
exceeded 2 m (Nakanishi et al., 2020a), because the Hidaka coast does 
not directly face the southern Kuril Trench (Fig. 1). However, the 
geological record suggests that larger tsunamis generated by cyclical 
earthquakes with recurrence intervals of several hundred years have 

Fig. 1. Map of northern Japan. The red boxes indicate the range of Fig. 2a. Geological survey sites in Hidaka, Hokkaido are shown. A gray box indicates the 17th- 
century earthquake model (Ioki and Tanioka, 2016). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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reached the Hidaka coast (Nakanishi et al., 2020a, 2022a). These 
tsunami deposit surveys have been conducted from Erimo westward to 
Shizunai (Nakanishi et al., 2020a, 2022a, 2022b); numerical simulations 
and date-range correlations carried out on the deposits from Erimo 
westward to the Hidaka coast at Shizunai have revealed the presence of 
several deposits formed by larger tsunamis that may have originated 
from the Kuril Trench (Nakanishi et al., 2022a; Nakanishi and Ashi, 
2022). However, the sedimentary archive on the Hidaka coast is frag
mented. For that reason, a reliable, long-term tsunami history including 
the time of the HHS has not fully been established there. 

3. Geological setting 

The Harutachi area, on the Hidaka coast northwest of Erimo Cape, 
has a shallow bay topography extending for ~1.5 km with peat and 
floodplain deposits behind a 5–8 m high beach berm (Fig. 2). The 
NE–SW Otoe syncline and the Harutachi anticlinal fault are distributed 
in Harutachi (Wada et al., 1992). The natural course of the local Fuji 
River, still evident in an aerial photograph taken in 1948 (the river has 
since been straightened), reflects the known fold structure of the un
derlying geology (Fig. 2b). The overall geology of our study area is 
classified as Neogene Miocene. From southwest to northeast, it consists 
of conglomerate, alternating beds of sandstone and tuffaceous siltstone, 
and hard shale (Wada et al., 1992). The shoreline is distributed along 
with the anticlinal structure, and the basement rocks form the outcrops 
visible in the 1948 aerial photograph that also shows the old course of 
the Fuji River (Fig. 2b). Marine terraces formed during the marine 
isotope stage (MIS) 7 are located at 85–90 m above the present-day 
sea-level (asl; Koike and Machida, 2001). The MIS 5e terraces are not 

distributed nearby, but the height of the surrounding coastal area is 
45–55 m asl. The uplift rate considering the global sea-level change in 
the MIS 5e time scale is 0.36–0.46 mm/yr. The rate of local crustal 
deformation has been measured closely, over the last few decades, with 
the aid of the global navigation satellite system (GNSS) and level sur
veys, and is considered to be minimal (Kato, 1983; Murakami and 
Ozawa, 2004). 

The Holocene RSL models around Hokkaido have been reported by 
glacial-isostatic adjustment (GIA) modeling and sea-level index points 
(SLIPs), which are derived from the geological traces of tidal levels 
(Yokoyama et al., 2012). The RSL in the Harutachi area at 6000 years 
ago is estimated to be 0.5–2.5 m asl (Okuno et al., 2014). The coast of 
Harutachi is wave-dominated and microtidal; the mean higher high 
water (MHHW) and highest astronomical tide (HAT) datums are mean 
sea level (MSL) + 0.4 m and +0.6 m, respectively; these figures are 
derived from the nearest tide station data for the years 2016–2018 
(Japan Metrological Agency: https://www.jma.go.jp/jma/indexe.html 
[accessed June 2020]). 

4. Method 

4.1. Field survey 

We conducted field surveys along two survey lines (Line A along the 
shoreline and Line B perpendicular to the shoreline), with samples taken 
from handy borings and observations of outcrops. Core sampling and 
subsequent stratigraphic observations (e.g., colors, grain sizes, thick
nesses, bedforms) were conducted using a hand corer (7 cm diameter) 
and a hand geoslicer (a 7 cm width by 1 m length; Takada et al., 2002). 

Fig. 2. Topographic map and aerial photograph in 
the study area. (a) 5 m-grid digital elevation model 
data on the central Hidaka coast. Blue line in
dicates syncline (Wada et al., 1992). Dotted lines 
show faults. The insert shows an aerial view of the 
vernal stand and the formation of the basement 
rock delineated by the dotted line (Wada et al., 
1992). The red square indicates the area of Fig. 2b. 
(b) Survey lines and site are shown in an aerial 
photograph taken in 1948 (the geospatial infor
mation authority of Japan: https://mapps.gsi.go. 
jp/). The x marks indicate the point where the 
reference sample was taken. The insert shows the 
close-up map of the slope failure topographies. 
Elevation legend is the same as in Fig. 2a. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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Samples obtained with the geoslicer were sampled in plastic cases or 
bags. The sediment description was based on the modified Tröels-Smith 
(1955) system (Nelson, 2015). The coordinates and elevations of the 
coring sites were obtained by GNSS survey with an error of within 1 cm 
with multi-band receivers (ZED-F9P U-blox), comparing the continuous 
observation data of Geospatial Information Authority of Japan’s elec
tronic reference points at the ‘Mitsuishi’ station. 

4.2. Determination of new SLIPs 

To clarify the Holocene SLIPs in this area, we used diatom and 
element analysis. Interpretation of paleo-sea levels from diatom and 
elemental analysis is based on Nakanishi et al. (2022a). Diatom 
assemblage analysis was conducted to reconstruct the depositional 
environment, such as its salinity and hydraulic conditions. Salinity was 
determined qualitatively based on indicator species (Sawai and 
Nagumo, 2003; Sawai et al., 2004a; Chiba and Sawai, 2014; Zong and 
Sawai, 2015). Marine sediments are known to have total sulfur con
centrations of >0.3% and a ratio of total organic carbon to total sulfur 
(TOC/TS) of <10 (Berner and Raiswell, 1984; Sato, 2001). 

4.2.1. Diatom analysis 
Subsamples of 1 cm thickness were taken from cores at several 

centimeter intervals, and they were treated with 15% hydrogen 
peroxide for organic matter, after which 10 cc was dropped into a cover 
glass and sealed with Pleurax medium (Mountmedia, Wako). Slides were 
observed by optical microscope (1000× magnification) and counted 
until 300 diatom valves were observed. Species identification was based 
on global (Krammer et al., 1986; 1988, 1991a, b; Witkowski et al., 2000) 
and Japanese catalogs (Sawai and Nagumo, 2003; Watanabe et al., 
2005; Kihara et al., 2015; Chiba et al., 2018). Diatom species were 
classified based on salinity (marine, marine–brackish, brackish, brack
ish–freshwater, and freshwater) and life form (planktonic, epontic, and 
benthic), followed by ecological references (Denys, 1991; Vos and de 
Wolf, 1993; Dam et al., 1994; Chiba and Sawai, 2014; Zong and Sawai, 
2015). Neogene diatoms in the central Hidaka coast were reported by 
Sagayama et al. (1992). We excluded the Neogene species based on the 
list of Sagayama et al. (1992) from the assemblage analysis because the 
allochthonous contribution of older, potential fossil species to the water 
column as a result of erosion of still older deposits may lead to a 
misreading of the depositional environment at the dates of interest 
(Chiba et al., 2021). We only used species that constituted more than 3% 
of the total as significantly present for the subsequent diatom assem
blage analysis while rejecting the less common species. 

4.2.2. Carbon and sulfur element analysis 
Subsamples of 1 cm thickness were taken from cores at several centi

meter intervals, and their carbonates were removed with 1 M HCl. They 
were dried in an oven at 50 ◦C for 12 h and crushed with a mortar and 
pestle. Then 20–30 mg powder samples were wrapped in silver cups and 
measured by a combustion elemental analyzer (Vario EL cube, Elementar). 

4.3. Loss on ignition (LOI) and grain size analysis 

LOI is known to be a proxy for organic carbon content (Bojko and 
Kabała, 2014). It was used in combination with sieving to determine the 
composition of the clastic material. Sand and mud samples were taken 
from each core in 2–3 cm depth increments (or in 5–10 cm depth in
crements where a stratigraphic change had not occurred) and were 
weighed as Wwet, dried at 105 ◦C for 12 h, and re-weighed as W105. The 
moisture content was calculated by taking the ratio W105/Wwet. The 
dried samples were heated in a muffle furnace up to 550 ◦C for 5 h and 
weighed once more as W550. The LOI was calculated by taking the ratio 
of W105 to W550. The ignition samples were divided into sand and mud 
compartments by a 60 μm sieve. The LOI, mud, and sand weights were 
normalized and expressed so that the total of these weights was 100%. 

Grain size analysis of the sand layers was performed to estimate their 
source. This work included the collection of current beach sands as a 
control. For the potential event sands, bulk samples were pretreated with 
hydrogen peroxide to disperse and decompose organic matter. The treated 
samples were dried and sieved to 1/2 phi intervals and weighed. Vertical 
changes in the grain size of sand layers were exhibited every 1 cm. 

4.4. X-ray computer tomography (CT) 

The CT images are useful for understanding fine sedimentary struc
tures based on density differences between successive layers. The sam
ples were imaged in plastic cases, with a slice width of 0.5 mm, by a 
medical CT scanner (Aquilion PRIME Focus Edition, Canon Medical 
Systems Corporation) at the Kochi Core Center. The resulting CT values 
are shown as median per slice. 

4.5. X-ray fluorescence core scanner 

The chemical composition of the cores was also determined along 
their length to provide further information about the source. The sam
ples, in plastic cases, were analyzed by an X-ray fluorescence core 
scanner (ITRAX, COX Analytical Systems) at the Kochi Core Center. The 
measurement conditions were as follows: step size of 1 mm, exposure 
time of 25 s with settings of 50 mA and 60 kV, using a molybdenum 
anode (Mo) tube. Mo ratios of incoherent and coherent scattering (inc/ 
coh) measured during the analysis were used as a proxy for H, C, N, and 
O as organic material and water, as reported in (Woodward and Gadd, 
2019) and in previous studies (Chagué et al., 2020). The results were 
expressed as counts per second (cps); if the mean squared error was more 
than 5, the reading was excluded from the dataset to be plotted. 

4.6. X-ray diffraction (XRD) 

Mineral composition analysis of sand and mud samples was per
formed to determine the source of the sediments. As a pretreatment, 
bulk sand and mud samples were dried and powdered with a mortar and 
pestle. The powdered samples were measured by an XRD analyzer (D2 
PHASER, Bruker). The analysis conditions were set at 30 kV, 10 mA, 
0.02 steps for 1 s, and a 2θ registration range from 5◦ to 65◦. 

4.7. Radiocarbon dating 

Wood fragments and plant leaves picked from core samples were 
pretreated with 1 M HCl for 1 h to remove calcium carbonate. The CO2 
obtained by heating these samples was recovered and graphitized using 
Fe powder in a hydrogen atmosphere (Yokoyama et al., 2007). The 14C 
dating was performed, using single-stage accelerator mass spectrometry 
at the Atmosphere and Ocean Research Institute (Yokoyama et al., 
2019b). The 14C ages were calibrated to calendar ages using the OxCal 
4.4 (Bronk Ramsey, 2017) with the IntCal20 dataset (Reimer et al., 
2020). The depositional ages of the sand layers were constrained by a 
sequence model (Bronk Ramsey, 2008). 

5. Results 

5.1. Stratigraphy 

In our study area, seven volcanic ash layers were identified by 
mineralogical and chemical analysis (Nakanishi et al., 2020b). From 
bottom to top, two Komagatake volcano tephras, 400 BC Tarumae 
volcano-c2 tephra (Ta-c2), 946 AD Baegdusan volcano-Tomakomai 
tephra (B–Tm), and three volcanic ash layers could be traced to 
17th-century eruptions (1694 AD Komagatake-c2 tephra, 1667 AD 
Tarumae-b tephra, 1663 AD Usu-b tephra: Us-b) (Fig. 3). Because the 14C 
dating obtained from the peat layer between two Komagatake tephras 
showed 6.3 kyr cal BP (Table 1), these tephras are considered to be the 

R. Nakanishi et al.                                                                                                                                                                                                                              



Quaternary Science Advances 10 (2023) 100081

5

Komagatake-f tephra (Ko-f, deposited in 6.4–6.2 kyr cal BP: Okuno et al., 
1999) and Komagatake-g tephra (Ko-g, deposited in 6.6–6.5 kyr cal BP: 
Chen et al., 2022), which are known to be regionally widespread de
posits (Furukawa and Nanayama, 2006; Nakamura, 2016). Since the 
area where Ko-f tephra was identified was hitherto limited to the area 
around Mt. Komagatake (Furukawa and Nanayama, 2006), the discov
ery of this tephra on the Hidaka coast indicates that it is regionally 
widespread tephra. 

The stratigraphy of Line A consists, from bottom to top, of white silty 
clay (“Th1, As3” or “As4”), an alternation of fibrous peat (“Th2, As1, 
Ag1”) and white silty peat (“Th1, Ag2, Ga1”), black peat (“Sh2, As2”) 
and white clay (“As4”) above ~3.0 m asl, and poorly sorted sand (“Sh1, 
Ga-m3”: called Sand HS) (Fig. 3). Three sand layers each of a few 

centimeters in thickness are also interbedded in the fibrous or silty peat. 
From the top, these sand layers are named Sand HA, Sand HB, and Sand 
HC. In the A-7 site, the A-7a outcrop consists of the peat layers with 
white clay (“As4”), which includes hard shale gravels, and (“Sh3, Th1”) 
interbedded with silt (“Sh1, As1, Ag2”). The A-7b outcrop (2–3.5 m asl) 
consists of grayish white clay (“As4”) with hard shale gravels, fibrous 
peat (“Sh1, Th3”), and grayish-white clayey silt (“As1, Ag3”). The fine- 
grained sand layers in fibrous peat between Ko-f and Ko-g tephras are 
less than 1 cm thick. 

In Line B, the peat layer is more than 2 m thick, and changes from 
fibrous peat (“Tl2, Th2” or “Sh1,Tl1, Th2”) below to black peat (“Sh3, 
Th1”) above (Fig. 3). Blue-gray clay (“As4”) underlay the fibrous peat 
layer with a shape boundary, and the blue-gray clay layer grows thicker 

Fig. 3. The sediment stratigraphy on the survey lines. a: The sediment stratigraphy on Line A and Site C. The photograph shows the outcrop in Site A-4. A-7a and A- 
7b are different outcrop faces in the same Site A-7. b: Detailed lithological cross section based on core observations on Line A. c: The sediment stratigraphy on Line B 
and Site D. 

Table 1 
The14C dating results and the depositional ages of the event layers in Harutachi.  

Sample name Site Depth Material 14C age Error Modelled age (1σ) Modelled age (2σ) Mean Lab number 

(cm) from to from to 

828Au A-4 382 Plant fragment 3609 ±25 3974 3886 4065 3841 3928 YAUT-047731 
Sand HA A-4 385    4270 3992 4350 3911 4131  
828Al A-4 387 Plant fragment 3944 ±25 4373 4293 4418 4252 4333 YAUT-047732 
828Bu A-4 391 Plant fragment 3914 ±27 4418 4354 4503 4297 4380 YAUT-047736 
Sand HB A-4 394    4840 4496 4890 4366 4632  
828Bl A-4 396 Plant fragment 4314 ±28 4955 4841 4961 4836 4884 YAUT-047737 
828Cu A-4 405 Plant fragment 4642 ±26 5402 5310 5449 5138 5336 YAUT-047738 
Sand HC A-4 412    5433 5353 5457 5314 5381  
828Cl A-4 408 Plant fragment 4638 ±26 5451 5409 5470 5374 5425 YAUT-047739 
828_Cb5-6 A-4 415 Wood fragment 4763 ±31 5560 5470 5583 5462 5517 YAUT-071729  

Sample name Site Depth Material 14C age Error Calibrated age (1σ) Calibrated age (2σ) Mean Lab number 

(cm) from to from to 

872_200 cm B-2 200 Wood fragment 1292 ±21 1275 1179 1285 1176 1228 YAUT-071731 
947_30 A-7 102 Wood fragment 5501 ±30 6386 6279 6393 6212 6302 YAUT-071732  
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toward the southern end of Line B. Near the Fuji River (B-1 and B-2), the 
blue-gray clay layer underlays B–Tm tephra without fibrous peats. 

In Site C, where an outcrop near the river mouth was observed, the 
stratigraphy was an alternation of silt (“Ag3, As1”) and sand layers 
below Us-b (Fig. 3). The upper sand layers are clear basal contacts with 
silt, while the lower sand layers tended to be fine-grained and have 
unclear basal contacts. Site D is located to the west of Line B. The five 
volcanic ash layers were identified in black peats (“Sh3, Th1”: Fig. 3). 
The fibrous peat (“Sh1, Th3”) of ~1 m thickness was deposited below 
the Ta-c2 tephra, which changed to a silty peat (“Th2, As1, Ag1”) and a 
silty clay layer (“Th1, As1, Ag2”) at the bottom. 

5.2. Diatom and elemental analyses 

Site A-4. The sediments of Site A-4 were divided into five units based 
on the similarity of diatom assemblages (Fig. 4). Unit SM (meaning 
‘Saltmarsh’) consists of silty clay and is dominated by Navicula peregrina 
and Tabularia fasciculata. The silty fibrous peat layer (~2.5 m asl) in
cludes Staurosira and Pseudostaurosira spp., which are dominant in 
enclosed brackish to fresh waters (Stabell, 1985; Ludikova et al., 2020). 
Unit ST (meaning ‘Supratidal’) consists of the silty fibrous layer and is 
dominated by benthic brackish species, such as Diploneis pseudovalis, 
brackish-fresh water species, such as Cosmioneis pusilla, and Neogene 
diatoms. Unit FM (meaning ‘Freshwater marsh’) consists of fibrous or 
black peats; the dominant species are freshwater benthic species, such as 
Pinnularia spp., Diploneis spp., and Hantzschia amphioxys. This unit was 

Fig. 4. Summary of diatom analyses for Sites A-4 
and A-7. The relative abundance of diatoms is 
expressed as a percent of the total count. M–B and 
B–F indicate marine to brackish water species and 
brackish to freshwater species, respectively. The 
color bars indicate the sedimentary units, and ab
breviations are MF-Mud flow, SM-Saltmarsh, ST- 
supratidal, FM-Freshwater marsh, and UL-Upland. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   

R. Nakanishi et al.                                                                                                                                                                                                                              



Quaternary Science Advances 10 (2023) 100081

7

characteristically identified with Fragilariforma nitzschioides, which has 
been reported in streams and side pools (Krammer and Lange-Bertalot, 
1991a; Bahls et al., 2018). Unit MF (meaning ‘Mud-debris flow’) con
sists of the inorganic white clay, including the freshwater diatoms 
Achnanthes lanceolata addition to component species of Unit FM. The 
lower black peat of Unit UL (meaning ‘Upland’) is dominated by Pin
nularia spp. and includes aerophilic species, such as Caloneis spp. and 
H. amphioxys. The Sand HS above B–Tm is similar to the assemblages of 
lower black peat, including Rhopalodia spp. 

The TS concentrations showed an increasing trend starting below 
3.2 m asl and became more pronounced below 2.6 m asl. The TOC/TS 
ratios were 20–30 above 2.9 m asl. The silty layers in Unit ST and Unit 
SM were less than 10 (Fig. 5). 

Site A-7. The sediments of Site A-7 were divided into six units based 
on the diatom inferred depositional environments (Fig. 4). The bottom 
grayish-white clay layer as Unit MF-1 contained a few diatom valves. 
Unit ST-1 as the fibrous peat layer shows similar assemblages to Unit ST 
of A-4, with C. pusilla, D. pseudovalis, and N. peregrina in declining order 
of prevalence. In Unit SM, the proportion of C. pusilla and Pinnularia spp. 
decreases toward the top, and Staurosira and Pseudostaurosira spp., 
Cocconeis scutellum (an indicator species of sea algae), and Diploneis 
smithii, which is a muddy tidal flat indicator (Chiba and Sawai, 2014), 
become dominant. Unit ST-2 shows similar assemblages to Unit ST-1, 
whereas the brackish species as C. pusilla, D. pseudovalis, and 
N. peregrina decreases than Unit ST-1. Unit FM is dominated by 
H. amphioxys and Pinnularia spp., and the assemblages are similar to Unit 
FM of A-4. The assemblages of Unit MF-2 as the peat unit above Ko-f 

tephra change to Meridion circulare, A. lanceolata, and Gomphonema 
spp. The sample at 4.7 m asl showed similar assemblages to Unit MF-2, 
although the number of diatom valves was few. 

Site B-4. At the more inland Site B-4 (Fig. 3), we focused on the 
boundary between the fibrous peat layer and the lower mud layer to 
examine environmental changes (Fig. S1). The lower blue-gray clay 
layer included blackish species such as N. peregrina and more than 20% 
blackish-fresh species. The fibrous peat layer was dominated by the 
Aulacoseira spp. as planktonic freshwater species. Based on 14C dating at 
the lowermost fibrous peat (Table 1), the date of the change to the 
fibrous peat layer preceded 1.2 kyr cal BP. 

5.3. Mineral composition 

Mineral composition analysis was performed by XRD to identify the 
source of the inorganic sand and mud layers in the ordinary layers 
(Fig. 6). The thick white clay layer, which included hard shale gravels 
(Unit MF-2 a-c) in Site A-7, consists of quartz, plagioclase, muscovite, 
montmorillonite, chlorite, and zeolite. The white clay layer in Site A-4 
and the bottom white clay layer (Unit MF-1) in Site A-7 have a similar 
composition to Unit MF-2a-c. The local present-day beach sand is 
depleted of zeolite and montmorillonite but rich in K-feldspar, amphi
bole, and pyroxene. Sand HS in A-4 has the same composition as local 
present beach sand, henceforth beach sand for short. Sand HC and the 
overlying mud layer are intermediate in composition between beach 
sand and Unit MF, including amphibole and zeolite. For the gray clay 
layer in Site B-2, similar compositions to Sand HC and the overlying mud 

Fig. 5. Site A-4 geochemistry (TOC/TS ratios and TS contents) and sand, mud, organic content (LOI), and diatom assemblage summary (salinity, life form, and the 
percent of valves of dryness-tolerant species as aerophilic diatom ratio). The color bars indicate the sedimentary units, and the abbreviations are the same as in Fig. 4. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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layer are observed with clay minerals in abundance. The bottom silty 
clay in Site A-4 contains pyrite in addition to a composition otherwise 
similar to MF-2 sample. 

5.4. Features of the sand layers 

Sand HS was deposited after the 10th century, located from tephra 
B–Tm to above Us-b. Based on radiocarbon dating, Sand HA, HB, and HC 
were deposited in 4.3–3.9, 4.9–4.4, and 5.4–5.3 kyr cal BP, respectively 
(Table 1). Sand HS is widely distributed in outcrops along the coast with 
a thickness of several tens of centimeters. Sand HS had unclear bound
aries with the peat layer and a homogenous structure. Sand HA is ~1 cm 
thick and overlain by a grayish-white silty clay layer (mHA: Figs. 3b and 
7). The grain size compositions of Sand HA indicate a mode at ~1.2 phi 
with a fine-grained tail (Fig. 8). Sand HB are of 1–3 cm thickness, 
overlaid by the grayish-white silty clay layer (mHB), and the grain size 
compositions are well-sorted with a mode of ~1.1 phi. Sand HC is of 1–9 
cm thickness and has a slight degree of normal grading: it will eventually 
become silty (mHC). The grain size compositions have a mode at ~1.7 
phi and a tail to the fine-grained component. In the western cores, the 
sand layers were found to be sometimes interbedded with mud layers 
and tended to be thicker (Fig. 3b). Sands HA, HB, and HC were not 
observed in Site A-7 or Line B. 

The diatom valves in Sands HA, HB, and HC are dominated by 
Neogene diatoms in addition to species below the sand layers (Fig. 9). 
The proportion of Neogene diatom valves tends to decrease upward from 
the sand layers, which is significant in Sand HC. The mud layers above 
the sand layers contain slightly more brackish species than below the 
sand layers, and the proportion decreases upward, whereas H. amphioxys 
tends to increase. Sand HS shows similar assemblages to below peat 
layer and does not contain Neogene fossils. 

The chemical composition and physical properties were obtained for 
the profile from Sand HA to Sand HC (Fig. 7). The CT values peaked at 
the sand layers and gradually decreased up to 5 cm above the sand 
layers. The chemical composition profiles of Si, K, and Ti show the same 
trend as the CT values. The Ca and Sr peaked only in the stratigraphic 
levels where the CT values exceeded 1000. The XRD results suggest that 
these elemental peaks are caused by K-feldspar and amphibole. The Mo 
ratios inversely correlate with CT values. For the CT values and chemical 
composition profiles, the mud layers above Sand HA and HB show a 
general decreasing trend, whereas that of Sand HC displays several 
fluctuations. 

Fig. 6. The results of mineralogy analysis using XRD for the event layers, beach, and ordinary mud layers. The alphabetical symbols are the elements and other 
minerals for which a 2 theta peak appears. 
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6. Discussion 

6.1. Reconstruction of paleo-sea-level and depositional environment 

The RSL changes and associated changes in depositional environ
ments were reconstructed based on diatom assemblages and chemical 
analyses (Fig. 10). Unit MF-1 of Site A-7 contained few diatom valves, 
and no traces of marine sediments such as pyrite were observed (Fig. 6). 
This unit was interpreted to be debris flow deposits because of the 
presence of Neogene hard shale gravels including zeolite, as discussed 
further below concerning Unit DF-2. Many slope failure topographies 
have been reported along the Hidaka coast (Yanai and Igarashi, 1990), 
and Unit MF-1 is interpreted as one of these event sediments. 

Unit ST-1 in A-7 is presumed to be a supratidal environment because of 
the salt-tolerant blackish-fresh water species as C. pusilla and D. pseudovalis, 
which are reported to emerge at HAT (Sato et al., 1983; Sato, 2002; Zong 
and Sawai, 2015), and the increasing proportion of brackish water species 
suggests that the sea-level rise continued until 6.5 kyr cal BP (Fig. 4). 

Unit SM is considered to have been the saltmarsh (or endgame of a 
tidal flat environment) because of brackish water species accounting for 
more than 30%, such as T. fasciculata, C. scutellum, D. smithii, and 
N. peregrina. T. fasciculata, C. scutellum are reported indicator species of 
seawater algal beds, and D. smithii is a muddy tidal flat indicator (Chiba 
and Sawai, 2014). N. peregrina has been reported to emerge widely in 
highmarsh to lowmarsh along the coast of Hokkaido (Sawai et al., 
2004a). The presence of pyrite (Fig. 6), which is produced by 
sulfate-reducing bacteria in seawater, and the high TS content relative to 
TOC, support this interpretation (Fig. 5). The distribution of these salt
marshes extended at least up to B-4 along Line B as the blue-gray mud 
layers, suggesting that there was a tidal flow running up until ~2000 BP 
(Fig. 10). The timing of peat formation was earlier at sites farther from 
the Fuji River, such as Site D. Thereafter, the unit became dominated by 
Staurosira, Pseudostaurosira, and Aulacoseira spp., which suggests that 
the inland area became a closed freshwater area, and the seaward area 
became a closed brackish water area after the cessation of sea-level rise 
(Fig. 4). 

Fig. 7. CT values and chemical composition profile changes by X-ray CT and XRF scanner for the Site A-4 core.  
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Unit ST-2 is dominated by D. pseudovalis and C. pusilla, which are 
found at the end of the HHS period (Sato et al., 1983; Sato, 2002; Zong 
and Sawai, 2015), species that account for 30%–40% of the total; 
therefore, salinity is estimated to have decreased as the area became 
supratidal during this period. 

Unit FM have emerged from the seawater since the time in which the 
assemblages changed to benthic freshwater species, such as Pinnularia 
spp., including planktonic species. (Fig. 4). This unit is presumed to be a 
frequent water stagnant environment, as it includes species that inhabit 
a stream or pool such as F. nitzschioides, while it includes some dry- 
tolerant species. The emergence ages in Site A-4 are earlier than that 
in Site A-7 because the change from Unit ST to FM is estimated to be 5.0 
kyr cal BP and 6.3 kyr cal BP for Site A-4 and Site A-7, respectively. 
Therefore, Site A-7 was considered to be farther from the coastline 
(Fig. 10). The aerial photograph shows a basement below the sea surface 
near Site A-7 (Fig. 2b), which is inferred to be the anticlinal part of the 
fold structure. The beach ridges and interdunal wetlands were assumed 
to form along the anticlines considering that river meanders are influ
enced by the fold structures (Fig. 2). It is presumed that seawater entered 
from the area around the present river mouth, which is consistent with 
the discrepancy in the emergence age of both sites. The gray clay layers 

above the blue-gray clay in Line B are correlated with Unit FM because 
the diatom assemblage indicates a freshwater marsh environment 
(Fig. S1), but this layer also transitions to floodplain deposits, since the 
gray clay layer in Site B-2 consists of mineral compositions of interme
diate between Neogene bedrock and beach sand (Fig. 6). 

Unit MF-2 is locally thick in A-7 and is an inorganic clay layer con
taining Neogene hard shale, which is difficult to interpret as a layer that 
is gradually deposited over a long period of time. The distribution of a 
terrace consisting of Neogene hard shale behind Line A suggests that this 
unit was formed by slope failure and associated mud-debris flows (Yanai 
and Igarashi, 1990). The presence of zeolites indicates a detrital supply 
from Miocene marine sedimentary rocks since zeolites are known to be 
commonly derived from the very slow alteration of volcanic glasses in 
seawater (Hay and Sheppard, 2001). Unit MF in Site A-4 shows a similar 
mineral composition and diatom assemblages to Unit MF-2 in Site A-7. 
The mud layers in Site A-4 are chronologically comparable with the mud 
layers in Site A-7 (Figs. 3 and 4), suggesting that the mud-debris flow 
deposits were derived from a slope failure that occurred at 4000–3000 
BP (Fig. 10). This is supported by the fact that a fan-shaped topography 
is observed in the gully behind Sites A-4 and A-7 (Fig. 2b). Yanai and 
Igarashi (1990) reported that pollen analysis in the northern Hidaka 

Fig. 8. Grain size histogram of the event sand layers and beach sand.  
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region revealed a transition from a warm to a cool humid climate at 
~2600 BP and that this climatic change stimulated freezing and thawing 
activities, resulting in more frequent slope failures. The mud layers are 
assumed to have been formed by multiple mud-debris flows because 
they are interbedded with peat layers (Fig. 3). 

For Unit UL, the basement was raised by slope failure sediments 
(Unit MF), resulting in a more terrestrial environment in the form of a 
dominating upland, which was filled with aerophilous or benthic 
freshwater species (Fig. 4). On the other hand, Site C near the river 
mouth was a high-energy environment even around the 17th century, 
with sand and silt predominating (Fig. 3). The predominance of sand 
sediments in Unit UL since the 10th century suggests that the present 
shoreline position was changed by coastal erosion. 

The RSL change in this area is estimated from SLIPs obtained by this 
study considering the change in the depositional environment (Table 2, 
Fig. 11). The RSL change curves around the Shimokita Peninsula, where 
the influence of crustal deformation is small, are estimated from the GIA 
model and SLIPs (Yokoyama et al., 2012). The SLIPs are reported in the 
Shizunai and Utoma areas along the Hidaka coast. In Utoma, sea 
regression began around 3.5 kyr cal BP and the altitude of the local HHS 
is reported to be 2–3 m asl (Nakanishi et al., 2020a). In the Shizunai 
area, the HHS period continued until ~4.0 kyr cal BP, when the sea level 
at that time was 4–5 m asl before falling to 1.0–1.5 m asl at 1.5–1.0 kyr 
cal BP (Nakanishi et al., 2022a). The elevations and ages of the newly 
obtained SLIPs as supratidal and high marsh in this area are shown in 
Fig. 11. These SLIPs are 1.5–2.5 m higher than the curve based on the 
GIA model for the Shimokita Peninsula. The long-term crustal defor
mation trend in this region is estimated to be 0.3–0.5 mm/year based on 
the elevation of the MIS 5e and MIS 7 marine terraces. The RSL changes 
shown by SLIPs in Harutachi are consistent with the RSL curve reflecting 
an uplift rate of ~0.3 mm/year. The SLIPs of Utoma are in good 
agreement with the RSL curve in the Harutachi area. On the other hand, 
the SLIPs of the Shizunai area, at the adjacent Harutachi area, are 1–3 m 
higher than the curve estimated from the uplift rate of 0.3–0.5 mm/year. 
The reason for this difference in paleo-sea levels in the adjacent areas 

may be related to the location of the fold structures. Shizunai is in an 
uplifted area adjacent to the Harutachi anticline, and Harutachi is 
located near a minor syncline between the Otoe syncline and the Har
utachi anticline (Fig. 2). Because Shizunai is distributed in the uplift 
zone of the folding movement and Harutachi is distributed in the sub
sidence area, it is inferred that there was a difference in local uplift 
trends between the two areas. This structural movement has probably 
occurred, in either a continuous or a punctuated change, for the past 
several thousand years. 

6.2. Formation factors of the sand layers 

We sought to determine whether the sand layers were event layers 
caused by extreme waves, based on the sedimentological features and 
the depositional environment. Sand HS has an unclear boundary with 
peat, a homogeneous sedimentary structure. While modern tsunami 
deposits have sedimentary structures that reflect abrupt and strong 
flows such as clear contacts and single or multiple grading structures 
(Morton et al., 2007; Takashimizu et al., 2012), Sand HS, which shows 
continuous deposition across the Us-b tephra, has no positive evidence 
as an event layer. The sand source was the adjacent beach, as it exhibits a 
mineral composition very similar to that of the present beach sand 
(Fig. 6). The diatom assemblage indicated a freshwater marsh or an 
upland environment, and allochthonous diatoms were not detected 
(Fig. 4). The 1948 aerial photograph also shows the site of our Line A to 
be covered with sand due to significant beach erosion (Fig. 2), and the 
beach sand has likely been transported to the upland as aeolian sand. 
However, since tsunami deposits derived from the Kuril Trench earth
quake have been reported between Us-b and B–Tm in the Shizunai area 
(Nakanishi et al., 2022a), the possibility that Sand HS contains tsunami 
deposits cannot be excluded. 

Sands HA, HB, and HC show a clear basal contact and are distributed 
as continuous thin layers in the horizontal direction (Fig. 3b). The grain 
size and mineral compositions of these sands are similar to beach sand 
(Figs. 6 and 8), and the absence of other sandy sediments in the 

Fig. 9. CT image and detailed diatom assemblage summary around the event layers.  
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surrounding area indicates that beach sand is a reasonable source of 
sand. The grain size tends to become finer toward the east, which is 
estimated to be the inland side at 5.5–4.0 kyr cal BP (Figs, 8 and 10). 
These sand layers contain diatom species living in environments inter
preted as being more seaward than the mud layers below the sand layers, 
which also contain a high proportion of Neogene species (Fig. 9). The 
high proportion of Neogene species and zeolite in these sand layers is 
interpreted to rework sediments from the Neogene sedimentary rocks, 

suggesting that they originate from the erosion and transport of sand and 
mud from the seaside and backshore terrace due to extreme waves. 

The mud layers (mHA, mHB, and mHC) above the sand layers show a 
continuous decrease in CT values indicating submerged densities and 
elemental profiles (Si, K, Ti, and Sr) upward (Fig. 7), which can be 
interpreted as a sequential environmental change continuing from 
months to years or a single normal grading structure. The former sce
nario is known to be associated with both sudden subsidence and 

Fig. 10. Sketches of the reconstructed evolution of the depositional environment in the Harutachi area over the past 7000 years.  
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gradual uplift movements (Atwater et al., 2004; Sawai et al., 2004b). 
The mHB layer may have been generated by subsidence movement 
because of the temporary increase in brackish species (Fig. 9). The mHB 
and mHC layers have an increasing number of dry subaerial species, 
such as H. amphioxys upward, suggesting that it was gradually drained 
(or uplifted) and changed to a drier environment after the event. 
Otherwise, the formation of a temporary mud inflow environment for a 
relatively short period associated with beach scouring is also a possi
bility (Fujiwara et al., 2013; Sawai et al., 2015). The latter scenario is 
one in which the mud layers above the sand layers were derived from a 
sequence of mud drapes (also known as forming mud caps) carried by 
tsunamis (Richmond et al., 2012; Takashimizu et al., 2012). The 
continuous change in CT values and the not much change in the diatom 
assemblages may support the scenario that the mud layers above the 
sand layers are mud caps (Fig. 9). In any case, the sedimentological 

features of the sand layers and their mud overlays are thus consistent 
with tsunamis and earthquakes. 

The depositional ages of these sand layers were compared with those 
of tsunami deposits reported along the Pacific coast of Hokkaido 
(Fig. 11). The three sand layers can be compared with the U6, U7, and 
U8 layers in Utoma (Nakanishi et al., 2020a), which were slightly closer 
to the Kuril Trench, suggesting that Sands HA, HB, and HC in Harutachi 
are the tsunami deposits that reached the Hidaka region. 

Extreme waves from the sea are storm surges as a possible source in 
addition to tsunamis. The typhoons in the Hidaka region in the last 70 
years are summarized in Nakanishi and Ashi (2022), and the maximum 
wind speed was 80 kt and the minimum pressure was 965 hPa due to the 
Hidaka region is far from the tropical zone. The results of sediment 
transport modeling by the largest typhoon model in Hokkaido in the 
adjacent Shizunai area showed that the sediment distribution was 

Table 2 
Summary of the sea level index point dataset in the Harutachi area.  

Site Elevation Material 2θ age (cal. yr 
BP) 

Depositional 
environment 

Indicative 
tidal 

Reference Evidence 

(m asl) dated mean age 
error 

boundary upper limit water level 

A-4 2.8 Plant 
fragment 

5294 ±156 Supratidal/ 
Freshwater marsh 

HAT MSL + 0.6 
m 

Cosmioneis pusilla, and Diploneis pseudovalis. TOC/TS 10–20. TS 
0.3%–1% 

A-4 2.6 Wood 
fragment 

5459 ±127 Highmarsh/ 
Supratidal 

MHHW MSL +0.4 
m 

Navicula peregrina, Tabularia fasciculata, Staurosira and 
Pseudostaurosira spp. TOC/TS < 10. TS > 1%. Pyrite. 

A-7 2.7 Wood 
fragment 

6299 ±110 Supratidal/ 
Freshwater marsh 

HAT MSL +0.6 
m 

C. pusilla, D. pseudovalis, and N. peregrina 

A-7 2.6 Tephra Ko-f 6303 ±91 Highmarsh/ 
Supratidal 

MHHW MSL +0.4 
m 

T. fasciculata, C. scutellum, Diploneis smithii, N. peregrina, 
Staurosira and Pseudostaurosira spp. 

A-7 2.4 Tephra Ko-g 6550 ±50 Supratidal/ 
Highmarsh 

HAT MSL +0.4 
m 

C. pusilla, D. pseudovalis, and N. peregrina  

Fig. 11. The depositional environments in which 
the event layers were preserved and reconstructed 
sea-level changes that caused depositional envi
ronmental changes in the Hidaka coastal region. 
The data for the Shizunai area are referenced from 
Nakanishi et al. (2022a), those for the Utoma area 
are referenced from Nakanishi et al. (2020a), and 
those for the Erimo area are referenced from 
Nakanishi et al. (2022b). (a) Depositional ages of 
event layers and evolution of depositional envi
ronments reported along the Hidaka coast during 
the past 7000 years. Black bars represent the 
dating results (2σ) of the event layers. The color 
bars show the period of each depositional envi
ronment. The vertical color columns indicate the 
age and distribution of the widespread tephras. (b) 
The estimated SLIPs and RSL change curves in the 
Hidaka coastal region. The T-shape symbols 
display the altitude and 14C age of the SLIPs as the 
upper limits of MHHW or HAT based on the 
geological evidence. The width and height of the 
T-shape symbols indicate the error from dating and 
the difference in altitude from MSL, respectively. 
The blue dotted line is the Holocene sea-level 
prediction based on the GIA model in the Shimo
kita Peninsula (Yokoyama et al., 2012). The solid 
lines show the RSL change curve calibrated by 
uplift rates on the range based on the MIS 5e and 7 
marine terrace heights along the Hidaka coats (0.2, 
0.4, and 0.6 mm/year). The gray dashed lines 
indicate when the event layers were first identified 
in each area and the RSL for that time period as 
estimated from the RSL curves. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this 

article.)   
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limited to a river mouth or beach zone (Nakanishi and Ashi, 2022). The 
depositional age intervals of several hundred years likely also distin
guish them from the highly frequent deposition derived from storms. 
However, it is difficult to determine if tsunamis were the only type of 
inundation that might have formed these sand layers because the sand 
layer distribution (shoreline location and the extent of sand layers 
further inland) is unclear due to the difficulty of further investigation. 
The depositional period of the event layers in this area will add to what 
we already know about earthquake and tsunami periodicity from the 
archives of the Shizunai area (Nakanishi et al., 2022a). It is suggested 
that additional work is required to clarify the origin of the event layers in 
Harutachi as it will be most valuable as a guide for future civil defense. 

6.3. Preservation and formation of event layers 

To clarify the relationship between the formation and preservation 
periods of the event layers and the depositional environment, the age of 
the event layers and the depositional environment changes caused by 
RSL changes along the Hidaka coast are jointly summarized (Fig. 11). 
The depositional period of the event layers in the Harutachi area was the 
period during which supratidal to freshwater marsh environments were 
distributed at Site A-4. The sand layers were not identified as having 
been deposited in the saltmarsh or upland environments. 

Saltmarsh environments are estimated to have low preservation 
potential because the disturbance rate exceeds the sedimentation rate 
(Wheatcroft, 1990; Leorri et al., 2009; Spiske et al., 2013). A thin event 
layer will normally be eroded in the face of such powerful forces and be 
disturbed by bioturbation in a tidal zone. Also, a tsunami inundation 
including sand may be discharged by outflow to the sea due to the un
derdeveloped nature of the beach ridge (Nakanishi and Ashi, 2022). In 
the upland environment, the formation of a beach ridge and the 
regression of the shoreline are liable to prevent the extreme waves from 
transporting sand to the site away from the shoreline. Also, the preser
vation potential of event layers may be lower in an upland environment 
because of the lower sedimentation rate and long duration of weathering 
as compared to a wetland environment (Wheatcroft, 1990). Therefore, a 
thin sand layer may not be preserved even if waves reach the site; in this 
study, no evidence of inundation was found in Unit UL due to the low 
sand content (Fig. 5). Well-preserved event layers are most likely to be 
found between these two extremes of an overly seaward and an overly 
landward environment. In other words, the conditions under which the 
event layer is likely to form depend on depositional environments and 
the distance from the shoreline. 

The depositional environment in which sand layers were preserved 
in the Harutachi area is very similar to that of the adjacent Shizunai 
area. The diatom assemblages indicate that the depositional environ
ment during this period was after the establishment of a closed envi
ronment from brackish water, dominated by small Fragilaria spp. such as 
Staurosira and Pseudostaurosira spp. (Fig. 4: Stabell, 1985; Ludikova 
et al., 2020; Nakanishi et al., 2022a), indicating that the long period of 
isolation from seawater enhanced the preservation of the event layers. 
The upper limit of the event layer is a closed environment with water 
depth, which prevented the discharge of sand and mud and 
post-depositional erosion. The deposition in such environments is sup
ported by the presence of mud caps indicating long water stagnation and 
the distinct normal grading structures (Fig. 7). Therefore, freshwater 
marsh and supratidal environments are suitable depositional environ
ments for the preservation of event layers. 

The tsunami wave heights must have been similar between Shizunai 
and Harutachi; on the other hand, the depositional ages of the event 
layers in both areas do not overlap (4.0–3.0 and 5.5–4.0 kyr cal BP). The 
difference is due to the relationship between the location of the survey 
sites and shoreline locations, which reflects the coastal evolution process 
unique to each coast. The Utoma area has preserved event layers in more 
diverse environments, over the HHS and the subsequent regression of 
the sea from the saltmarshes to the early upland environment (5.5–2.0 

kyr cal BP: Nakanishi et al., 2020a). The tsunami deposits were pre
sumably preserved in the saltmarshes because the thickness of the event 
layers exceeded the depth of disturbance (Wheatcroft, 1990). The 
thickness of the sand layer in this area has been reported to be thicker at 
the higher estimated RSL (Nakanishi et al., 2020a), and it could be 
preserved from disturbance even in a saltmarsh environment. The Erimo 
area, which faces the Kuril Trench, has been an upland environment 
since at least 2.4 kyr cal BP (Nakanishi et al., 2022b), and the event 
layers are preserved even the upland environment (Fig. 11). This sug
gests that in areas where high tsunami wave heights are observed, 
tsunami inundation reached even the upland environment away from 
the coastline, leaving thick sand layers that could withstand weathering. 
The formation of the event layers in the area facing trenches is not very 
sensitive to the depositional environment. 

When comparing areas along the Hidaka coast, the event layers were 
distributed only in the limited depositional environment at the distant 
areas from the Kuril Trench (Fig. 11). Successive tsunamis generated by 
Kuril Trench earthquakes are plausible candidates for the origin of these 
event layers because many of the event layers from Utoma to Shizunai 
are correlated with the tsunami events in eastern Hokkaido based on 
chronology and numerical simulations (Nakanishi and Ashi, 2022; 
Nakanishi et al., 2022a). Since the wave heights tend to decrease toward 
the northwest of the Hidaka coast in the 17th-century tsunami simula
tion (Nakanishi et al., 2022b), smaller wave heights are expected in the 
Shizunai and Harutachi areas compared to the Utoma area. In other 
words, the greater the distance from the trench, the less tsunami inun
dation will reach the inland environment (i.e., upland). 

Fig. 12 shows the formalization of the conditions under which an 
event layer is preserved depending on the distance from the trench and 
the distance from the coastline or differences in the depositional envi
ronment. It is assumed here that the depositional environment changes 
from saltmarsh to upland environments with distance from the shore
line; actually, it varies depending on the topography, coastal evolution 
pattern, and climate condition. The different depths of core samples 
obtained at a given point seem to move in position relative to the 
shoreline due to shoreline migration associated with RSL changes (e.g., 
the shallow depth indicates a more inland environment during a period 
of sea-level fall). 

First, high wave heights and inundation extents are unquestionably 
the dominant factor in sand layer formation in that an extreme inun
dation transports sand to broad coastal environments even an upland. In 
general, deeper inundation depths form thicker sand layers, which also 
have an advantage for post-depositional preservation on even salt
marshes and tidal flats. Second, the shoreline migration associated with 
the RSL rise will result in relatively more inland inundation. On the 
other hand, it also makes saltmarshes and tidal flats wider, thus reducing 
post-depositional preservation in zones closer to the shoreline. Third, a 
thin event layer is more sensitive to local depositional environments. If 
only a thin sand layer is formed near saltmarshes in a region away from 
the trench due to small wave heights, the disturbance depth will exceed 
the sand thickness and the sand layer will not be preserved (Wheatcroft, 
1990). Even if inundation transports sand to an environment farther 
inland than the saltmarsh, the thin sand layer often will not be preserved 
if there was a steady flow or if it is exposed on dry land with weathering. 

Therefore, event layers in distant areas from wave sources would be 
observed to be concentrated only in certain stratigraphic levels. An area 
of the coastal zone where an event layer is preserved is limited to 
wetland environments at the time of the event; thus, which period is 
archived depends on the survey point (i.e., distance from the shoreline 
and depositional environment). Coastal erosion (e.g., Harutachi and 
Utoma) and the narrow beach-ridge plain (e.g., Shizunai) make 
comprehensive surveys difficult, resulting in a fragmented and short 
time window for event archives in distant areas. However, under
standing the specific depositional environment suitable for preservation 
can advance the investigation and the event history reconstruction using 
tsunami deposits to an advantage. 
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6.4. Tsunami damage impacts from future sea level rise on the Hidaka 
coast 

On the Hidaka coast, it seems unlikely that even a tsunami from an 
M > 8 Kuril Trench earthquake at present sea level would form a sand 
layer beyond the barrier. According to the geological records in the 
Utoma to Shizunai areas, the event layers were formed when the sea 
level was ~1.2 m higher than present in the southern Hidaka region 
(Utoma: when the uplift rate is 0.3 mm/yr) and when the sea level was 
~2.7 m or higher in the central Hidaka region (Shizunai and Harutachi: 
when the uplift rate is 0.6 and 0.3 mm/yr, respectively), respectively 
(Fig. 11). Although an exact comparison cannot be made because of the 
global sea level rise projections, it is estimated that if current greenhouse 
gas emissions continue, sea level will rise by 1 m in AD 2100 from AD 
1900 (Arias et al., 2021; Dura et al., 2021). The low-likelihood scenarios 
including ice-sheet instability processes could result in a 2-m rise in sea 
level. It is possible that a tsunami strikes the Hidaka coast as large 
enough to transport sediments in a back-barrier area within 100 years 
from now (whether or not a tsunami would occur is another matter). 

However, the strong influence of coastal topography and deposi
tional environment suggests that there may not be a simple positive 
correlation between sea-level height and event layer distribution. Future 
risk assessments of extreme wave events should more strongly recognize 
the possibility that not only sea-level rise but also accompanying 
changes in coastal topography may contribute to the severity of di
sasters, especially in regions far from tsunami sources. 

7. Conclusion 

This study investigated the depositional environments and the event 
layers over the past 7000 years in Harutachi on the Hidaka coast. Based 
on diatom assemblages and chemical analysis, mid-Holocene highstand 
was identified between 7.0 and 5.0 kyr cal BP, which was accompanied 
by the development of saltmarshes and their transition to freshwater 
marshes. Three thin layers of horizontally continuous sand were iden
tified, with clear boundaries and similar grain size and mineral 
composition to beach sand. The inorganic mud layers overlying the sand 
layers exhibited similar chemical and mineral composition to the sand 
layers and contained brackish and Neogene diatom species, suggesting 
that these must be derived from mud drapes. The fact that these event 
layers can be chronologically correlated with the tsunami deposits in 
Utoma also suggests that they may be tsunami-related deposits. 

The formation of the event layers was limited to supratidal to 
freshwater marsh environments associated with regression. This asso
ciation has also been observed in adjacent areas, which suggests that 
these supratidal to freshwater marsh environments are the most favor
able for the formation and preservation of event layers. In areas closer to 
the Kuril Trench, the depositional environments for the preservation of 
event layers tended to become more diverse. Because the tsunamis are 
larger than distant areas, their deposits in an area facing trenches are 
typically transported further inland even in an upland environment, and 
take longer to erode even in a saltmarsh environment because of more 
massive sand. 

In sum, the depositional environment in which the event layers were 
well preserved can be explained uniformly along the entire Hidaka 

Fig. 12. Schematic diagram showing the preserv
ability of the event archive dependent on the dis
tance from the wave source and the distance from 
the shoreline. It is assumed that the depositional 
environment varies with distance from the shore
line. Black shadows indicate zones of low pre
servability of event layers. The solid black lines 
indicate the extent of the study targets in each 
area, which includes the horizontal extent of the 
study area from the shoreline and the relative 
change in depositional environment due to sea 
transgression-regression corresponding to the core 
depths.   
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coast. The preservability of event archives basically depends on the 
degree to which the wave is attenuated in its travel from the wave 
source. Second, changes in shoreline position and depositional envi
ronment as a result of sea-level change contribute to the distribution and 
preservation of an event layer. Moreover, the archive preservability in 
distant areas is influenced by the in-situ specific depositional environ
ments such as a water or closed environment. The features of the 
depositional environment related to preservation are likely to be similar 
in the ice sheet far-field regions in a cool temperate zone that forms 
peats, which is a suitable condition for research to clarify tsunami his
tory. The identification of a depositional environment in which event 
layers are likely to be preserved will provide information that will help 
to improve future investigations of coastal hazards. 
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