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Abstract

Large tsunami waves have struck the Sakishima Islands of Japan repeatedly. The latest was
the 1771 Meiwa tsunami (>25 m run-up height), which was generated by an earthquake
along the Ryukyu Trench. Numerous tsunami boulders lie along the coastlines of these
islands. The largest tsunami boulder of the Sakishima Islands, called “Obi-iwa”, is
located on the west coast of Shimoji Island on a ca. 12 m high cliff. Historical documents
imply that it was transported by the Meiwa tsunami. Nevertheless, whether this boulder
could have been transported by the Meiwa tsunami has not been evaluated definitively.
Furthermore, the possibility exists that it was transported by a larger and older tsunami
generated along the Ryukyu Trench or by an unknown large tsunami originating from the
Okinawa Trough. For this study, we conducted 3D measuring of this boulder using LIDAR
equipment and used boulder transport models to evaluate whether the Meiwa tsunami
could have transported it. From 3D measurements, the weight of this boulder was estimated
as approximately 3400 tons: the world’s heaviest tsunami boulder reported to date. The
boulder transport calculations suggest that the Meiwa tsunami could have transported
this boulder, which implies that the assumption of some unknown large tsunami event is
unnecessary to explain this boulder’s deposition.
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1 Introduction

For future tsunami risk assessment, knowing the histories of past tsunami waves, their
sizes, and sources are important (e.g., Sugawara 2021). The past tsunami sizes and wave
sources can be estimated using tsunami numerical calculations with historical or geological
records as constraints. All over the world, many studies have been carried out to elucidate
past tsunami sizes and wave sources using this strategy (e.g., Baptista et al. 1998; Satake
et al. 2008; Namegaya and Satake 2014; Abad et al. 2020; Lavigne et al. 2021; Nakata
et al. 2024).

Especially in the Sakishima Islands, Japan (Fig. 1), plenty of both historical and geo-
logical records of past tsunamis are well preserved (Goto et al. 2010). Such records are
extremely rare throughout the world. Therefore, the Sakishima Islands are suitable loca-
tions to test the degree to which past tsunamis can be identified and characterized (Goto
and Shimabukuro 2012).

The Meiwa tsunami (Yaeyama tsunami) struck the Sakishima Islands in 1771, causing
tremendous damage and leaving 12,000 victims in its wake (Goto et al. 2010). Damage
caused by this tsunami was well recorded in historical documents. For example, historical
documents described inundation or a lack of inundation at many locations throughout the
Sakishima Islands (Goto et al. 2012). Based on these historical records, the maximum
run-up height has been estimated as more than 25 m (Goto et al. 2012). The tsunami wave
source has also been estimated using tsunami calculations with the historical records as
constraint conditions (Imamura et al. 2001; Nakamura 2009; Miyazawa et al. 2012;
Okamura et al. 2018; Nakata et al. 2024). Recently, Nakata et al. (2024) used the latest
historical dataset (Goto et al. 2012) as a constraint and re-estimated the wave source model
using high-resolution tsunami calculations. They estimated that a large slip (30 m) must
occur in a shallow and narrow region of the Ryukyu Trench (30 km fault width, 5 km
depth at the fault top) to reproduce the Meiwa tsunami runup distribution estimated from
historical records (Fig. 1).

Sandy tsunami deposits have been reported for the Sakishima Islands in geological records
(Kawana and Nakata 1994; Nakaza et al. 2013; Okinawa Prefectural Archeological Center
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Fig. 1 a Map showing the Sakishima Islands, the Ryukyu Islands, the Ryukyu Trench, and the Okinawa
Trough locations. b Close up map of the Sakishima Islands. The black rectangle shows the location of the
Meiwa tsunami fault model by Nakata et al. (2024). The red lines represent the locations of presumed active
faults as identified by Izumi et al. (2016). The plate boundary was adapted from Iwasaki et al. (2015)
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2017; Ando et al. 2018; Fujita et al. 2020). Especially on Ishigaki and Minna islands (Fig. 1),
tsunami deposits predating the Meiwa tsunami have been reported (Okinawa Prefectural
Archeological Center 2017; Ando et al. 2018; Fujita et al. 2020). Both islands were struck
by large tsunami waves before the 1771 event, about 920-620 years ago. Ando et al. (2018)
also found that tsunamis of similar or larger magnitude than the Meiwa tsunami have struck
approximately every 600 years during the past 2000 years.

In addition to the sandy tsunami deposits, coral boulders transported by tsunamis, known as
tsunami boulders, have also been reported on the Sakishima Islands (e.g., Kawana and Nakata
1994; Goto et al. 2010; Araoka et al. 2013). Araoka et al. (2013) carried out radiocarbon dating
of 92 tsunami boulders composed of single massive Porites and estimated statistically that the
tsunami recurrence interval in the Sakishima Islands is about 150-400 years. Furthermore,
these tsunami boulders are useful not only for tsunami age estimation but also for tsunami size
and wave source estimation when using boulder transport models (e.g., Hisamatsu et al. 2014;
Watanabe et al. 2016). In fact, these tsunami boulders are especially important to estimate
the magnitudes and sources of tsunami waves preceding the Meiwa tsunami. For those earlier
events, no historical record is available for the Sakishima Islands. For instance, Hisamatsu
et al. (2014) applied a boulder transport model (Imamura et al. 2008) for tsunami boulders,
called "Tsunami-ufuishi" on Ishigaki Island (500 tons; Nakata et al. 2023), and pointed out
that at least one tsunami which occurred before the Meiwa tsunami was larger than the Meiwa
tsunami.

For this study, we examined only the largest tsunami boulder of the Sakishima Islands,
called “Obi-iwa” (hereinafter, the OI boulder) (Kato 1989a, b; Goto et al. 2010) among
thousands of tsunami boulders of the Sakishima Islands. The OI boulder is located on the
west coast of Shimoji Island (Fig. 1) (Kato 1989a, b; Goto et al. 2010). When the boulder was
transported to its present location remains unknown, but historical descriptions suggest that
it might have been transported by the 1771 Meiwa tsunami (Kato 1989b) because historical
records state that a boulder nearly as large as the OI boulder was transported by the Meiwa
tsunami to Shimoji Island. Nevertheless, it remains uncertain whether the boulder described
in the historical records is indeed the OI boulder, as detailed in Chapter 2 herein. Moreover,
the OI boulder is the largest tsunami boulder of the Sakishima Islands. The OI boulder
weight is more than ten times that of the known largest tsunami boulder, Bari-ishi (216 tons;
Watanabe et al. 2016), the transportation of which by the Meiwa tsunami was confirmed
using radiocarbon dating and numerical modeling. Therefore, further careful analysis should
be carried out to clarify whether the OI boulder was transported by the Meiwa tsunami or
by a much larger tsunami. Indeed, Kawana and Nakata (1994) reported that the OI boulder
could not have been transported by the Meiwa tsunami but instead by an unknown tsunami
originating from the Okinawa Trough (Fig. 1), although they have not evaluated quantitatively
whether the OI boulder could not have been transported by the Meiwa tsunami. In this
way, the OI boulder might provide very useful information to estimate the size of past large
tsunamis striking the Sakishima Islands. Such information is important for future tsunami risk
assessment in this area. For this study, we aimed at using numerical calculations to evaluate
whether the OI boulder could have been transported by the Meiwa tsunami.
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2 “Obi-iwa"” (The Ol boulder)

The OI boulder is located on the west coast of Shimoji Island, at the top of an approxi-
mately 12-m-high cliff about 50 m from the shoreline (Fig. 2a—d) (Kato 1989a; Goto et al.
2010). This boulder, which is composed of the Pleistocene Ryukyu limestone, has the same
components as those of the cliff. Kato (1989b) estimated its size as 14X 14 X9 m, weigh-
ing 2500 tons. Kawana and Pirazzoli (1990) estimated it as 16X 12X 12 m. Nakaza et al.
(2015) estimated its weight as 3700 tons. As the differences between measurement results
in each earlier studies suggests, even measurement of the OI boulder is difficult because
of its immense size. Its shape and weight are not known precisely. In any case, the OI
boulder is at least 20 times heavier than the boulders transported by storm waves in the
Ryukyu Islands (Fig. 1) (Goto et al. 2010). In addition, the coast facing the OI boulder
has a 200-m-wide coral reef, which can be expected to attenuate any storm wave energy
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Fig.2 a Satellite photograph of Shimoji Island taken in 2019. This photograph was provided by the Geo-
spatial Information Authority of Japan. b Aerial photograph around the OI boulder (white arrow) taken in
2019. This photograph was provided by the Geospatial Information Authority of Japan. ¢ File photograph
of the OI boulder. The arrow indicates the notch shape. This photograph was taken on June 1, 2022. d Field
photograph of the OI boulder taken from the bottom of the cliff. This photograph was taken on June 1,
2022. e Field photograph of the sea cliff near the OI boulder. The notch was formed on the cliff. This pho-
tograph was taken on June 1, 2022. f Schematic illustration of the notch. The roof slope is generally longer
than the base slope if notches face the open sea. The most caved point is called the "retreat point". This
illustration was produced based on information reported by Pirazzoli (1986)
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considerably (e.g., Egashira et al. 1985). Therefore, the OI boulder is unlikely to have been
transported by storm waves. For the reasons presented above, the OI boulder has been
identified as a tsunami boulder (Goto et al. 2010).

Moreover, the OI boulder has a coastal notch shape (Fig. 2c). This notch shape is the
origin of the name of the OI boulder. Actually, Obi means waist strap in Japanese (Kato
1989a). Coastal notches are indentations cut into the base of coastal cliffs (e.g., Takenaga
1968; Pirazzoli 1986; Trenhaile 2015). Therefore, the OI boulder is expected to have
been a part of the coastal cliff originally (Fig. 2e). It has also been pointed out that the OI
boulder might have been deposited upside down, as suggested by the notch shape in the OI
boulder (Nakaza et al. 2015; Rixhon 2020). Coastal notches formed in moderately exposed
sites, such as Shimoji Island (Kawana and Pirazzoli 1990), are particularly prone to being
scraped off the top of the notch (roof slope) because of wave splashing; the top of the notch
(roof slope) is longer than the bottom of the notch (base slope) (Fig. 2f) (Pirazzoli 1986).
However, regarding the notch in the OI boulder, the base slope is longer than the roof slope
(Fig. 2c). This feature suggests that the OI boulder was indeed deposited upside down.
In addition, karstification is high in the lower part of the notch and low in the upper part
(Rixhon 2020). This contrast in karstification is also consistent with overturning of the OI
boulder (Rixhon 2020).

Dating of the OI boulder has been conducted by Kato (1989a) and Nakaza et al. (2015).
The OI boulder itself is composed of Pleistocene Ryukyu limestone, but its age does not
indicate when the tsunami occurred, although dates of attached fresh corals or shells are
useful to constrain the tsunami age. Kato (1989a) dated fresh coral fossils attached to the
OI boulder surface using radiocarbon dating and reported two ages: 880+70 yr BP and
1280+ 70 yr BP. Because these age values are not calibrated, we calibrated these ages
using Marine20 (Heaton et al. 2020) with the local reservoir effect (AR=— 213 +60;
Hirabayashi et al. 2017). Their calibrated ages are, respectively, 695-315 cal yr BP and
1107-665 cal yr BP. Nakaza et al. (2015) also conducted radiocarbon dating for a Tridacna
fossil attached to the notch part of the OI boulder and reported AD 1200-1300 for this
fossil age. Based on the results presented above, it has been inferred that the OI boulder
was located near the shoreline, where shells and corals could attach to the boulder until
at least 700 years ago. It was then transported onto the 12 m high cliff top by a tsunami
that occurred more recently than 700 years ago. Therefore, the 1771 Meiwa tsunami is
one candidate. Also, Ando et al. (2018) and Fujita et al. (2020) reported a tsunami event
about 920-620 years ago. Because the tsunami deposits by this event are distributed up to
an elevation comparable to that of the Meiwa tsunami deposits, the scale of the tsunami
about 920-620 years ago should have been comparable to or greater than that of the Meiwa
tsunami (Ando et al. 2018; Fujita et al. 2020). Considering the potential error of age
estimation, this event might also be a candidate for transporting the OI boulder.

A legend also suggests that a large tsunami struck Shimoji Island before 1771 (Shimoji
2007; Yamamoto et al. 2014). A historical document called the “Miyakojima-kiji-shitugi”
introduced this legend. Reportedly, Shimoji Island villages had been destroyed completely
by this tsunami. The remains of the villages were still there, but they had not been rebuilt
(Shimoji 2007; Yamamoto et al. 2014). The old Japanese map in 1647, called “Shohokuni-
ezu”, described that no one resided on Shimoji Island (Yamamoto et al. 2014). Therefore,
this tsunami might have struck before 1647. In addition, another historical document called
“Iyasu-shi-kahu-seitou” recorded the existence of a chief in villages on Shimoji Island
until 1566 (Yamamoto et al. 2014). This document indicates that there were villages and
residents until at least 1566. From the records of historical documents described above,
this legendary tsunami might have struck in 1566—-1647. This age is slightly earlier than the
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920-620 years ago event (Ando et al. 2018; Fujita et al. 2020). Therefore, this legendary
tsunami might be different from the 920-620 year ago event, although one cannot exclude
the possibility that both events are actually the same event.

One historical document, called “Otoiai-gaki”, indicates that several large boulders
equivalent in size to the OI boulder were transported by the 1771 Meiwa tsunami on the
coast of Shimoji Island (Kato 1989b). The boulders are described in the document as
presented below (Kato 1989b; Sunagawa 1994).

“The big wave transported a boulder with 13.5 m (9 hiro in old Japanese unit of length;
1 hiro = 1.5 m) height and 60 m (40 hiro) perimeter, a boulder with 9.9 m height (6 hiro
plus 3 shaku in old Japanese unit of length; 1 shaku = 0.2 hiro = 0.3 m), 12 m (8 hiro)
width, and 18.6 m (12 hiro plus 2 shaku) length, and a boulder with 6.3 m height (4
hiro plus 1 shaku), 6.9 m (4 hiro plus 3 shaku) width, and 12.3 m (8 hiro plus 1 shaku)
length onto the cliff top of 15 m (10 hiro) elevation on the south coast of Shimoji Island.
In addition, many other boulders with 4.5-6 m (3—4 hiro) height and 7.5-9 m (5-6 hiro)
perimeter were transported onto the cliff top.”

The original document described these boulders as located on the south coast of Shimoji
Island, but the OI boulder is located on the west coast. However, the height of the cliff on
the south coast rises only up to 5 m, whereas > 10 m high cliffs exist only on the west coast
(Kato 1989b). In addition, Kawana and Pirazzoli (1990) reported that the relative sea level
on Shimoji Island has not changed from 1000 years ago. One can therefore rule out the
possibility that the cliffs on the southern coast were the same as those existing (> 10 m
high) at the time of the 1771 event. Therefore, Kato (1989b) pointed out that the original
document mistakenly referred to the west coast as the south coast. The boulder described
first in the document (13.5 m high, 60 m circumference) is of similar size to the OI boulder.
For that reason, the possibility exists that the 1771 Meiwa tsunami transported the OI
boulder onto the cliff top. Moreover, it is noteworthy that many boulders were deposited
near the OI boulder, but these were destroyed during airport construction (Kato 1989b).
Therefore, the possibility exists that one of the destroyed boulders was the one described in
the historical document.

Kawana and Nakata (1994) speculated that this boulder could not have been transported
by the Meiwa tsunami but instead by an unknown tsunami originating from the Okinawa
Trough, not the Ryukyu Trench, because this boulder is located on the west coast of
Shimoji Island (Fig. 1), which is on the opposite side of the Ryukyu Trench and which
faces the Okinawa Trough. Because of such a setting, they suggested that the Okinawa
Trough might be the likely tsunami source. Indeed, Izumi et al. (2016) reported the
possibility of active faults existing in the Okinawa Trough.

The process of transporting the OI boulder onto the cliff top has not been fully clarified.
Two possible processes are that a part of the cliff was transported onto the cliff top directly
by the tsunami (Fig. 3a), or that a part of the cliff had already been detached from the cliff
and had dropped onto the shallow sea before the tsunami. Subsequently, the tsunami trans-
ported it onto the cliff top (Fig. 3b). Coral fragments and shells have been reported to be
attached to the OI boulder (Kato 1989a; Nakaza et al. 2015), but these facts do not support
determination of the exact process which occurred. The notch retreat point, the deepest
point of the notch, is generally formed near the mean sea level to the high tide level (Piraz-
zoli 1986). Given that the height from the top of the OI boulder to its retreat point is about
4 m (with the upper part of the OI boulder originally being the lower part of the notch
because the boulder was deposited upside down) and that the tidal range in the Sakishima
Islands is about 2 m (Hongo and Kayanne 2009), the top of the OI boulder might have been
located originally under 3 m water depth. Therefore, corals could have attached to the OI

@ Springer



Natural Hazards (2025) 121:12169-12193 12175

(a) /-N

S

(b)

\ N
S @6 )

Fig.3 a Schematic illustration of the case in which a part of the sea cliff was transported onto the cliff top
by the tsunami. b Schematic illustration of the case in which the boulder had already detached from the cliff
and was on the coral reef before the tsunami; later, the tsunami transported it onto the cliff top

boulder even if it was transported directly onto the cliff top from the cliff edge. Regarding
the Tridacna fossil found on the notch part of the OI boulder (Nakaza et al. 2015), it could
also have been attached there even if the boulder was transported directly from the cliff
edge because Tridacna can live in the intertidal zone (Poutiers 1998). The notch part was
located originally near the mean sea level (Pirazzoli 1986). As discussed above, it cannot
be ascertained which scenario is the more reasonable. Therefore, we examined both sce-
narios for this study.

3 Methods
3.1 3D measuring the Ol boulder

To estimate the precise size of the tsunami using tsunami boulders and numerical models
(e.g., Imamura et al. 2008; Nandasena et al. 2011), the shape and volume of boulders must
be estimated accurately because these models require information about the boulder shape
(e.g., Engel and May 2012; Nandasena et al. 2022). Traditionally, the boulder volume
has been estimated by measuring the three axes with tape during field surveys and by
assuming the boulder shape to be rectangular or ellipsoidal. However, this method tends
to overestimate the actual volume; moreover, it cannot capture the true shape accurately
(Engel and May 2012; Nandasena et al. 2022; Nakata et al. 2023). In fact, Engel and
May (2012) reported that this traditional method can overestimate the actual volume by
approximately 2.5 times.

To address the shortcomings of conventional methods, this study employed high-
precision 3D surveying using light detection and ranging (LiDAR). Specifically, we used
the LiBackPack GC50 (GreenValley International, USA) as LiDAR equipment. This
equipment, which we used for our earlier research (Nakata et al. 2023; Kasai et al. 2024),
is useful to visualize huge boulders. We used the GreenValley LiFuer-BP to perform post-
processing and to produce point cloud data. Subsequently, a 3D model was created from
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the point cloud data using software (Agisoft Metashape Professional ver. 2.1.1; Agisoft
2024).

3.2 Tsunami numerical calculation

To calculate the boulder movement onto the cliff top from the cliff bottom or cliff edge,
the vertical velocity of the tsunami should be considered because vertical acceleration
is extremely important for this movement (Noormets et al. 2004; Watanabe et al. 2019;
Watanabe and Arikawa 2023). However, tsunami numerical calculations that include
vertical flow across the entire wide area require immense computational resources.
Therefore, we used nonlinear long-wave theory for tsunami propagation in the open ocean
up to a depth of 90 m, and cross-sectional two-dimensional calculations using extended
Navier—Stokes equations for coastal areas. Both calculations are conducted using a
Cartesian coordinate system.

3.2.1 Tsunami numerical calculation for open ocean

We used the TUNAMI-N2 model (Goto et al. 1997; Imamura et al. 2006) for tsunami
propagation calculations in the open ocean. Modeling details are the same as those reported
by Nakata et al. (2024). The governing equations are based on nonlinear long-wave theory,
as presented in Egs. (1)-(3).

on 4 oM , ON _
o " ox T oy 0 (D

M o (M 9 (MN o gPMVMAN?
ar+ax<0>+ay<z)>+gDax+ D1/3 =0 )
ON , 9 (MN (N an | gmMVMANZ
at+ax<0>+ay<0>+gDay D1/3 =0 ®)

These governing equations are solved numerically using the staggered leap-frog method
(Goto et al. 1997; Imamura et al. 2006). In the equations, # represents the water level. M
and N respectively denote fluxes in the x and y directions. Also, ¢ denotes time, g (=9.8 m/
s?) stands for gravitational acceleration, and D represents the total water depth. Addition-
ally, n expresses Manning’s coefficient, which was set as n=0.025 m~'"3/s according to
the Japan Society of Civil Engineers (2002). The calculation time was set as 1 h after the
earthquake because the maximum wave, which is crucially important when discussing the
boulder movement, reached the Sakishima Islands within at least 1 h (Nakata et al. 2024).
The time step was set as 0.05 s to ensure stable calculations. Seafloor deformation by the
fault model was calculated using the method reported by Okada (1985). Here we computed
both vertical and horizontal deformation (Tanioka and Satake 1996). A nested grid system
was used for the tsunami calculations. The spatial grid size of the bathymetry data was
reduced from offshore to the coast. The grid sizes were set to 8§10 m (Region 1), 270 m
(Region 2), 90 m (Region 3), 30 m (Region 4), and 10 m (Region 5) (Fig. 4). According
to historical documents, the Meiwa tsunami occurred around 8 a.m. on 24 April 1771, at
which time the tide level was approximately equal to the mean sea level (Goto et al. 2010).
Therefore, the calculations used for this study were performed assuming the tidal level to
be at mean sea level.
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Fig.4 Nested grids used in this study. Spatial grid sizes of the domains are 810 m (Region 1), 270 m
(Region 2), 90 m (Region 3), 30 m (Region 4), and 10 m (Region 5). After Nakata et al. (2024). The red
box shows the drawn area of Fig. Sa

3.2.2 Tsunami numerical calculation for coastal area

In coastal areas, we used software (CADMAS-SURF; Coastal Development Institute of
Technology 2008) for cross-sectional two-dimension calculation. CADMAS-SURF is
a numerical wave-tank flume program based on the extended Navier—Stokes equations
for two-dimensional incompressible viscous fluid, with continuity equations and a
porous model (Sakakiyama et al. 1990) as the fundamental equations. The model can
reasonably simulate wave transmission and wave breaking processes over coral reef
topography (Watanabe et al. 2023). The governing equations are presented below (Coastal
Development Institute of Technology 2008).

Oy | Oy w _
ot =5 Q)

ou OAuu diwu
A= + +
v ot ox 0z

©)
Yy Op a{ (du)} 0 ou  ow
- ¥, 0 Pl 2 UL AV _puss —R
oo T ax e\ o) S T e\ oz tax Xl F Sy = R

,1v0_W+M+M

ot ox )4 (6)
_nop 4 9 ow , Ou 9 aw iyl _ R —
ﬂ01+3x{yxv"(ax+az>}+az{yzve<2az)} Dw+S, -R —1¢8

In these equations, 7 represents time; also, x and z respectively denote the horizontal and
vertical coordinates. Additionally, # and w are the horizontal and vertical flow velocities.
Regarding other variables, p (=1.025 g/cm?) denotes the density of water, p expresses
pressure, v, represents the sum of molecular kinematic viscosity and eddy viscosity, g
(=9.8 m/s?) denotes gravitational acceleration, and y expresses the porosity. Also, 7, and
7, respectively stand for the horizontal and vertical area transmittance. A,, A, and A, are
represented using the inertia force coefficient C,, as shown below.

Av=yv+(1_yv)CM (7)

/lx=yx+(]_yx)CM ®)
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A=y +(1-7)Cy ©)

Therein, D, and D, are coefficients for the energy damping area. Also, S, S, and S,,
represent source terms for the wave-making source. In addition, R, and R, denote drag
forces from the porous model. They can be calculated as presented below.

R = %%(l -y, )uVu? +w? (10)
g %i—’;(l—yz)W\/u2+w2 (11)

In those equations, Cj, is the drag coefficient. Also, Ax and Az denote the horizontal
and vertical grid sizes. For this study, Ax and Az were set respectively to 3 m and 1 m.
The time step was set automatically according to the CFL condition. All boundary
conditions were set as free boundaries. The free surface of the water was calculated
using the volume of fluid (VOF) method (Hirt and Nichols 1981).

We used cross-sectional bathymetry data extracted from 10 m mesh data (Region 5
in Fig. 4) along the cross-sectional line shown in Fig. 5 for CADMAS-SUREF calcula-
tion. The cross-sectional line was set to align with the tsunami wave direction (Sup-
plementary Fig. S1). In addition, we added a wave damping area (740 m) to the land
side end of the bathymetry data (Fig. 5). This damping area is a virtual topography to
mitigate the influence of reflection waves from the boundary at the computational area.
For this calculation, the tsunami behavior on the seaward side of the cliff face is par-
ticularly important. The area behind the cliff face is flat for over 400 m. Therefore, wave
reflection was unlikely to occur. Furthermore, an airport has been constructed more than
420 m inland from the cliff, making it impossible to ascertain the original topography of
the area (Supplementary Fig. S2). Therefore, calculating the tsunami behavior in inland
areas is unnecessary. For this reason, to reduce computational costs, a damping area was
set up for the calculations used for this study. The input wave conditions were derived
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Fig.5 a Aerial photograph of the area around the OI boulder taken in 2019. This photograph was provided
by the Geospatial Information Authority of Japan. This area is shown in Fig. 4. The contour level in this
figure is 10 m. The contour is made from 10 m mesh bathymetry and topography data (Region 5 in Fig. 4).
The yellow line shows the cross-section to extract bathymetry for CADMAS-SUREF. The red point shows
the point at which we extracted the water level and velocity calculated using TUNAMI-N2 for the input
wave conditions of CADMAS-SURF. b Cross-sectional bathymetry data used in CADMAS-SURF. At the
land side end of the bathymetry data extracted from the cross-section shown in Fig. 5a, we added the damp-
ing area
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from the water level and velocity calculated using TUNAMI-N2 at a depth of 90 m oft-
shore of OI boulder (Fig. 5).

3.3 Boulder transport calculation

As described earlier, the initial position of the OI boulder is not well constrained. There are
two possible initial positions: at the base of the cliff and at the cliff edge. Therefore, for this
study, we used two boulder transport models to test both scenarios.

3.3.1 Model of boulder transport from the cliff edge onto the cliff top

Consideration of the vertical forces acting on the bottom of the notch when boulders are
transported from the cliff edge onto the cliff top (Watanabe et al. 2019; Watanabe and
Arikawa 2023) is important. We adopted the method reported by Watanabe and Arikawa
(2023) to estimate the minimum vertical velocity acting on the bottom of the notch to
transport the OI boulder. Using water tank experiments and numerical simulations, they
investigated the wave forces acting on the bottom of the notch when waves reached the cliff
(Watanabe and Arikawa 2023). The wave forces acting on the notch bottom are divisible
into two types: impulsive force and sustained force. Impulsive force is the maximum wave
force exerted when the tsunami bore impacts an object (Arikawa et al. 2005). Sustained
force is generated by rising water levels because of the continuous arrival of waves
(Arikawa et al. 2005). Watanabe and Arikawa (2023) showed that the impulsive force is
about 4-5 times the sustained force. The sustained force is roughly equivalent to buoyancy.
The OI boulder density is estimated as 1.95 because the density of the Ryukyu limestone
of the OI boulder is 2.40, as detailed in Chapter 4 herein, and because the porosity average
of the Ryukyu limestone is 18.8% (Miyagi and Komiya 2003). Because the OI boulder
density is greater than that of water, the OI boulder cannot be transported onto the cliff top
by sustained force. This fact indicates that only impulsive force is involved in the transport
of the OI boulder onto the cliff top (Watanabe and Arikawa 2023). According to Watanabe
and Arikawa (2023), the impulsive wave pressure P acting on the notch bottom is given by
the following equation.

P = pg(h = Z) + 3 pC,u? (12)

Therein, p denotes the water density. C, is the pressure coefficient. Also, g represents
gravitational acceleration. i stands for the water depth. Z expresses the notch height. u
represents the vertical flow velocity. The value of C, (=1.38) is adapted from Watanabe
and Arikawa (2023).

The wave force acting on the bottom of the notch can be calculated by multiplying P by
the projected area of the notch bottom A, assuming that the same pressure is used for the
entire area of the notch bottom. If this force is greater than the boulder weight, then the
wave can transport the boulder. From Eq. (12), the condition required to lift the boulder
can be described as shown below (Watanabe et al. 2022).

PxA2Vpg (13)

In that equation, V denotes the boulder volume; p, expresses the boulder density.
Because the impulsive force acts at the moment when the wave hits the notch, it is
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reasonable to assume ~=Z. Then, the minimum vertical flow velocity u” required to lift the
boulder is given as the following equation.

2V,
pC,A

For this study, the volume of the OI boulder and the projected area of the notch bottom
of the OI boulder were obtained from the 3D model. Because the OI boulder is upside
down (Nakaza et al. 2015; Rixhon 2020), the lower part of the notch of the OI boulder was
originally the upper part of the notch and was impacted by waves. Furthermore, the retreat
point of the notch on the OI boulder from the ground is about 6 m. In fact, the height of
the retreat point (Fig. 2f) corresponds to the mean sea level to the high tide level (Pirazzoli
1986). Therefore, the bottom area of the notch of the OI boulder affected by the vertical
flow was originally at an elevation of approximately 0-6 m. Consequently, the maximum
vertical flow velocity on the cliff face at an elevation of 0—6 m was output from CADMAS-
SUREF. Because the impulsive force duration was extremely short (Arikawa et al. 2005;
Watanabe and Arikawa 2023), the data were output at every time step to ascertain the
impulsive wave pressure.

If the maximum vertical flow velocity at the cliff face at 0-6 m elevation exceeded the
minimum vertical flow velocity required to lift the OI boulder obtained from the Eq. (14),
then we judge that the OI boulder could have been transported onto the cliff top. We
assumed the OI boulder density (p,) to be 1.95 as described above.

3.3.2 Model of boulder transport from the cliff bottom onto the cliff top

We used the boulder transport model proposed by Watanabe et al. (2019) to calculate its
transport onto the cliff top from the cliff bottom. This boulder transport model, a forward
model, includes not only horizontal forces but also vertical forces. The accuracy was
validated based on comparison of laboratory experiments and numerical simulation results
(Watanabe et al. 2019). With this model, the horizontal and vertical movements of boulders
are calculated using the following equations in Cartesian coordinates.

pVi=F, —F,—F, (15)

pVi=F, —F —-Fl, (16)

Therein, x and z respectively denote the horizontal and vertical coordinates of the
boulder. Also, p, signifies the boulder density; V stands for the volume of the boulder.
F,. . F), and F, respectively represent the fluid force in the horizontal direction (=drag
force +inertial force), friction force, and gravity. F,, , F;, and F’, respectively denote the
fluid force in the vertical direction, lift force caused by horizontal flow, and gravity. These
forces are expressed by the following equations.

Frpe = Cpo3pp(u = )l — 5|A; + ppCpp 22V = (Cpp = 1) pfV (17)

Fy, = u(p, = py) Vgeost (18)
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F,= (ps — pf)VgsinQ (19)

Frp = Cpo3p,w = 2)lw = 2|A, + p;Cpp, 22V = (Cpp, = 1) 2V (20)
Fy = 3p,Cilu— 54, 1)

Fro=(p, = p)Ve (22)

In those equations, u and w respectively represent the flow velocities in the horizontal
and vertical directions at the position of the boulder. p, (=1.025 g/cm?) denotes the
water density, and g (=9.8 m/s?) represents gravitational acceleration. Also, A, and
A, respectively denote the projected areas of the boulder in the horizontal and vertical
directions to the water flow. Additionally, A; stands for the projected area of the boulder
for lift force. 6 stands for the ground slope at the position of the boulder. C; is the lift
coefficient. Cp,, (=1.05) and C,,, (=1.67) respectively represent the drag coefficient and
inertial force coefficient in the x direction. Also, Cp, (=1.6) and C,,, (=2.5) respectively
represent the drag coefficient and inertial force coefficient in the vertical direction. C, is
expressed by the equation presented below (Watanabe et al. 2019). Watanabe et al. (2019)
inferred the empirical relation of Eq. 23 using experimentally obtained data reported by
Malavasi and Guadagnini (2007).

C,=-057In(%) +0.48 23)

In that equation, /, denotes the boulder position in the vertical direction; s stands for the
boulder height.

In the equation below, u is the friction coefficient. When the boulder is stationary, the
static friction coefficient y, (=0.75) is applied. While the boulder is moving, the friction
coefficient is calculated using the following equations.

22
H= 2+22 :u() (24)
pr=— 25
(1-p;/p,)ed (25)

The equations above represent an empirically derived friction coefficient that is
dependent on velocity, as proposed by Imamura et al. (2008). As the flow velocity
increases, the transportation mode changes. The contact time with the ground and friction
decreases (Imamura et al. 2008). Here, d denotes the short axis of the boulder. Also, p,
(=0.71) is the dynamic friction coefficient. If the boulder is lifted off the ground, then it is
assumed that F;,=0 and F,=0. The phenomenon of boulder lifting cannot be represented
by the variable friction coefficient in Imamura et al. (2008), which uses the assumption
that the boulder moves only on the ground. Therefore, when the boulder is lifted because
of vertical forces, the friction force (¥)) should be set as zero separately from the variable
friction coefficient. The values for y, and p, were determined as described by Imamura
et al. (2001). The values of Cp, , Cy,. , Cp, , and Cy,;, were adapted from Watanabe et al.
(2019). The initial position of the boulder was set at distances of 0 m, 20 m, 40 m, 60 m,
80 m, and 100 m from the cliff edge because the exact position is unknown. The boulder
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shape information (V, d, A,, A,, A)) used for the calculation was obtained from the 3D
model. Because the long axis is usually perpendicular to the direction of the current during
transportation (Imamura et al. 2008), the projected area to the horizontal flow (4,) was
taken as the projected area of the 3D model to the plane formed by the long and height
axes. A, and A; were also taken as the projected areas to the plane formed by the long and
short axes. Furthermore, results from CADMAS-SURF were output at 0.1 s intervals every
6 m in both the horizontal and vertical directions. These outputs were used as inputs for
this boulder transport model. We assumed the density of the OI boulder (p,) as 1.95, as in
the other model.

3.4 The 1771 Meiwa tsunami wave source model

We used the 1771 Meiwa tsunami source model proposed by Nakata et al. (2024). This
model incorporates the assumption of an earthquake along the Ryukyu Trench as the
tsunami source. The location of this tsunami wave source model is shown in Fig. 1(b).
Table 1 presents the fault parameters.

4 Results
4.1 3D measuring of the Ol boulder

The 3D model of the OI boulder made from the LiDAR survey is shown as Fig. 6. The OI
boulder volume calculated from the 3D model was 1730 m®. The three axes’ lengths of the
3D model were 19.8x18.0x12.3 m if one assumes a rectangular box folding this boul-
der. The density was measured at 2.40 g/cm® using Archimedes’ principle. Assuming this
density, the OI boulder weighs 4152 tons. The average porosity of the Ryukyu limestone
was reported as 18.8% (Miyagi and Komiya 2003). If one adopts this porosity, then the OI
boulder weight can be estimated as 3374 tons.

The projected area of the 3D model to the plane formed by the long and height axes
is 185 m?; that of the 3D model to the plane formed by the long and short axes is 263 m?
(Fig. 6b, c). These values will be applied for boulder transport modeling.

4.2 Tsunami numerical calculation

The tsunami propagation calculation results obtained using the TUNAMI-N2 model are
presented in Fig. 7. The tsunami generated along the Ryukyu Trench propagated north-
westward. The first receding wave reached the southern coast of Miyako Island around
850 s (Fig. 7a). Between Tarama Island and Miyako Island, there is a narrow submarine
channel where channel the wave refracts and begins to head toward Shimoji Island and

Table 1 Fault parameters of the Meiwa tsunami source model proposed by Nakata et al. (2024)

Latitude  Longitude Length Width Strike (°) Dip (°) Rake (°) Slip (m) Depth Mw
©) ©) (km) (km) (km)

23.667 126.162 225 30 255 12 90 30 5 8.49
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() (b)

123 m

19.8 m

(b)

Fig.6 a The 3D model of the OI boulder. b Projected area to the long axis X height axis plane. ¢ Projected
area to the long axis X short axis plane

Tarama Island (Fig. 7b). Subsequently, at approximately 1650 s, immediately before the
wave reached Shimoji Island, the wave height increased remarkably offshore near the OI
boulder compared to neighboring areas (Fig, 7b).

Results of the waveforms calculated using TUNAMI-N2 at the offshore point near the
OI boulder, as shown in Fig. 5, are shown in Fig. 8. The first wave was the largest, with a
maximum water level of approximately 14.1 m. Because the first wave is the largest and
most likely to move the boulder, the waveform from 1000 to 3000 s, including the first
wave, was used as input data for CADMAS-SUREF calculations. The calculation results
of CADMAS-SURF, when the first wave reached the cliff, are presented in Fig. 9. After
the wave reached the coral reef, the shallow water caused deformation of the leading edge
of the wave and formed a bore with a water level of about 21.3 m (Fig. 9). Then, the bore
impacted the cliff. The water splashed vertically. Immediately after the first wave impacted
the cliff, the vertical velocity on the cliff face increased rapidly at around 1738s, reaching
maximum velocity of 32.9 m/s (Fig. 10). This rapidly increasing vertical velocity corre-
sponds to impulsive force. Thereafter, the vertical velocity decreased gradually.

4.3 Boulder transport model

4.3.1 Boulder transport from the cliff edge onto the cliff top

The projected area of the notch bottom of the OI boulder as calculated from the 3D
model was 87.3 m? (Fig. 11). Because the OI boulder notch is upside down (Nakaza
et al. 2015; Rixhon 2020), the lower part of the notch was impacted by the wave.

Therefore, we calculated the projected area of the lower part of the notch (Fig. 11).
In addition, as described above, the OI boulder volume is 1730 m>, with 2.40 g/cm3
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T=1732s T=1734s T=1736's

T=1737s T=1738 s T=1739 s

T=1741s T=1743 s T=1745s

2058 m

Fig.9 Tsunami calculation results obtained using CADMAS-SURF. The dotted line represents elevation of
0 m. The vertical direction is drawn five times longer than the horizontal direction. Times in the figure rep-
resent the time after the earthquake happened

Fig. 10 Time variation of vertical 35
velocity at the cliff face during
the first wave impact. The times 30 F

in the figure represent the time
after the earthquake happened

Vertivcal velocity (m/s)

0 L L L
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density and porosity of 18.8% (Miyagi and Komiya 2003). Using these values and
using Eq. (14), we estimated the minimum vertical velocity sufficient to transport the
OI boulder onto the cliff top as 23.1 m/s.

4.3.2 Boulder transport from the cliff bottom onto the cliff top
Figure 12 presents results of boulder transport calculations obtained using the model

reported by Watanabe et al. (2019) when the first wave reached the cliff. Not all boul-
ders can be transported higher than the cliff height by the Meiwa tsunami (Fig. 12).
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(a) (b)

123 m

Fig. 11 Cross-sectional cut at the height of the retreat point of the OI boulder is shown in panel (a); a pro-
jection from the direction indicated by the red arrow is shown in panel (b). The black filled area represents
the OI boulder interior. The area within the red line represents the bottom area of the notch where the wave
impacts
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Fig. 12 Results of the boulder transport model from the cliff bottom to the cliff top when the first wave
reached the cliff. The red line shows the water level. The blue line represents the horizontal flow velocity.
The green line shows the vertical flow velocity. Horizontal and vertical velocities are averaged values in the
height direction. Circles show the boulder positions. The times shown in the figure represent the time after
the earthquake struck

5 Discussion

5.1 The 3D model of the Ol boulder

The lengths of the three axes from earlier studies conducted using conventional methods
were 14X 14x9 m (Kato 1989b). By contrast, the lengths of the three axes from the

3D survey using the LiDAR equipment in the present study were 19.8x18.0x12.3 m.
Therefore, the maximum difference in the length of the three axes between the earlier study
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and this study is greater than 5 m. This difference is probably attributable to the difficulty of
measuring the length of each axis of very large boulder accurately using a tape measure in
the field, as well as the challenge of accurately determining the orientation of the long and
short axes (Nakata et al. 2023). In addition, regarding the weight, Kato (1989b) estimated
the OI boulder to be 2500 tons, but the present study estimated it to be 3374 tons even
when considering the porosity. This value is 1.35 times larger than the earlier estimation.
These differences emphasize the importance of 3D surveying of extremely large boulders.

The OI boulder weights estimated from this study are greater than those of any other
large tsunami boulders that have ever been reported worldwide (2000 tons, French
Polynesia (Bourrouilh-Le Jan and Talandier 1985; Etienne et al. 2014; Terry et al. 2021);
1600 tons, Tonga (Frolich et al. 2009); 772 tons, Kiribati (Terry et al. 2021); 700 tons,
Western Australia (Playford 2014)). The OI boulder is apparently the world’s largest
tsunami boulder ever reported.

5.2 Age and source of the tsunami which transported the Ol boulder

We examined whether the OI boulder might have been transported onto the cliff top by the
Meiwa tsunami. If the initial position of the OI boulder is assumed as the cliff bottom, then
the Meiwa tsunami could not have transported it onto the cliff top (Fig. 12). However, the
maximum vertical velocity on the cliff face by the Meiwa tsunami is 32.9 m/s (Fig. 10),
which corresponds to the impulsive force. This value is much higher than the minimum
vertical flow velocity (23.1 m/s) necessary to lift the OI boulder from the cliff edge. The
maximum flow velocity on the cliff face of the notch is 32.9 m/s, so the OI boulder could be
transported if the notch area were larger than 40.4 m?, according to Eq. (14). This value is
approximately half of the whole notch area (87.3 m?). Because the notch must be exposed
to wave action for it to form, it is unlikely that about half of the notch area was hidden by
something. Therefore, we infer that if the initial OI boulder position is the cliff edge, the
Meiwa tsunami could have transported it onto the cliff top. However, it is noteworthy that
we can only estimate whether the boulder starts to move, or not, using this method, and
cannot discuss its subsequent movement. Calculating the subsequent movement, requires
computation of the interaction between the boulder and fluid. This interaction requires the
use of smoothed particle hydrodynamics (SPH) (Zainali and Weiss 2015) or a numerical
system that combines a flow calculation model and a structure-foundation simulator (e.g.,
Hamaguchi et al. 2011), which is calculated using finite element method (FEM) or distinct
element method (DEM) (Arikawa et al. 2019). However, applying these methods at a real
scale requires considerable amounts of computational resources. Moreover, it is beyond
the scope of this study. Therefore, this study examined only the initiation of the boulder
movement. Moreover, rotational moments of the boulder around the cliff edge must
be considered. This consideration requires the use of a model that incorporates angular
motion equations. These three-dimensional calculations and angular motion calculations
remain a subject for future work. In addition, although horizontal forces act on the boulder
in real phenomena, this model considers only the vertical force. However, such forces act
to make it easier to move the boulder. Therefore, ignoring these phenomena does not affect
our conclusions.

Then, when was the OI boulder deposited onto the cliff? Was it during the 1771
Meiwa tsunami or during some earlier event between 700 years ago and 1771? Historical
documents describing the 1771 Meiwa tsunami and its aftermath report the deposition of
large boulders equivalent to the OI boulder onto the cliff top on the coast of Shimoji Island
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(Kato 1989b). This study was able to show that the Meiwa tsunami could have transported
the OI boulder. Therefore, it is reasonable to consider that the Meiwa tsunami transported
the OI boulder.

However, as discussed in Chapter 2, as inferred from the geological records and legend,
1 to 2 large tsunamis might have struck Shimoji Island between 700 years ago and 1771.
Therefore, one cannot fully rule out the possibility that the OI boulder was transported by
those tsunami waves. Nevertheless, at least we can infer that it is not necessary to assume a
significantly larger scale tsunami than the Meiwa tsunami.

5.3 Effects of bathymetry on tsunami size offshore of the Ol boulder

Kawana and Nakata (1994) inferred that tsunami boulders on Shimoji Island were
transported by a tsunami originating from the Okinawa Trough, not the Ryukyu trench
side, because tsunami boulders, including the OI boulder, are concentrated on the west
to north coast of Shimoji Island. However, results of this study indicate that the Meiwa
tsunami which originated from the Ryukyu Trench can transport the OI boulder. This
finding suggests that assuming an unknown large tsunami originating from the Okinawa
Trough is not necessary to explain the tsunami boulder distribution at Shimoji Island.

Then, how did a wave large enough to transport the OI boulder, which does not face the
Ryukyu trench side, reach the west coast of Shimoji Island by the earthquake along the
Ryukyu trench?

The bathymetric effects for tsunami propagation are a potential cause. Nakata et al.
(2024) presented results of tsunami ray tracing analysis (Satake 1988) for their Meiwa tsu-
nami source model. The tsunami propagation direction can be represented by tsunami rays
using this analytical method. The tsunami ray concentration indicates that the bathymet-
ric characteristics concentrate the tsunami energy (Satake 1988). Tsunamis travel faster in
deeper water and refract toward shallower areas. Consequently, under these certain bathy-
metric settings, the bathymetry causes the concentration of tsunami energy. Figure 13
shows that the tsunami ray was concentrated offshore of the OI boulder and shows that the
maximum water level was also higher than that of the surrounding area. These results sug-
gest that the tsunami was concentrated offshore of the OI boulder because of bathymetry.
In fact, the tsunami propagation calculations demonstrate that the narrow channel (marked
with a black circle in Fig. 7b) is deeper than its surroundings, causing the waves to refract
and concentrate toward Shimoji Island. In addition, in the offshore area near Shimoji
Island, the region marked with a red circle in Fig. 7b offshore of the OI boulder is shal-
lower than the surrounding area, leading to concentration of the tsunami specifically off-
shore of the OI boulder (Fig. 7b, 13b). Therefore, even if the wave source is located on the
Ryukyu Trench side, for this pattern of tsunami propagation, the tsunami wave can be high
around the OI boulder site because of the bathymetric effect. This fact in turn indicates that
one need not assume the existence of an unknown tsunami from the Okinawa Trough side
to explain transportation of the OI boulder.

6 Conclusion
For this study using boulder transport models, we evaluated whether the OI boulder

could have been transported by the 1771 Meiwa tsunami. First, we conducted 3D
measurement of the OI boulder to produce input data for boulder transport calculations.
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Fig. 13 Figures depict results of wave ray tracing analysis and the maximum water level distribution of the
Meiwa tsunami model proposed by Nakata et al. (2024). a Entire Ryukyu Trench to the Sakishima Islands
(results from Region 1 in Fig. 4), b around Shimoji Island (results from Region 4 in Fig. 4). Thick pink
lines in (b) show the tsunami boulder distribution (Goto et al. 2010). The contour level is 500 m in (a) and
100 m in (b). These calculation results were derived from Nakata et al. (2024)

From the 3D measurements, the OI boulder was estimated as 3374 tons, indicating it as
the world’s largest tsunami boulder reported to date. Subsequently, we examined two
scenarios for transport of the OI boulder: the cliff edge scenario and the cliff bottom
scenario. If we assume that the initial position of the OI boulder was the cliff bottom,
then the Meiwa tsunami would have been unable to have transported the OI boulder.
However, if the initial position of the OI boulder were at the cliff edge, then the Meiwa
tsunami would have been able to transport the OI boulder onto the cliff top. Indeed,
the assumption that the initial position of the OI boulder was at the cliff edge sounds
reasonable based on field observations.

This result indicates that a tsunami that was extremely larger than the Meiwa tsunami
or some unknown tsunami from the Okinawa Trough need not be assumed. In addition,
analysis of tsunami wave rays revealed that the bathymetry affected the tsunami
propagation and that tsunami energy was concentrated offshore of the OI boulder. This
concentration is probably the main reason why a tsunami generated at the opposite side
of the island from OI boulder would still be able to transport it.
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