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Abstract

Boulders that originated from the Holocene coral terrace and coral reef are distributed on the coral terrace or talus
on the shore of Lanyu Island, Taiwan. We employed numerical simulation of storm waves and estimated whether
the boulders could be moved by storm waves with a return period of 50 years, by larger storm waves with return
periods of hundreds of years, or by tsunamis. The coral boulders are distributed between 36 and 128 m from the
shoreline at elevations of 2.7 to 9.3 m. The sizes of the boulders are in the range 0.3 to 6.4 m. The boulder volume
and ag-axis length versus distance from the shore show weak and moderate correlation (r=0.21 and 0.48), respectively.
We reproduced the runup of waves using the equation of continuity for a two-dimensional non-compressive fluid and
the Navier-Stokes formula. In order to handle the free surface of the fluid, the volume of fluid method was applied. For
the flow velocity to move the boulder, we employed the theoretical formula for the transport of boulders. We used the
wave height for a return period of 50 years and set the height of the input wave to 13.1 m. The results show that all
the large boulders on Lanyu Island could be moved by storm waves with a return period of 50 years. Moreover, the
computations show that most of the boulders could not have been transported by tsunamis generated by the Mw8.7
earthquakes. The ages of two boulders indicate that they were transported after 340 and 6,330 years ago. If these
boulders were moved by tsunamis several hundred years ago, they would have been relocated subsequently by

storm waves.
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Background

Analysis of past tsunami sediments is one of the most
important tools for past tsunami reconstruction. The
identification of a tsunami deposit is often based on the
identification of anomalous sand deposits found in peat
or mud that was deposited in low-energy environments
such as coastal ponds, lakes, and marshes.

Boulders are an indicator of high-energy events such
as tsunamis or storms (e.g., Simkin and Fiske 1983;
Harmelin-Vivien and Laboute 1986; Goff et al. 2006;
Goto et al. 2009, 2010a, b; Mastronuzzi and Pignatelli
2012). Boulders of Holocene coral limestone that had
been transported by tsunamis were distributed on the
beach and land areas of the south Ryukyu Islands (Kawana
and Nakata 1994; Goto et al. 2010b). Based on dating of
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fossil coral on the boulders, the historical occurrences
of several huge tsunamis were estimated on the south
Ryukyu Islands (Kawana and Nakata 1994; Goto et al.
2010b; Araoka et al. 2013).

A coral reef surrounds the Ryukyu Islands. Storm waves
are broken by the reef, and the extreme level of wave en-
ergy capable of moving boulders is limited to within
200 m of the reef crest because of the short wavelength of
storm waves (Goto et al. 2009). As the width of the reef la-
goon is 1,000 to 2,000 m in the south Ryukyu Islands,
storm waves that are broken at the reef crest cannot reach
shore. However, as the width of the reef lagoon is nar-
rower than the typical tsunami wavelength (which is at
least several tens of kilometers), tsunami waves could
traverse the lagoon to reach the beach. The computed
runup height of a tsunami with a reef width of 1,000 m is
about half the runup height without a reef (Kunkel et al.
2006). Using the difference of wave energy distribution
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between storms and tsunamis, we can distinguish tsu-
nami boulders from boulders in the reef lagoon area
(Goto et al. 2010a, b).

Eastern Taiwan is a typical convergent plate boundary,
where the Luzon Arc on the Philippine Sea plate is col-
liding with the Eurasian continental margin (Figure 1).
Global Positioning System (GPS) observations indicate
that the Philippine Sea plate is moving to the northwest
at a rate of about 88 mm/year relative to the Chinese
continental margin (Yu et al. 1997). Active faults are dis-
tributed both in the Taiwan Island area and in the off-
shore area to the east of Taiwan (Shyu et al. 2005); the
most active type of fault in the offshore area is the re-
verse fault.

The western extension of the Ryukyu subduction zone
terminates in the northeastern Taiwan region. A histor-
ical tsunami occurred in 1771 along the southwestern
Ryukyu Trench (Nakamura 2009; Goto et al. 2010b).
The wide interplate coupling area has been estimated in
the southwestern Ryukyu Trench from GPS measure-
ments (Hsu et al. 2012). Hsu et al. (2012) compared the
computed surface deformation obtained using the inter-
plate coupling model with the observed surface deform-
ation by GPS and noted that interplate earthquakes with
magnitudes of 7.5 to 8.7 would occur in the southwestern
Ryukyu Trench. Traces of at least three paleo-tsunamis
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have been reported from the east of Taiwan (Matta et al.
2010; Ota 2013). However, the source faults and the mag-
nitudes of the earthquakes are not known.

Here, we focus on Lanyu Island for the investigation
of tsunamis. Lanyu Island is located about 90 km southeast
of Taiwan (Figure 1). It is underlain by andesitic rocks
ranging from 3.5 to 1.4 Ma (Yang et al. 1995, 1996) and
is surrounded by coral reef terraces at several elevations
from mean sea level that developed from the Pleistocene
to the Holocene (Chen and Liu 1992). The lower uplifted
coral reefs occur at heights of up to 4 m above mean sea
level and encircle almost the entire coastline. Talus de-
posits are distributed across almost the entire coastline
(Inoue et al. 2011). The lagoons of the coral reef are
not well developed around Lanyu Island. The distance
from the shoreline to the reef crest is only about 30 m.
Boulders of coral are distributed along the shoreline of
Lanyu Island. The largest boulder is 6.4 m and is lo-
cated about 66 m from the shore on the north coast of
the island (Figure 2).

Boulders studded along the shore suggest that historic-
ally large tsunamis or large storm waves have struck
Lanyu Island, although no historical tsunamis have been
reported. However, the boulders might have been trans-
ported not by tsunamis, but by storm waves. Therefore,
in this paper, we reproduce storm waves using numerical
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simulation and clarify whether the boulders could have
been transported by storm waves.

Regional setting

Historical tsunamis in Taiwan

Historically, in Taiwan, 18 tsunamis are reported to have
struck the east of the island. The most destructive tsu-
nami in Taiwan occurred on December 18, 1867, and af-
fected the area of Keelung in northern Taiwan. The
maximum tsunami height was 7.5 m at Keelung, and
this tsunami left hundreds of people dead (Ma and Lee
1997; Mak and Chan 2007; Lau et al. 2010). In contrast,
the heights of other historical tsunamis were about 1 m
or less. The city most frequently affected by valid tsu-
namis is Hualien in eastern Taiwan, which has recorded
nine events since 1951. However, these tsunamis were
not particularly fatal or disastrous: they were all minor
tsunamis detected by tidal gauges.

Additional evidence of historical and/or prehistorical
tsunamis in Taiwan is provided by tsunami boulders.
Coral boulders are distributed within 30.0 to 76.5 m of
the shoreline on the Jiupeng coast of southeastern Taiwan
(Matta et al. 2013) (Figure 1). The fossil ages of samples
taken from the outer parts of the coral boulders are 4,570
to 5,490 calendar (Cal) years BP, similar to the ages of the
underlying Holocene coral terrace (Matta et al. 2013). It is
supposed that the coral boulders originated from the
Holocene coral terrace and were broken and transported
landward by tsunami waves striking the marine terrace.

However, it is impossible to estimate the dates of the asso-
ciated tsunamis.

Historical tsunamis on Lanyu Island have not been
documented in the literature before 1950. The folklore
of Lanyu Island states that ‘After an unusually low tide
followed by a big wave, and the island was completely
inundated. Goats, pigs, and chickens were killed by the
inundation, and people on the island starved and died.’
(Asai and Ogawa 1935).

Small tsunamis have been recorded by the tidal gauge on
Lanyu Island since 1950. Two tsunamis with heights of
0.1 m were observed on Lanyu Island, caused by events on
July 23, 1978 (22.19°N, 121.42°E; depth: 26 km; Mw 7.0)
and May 4, 1998 (22.43°N, 125.37°E; depth: 24 km;
Mw 7.5) (Lau et al. 2010).

Typhoons in eastern Taiwan

The shores of eastern Taiwan often receive high storm
waves that have been generated by typhoons. Table 1
presents the annual maximum significant wave heights,
period, and direction for a 19-year period (1990 to 2008)
in Hualien (Figure 1) (Su et al. 2009). This wave analysis
was obtained from buoy data used to derive directional
wave height and period information in the area offshore
of the port in Hualien.

The annual maximum significant wave height for the
period ranges from 3.5 to 10.8 m, with an average annual
maximum significant wave height of 7.5 m. The dominant
wave period ranges from 6 to 14 s, with an average
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Table 1 Annual maximum Hs and Tp and direction for
Hualien during 1990 to 2008 (Su et al. 2009)

Hs (m) Tp (s) Direction Year Month/day

102 14 * 1990 6/23
9.9 13 * 1991 7/19
6.9 13 * 1992 9/22
56 14 * 1993 6/26
10.5 14 * 1994 7/10
6.8 13 * 1995 8/30
7.5 13 * 1996 7/31
89 14 * 1997 8/28
74 13 * 1998 10/16
35 10 * 1999 12/20
89 14 * 2000 8/22
58 8 SSE 2001 7/4
8.2 6 ENE 2002 7/3
3.8 6 SE 2003 4/24
5.7 9 SE 2004 10/19
108 12 ESE 2005 10/2
53 8 SE 2006 7/14
9.3 12 NNE 2007 8/18
73 12 ESE 2008 7/28

Max 10.8 14

Min 35 6

Average 75 12

Asterisks denote no data. Hs, significant wave height; Tp, associated period.

dominant period of 12 s. The predominant wave direc-
tion is easterly. The maximum significant wave height
during the 19-year period was generated by Typhoon
Longwang on October 2, 2005 (significant wave height =
10.8 m, associated period =12 s, direction = ESE). Typhoon
Longwang passed Hualien as a category 4-equivalent.

The significant wave heights for the 50- and 100-year
periods were estimated using the observed significant
wave heights from the 19-year data set from Hualien.
The estimated significant wave height is 13.1 and
14.0 m for the 50- and 100-year probability, respectively
(Jiang et al. 2011).

Methods

Measurements of topography and boulders

Field surveys on Lanyu Island were performed from Au-
gust 31 to September 4, 2012, and from August 30 to
September 5, 2013. Along selected survey lines oriented
perpendicular to the coastline and starting from the
shoreline, cross sections were obtained using azimuth,
distance, and elevation measurements taken with a TruPulse
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360 laser range finder (Laser Technology, Inc., Centennial,
Co, USA). Elevation was measured relative to sea level along
each line during the survey and converted to elevation rela-
tive to mean sea level. The survey line lengths were almost
200 m.

The positions of the coral boulders were measured by
handheld GPS. The dimensions (a-, b-, and c-axis) of the
boulders were measured in the field by approximating
the boulder shape as a rectangular parallelepiped. Here,
the a-, b-, and c-axes are defined as the long, intermediate,
and short axes of the boulder, respectively (Nott 2003).
Radiocarbon dating was performed for two boulders at
Langdao (LD) and Longmen-Xi (LX).

Estimation of minimum flow velocity
When flow velocity increases, boulders are transported
by sliding, rolling, and saltation (Nott 2003; Nandasena
et al. 2011). The magnitude of the flow velocity required
to initiate movement of the boulder depends on the size
of the boulder, its density, and the angle of the bed slope.
To estimate the flow velocities required to move the boul-
ders, we employed the formula of Nandasena et al. (2011).
The hydrodynamic equations by Nandasena et al. (2011)
follows.
For sliding:

2 2(py/py—1)ge(pg cosd + sind) 1)
Calc/b) + u,C

For rolling or overturning:

1. 2(py/pyV)geli, cost + (c/b) sind) o
- Cd(c2/b2) + G

For saltation:

MZZZ(pS/pw—Cl)gc cosf 3)
|

where p,, and p; represent the density of the water and
boulder, respectively; a, b, and c are the long, intermedi-
ate, and short axes of the boulder, respectively; C4 and
C, are the coefficient of drag and coefficient of lift, re-
spectively; 0 is the angle of the slope bed; and g is the
gravitational acceleration. The boulder is isolated, de-
tached, and not buttressed, and the depth of water flow
is higher than the height of the boulder and the flow vel-
ocity is depth averaged.

In the work of Nott (2003), the equations of initial
flow velocity for submerged boulders and subaerial boul-
ders were different. However, Nandasena et al. (2011)
identified formularization problems for the subaerial case
of Nott (2003), and they showed that the equations for
both submerged boulders and subaerial boulders are
the same (Equation 10 in Nandasena et al. (2011)).
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Therefore, we estimated the initial flow velocity with-
out classifying the boulders as either submerged or
subaerial. Moreover, the equations by Nandasena et al.
(2011) exclude the inertia force because the effect of
the inertia force would be small compared to that of
the drag force.

The densities of the seawater and boulder were taken
as 1,020 and 2,000 kg/m?, respectively. The coefficient of
drag and coefficient of lift were set to 1.95 and 0.178, re-
spectively (Nandasena et al. 2011), and the angle of the
bed slope was set to 3°.

Reproduction of boulder transport using numerical
simulation

We reproduced the runup of the waves using the
CADMAS-SURF (SUper Roller Flume for Computer
Aided Design of MAritime Structure) code (Coastal
Development Institute of Technology 2001). This code is
based on the equations of continuity for a two-dimensional
non-compressive fluid and the Navier-Stokes formula:

oy, U ayzw_
x oz

a_u+a)txuu+a/1:wu__ﬁa_p+3 y 28_14
ot ox 9z  pox ox Vale “ax

LD N LA R W
oz 172"\ 5z " ox i

(5)

/187W+M+BAZWW—_&B£+E v 37W+37M
"ot ox oz  poz oz Vevelax " oz

0, (4)

Ay

where ¢ is the time; x and z are the horizontal and ver-
tical coordinates, respectively; # and w are the horizontal
and vertical velocities, respectively; v, is the molecular kine-
matic viscosity; y, is the porosity; y, and y, are the horizon-
tal and vertical sectional transform ratios, respectively; p is
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the pressure; p is the mass density of the fluid; and g is the
acceleration due to gravity.
The coefficients of A,, A,, and A, are:

/"V =7 + (I_YV)CM’
A =y, + (1-7,)Cm, (7)
Ay = Yzt (l_yz)CM7

where Cy is the coefficient of inertia.
The horizontal and vertical drag forces R, and R, are
as follows:

R, = 1Co (1-y,)uvu?® + w2,

2 Ax
(8)
R, = 1Co (1-y,)wVu? + w?,
2 Az

where Cp, is the drag coefficient, and A, and A, are the
horizontal and vertical mesh sizes for the numerical sim-
ulations, respectively. The coefficients of drag force and
inertia are set as Cp =1.0 and Cy; = 1.2, respectively, by
following Sakakiyama and Imai (1996).

In order to handle the free surface of the fluid, the vol-
ume of fluid (VOF) method (Hirt and Nichols 1981) was
applied. The transfer diffusion equation F of the VOF
function is:

oF  oyuF dywF _
Yor T ow oz

In this method, the advection equation of the VOF
was solved using the donor-acceptor approach.

The input data of the CADMAS-SURF we used were
significant wave height and its period, and topography.
Output data of that were the wave height and velocity at
any place and time. The marine and land areas for the
horizontal calculation were set to 300 and 200 m, re-
spectively (Figure 3). The vertical calculation area was
set to 80 m.

In the numerical simulations, the horizontal and verti-
cal mesh sizes of the marine area were set to 1.0 and
0.5 m, respectively. The horizontal and vertical mesh

0 (9)
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elevation (m)
o
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=25 /
-50 1 ;
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Figure 3 Diagram of vertical cross section of bathymetry and topography used in the numerical simulation.
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sizes at the land area were set to 0.5 and 0.25 m, respect-
ively. The time interval used in the simulations was calcu-
lated automatically based on the Courant-Friedrichs-Lewy
condition.

We used the bottom friction law for rough surfaces:

Ut

———l .
04 og[k} +8.5

where u, and u" are the horizontal velocity and friction
velocity, respectively; y is the distance from the surface;
and k; is the roughness of the surface. The value of k; is
set to 1.0. This value corresponds to friction of 0.04 /3
s in Manning's parameter (1), which is obtained using the
approximate formula (Nezu 1995):

(10)

1/6
24 ks

(11)

The reef (whose width and depth are 30 and 6 m, re-
spectively) was set for the marine bathymetry (Inoue
et al. 2011). The topography of the land area was defined
based on the results of topography surveys, and we used
a fifth-order Stokes wave for the source function.

As a test of the numerical simulation, we calculated
the runup of the storm waves at Hongtou (HT) by the
2012 typhoon Tembin (Figure 2), which is located in the
southwest of Lanyu Island. A maximum runup height of
114 m was observed for the 2012 typhoon Tembin.
Based on the Grid Point Value coastal wave model of
the Japan Meteorological Agency (Global Atmospheric
Observation Data 2013), we estimated the significant
wave height for Lanyu Island when the typhoon was ap-
proaching the island. This height was 2 m on August 26
but increased to over 4 m on August 27. The significant
wave height reached a maximum of 6.6 m at 18:00 (UT)
on August 28 (Figure 4). For the numerical simulation

2012-08-26 2012-08-27 2012-08-28
8 8
°
6 6
- .
E
3 . e
3 4 4
g . .
e ®
29 [ ] 2
0 0
2012-08-26 2012-08-27 2012-08-28
Date
Figure 4 Significant wave heights off southwest Lanyu Island
(22°00'N, 121°28'E). Times are in UT.
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of the waves of the 2012 typhoon Tembin, we employed
a wave height of 6.6 m and a corresponding period of
12.0 s.

Then, we computed the runup of waves by adopting
the wave height for the 50-year return period to estimate
the movement of boulders in other areas. The significant
wave heights at Hualien port for the 50- and 100-year
return periods are 13.1 and 14.0 m, respectively (Jiang
et al. 2011). We employed the wave height for the 50-year
return period and set the height of the input wave to
13.1 m. Then, we computed the numerical simulation for
two different wave periods of 12.0 and 14.0 s, which were
based on the observed wave periods corresponding to the
annual maximum wave height at Hualien port.

Then, we computed a numerical simulation of a tsu-
nami to compare the flow depth and flow velocity caused
by a tsunami with those caused by storm waves. For the
computation of the tsunami, the nonlinear long wave
equations are used as follows:

o, 9Q,  9Q
ot ox ay

0Q, Q 0 [Q.Q,
ot +ax{ ]*a_y[ D}

8'7
+g a—

+£Pﬂ+_
ox| D oy | D

=0

D7/3 Q" (QZ * Qz) ; =0

%Q
ot

Q2 817

D7/3 Qy(QZ I Q2) r_ 0
(12)

where Q, and Q, are discharge fluxes in the x and y
directions, respectively; # is the water surface elevation;
and D is the total water depth.

In the simulations of tsunami propagation, three grid
sizes were adopted. The first, second, and third grids
had 270, 90, and 30 grid sizes downsized from the 30-
arc-sec grid data provided by GEBCO (General Bathy-
metric Chart of the Oceans 2010), which covers the area
21.0° to 24.8°N, 120.7° to 125.6°E (Figure 5). The second
(90-m grid) and third (30-m grid) areas encompassed
32 x 32 and 13.5 x 13.5 km® covering Lanyu Island. For
the second and third areas, the 500-m grid data from
GEBCO, an administration district map of Lanyu Island
published by the Ministry of the Interior, Taiwan (Minis-
try of the Interior 2004), and topography data from the
Shuttle Radar Topography Mission (2001) were used.
We used a 0.25-s time step for the 270-m grid and a
0.08-s time step for the 90- and 30-m grids. The total
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calculation time was 3 h after the earthquake's occur-
rence. For the Mw8.7 source fault model of Hsu et al.
(2012), we employed the fault model of Ando et al. (2013)
with values of fault length, width, strike, and dip of
130 km, 70 km, 290°, and 10°, respectively. The slip of the
fault was set at 46 m. The rake of the slip was 155°, which
indicates a reverse-type fault with a large strike-slip com-
ponent. Rigidity was set to 40 GPa.

Results

Size distribution of boulders

We measured 63 coral boulders around Lanyu Island. The
boulders were distributed between 36 and 128 m from the
shoreline (Figure 6), and their elevations ranged from 2.4
to 9.3 m. The sizes of the boulders ranged from 0.3 to
6.4 m.

The size distribution of the boulders exhibited a landward-
fining trend: larger boulders were distributed near the shore
and smaller boulders were distributed further inland. Plots
of boulder volume and a-axis length versus distance from
the shore exhibit weak and moderate correlation (correlation
coefficient: 7 = 0.21 and 0.48), respectively.

Table 2 shows the velocity for each transport mode
(sliding, rolling, and saltation), estimated from the size
of the boulders. The boulder transport histogram shows
that the flow velocities required for sliding, rolling, and
saltation are 1.4 to 5.1, 1.6 to 7.3, and 5.7 to 16.9 m/s,
respectively. Table 3 shows the computed flow depth

and flow velocity at the position of boulders caused by
waves with a return period of 19, 50, and 100 years, re-
spectively. The flow depth and flow velocity are 0.2 to
5.9 m and 0.2 to 10.3 m/s for a return period of 19 years
but increase to 2.9 to 10.0 m and 5.0 to 13.7 m/s for a
return period of 100 years.
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Figure 6 Distribution of a-axis lengths of boulders as a
function of distance from the shore (m). The dotted line shows

the regression line between distances from the shore and g-axis
lengths of boulders.
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Table 2 Parameters of boulders in the areas where the numerical simulations were employed

ID Location Distance from the shore (m) Elevations (m) a-axis (m) b-axis (m) c-axis (m) Sliding (m/s) Rolling (m/s) Saltation (m/s)

1 HT 753 8.8 0.7
2 HT 734 9.1 1.0
3 HT 722 9.3 19
4 HT 573 54 1.7
5 HT 60.2 52 2.2
6 HT 595 52 1.8
7 HT 50.1 5.1 25
8 HT 506 46 1.7
9 HT 486 44 2.1
10 HT 36.2 37 1.5
1 HT 469 49 1.8
12 DX 589 4.1 64
13 EL 54.6 39 46
14 EL 71.1 33 25
15 EL 105.7 73 1.0
16 EL 101.2 6.4 1.0
17 LD 93.0 46 24
18 LD 1004 4.6 13
19 LD 1233 4.7 25
20 LD 1279 5.57 1.1
21 LD 126.8 39 1.0
22 FH 799 34 34
23 FH 83.1 39 35
24 FH 985 52 13
25 FH 68.2 24 20
26 FH 66.8 34 13
27 FH 62.7 26 23
28 FH 94.2 6.5 1.2
29 FH 99.3 44 09
30 LH 61.0 44 23
31 LX 1174 847 1.2
32 LX 1173 86 0.6
33 LX 1219 9.2 04
34 LX 118.1 9.1 0.7

0.5 03 1.8 26 5.7
0.7 03 20 3.1 5.7
16 08 31 4.8 94
13 0.5 28 45 74
2.1 09 35 5.7 9.9
13 06 28 44 8.1

20 0.5 33 5.7 74
1.1 0.5 26 4.1 74
1.0 0.5 25 38 74
0.9 0.7 24 3.1 8.8
16 09 31 4.7 9.9
4.2 26 5.1 73 16.9
18 1.2 34 4.7 11.5
24 1.0 38 6.1 10.5
10 08 25 33 94
0.9 06 24 33 8.1

2.3 09 37 6.0 9.9
1.1 0.5 26 4.1 74
0.9 0.7 24 3.1 8.8
0.9 06 24 33 8.1

0.5 04 1.8 23 6.6
28 14 4.1 6.4 124
24 0.8 37 6.3 94
1.0 0.5 25 38 74
1.0 0.7 25 34 8.8
1.1 0.6 26 39 8.1

09 1.1 24 26 11.0
0.5 03 1.8 26 5.7
0.7 03 20 33 5.7
16 13 32 4.1 120
08 0.7 1.8 23 6.6
0.5 04 14 1.6 5.7
03 03 1.8 23 6.6
0.5 04 1.6 1.9 6.6

DX, Dong-Xi; EL, East of Langdao; FH, Five-Hole Cave; HT, Hongtou; LD, Langdao; LH, Lighthouse; LX, Longmen-Xi. Locations are shown in Figure 2. °The boulders

for which radiocarbon dating was performed.

Results of numerical simulation

Hongtou (HT)

As a test of the numerical simulation, we calculated the
runup of the storm waves at HT by the 2012 typhoon
Tembin.

HT is located in the southwest of Lanyu Island. The
coral reef terrace is distributed at a height of 3 to 5 m
above the shore and a distance of 45 m from the shore.
The terrace was found to be covered by talus deposits

from a distance of 36 m from the shore (Figure 7A). The
boulders were distributed on the coral reef terrace and
on the talus deposit beyond the distance of 75 m. The
sizes of the boulders ranged from 0.7 to 2.5 m.

The numerical simulation of storm waves by the 2012
typhoon Tembin was employed under conditions where
the wave height was 6.6 m and the wave period was
12 s. The computation time for the numerical simulation
was set to 120 s (Figure 8). We computed the storm
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Table 3 Computed flow depth and flow velocity at the position of boulders by the waves

ID 19-year return period

50-year return period

100-year return period

Flow depth (m) Flow velocity (m/s) Flow depth (m)

Flow velocity (m/s) Flow depth (m) Flow velocity (m/s)

1 0.5 1.1 2.1
2 06 1.2 19
3 0.7 13 19
4 23 53 38
5 25 53 38
6 24 53 38
7 25 6.1 56
8 24 6.1 56
9 2.7 6.2 6.4
10 5.1 74 59
11 30 6.1 6.7
12 4.1 7.2 54
13 4.8 96 54
14 53 89 59
15 23 55 33
16 26 6.3 50
17 4.0 8.2 4.7
18 4.5 75 54
19 13 49 24
20 13 44 2.2
21 13 45 23
22 59 9.9 94
23 44 9.3 8.1
24 3.1 7.1 6.7
25 5.7 10.1 6.4
26 53 10.1 6.7
27 55 10.3 73
28 4.7 80 52
29 3.1 7.1 6.8
30 5.1 8.5 6.4
31 0.5 0.8 1.1
32 0.5 0.8 1.1
33 0.2 0.2 1.0
34 0.5 0.7 1.1

23 31 9.7
59 3.2 10.3
6.0 33 106
8.0 6.8 12.7
7.7 59 12.2
79 6.1 12.3
79 76 13.1
7.8 76 13.0
8.0 75 134
94 9.2 13.7
79 7.7 134
9.6 6.4 11.0
122 7.0 12.7
12.1 59 12.8
79 5.7 9.5

8.8 6.3 10.1
9.9 6.8 10.7
94 6.1 10.1
70 45 8.3
6.9 33 8.2
6.9 34 8.1

1.5 10.0 12.3
10.8 9.3 11.8
9.5 6.8 10.8
120 83 126
11.5 8.2 12.6
1.9 83 129
9.8 6.1 1.5
9.5 6.8 108
100 9.3 13.2
20 29 53
20 29 53
1.6 30 50
1.9 29 52

waves using the topography data of different survey lines
that were 30 m apart from each other, and we estimated
the effects of the differences in the topographical data. The
lines X-X" and Y-Y' have similar topographies (Figure 9A)
with differences in topography of approximately 1 m
(Figure 9B). The computed flow depth and flow vel-
ocity of X-X' and Y-Y' have similar trends (Figure 9C,
D, respectively), and the runup distances of X-X' and
Y-Y' are similar: 66.0 and 69.5 m, respectively. When
the reef width was set as 0 m, the distributions of flow

depth and flow velocity were similar to those of the
other case, which suggests that small differences in
topography would have negligible effects on the results
of the numerical simulation. The maximum runup height
and flow velocity in the first 120 s were selected. The max-
imum flow depth, maximum flow velocity, and maximum
runup heights were calculated using the maximum
value within the computation time. The computed
maximum runup heights and inundation distance from
the shore under these conditions were 8.7 and 66 m,
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Figure 7 Result of the numerical simulation at Hongtou (HT). (A) Location of boulders at HT (base map is from Google Earth). The
dashed line shows the inundation line. The arrow shows the boulder moved by the typhoon Tembin. The solid circle shows the boulder
moved by the typhoon Tembin. (B) Photograph of a boulder. The white arrow shows the grass that appeared to be growing downwards.
(C) Topographic profile. Boulder size is classified by length of the long axis. The gray and solid arrows denote the computed and observed
inundation limits by the typhoon Tembin, respectively. The open arrows show the computed inundation limits by waves with a return
period of 50 years. (D) Maximum flow depth. The circles and triangles show the ag-axis length of boulders. (E) Maximum flow velocity. The
circles and triangles show the flow velocity of boulders (rolling). The bold lines in (D) and (E) show the maximum flow depth and maximum
flow velocity by the typhoon Tembin. The dot-dashed lines in (D) and (E) show the maximum flow depth and maximum flow velocity, respectively,
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respectively (Figure 7C,D). The observed runup height
was 11.4 m.

The computed maximum inundation depth was 6 m
at the shore and decreased inland. The maximum flow
velocity was 9 m/s at the shore and this, too, decreased
inland. Here, we estimated the maximum flow velocity

by averaging the flow velocity from the inundated sur-
face to the bottom.

The flow velocity (5.0 m/s) at the distance of 36 m is
only larger than the flow velocity (3.1 m/s) necessary
to cause boulders at that location to move by rolling
(Figure 7E).
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The boulder at the distance of 36 m was marked,
which suggests rolling transportation by the waves of the
typhoon. The boulder also held some grass that ap-
peared to be growing downwards (Figure 7B), suggesting
that the boulder had recently been moved by rolling.
Such marks were not found on the other boulders. If the
boulders were to move by sliding, a flow velocity of 1.8
to 3.5 m/s would be required. As the computed flow vel-
ocities were over 3 to 4 m/s at the positions of the boul-
ders (distances within 60 m) (Figure 7E), it would be
expected that almost all boulders would start to move if
boulders were transported by sliding. On the other hand,
the boulders would not move within the distance range
of 40 to 80 m, but would move at the distance of 36 m,
if the mode of transport were rolling (Figure 7E). More-
over, if the boulders were to move by saltation, a flow
velocity of 5.7 to 9.9 m/s would be required. This flow
velocity is larger than the computed flow velocity at the
positions of the boulders. Thus, we assume that the
boulders moved by rolling. Thus, the calculation could
well reproduce the runup of actual storm wave, and the
numerical simulation using the CADMAS-SURF is use-
ful for the reproduction of storm waves.

The inundation depths and flow velocities at the posi-
tions of the boulders (x =30 to 80 m) were 0.0 to 3.2 m
and 0.0 to 2.1 m/s, respectively, and the inundation dis-
tance and runup height of the waves were 60 and 6.4 m,
respectively.

Dong-Xi (DX)

DX is located in the northeastern part of the island.
The coral reef terrace (elevation 2 to 4 m above sea
level) is distributed from the shore to at a distance of
70 m (Figure 10A). Talus deposit and sand dunes are
distributed in the inland area of DX. A boulder was lo-
cated at a distance of 58.9 m from the shore (Figure 10B)
and had an a-axis length of 6.4 m. The flow velocity re-
quired for rolling was estimated from the size of the boul-
der to be 7.3 m/s. The inundation distance and height of
the waves at the period of 12 s reached 142 and 10.6 m,
respectively (Figure 10C). The computed maximum inun-
dation depth at the shore was 12 m, and the maximum
flow velocity was 11.9 m/s (Figure 10E). The inundation
depth and flow velocity at the position of the boulder were
5.0 m and 9.5 m/s, respectively (Figure 10D,E). The inun-
dation distance and runup height of the wave in the wave
period of 14 s increased to 175 and 13.9 m, respectively.
The inundation depth when the wave period was 14 s was
larger than that when the wave period was 12 s.

The inundation depth and flow velocity at the position
of the boulder (x =60 m) caused by the tsunami were
4.3 m and 4.1 m/s, respectively, and the inundation dis-
tance and runup height of the waves were 180 and
10.4 m, respectively.

Page 12 of 20

East of Langdao (EL)

EL is located in the north of the island. The coral reef
terrace (elevation 3 to 5 m above sea level) is distributed
from the shore to a distance of 90 m in EL (Figure 11A).
Talus deposit and sand dunes, which are covered by
vegetation, are distributed further inland than at DX.
Two boulders, whose a-axis lengths were 4.6 and 2.5 m,
were located 54.6 and 71.1 m from the shore, respect-
ively (Figure 11B). The flow velocities required for roll-
ing were estimated from the sizes of the boulders at 4.7
to 6.1 m/s. The inundation distance and height of the
waves for the period of 12 s reached 128 and 10.1 m, re-
spectively (Figure 11C). The computed maximum inun-
dation depth was 7.0 m at the shore (Figure 11D), and
the maximum flow velocity was 10.9 m/s (Figure 11E).
The inundation depth and flow velocity at the position
of the largest boulder were 6 m and 9 m/s, respectively.
The inundation distance and runup height of the wave
in the wave period of 14 s increased to 168 and 13.4 m,
respectively. The inundation depth when the wave
period was 14 s was larger than that when the wave
period was 12 s.

The inundation depths and flow velocities at the posi-
tions of the boulders (x=60 to 110 m) caused by the
tsunami were 5.8 to 6.0 m and 4.1 to 5.5 m/s, respect-
ively, and the inundation distance and runup height of
the waves were 180 and 9.7 m, respectively.

Langdao (LD)
LD is located just to the west of EL. The coral reef ter-
race (elevation 2 to 3 m above sea level) is distributed
from the shore to a distance of 80 m (Figure 12A). Sand
dunes are distributed inland. The boulders were distrib-
uted at distances ranging from 93 to 128 m from the
shore. The sizes of boulders were in the range 1.0 to
2.5 m (Figure 12B). Radiocarbon dating of the largest
coral boulder at LD returned ages of Cal AD 1670 to
1810 (beta ID = 371293) (Table 2). The flow velocities re-
quired for rolling were estimated from the sizes of boul-
ders at 2.3 to 6.0 m/s. The inundation distance and
runup height of the waves for the period of 12 s reached
142 and 10.2 m, respectively (Figure 12C), and the com-
puted maximum inundation depth was 8.1 m at the
shore (Figure 12D). The maximum flow velocity was
104 m/s at the shore (Figure 12E). The inundation
depths and flow velocities at the positions of the boulder
were 1 to 3 m and 3 to 6 m/s, respectively. The inunda-
tion distance and runup height of the wave for the
period of 14 s increased to 190 and 13.2 m, respectively.
The inundation depths and flow velocities at the posi-
tions of the boulders (x=90 to 130 m) caused by the
tsunami were 5.2 to 6.7 m and 5.1 to 5.9 m/s, respect-
ively, and the inundation distance and runup height of
the waves were 240 and 18.2 m, respectively.
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Figure 10 Result of the numerical simulation at Dong-Xi (DX). (A) Location of boulders at DX (base map is from Google Earth). The bold
arrow shows the boulder which is the maximum in this area. (B) Photograph of a boulder. (C) Topographic profile. Boulder size is classified by
length of the long axis. (D) Maximum flow depth. The square shows the g-axis length of boulders. (E) Maximum flow velocity. The square
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Five-Hole Cave (FH)

FH is located in the northwest of the island. The coral reef
terrace (elevation 2 to 3 m above sea level) is distributed
from the shore to a distance of 60 m (Figure 13A). Sand
dunes and talus deposits are distributed in the inland area.
The boulders were distributed at distances of 79.9 to
99.3 m. The lengths of the a-axis of the boulders ranged
from 0.9 to 3.5 m (Figure 13B). The flow velocities re-
quired for rolling were estimated from the sizes of the
boulders to be 2.6 to 6.4 m/s (Table 2). The inundation
distance and height of the waves for the period of 12 s
reached 142 and 10.9 m, respectively (Figure 13C). The
computed maximum inundation depth was 8.6 m at the

shore (Figure 13D), and the maximum flow velocity was
12.2 m/s (Figure 13E). The inundation depths and flow
velocities at the positions of the boulders were 3 to 9 m
and 8 to 9 m/s, respectively. The inundation distance and
runup height of the wave for the period of 14 s increased
to 164 and 13.9 m, respectively. The inundation depth
when the wave period was 14 s was larger than that when
the wave period was 12 s.

The inundation depths and flow velocities at the posi-
tions of the boulders (x=60 to 100 m) caused by the
tsunami were 1.3 to 2.8 m and 3.8 m/s, respectively, and
the inundation distance and runup height of the waves
were 180 and 8.6 m, respectively.
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Figure 11 Result of the numerical simulation at east of Langdao (EL). (A) Location of boulders at EL (base map is from Google Earth). The
bold arrow shows the boulder which is the maximum in this area. The thin line arrow shows the direction of the survey line. (B) Photograph of a
boulder. (C) Topographic profile. Boulder size is classified by length of the long axis. (D) Maximum flow depth. The circles, triangle, and square
show the g-axis length of boulders. (E) Maximum flow velocity. The circles, triangle, and square denote the flow velocity (rolling) of boulders. The
dot-dashed lines in (D) and (E) show the maximum flow depth and maximum flow velocity, respectively, caused by the tsunami (Hsu et al. 2012).
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Lighthouse (LH)

LH is also located in the northwest of the island. The
coral reef terrace (elevation 2 to 5 m above sea level)
is distributed from the shore to a distance of 65 m
(Figure 14A). Talus deposit is distributed in the inland
area. A boulder whose a-axis length was 2.3 m was lo-
cated at a distance of 61 m from the shore (Figure 14B).
The flow velocity required for rolling was estimated
from the size of the boulder to be 4.1 m/s (Table 2).
The inundation distance and height of the waves for
the period of 12 s reached 112 and 12.3 m, respectively
(Figure 14C). The computed maximum inundation depth

was 8.2 m at the shore (Figure 14D), and the maximum
flow velocity was 11.2 m/s (Figure 14E). The inunda-
tion depth and flow velocity at the position of the
boulder were 6 m and 9 m/s, respectively. The inunda-
tion distance and runup height of the wave for the
wave period of 14 s increased to 118 and 17.7 m,
respectively.

The inundation depths and flow velocities at the posi-
tions of the boulders (x =60 m) caused by the tsunami
were 1.6 m and 3.2 m/s, respectively, and the inundation
distance and runup height of the waves were 120 and
6.6 m, respectively.
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Figure 12 Result of the numerical simulation at Langdao (LD). (A) Location of boulders at LD (base map is from Google Earth). The bold
arrow shows the boulder which is the maximum in this area. The thin line arrow shows the direction of the survey line. (B) Photograph of a
boulder. Radiocarbon dating was performed on this coral boulder. (C) Topographic profile. Boulder size is classified by length of the long axis.
(D) Maximum flow depth. The circles and triangles show the g-axis length of boulders. (E) Maximum flow velocity. The circles and triangles
denote the flow velocity (rolling) of boulders. The dot-dashed lines in (D) and (E) show the maximum flow depth and maximum flow velocity,
respectively, caused by the tsunami (Hsu et al. 2012).

J

Longmen-Xi (LX) size of the boulders to be 2.0 m/s. The inundation distance
LX is located in the southeast of the island. The coral reef  and height of the waves for the period of 12 s reached 105
terrace (elevation 4 to 8 m above sea level) is distributed and 8.0 m, respectively (Figure 15D). The computed max-
from the shore to a distance of 90 m (Figure 15A). Sand  imum inundation depth was 6.9 m at the shore, and the
dunes are distributed in the inland area and talus deposits =~ maximum inundation depth decreased inland (Figure 15E).
are distributed as far as 110 m from the shore. The boul- The maximum flow velocity was 12.8 m/s at the shore
ders were found to be distributed at a distance of 120 m  (Figure 15F). Waves cannot reach the position of the boul-
from the shore (Figure 15B,C). The lengths of the g-axis  ders when the wave period is 12 s. However, the inunda-
of the boulders were about 1 m or less. Radiocarbon dat-  tion depth and flow velocity were 1.3 m and 1.8 m/s,
ing of the largest coral boulders at LX returned ages of respectively, when the wave period was 14 s; this flow vel-
Cal BC 4320 to 4160 (beta ID =371294) (Table 2). The ocity is similar to that required to initiate movement of
flow velocity required for rolling was estimated from the  the boulders.
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Figure 13 Result of the numerical simulation at Five-Hole Cave (FH). (A) Location of boulders at FH (base map is from Google Earth). The
bold arrow shows the boulder which is the maximum in this area. (B) Photograph of a boulder. (C) Topographic profile. Boulder size is classified
by length of the long axis. (D) Maximum flow depth. The circles and triangles show the g-axis length of boulders. (E) Maximum flow velocity.
The circles and triangles denote the flow velocity (rolling) of boulders. The dot-dashed lines in (D) and (E) show the maximum flow depth
and maximum flow velocity, respectively, caused by the tsunami (Hsu et al. 2012).

Distance (m)

The inundation depths and flow velocities at the posi-
tions of the boulders (x =120 m) caused by the tsunami
were 0.4 m and 0.3 m/s, respectively, and the inundation
distance and runup height of the waves were 120 and
12.0 m, respectively.

Discussion

We employed a numerical simulation of storm waves with
a 50-year return period on the shore of Lanyu Island and
estimated whether the boulders could be moved by the

storm waves. The results showed that all large boulders
on the Lanyu Island shore could be moved by storm
waves with a 50-year return period.

Plots of boulder volume and a-axis length versus dis-
tance from the shore exhibit weak and moderate correl-
ation (r=0.21 and 0.48), respectively. The exponential
landward-fining trend of boulder size distribution is
found in Kudaka Island, Ryukyu (Goto et al. 2009). The
weights of largest size boulders and average-size boul-
ders have correlation (R*=0.6962 and R?=0.702) with
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length of the long axis. (D) Maximum flow depth. The triangle shows the g-axis length of boulders. (E) Maximum flow velocity. The triangle
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distance from the reef edge on Kudaka Island. These
patterns are controlled by storm waves because the
height of storm waves decreases exponentially towards
the reef flat (Egashira et al. 1985). On the other hand, a
bimodal distribution of boulders is found on Ishigaki Is-
land, Ryukyu, which suggests that large tsunamis af-
fected the boulders in addition to the storms (Goto et al.
2010b). One distribution is near the reef edge, and the
other is far from the reef edge (approximately >700 m).
The former is caused by the storm waves and the latter
by the tsunamis. If we apply the mechanism of distribution

of boulders on Ryukyu to that on Lanyu Island, the
landward-fining boulder size and lack of large boulders
far from the shore suggest that the boulders would
have been transported by storm waves on Lanyu Island.
Obviously, this cannot rule out the possibility that the
boulders on Lanyu Island could have been transported
by tsunamis. However, the computed flow velocities of
tsunamis that originated in the area of the Ryukyu
Trench were too small to move the boulders. This sug-
gests that the boulders could not be moved by tsunamis
if Mw8.7 earthquakes occurred in the Ryukyu Trench.



Nakamura et al. Earth, Planets and Space 2014, 66:128
http://www.earth-planets-space.com/content/66/1/128

Page 18 of 20

'}
[%]
=
<
E
=
2
(]
£
0 _ 1 200
distance (m)
18 1 ' ' ] 'l 'l 1 s '} L L ' '
E flow depth(m) flow velocity(m/s)
15 T=12(s) T=12(s)
== =-T=14(s) - ==-T=14(s)
== tsunami ==+ tsunami
12 - = i
g | £
£ \ -
£ . z
E J\ s § s
[
E >
2 g
L & -
\k@
\‘ \

0 20 40 60 80 100 120 140 160 180 200
Distance (m)

by the tsunami (Hsu et al. 2012).

Figure 15 Result of the numerical simulation at Longmen-Xi (LX). (A) Location of boulders at LX (base map is from Google Earth). The bold
arrow shows the boulder which is the maximum in this area. (B) Photograph of a boulder. Radiocarbon dating was performed on this coral
boulder. (C) Photograph of a talus deposit area where coral boulders were distributed. (D) Topographic profile. Boulder size is classified by length
of the long axis. (E) Maximum flow depth. The circles show the g-axis length of boulders. (F) Maximum flow velocity. The circles denote the flow
velocity (rolling) of boulders. The dot-dashed lines in (E) and (F) show the maximum flow depth and maximum flow velocity, respectively, caused
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Moreover, the possibility that the boulders would be
moved by storm waves with a 50-year return period is
much greater than the possibility that the boulders
would be moved by tsunamis, because the occurrence of
tsunamis is rare near Lanyu Island. Tsunamis observed
at Lanyu Island since 1950 have typically been about
0.1 m high (Lau et al. 2010). The absence of any signifi-
cant tsunamis since that date suggests that tsunamis of
equivalent height to storm waves with a 50-year return

period occur less often than such storm waves. Radiocar-
bon dating of the boulders at LD (Figure 12B) and LX
(Figure 15B) provided dates of Cal AD 1670 to 1810 and
Cal BC 4320 to 4160, respectively. This suggests that the
event that transported the boulder at LD onto land oc-
curred sometime after 340 years ago. The age of the
boulder at LX is similar to that of the lower coral terrace
(Inoue et al. 2011), which suggests that the lower coral
terrace was broken and transported at LX. Although the
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event at LX would be estimated as occurring some-
time after 6,330 years ago, the detail has not yet been
determined.

If the evidence regarding tsunamis in folklore or his-
torical documents is reliable, it appears that the boulders
in this region were moved by past tsunamis. However,
we have no data to suggest that the boulders on Lanyu
Island were transported by tsunamis. Thus, we conclude
that the boulders were moved by storm waves, particu-
larly those associated with typhoons. Based on the nu-
merical simulation, the boulders could not have been
moved by the tsunamis, but instead could have been
moved by storm waves. This suggests that the boulders
moved by tsunamis would be relocated by storm waves,
if the runup heights of the tsunamis were less than 10 to
15 m, which is almost equal to that of the computed
tsunamis.

On the island of Hawaii, basalt boulders reached dis-
tances of 300 m from the shore and elevations of 10.4 m
(Goff et al. 2006; Richmond et al. 2011). It has been esti-
mated that these boulders were moved by a combination
of the 1975 Kalapana tsunami, 1868 tsunami, and other
past tsunamis and that movement associated with storm
waves was limited to distances within 100 m of the
shore. The boulder distribution on Lanyu Island shows
that most boulders are distributed within a distance of
100 m of the shore. This is consistent with boulders dis-
tributed by storm waves on Hawaii Island (Richmond
et al. 2011). Weak or moderate correlations between the
distance from the shore and the size of boulders suggest
that the distribution of boulders could be controlled by
the short-wavelength waves that affect the nearshore but
cannot reach further inland. When boulders are moved
by tsunamis, the relationship between boulder size and dis-
tance from the shore exhibits particularly low correlation.

We assumed that the boulders were transported in
rolling mode. However, if the boulders were transported
in sliding mode, the required wave heights to move the
boulders would be smaller than those with a return
period of 50 years (Table 2). This suggests that the boul-
ders could be moved by the small amplitude waves that
have a return period of 50 years or less if the boulders
were moved in sliding mode. In any case, the boulders
could be transported by the storm waves with a return
period of 50 years or less.

The boulders at Jiupeng are distributed at distances
of 30 to 76 m from the shore (Matta et al. 2013).
Boulder sizes were found to be in the range 4.2 to
5.5 m, which is within the range of boulder sizes ob-
served on Lanyu Island. This suggests that the boul-
ders at Jiupeng would have been moved by storm
waves. Even if the boulders were transported to the
coast by paleo-tsunamis, subsequent storms would
have moved them.
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These results suggest that boulders at distances within
100 m of the shore could be moved by storm waves with
a 50-year return period. If the boulders were distributed
at distances beyond the inundation area of the estimated
storm waves, or if the estimated flow velocities required
to initiate movement of the boulders were much larger
than those of the storm waves, it would have been plaus-
ible that these boulders were moved by tsunamis. The
estimation of flow velocity and inundation depth from
numerical simulations of storm waves based on accurate
topographic surveys would be a useful tool for identify-
ing whether tsunamis or storms transported the numer-
ous boulders onshore.

Conclusions

We surveyed the sizes and distances from the shore of
boulders on Lanyu Island, Taiwan, and investigated
whether they could have been moved by storm waves.
The results suggest that boulder sizes decreased with
distance from the shore. The boulder volume and a-axis
length versus distance from the shore exhibited weak
and moderate correlation (r=0.21 and 0.48), respect-
ively. The landward-fining boulder size distribution and
lack of large boulders far from the shore suggest that the
boulders on Lanyu Island would have been transported
by storm waves.

The estimated maximum flow velocities obtained from
numerical simulations of storm waves were larger than
required to initiate movement of the boulders. This also
suggests that the boulders would have been moved by
storm waves with a 50-year return period.

Obviously, this does not rule out the occurrence of
large paleo-tsunamis having struck Lanyu Island. How-
ever, the numerical simulations of the tsunamis gener-
ated by Mw8.7 earthquakes from the Ryukyu Trench
could not move most of the boulders. Moreover, storm
waves could transport boulders up to 100 m from the
shore, and the sizes of these boulders decrease with dis-
tance from the shore. Thus, boulders that do not conform
to this trend could possibly be boulders transported by
tsunamis. Verification of the method of transportation of
boulders based on numerical simulations would be useful
in areas where the coral reef is not developed and storm
waves can reach the shore.
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