
RESEARCH ARTICLE Open Access

Millennial paleotsunami history at Minna
Island, southern Ryukyu Islands, Japan
Ryosuke Fujita1*, Kazuhisa Goto2,3, Yasufumi Iryu1 and Tomoya Abe4

Abstract

Huge tsunami waves have repeatedly bombarded the southern end of the Ryukyu Islands (Miyako and Yaeyama
Islands, southwestern Japan) at several-hundred-year intervals. Therefore, clarifying the islands’ paleotsunami history is
important for risk assessment. Nevertheless, discrepancies of paleotsunami histories exist among regional studies of
tsunami boulders and sandy tsunami deposits. Radiocarbon ages of tsunami boulders indicate that tsunami events of
the last 2400 years have occurred every 150–400 years, most recently the historical 1771 Meiwa tsunami. Sandy tsunami
deposits at Yaeyama Islands show that four tsunami events of the last 2000 years struck the islands at approximately
600-year intervals. Sandy tsunami deposits of the Miyako Islands have been studied only rarely. Therefore, studying
sandy tsunami deposits in the Miyako Islands is crucially important for clarifying the paleotsunami history of this region.
We conducted a trench survey on Minna Island, located among the westernmost Miyako Islands, which revealed two
sandy tsunami deposits under a coral tsunami boulder transported by the 1771 tsunami. The upper tsunami deposit
was likely deposited by the 1771 tsunami, as inferred from stratigraphic correlation to the tsunami boulder. However,
the lower tsunami deposit was probably deposited 700–1000 years ago, which is consistent with the age range of the
paleotsunami reported for Yaeyama Islands. Because sandy tsunami deposits found in this and earlier studies are thick
and deposited at high elevation and far inland, these are useful markers of large tsunami events similar to the 1771
event. However, the reported tsunami boulders of various sizes are deposited along the coast and reefs: they can be
formed not only by large tsunami events but also by small ones. It is noteworthy that each tsunami deposit is coarse
and thick (40–48 cm) relative to the island elevation (about 12m maximum, 7 m above the mean sea level at the study
site). By assuming that tsunamis have affected this region repeatedly during the past few thousand years at around
600-year intervals, tsunamis might have been important geomorphic agents for building up small reef-surrounded
islands such as Minna Island.

Keywords: 1771 Meiwa tsunami, Geomorphology, Minna Island, Paleotsunami history, Radiocarbon age, Tsunami
boulder, Tsunami deposit

1 Introduction
Understanding paleotsunami history based on the geo-
logical record is important for long-term tsunami risk
assessment. Meter-sized boulders are one such example
(e.g., Goto et al. 2010a). Many boulders transported and
deposited by paleotsunamis are observed along the
shorelines of the Miyako and Yaeyama Islands of the
southern Ryukyu Islands in southwestern Japan (Fig. 1,

Goto et al. 2010a, b, 2019). Some of these boulders,
called tsunami boulders, comprise coral rocks
(Kawana and Nakata 1994; Omoto 2012; Araoka et al.
2013). From the radiocarbon ages of tsunami boul-
ders, Araoka et al. (2013) inferred statistically that
eight tsunamis had struck these islands at 150–400-
year intervals during the last 2400 years. The latest
event was the Meiwa tsunami in 1771. Numerical
analyses (Hisamatsu et al. 2014) and residual magnet-
ism measurements of tsunami boulders (Sato et al.
2014) further indicated that more than three huge
tsunamis as large as the 1771 Meiwa tsunami,
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including the 1771 event, are likely to have affected
to the Miyako and Yaeyama Islands during the last
2000 years.
Historical and geological records of the 1771 Meiwa

tsunami indicate that the maximum runup height was
about 30 m along the eastern coast of Ishigaki Island and
that 12,000 people were killed (e.g., Goto et al. 2010a,
2012a). Although many historical and geological lines of

evidence remain in the Miyako and Yaeyama Islands
(Araoka et al. 2010; Goto et al. 2010a, 2012a), the tsu-
nami source remains controversial. The hypothetical
sources include (1) an interplate earthquake plus sub-
marine landslide (Imamura et al. 2008), (2) tsunami
earthquake along the Ryukyu trench (Nakamura 2009),
and (3) a single massive landslide near the trench axis
(Okamura et al. 2018).

Fig. 1 Study area maps: a Ryukyu arc and trench; b Miyako Islands and Yaeyama Islands; c Miyako Islands

Table 1 Representative paleotsunami history in Miyako and Yaeyama Islands

Study Recurrence
(years)

Tsunami age
(cal years BP)

Study area Type of tsunami
deposits

Araoka et al. (2013) 150–400 250–50
450–250
650–450
1050–650
1250–1050
1550–1250
1850–1550
2300–2050

Miyako Islands
Yaeyama Islands

Boulder

Kawana and Nakata (1994) 500–1000 150
600–450
1150–950
2450–1900
3700
4400–4300

Miyako Islands Boulder
Sand

Omoto (2012) - A.D. 1771–B.C. 252 Miyako Islands Boulder

Okinawa Prefecture Gusukube Town
Board of Education (2004)

- A.D. 1771 Miyako Islands Sand

Kugai (2011) - A.D. 1771 Miyako Islands Sand

Nakaza et al. (2013) A.D. 1771 Miyako Islands Sand

Ando et al. (2018) 630 248
920–620
1670–1250
2700–1670

Yaeyama Islands

Yamamoto (2008) and Yamamoto
et al. (2009)

- 750–200 Yaeyama Islands Boulder
Sand
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Although sandy tsunami deposits are used fre-
quently to elucidate the paleotsunami histories along
the coast of Japan (e.g., Minoura et al. 2001; Ishimura
and Miyauchi 2015; Kitamura 2016; Inoue et al. 2017;
Shimada et al. 2019), few have been reported from
the Miyako and Yaeyama Islands because of the small
number of surveys (Table 1). Detailed paleotsunami
studies of the islands conducted by Ando et al. (2018)
and by Kitamura et al. (2018a) have specifically exam-
ined sandy deposits.
Ando et al. (2018) identified three sandy tsunami de-

posits (T-I, T-II, and T-IV) and tsunami boulders (T-III
that located stratigraphically between T-II and T-IV)
from an excavated trench at a ranch on the east coast of
Ishigaki Island, Yaeyama Islands. These deposits (T-I to
IV) were deposited respectively in AD 1771 (Meiwa tsu-
nami), at 920–620 cal. year BP, at 1670–1250 cal. year
BP, and at 2700–2280 to 1670–1250 cal. year BP. Ando
et al. (2018) interpreted that the tsunami events which
formed deposits T-II and IV were of similar size to the
1771 tsunami. Kitamura et al. (2018b) used molluscan
assemblages in sandy tsunami deposits at the artificial
trench reported by Ando et al. (2018). They assessed the
influences of local topographic features on the local tsu-
nami size. They also estimated the local sizes of two

tsunamis that occurred before the 1771 event as being
equivalent to the 1771 tsunami.
Results presented in Table 1 present discrepancies of

paleotsunami histories that exist between studies of tsu-
nami boulders and sandy tsunami deposits in this region.
The tsunami recurrence interval estimated from tsunami
boulders is far shorter than that estimated from sandy
tsunami deposits. The dearth of evidence from the
Miyako Islands prevents elucidation of the paleotsunami
history in this region. Further study of sandy tsunami
deposits is important to resolve this discrepancy. As de-
scribed herein, we conducted a paleotsunami survey in
Minna Island of the Miyako Islands (Figs. 1 and 2). Ac-
cording to historical documentation, the 1771 Meiwa
tsunami completely inundated this island (Kato 1989),
which is located far from the estimated tsunami source
(i.e., southeast of Ishigaki Island). Therefore, paleotsu-
nami evidence of the island is expected to be a key to as-
certaining whether powerful tsunami events equivalent
to the 1771 Meiwa tsunami occurred repeatedly and
struck the South Ryukyu Islands.

2 Geological setting
Minna Island, located on the western end of Miyako
Islands, 7 km north of Tarama Island (Fig. 1c), is about

Fig. 2 Aerial photograph of Minna Island: the red line shows an actual route of Ground-Penetrating Rader (GPR) survey; the black line shows the
projected line used to depict cross-sectional subbottom profile in Fig. 3
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2.5 km2, with approximately 12 m above mean sea level
(amsl) maximum elevation. Coral reefs with average
width of approximately 500 m surround the whole island
(Fig. 2a). Approximately 70% of the island has elevation
lower than 5m amsl. Today, most lowlands are used as
pastureland (Yazaki 1977). The Ryukyu Groups consist
of reef limestone (Iryu et al. 2006) with tens of meters
thickness, constituting the basement rock of this island.
The island is covered with dune sand and 7–11m thick
soil (Yazaki 1977).
An emerged shoreline, indicated by erosional notches,

benches, and beach rocks, occurs at an elevation of 1.5
m along the coast of Tarama Island, immediately south
of Minna Island (Fig. 1). Based on 14C dates of a coral
and a tridacnine shell, Pirazzoli et al. (1984) reported
continuous and gradual sea-level fall for the last 4000
years. Similarly, based on 14C dates of corals and coral-
line algae, along with geomorphological observations,
Konishi and Matsuda (1980) showed that the present-
day reef crest of Kabira Reef, Ishigaki Island (Fig. 1), ex-
posing 60 cm above the mean low tide level represent a
relic of a salient ridge grown between 1500 and 3000
year BP, when the sea level stood at least 1.5 m higher
than at present. This view was supported by evidence
from Yamano et al. (2001), who studied the anatomy of
Kabira Reef, showing that a stable sea level between
6000 and 2000 year BP was followed by a relative sea-
level fall because of tectonic uplift associated with the
tilting of Ishigaki Island (Kawana 1986, 1989). This
tectonic movement occurred at 1700–2700 year BP (cen-
tered at 2000–2400 year BP) throughout the Ryukyu
Islands.
We consider that Minna and Tarama islands have

been uplifted since the late Middle Pleistocene, as indi-
cated by the occurrence of upper Middle and upper
Pleistocene reef limestones offlapping the main body of
the Ryukyu Group (Iryu et al. 2006). The occurrence of
the reef crest, subaerially exposed at the low tide, sug-
gests tectonic uplift occurring in these islands at ap-
proximately 2000–2400 year BP, as reported throughout
the Ryukyu Islands.
A 33-ton tsunami boulder made of Porites sp. is lo-

cated at elevation of 7 m amsl and 350 m inland from
the present beach inferred as being of 1771 Meiwa tsu-
nami origin based on radiocarbon dating results (AD
1515–1814 (2σ); Kato 2000; Goto et al. 2010c). Although
the ground surface of this island might have been dis-
turbed to make pastureland, presence of the 1771 Meiwa
tsunami boulder suggests that at least the ground be-
neath the boulder has not been disturbed by human ac-
tivities since the 1771 tsunami. Recent studies
conducted after the 2011 Tohoku-oki tsunami revealed
that tsunami-transported sand layers are usually formed
below the boulder deposits because sands are moved

and deposited faster than the boulders (Goto et al.
2012b; Yamada et al. 2014), although this is not always
the case (e.g., Yawsangratt et al. 2009). Therefore, sandy
deposits can be expected to have originated by the 1771
Meiwa tsunami or older events are preserved below this
boulder. We therefore decided to dig a trench immedi-
ately beneath this boulder.

3 Methods/experimental
A field survey was undertaken during 18–22 April 2017.
We first excavated a 115 cm-deep trench beneath the
boulder. After description, we took 115 bulk sediment
samples consecutively at 1 cm intervals. Additionally, we
took marine shell and coral fragments from possible tsu-
nami deposits for radiocarbon dating.
We also conducted a survey using ground-penetrating

radar (GPR, SIR-3000; GSSI Inc., Nashua) along the
route presented in Fig. 2b to identify cross-sectional sub-
surface structures. The data were processed by an ana-
lytical method using software (RADAN7; GSSI Inc.,
Nashua) referred from a report by Takeda et al. (2018).
Using a “Pick” module with REFLEXW software (Sand-
meier Geophysical Research, Karlsruhe), strong reflec-
tors were detected from GPR profiles. Global Navigation
Satellite System (GNSS) topographic measurement (Pro-
mark 120; Geosurf Corp., Tokyo) was also applied to
produce a cross-sectional profile near the survey trench
and to correct the elevation of the GPR profile.
For grain size analysis, we removed organic matter

(e.g., plant roots) with 10 wt% H2O2. Additionally, to in-
vestigate grain size composition and major components
of sand grains at our study site, we removed the mud
component (< 63 μm) by wet sieving. Grains generally of
> 2 mm were removed by hand picking. Then, we mea-
sured the grain size distribution of residual samples
using a settling tube method with STube software (Nar-
use 2005). Results were compiled using software
(GMT5, SOEST; University of Hawaii) to estimate the
grain size distribution with volume percentage. For peak
splitting, the Gaussian distribution was applied to every
peak graph using software (ORIGIN 2015; Origin Lab,
Massachusetts). Although we removed mud and gravel
components, a few might have been left in the residue.
To illustrate vertical change of grain size distribution,
we calculated statistical values (mean size, median size,
and sorting) using data ranging from − 1 to 4 phi,
whereas data out of this range were not used. Mean and
median grain sizes and sorting were calculated using the
moment method (Folk 1966).
The tsunami deposit itself is usually a mixture of rede-

posited sediment from various sources. Therefore, radio-
carbon dating is better conducted using organic matter
in sediments immediately above and below the deposit
(Sawai 2012). However, at our study site, this approach
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is not useful because the site is located in a subtropical
region. Sediments above and below the possible tsunami
deposit comprise sand-sized carbonate grains; moreover,
they have been disturbed considerably by vegetation.
The possible tsunami deposit in our site includes many
coral and mollusk fragments. Therefore, some specimens
which retain their original mineralogy and in which no
diagenetic product (e.g., marine cements) is observed are
highly likely to have been killed by the tsunami and
therefore represent the tsunami age. We analyzed
ages of such samples taken directly from the possible
tsunami deposit.
Before 14C dating, we checked whether samples

retained the original mineralogical composition of mar-
ine shells or skeleton (aragonite), using X-ray diffraction
(XRD) analysis with X’pert-MPD (PW3050; Philips Co.,
Amsterdam) X-ray diffractometry and using observation
of coral skeletons and a marine shell done with scanning

electron microscopy (SEM, VE-8800; Keyence Co.,
Osaka) at the Department of Earth Science, Graduate
School of Science, Tohoku University. 14C ages were
measured using an accelerator mass spectrometer at
Beta Analytic Inc. in Miami, USA. The Marine13 dataset
(Reimer et al. 2013) with CALIB 7.1 software (Stuvier
and Reimer, 1993; Stuiver et al. 2020) was adopted to
calculate the calibrated ages. A local reservoir correction
(ΔR = – 36 ± 78; Hirabayashi et al. 2017) for the Central
Ryukyus was used for this study.

4 Results
4.1 Topography and GPR profile
Figure 3a portrays a cross-sectional profile produced
from GNSS and GPR profile measurements. From the
beach to 100 m inland, the elevation increases steeply to
6.5 m amsl and forms sand dunes. Over 100 m from the

Fig. 3 Topography and GPR profile around the tsunami boulder: a profile along the GPR lines in Fig. 2b; b processed subbottom profile with
interpretation. Blue dots and lines show strong reflectors in the GPR survey section. White arrows indicate reflectors that are parallel to the
ground surface. Yellow arrowheads indicate reflectors that are parallel to the beach slope
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beach to the boulder/trench site, the elevation is roughly
constant at about 5–7 m amsl.
A processed GPR profile (Fig. 3b) shows some clear

successive reflectors. First, several reflectors that are par-
allel to the present beach slope are observed from 50 to
350 m from the beach. Another reflector, which is paral-
lel to the ground surface, is also observed at about 50
cm below the ground from 50 to 150 m and from 350 to
500 m from the beach. A clear reflector expected to cor-
respond to the boundary between the sand deposit and
the underlying reef limestone was not detected up to 7
m depth.

4.2 Trench description
The 1771 Meiwa tsunami boulder at the trench site, which
is 3.7 m long, 3.1 m width, and 2.3m height (Fig. 4a), is
made of a massive coral of Porites sp. The present boulder
orientation is similar to its original living position.

Based on the color and grain size, sediments in the
115 cm deep trench are classified into five layers from
the bottom to the top (Figs. 4b-d and 5): layer 1 (L1, 0–
27 cm above the trench bottom) consisting of dark
brown medium-grained sand, layer 2 (L2, 27–60 cm
above the trench bottom) of dark brown medium-
grained to coarse-grained sand, layer 3 (L3, 60–67 cm
from the trench bottom) of dark brown medium-grained
sand, layer 4 (L4, 67–95 cm from the trench bottom) of
yellowish brown medium to very coarse sand, and layer
5 (L5, 95–115 cm from the trench bottom) of dark
brown medium sand. The boundaries of the respective
layers are generally clear. However, the boundary be-
tween L2 and L3 is not clearly visible to the naked eye
while we established the boundary in the field based on
the difference of grain size. The boulder is deposited
directly on top of L4, whereas L5 is not observed imme-
diately beneath the boulder (Fig. 4b, c). Visually,

Fig. 4 Outcrop photographs: a tsunami boulder composed of Porites sp. at 7 m elevation; b trench below the boulder; c relation among the
tsunami boulder, L4 and L5; d stratigraphy of the trench from L1 to L5. It is noteworthy that the boulder is deposited not on L5, but on L4
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sedimentary structures in each layer are not clear. Most
sediment constituent materials are bioclastic grainstone.
The grains of the respective layers are composed

mainly of foraminiferal tests such as Calcarina sp. and
Marginopora sp. with bioclasts of corals, coralline algae,
bivalves, and gastropods (Fig. S1). The grains in L2 and
L4 are well preserved. Several-millimeter-sized to
centimeter-sized bivalves, gastropods, and corals are
commonly found from the lower part of L2 and L4.

4.3 Grain size
Figure 5 shows vertical changes in grain size distribution
together with statistical mean and median grain sizes
and sorting of each layer in the trench. The grain size
distribution in L1 has a mode at around 1.5 phi. It rarely
contains grains of < 0 phi or > 2.5 phi. It also shows nor-
mal grading.
In L2, the grain size distribution changes abruptly in

the middle part at 48 cm above the trench bottom (Fig.
5). The lower part (27–48 cm above the trench bottom)
shows a bimodal grain size distribution with modes at 0
phi and 1.4 phi (Fig. 6c). The grain size distribution in
the upper part (48–60 cm above the trench bottom) is
rather similar to that of underlying layer 1, with a mode
around 1.5 phi (Fig. 6a, b). Mean and median grain sizes
respectively show inverse grading and normal grading in
the lower and upper parts of L2. Although sorting is
moderate in the lower part, it decreases toward the top.
The grain size distribution of L3 and L5 has a mode at

around 1.5 phi. These layers show a similar grain size
distribution, which is apparent also in mean and median
grain sizes and sorting. The grain size distribution of L4,

which resembles that of L2, is divisible into lower and
upper parts with a boundary at around 88 cm above the
trench bottom (Fig. 5). The lower part is characterized
by inverse grading with moderate sorting. However, the
upper part is characterized by normal grading trend with
well sorting.
Figure 7 presents a comparison of statistical values

(mean vs. sorting, median vs. sorting). Mean and median
grain size in L3 and L5 were 1.2–1.6 phi with sorting of
0.55–0.75 phi. The upper parts of L2 and L4 show simi-
lar trends to those of L3 and L1. In contrast, the lower
parts of L2 and L4 have different trends: mean grain
size, 0.6–1.25 phi; median grain size, 0.6–1.3 phi; and
sorting, 0.6–0.95 phi. Overall, the lower parts of L2 and
L4 were coarser and poorer sorted than other layers.

4.4 Radiocarbon dating
We selected two coral samples for radiocarbon dating of
L4: Acropora sp. 1 and Acropora sp. 2. Both samples are
the least abraded among the samples taken from L4 (Fig. 8
a and b). The respective calibrated dates (2σ) are 787–1170
cal AD (Acropora sp. 1) and 244–632 cal AD (Acropora sp.
2) (Table 2).
We selected disarticulated marine shells of bivalve

(Atactodea striata) and coral (Palauastrea ramosa) sam-
ples, both of which were the least abraded among the
samples taken from L2 (Fig. 8c, d). Atactodea striata is a
bivalve living in intertidal zone sand (Kondo et al. 2001).
Palauastrea ramosa is a branching coral typically living
around the equatorial Pacific. The respective calibrated
dates (2σ) are 947–1281 cal AD (A. striata) and 1028–
1327 cal AD (P. ramosa) (Table 2).

Fig. 5 Logs of lithology and grain size. Colors of the lithologic log roughly correspond to the actual color of L1 to L5 (see also Fig. S1): m, medium
sand; c, coarse sand; v.c., very coarse sand. Mean and median grain sizes and sorting are shown
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5 Discussion
5.1 Identification of tsunami deposits
Trench observations and grain size analyses clarified that
sedimentary features of L2 and L4 are significantly dif-
ferent from other layers. For example, in the case of L4,
the color (yellowish brown) is brighter than those of
underlying L3 and overlying layer L5 (dark brown) (Fig.
4d, S1). Moreover, the layer is divided by a sharp bound-
ary from L3 (Fig. 4c, d). The lower part of L4 is poorer-
sorted and coarser than L3 which is well-sorted and
finer throughout the layers (Figs. 5 and 7). L4 yields
abundant well-preserved bioclasts of corals, coralline
algae, bivalves, and gastropods as large as pebble sized,
although reworked fragments of them were also ob-
served. These bioclasts are likely to be composed of
grains originated from various sources such as a shallow
part of fringing reefs (shallow lagoon and upper forereef
slope), beach, or sand dunes. By contrast, L3 and L5 in-
clude fewer sand-sized bioclasts than L4 does.

Similarly, the grain composition of L2 seems clearly
different from those of underlying L1 and overlying L3
(Figs. 5 and 7) in that the former includes abundant
shallow marine bioclasts of corals, coralline algae, bi-
valves, and gastropods, although L2 is dark brown, as is
L1 (Fig. 4d, S1). In addition, L2 is composed mainly of
poorer-sorted and larger bioclasts than those of L1 or L3
(Figs. 5 and 7). Therefore, it is highly probable that the
sediments in L2 originate from a similar environment to
that of L4.
The lower parts of L2 and L4 show a bimodal grain

size distribution with modes at 0 phi and 1.5 phi (Fig.
6c) and moderately sorted (sorting: 0.7–0.9 phi) (Fig. 5).
In contrast, grain size distributions of the upper parts of
L2 and L4 and other layers L1, L3, and L5 show a single
peak (1.5 phi) (Fig. 6a, b) and are well-sorted (sorting:
0.6–0.7 phi) (Fig. 5). These differences are characterized
by the amount of coarse-grained bioclasts (− 1 to 1 phi).
Moreover, median (or mean) grain sizes of L2 and L4

Fig. 6 Averaged grain size distribution of each layer: black squares, original data; blue lines, overall distribution against grain size; green lines,
larger peaks; red lines, smaller peaks. These lines were produced by ORIGIN software
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show inverse grading trends in the lower parts and then
normal grading trends toward the upper parts (Fig. 5).
Although a combination of inverse to normal grading
trends was rarely observed in the steady sedimentary
processes, it was often observed in deposits formed by
high-energy water-related events such as tsunami events
(e.g., Naruse et al. 2010, 2012; Moore et al. 2011). There-
fore, it is highly likely that high-energy flows formed L2
and L4. Because this island has no river, flooding can be
ruled out. The deposits could only have been formed by
coastal waves such as tsunami and storm waves.
Our study site was located 350 m distant from the

beach at 7 m amsl elevation (Fig. 3). The coastal area
around the study site was surrounded by coral reefs of
approximately 500 m width from the shoreline to the
reef edge (Fig. 2). Goto et al. (2013) studied the distribu-
tions of storm wave boulders (> 1m on the long axis) on
coral reefs at many islands of the Ryukyu Islands includ-
ing Minna Island, which revealed that distribution of the
boulders transported by the storm waves was limited to
300 m distance from the reef edge. Numerical simulation
of storm waves at the eastern coast of Ishigaki Island
(Hongo et al. 2012; Watanabe et al. 2016) demonstrated
that the storm-wave velocity near the shoreline is re-
markably low. Consequently, it is highly unlikely that
storm waves can transport sediments up to elevation of
7 m amsl with more than 850 m distance from the reef
edge. Minna Island is well known from historical records
(e.g., Kato 1989; Goto et al. 2010b) to have been inun-
dated completely by the 1771 Meiwa tsunami. Numer-
ical modeling further suggests that effects of the 1771
Meiwa tsunami on the Miyako and Yaeyama Islands
were remarkable (Goto et al. 2010a, b, 2019). This point

was confirmed further by the presence of a Porites boul-
der of 1771 Meiwa tsunami origin at our study site at
elevation of 7 m amsl (Kato 2000; Goto et al. 2010c).
Both L2 and L4 are observed just beneath this boulder.
Because the tsunami waves had sufficient energy to
transport the huge boulder to the site, it is evident that
the tsunami also had the capability to transport finer
sand to pebble-sized grains. Consequently, L2 and L4
are regarded as having been formed by tsunami waves.
It is noteworthy that L1, L3, and L5 also consist of

sandy sediments composed of bioclasts of reef organisms
(Fig. S1). Their sources and sedimentation processes
must be considered. Actually, the grain sizes and com-
positions of these three layers closely resemble those of
the upper parts of L2 and L4 in that they have a single
mode at 1.5 phi (Fig. 6) and include bioclasts of reef or-
ganisms. One possible origin of sands in L1, L3, and L5
might be blown sand because the grain size is generally
small. However, the grain size of blown sand is well
known to be finer than 1 phi (e.g., Inokuchi 1980; Goo-
semann et al. 2018; Lämmel et al. 2018), whereas L1, L3,
and L5 all include considerable amounts of grains larger
than 1 phi (Fig. 5). Therefore, blown sand is unlikely to
be a source of these layers.
Alternatively, L3 and L5 might have been originally

the topmost parts of L2 and L4 (equal to tsunami de-
posits), respectively, but they might then have been
altered through a long-term pedogenic process after
the tsunami events. In fact, the topmost part of the
tsunami deposit is well known to be disturbed by bio-
turbation and reworking processes after the tsunami
event. Soils originate from sand particles of the top-
most part of the tsunami deposit (e.g., Goto et al.

Fig. 7 Statistical values of grain size: a, mean grain size versus sorting; b, median grain size versus sorting
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2012c; Szczuciński 2012). Considering the similarities
of the grains between the upper part of L2 and L3,
and the upper part of L4 and L5, respectively, this in-
terpretation is the most likely to be true. This inter-
pretation is further supported by the observed fact
that L5 is lacking immediately beneath the 1771 tsu-
nami boulder (Fig. 4b, c). This feature is explainable
by the fact that no vegetation could have grown
under the boulder. The upper part of L4 includes no
coarser materials, although a minor amount of
coarser materials is observable in L5. Similar grain
size variation is sometimes reported also in the mod-
ern and paleotsunami deposits, and is inferred be-
cause of tsunami backwash or posttsunami local
sediment reworking (e.g., Komatsubara et al. 2008;
Takashimizu et al. 2012); both interpretations can be
applicable to explain the grain size variation of the
upper part of L4 and L5 found in our case.
If the interpretations presented above are correct, then

L3 and L5 should be considered respectively as parts of
L2 and L4. Therefore, we infer that two tsunami deposits
exist at our study site with 40 cm thickness (L2 plus L3)
and 48 cm thickness (L4 plus L5). We dug the trench
with only 115 cm depth. For that reason, we were unable
to observe the underlying deposits of L1. It remains un-
certain whether L1 is the topmost part of an older tsu-
nami deposit, or not.
Tsunami deposit thicknesses estimated in this study

(40 cm and 48 cm) are remarkably thicker than those re-
ported in earlier works (e.g., Szczuciński 2012; Rich-
mond et al. 2012). Nevertheless, our study site is distant
from the shoreline, probably for the following three
major reasons, all of which are related to the specific
sedimentary environment around Minna Island.

(1) Minna and the nearby Tarama islands were
connected on the plateau at the shallow sea.
Similarly to the present setting, abundant sands and
gravels could have been deposited on the shelf
during the past few hundred years. In addition,
most of the island is rimmed by dunes. Therefore,
abundant source sediments should have been
available elsewhere, ranging from the shallow sea
including reefs to the dunes.

(2) The island is low and flat with only a small
terrestrial area. Given such a setting, tsunami waves

Table 2 Radiocarbon ages of bioclasts collected from the trench wall

Sample Beta ID Conventional radiocarbon age (years BP) Calibrated age (cal years AD (2σ)) Median (cal years AD) d13C (‰)

Layer 4 Acropora sp. 1 541257 1380 ± 30 787–1170 982 0.68

Acropora sp. 2 541258 1920 ± 30 244–632 439 1.61

Layer 2 Atactodea striata 481330 1260 ± 30 947–1281 1112 1.9

Palauastrea ramosa 481331 1170 ± 30 1028–1327 1190 − 0.5

Fig. 8 Samples for radiocarbon dating: a Acropora sp. from L4; b
Acropora sp. from L4; c Atactodea striata from L2; d Palauastrea
ramosa from L2; e SEM image of P. ramosa from L2. These samples
are composed exclusively of aragonite. Their external morphologies
exhibit a good state of preservation

Fujita et al. Progress in Earth and Planetary Science            (2020) 7:53 Page 10 of 15



are likely to have inundated from multiple
directions, as reported in the case of the 1992
Flores tsunami that struck Indonesia (Minoura et al.
1997). Based on historical records and the
distribution of tsunami boulders at Tarama Island,
Kawana (2004) reported that, during the 1771
Meiwa tsunami, the tsunami waves probably
inundated the island from multiple directions
because of wave diffraction. One can readily
imagine that similar diffraction of tsunami waves
occurred at Minna Island because the island shape
resembles that of Tarama Island. If multidirectional
inundation occurred, tsunami deposit thickness
might be exaggerated several fold because of
sediment transport from multiple directions.

(3) Minna Island has poor soil development. For that
reason, coastal vegetation is low. Therefore, it is
likely that tsunami was not attenuated during
onshore inundation. Hence, the sediment transport
capacity was maintained as high. This interpretation
is emphasized further by the fact that even meter-
long large boulders were transported at our study
site (elevation of 7 m amsl).

Together with the three reasons above related to the
specific environment of the Minna Island, grain com-
position constitutes an additional one. Since deposits
are composed mostly of calcareous bioclasts that have
lower density than silicate minerals such as quartz and
feldspar; the former can be expected to have been
transported easier than the latter. Calcareous bioclasts
also show irregular shape; hence the rate of space-
filling of the tsunami deposit can be low. These effects
can also contribute to increased total thicknesses of the
tsunami deposits at our site.

5.1.1 Age of paleotsunami at Minna Island
Regarding the older tsunami deposit (L2 plus L3), the
radiocarbon ages of the marine shell and the coral are
consistent at around 920–670 cal BP (Table 2, Fig. 9).
We used samples taken directly from L2 for dating.
Therefore, our result should be regarded as the limiting
maximum age: the actual tsunami event might be youn-
ger (but older than A.D. 1771). The samples used for
radiocarbon dating retained their original mineralogy
with no diagenetic alteration. Their surface textures
(e.g., corallites and septa of P. ramosa) were well pre-
served (Fig. 8e). Therefore, it is most likely that they
were alive immediately before the tsunami event. How-
ever, as in the case of L4, more radiocarbon results of
samples from L2 must be acquired to support accurate
estimation of the age of tsunami occurrence.
The calibrated age of the paleotsunami event esti-

mated in this study (920–670 cal BP) partly overlaps
with the age of event II (920–620 cal BP) reported by
Ando et al. (2018) and event 4 (1050–650 cal BP) re-
ported by Araoka et al. (2013) (Fig. 9). Ando et al.
(2018) and Kitamura et al. (2018a, b) studied a sandy
tsunami deposit at Ishigaki Island and inferred that
event II was an event as large as the 1771 Meiwa tsu-
nami. Therefore, one can reasonably infer that older tsu-
nami deposits at our site were formed by the same
event.
The radiocarbon ages of the two samples taken from

L4 are considerably older than those of L2. A tsunami
can transport sediments elsewhere from the reef, beach,
and sand dune during propagation. Abundant old sam-
ples of up to 4000 years old at most can be buried in the
reef sediments in the Ryukyu Islands (Yamano et al.
2001; Fujita et al. 2015). Therefore, it is likely that the
samples selected for radiocarbon dating of L4 were old

Fig. 9 Interpretation of paleotsunami histories: green lines, this study; blue lines, Ando et al. (2018); pink lines, Araoka et al. (2013); yellow lines,
Kawana and Nakata (1994). The age of L4 is not estimated by radiocarbon ages but by deposition order

Fujita et al. Progress in Earth and Planetary Science            (2020) 7:53 Page 11 of 15



reef sediments: the obtained ages were much older than
the actual tsunami age.
Based on our present limited dataset, one possible in-

terpretation is that L4 was formed by the pre-1771 tsu-
nami that might correspond to the tsunami event 2 or 3
of Araoka et al. (2013) (Fig. 9). However, it is uncertain
whether these events are comparably large when mea-
sured next to the 1771 Meiwa tsunami (e.g., Araoka
et al. 2013; Ando et al. 2018). Historical documents sug-
gest that Minna Island was inundated completely by the
1771 Meiwa tsunami (Kato 1989), suggesting that the
tsunami was very large at this island. Because the 1771
Meiwa tsunami boulder is deposited directly on L4 (Fig.
4c), one can consider that the boulder was deposited
simultaneously to the deposition of L4 plus L5. As de-
scribed above, sand-sized and gravel-sized sediments are
well known to be transported and deposited earlier than
boulders because of their size and weight differences
(Goto et al. 2012b; Yamada et al. 2014); deposition of L4
plus L5 and overlying tsunami boulders is explainable by
their similar sedimentary processes. For Minna Island,
we infer that the 1771 Meiwa tsunami transported sand
and gravel and formed a sheet-like layer on land. Subse-
quently, a large Porites boulder was transported and de-
posited on the sandy and gravelly layer by the same
tsunami. Therefore, L4 plus L5 can be interpreted strati-
graphically as being of 1771 Meiwa origin. However, to
confirm the origin of L4 plus L5, several radiocarbon
dates must be measured in future work; then the youn-
gest age which is taken can be regarded as representing
the actual tsunami age.
It is noteworthy that our study at Minna Island was

conducted at a high elevation protected by wide coral
reefs. Therefore, only large tsunamis, equivalent to the
1771 Meiwa tsunami, would be able to leave a thick sand
sheet. Our results suggest that at least two large tsu-
namis struck the Miyako Islands at possibly A.D. 1771
and during A.D. 1000–1300, although we cannot fully
exclude the possibility that the upper tsunami deposit
(L4 plus L5) was formed by a different tsunami that
transported the 1771 tsunami boulders: one more large
tsunami struck the area in the intervening period. In ei-
ther case, considering our results along with those of
earlier studies (Kawana and Nakata 1994; Omoto 2012;
Araoka et al. 2013; Hisamatsu et al. 2014; Ando et al.
2018; Kitamura et al. 2018a, b), we conclude that large
tsunamis repeatedly struck both the Miyako and
Yaeyama Islands. Consequently, the hypothesis that the
1771 Meiwa tsunami was the only extraordinary event of
the past (Nakaza et al. 2013) is less likely.
Results reported by Ando et al. (2018) and those ob-

tained from the present study indicate that an interval of
a tsunami event that is sufficiently powerful to lead to
sandy tsunami deposit formation far inland is about 600

years. In contrast, Araoka et al. (2013) reported that the
recurrence interval of a tsunami event that is sufficiently
powerful to transport meter-scale boulders on the coast
of the Miyako and Yaeyama Islands is about 150–400
years, which is far shorter than the interval estimated
from sandy tsunami deposits. This discrepancy is prob-
ably explained by the fact that smaller tsunami boulders
(1–2 m diameter) can be deposited even by small tsu-
namis (Araoka et al. 2013), although no possible source
of small tsunami event able to transport 1–2 m–sized
boulders has been discussed so far in this area. Large
tsunamis forming thick sandy tsunami deposits far in-
land at high elevations rarely occur, which in turn sug-
gests that the combined paleotsunami histories
estimated from studies of boulders and sandy tsunami
deposits will elucidate separate recurrence intervals of
tsunami events of different sizes.
Several source models for the 1771 Meiwa tsunami

have been proposed: intraplate earthquake plus submar-
ine landslide (Imamura et al. 2008; Miyazawa et al.
2012), tsunami earthquake along the Ryukyu Trench
(Nakamura 2009), and large slope failure near the trench
axis (Okamura et al. 2018). Although our study is not
conclusive on this issue, results suggest that either
model can explain the repeated generation of both small
and large tsunamis. Further careful paleotsunami re-
search must be conducted with numerical modeling to
constrain these tsunami source models.

5.1.2 Tsunami as a geomorphic agent of small reef island
Large tsunami waves can drastically change the coastal
topography of small islands with circumjacent reefs
(Kench and Brander 2006; Kench et al. 2008; Paris et al.
2009). As the GPR profile of our site shows (Fig. 3b), no
strong reflector exists from the ground surface (approxi-
mately 7 m amsl elevation) to 0 m amsl at our trench site
except for a strong reflector at 50 cm depth, which cor-
responds to the base of L4. This result implies that the
basement Ryukyu Group might be located below eleva-
tion of 0 m amsl and that sediments of about 7 m thick-
ness from the ground surface are probably composed of
sand. Indeed, Yazaki (1977) pointed out that the dune
sand thickness at Minna Island is at least 7 m.
The coral reefs at Minna Island were probably consti-

tuted in their present form around 5000 years ago
(Omoto 2004). Here, we assume that sufficient sedi-
ments exist at the source region among tsunami events.
This assumption is probably valid because approximately
250 years have passed since the 1771 tsunami and be-
cause the present sediment production in the source re-
gion at the beach and the reefs is very high at this
island. Therefore, a-few-hundred-year tsunami interval is
sufficiently long for the accumulation of thick sediments
in the source region. If one assumes that large tsunamis
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struck repeatedly during this period with a 600-year
interval, then eight or more tsunamis might have inun-
dated Minna Island during the last 5000 years. If each
tsunami formed sediments with 40–50 cm thickness,
then the sediments would reach 3.2–4.0 m thickness. Al-
though many other processes such as tsunami erosion,
crustal movement, relative sea level change, dune forma-
tion, blown sand, and pedogenic processes should also
be considered, we infer that tsunami waves can be an
important geomorphic agent for the formation of reef-
surrounded small islands such as Minna Island in this
region, where tsunamis frequently exert their effects in
short intervals.

6 Conclusions
We discovered two sandy tsunami deposits on Minna Is-
land. The younger tsunami deposit is likely to have been
formed by the 1771 Meiwa tsunami, whereas the older
one was probably formed by a tsunami at around 920–
670 cal BP. However, several more samples must be
dated to provide more accurate tsunami age assessment.
Our results indicate that at least two tsunamis (the 1771
Meiwa tsunami and an older one comparable to the
1771 event) are likely to have hit not only the Yaeyama
Islands but also the Miyako Islands during the last 1000
years. This finding presents important implications elu-
cidating the paleotsunami history of the Miyako and
Yaeyama Islands, whether large tsunamis occurred peri-
odically or not. Indeed, this region shows high risk of
low-frequent but powerful tsunami events.
It is also likely that the tsunami waves repeatedly

transported and deposited thick sands on land. In fact,
these sedimentation events might have contributed to
the geomorphological development of Minna Island in
the late Quaternary. Therefore, we infer that tsunami
waves can be one important agent forming and modify-
ing the geomorphology of small reef-encircled islands.
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