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Abstract
 

The quantification of the seismic past of regions during non-instrumental period is important for seismic design
 

and disaster mitigation.The utilization of damage to speleothems of caves as one of tools of paleo-seismology has
 

been recently receiving a particular attention.However,there is no such a study in Japan so far.This study is first
 

attempt by the authors to study on the possibility of the utilization of damage to speleothems of caves for quantifying
 

past earthquakes. The authors investigated the cave of Ishigaki Island and Nakabari cave of Miyako Island in
 

relation to the 1771 Meiwa earthquake,which was estimated to had occurred on a fault between Ishigaki and Miyako
 

Islands.The traces of the damage to speleothems were found in the caves.Some of traces observed can be directly
 

associated with the 1771 event while the rest may indicate much earlier large seismic events.There is no doubt that
 

the utilization of damage to speleothems of caves is an important tool for the quantification of the seismic past.

However,one must pay great attentions on the other possible causes of damage due to non-seismic origin.Since
 

similar damage to speleothems could exist in caves in other seismically active parts of Japan,the authors have been
 

considering to extend this study to caves in such areas.

1. INTRODUCTION

 
The paleo-seismology is a new branch in the fields of

 
seismology and tectonics to understand and to quantify

 
seismic events in the past. It is pointed out by Forti

(1998)and Gilli(1999)that cave deposits(speleothems)

can undergo various types of damage during earth-

quakes and offer significant advantages for recovering
 

long histories of earthquakes.A modern-day example
 

was provided by a 1996 M5.2 earthquake in France that
 

caused the collapse of thin stalactites in a cave 10 km
 

from the epicenter (Gilli et al., 1999). Therefore, the
 

investigation of damage to speleothems has been recent-

ly receiving some attention as a new tool in the field of
 

paleo-seismology.

The authors did investigations in two Ryukyu lime-

stone caves in Ishigaki and Miyako Islands during

 

December 2006 and February 2007,respectively.Obser-

vations on some of damaged stalactites and stalagmites
 

in these caves were particularly of great interest in
 

regard with the some large damaging earthquakes in the
 

close vicinity of Ishigaki and Miyako Islands. It is
 

known that there was a great earthquake with an esti-

mated magnitude of 7.4 between Ishigaki and Miyako
 

Islands in 1771 (Nakamura,2006).Although there are
 

traces of some earlier damage to speleothems in the
 

caves, the observations on recent damage to speleoth-

ems in the caves are discussed in relation to the great
 

earthquake of 1771.In addition,some environmental and
 

geological measurements were carried out in the caves
 

during investigations.

2. GEOGRAPHY

 
Ishigaki and Miyako Islands belong to the Ryukyu

 
Islands. Ishigaki Island is located on between 124°5′E
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and 124°20′E,24°19′N and 24°37′N. It is about 1950 km
 

far from Tokyo,about 410 km far from Naha,about 280
 

km far from Taiwan. Circumference of the island is
 

about 160 km,and its dimension is about 230 km .Ishiga-

ki Island belongs to subtropics climate and it has a
 

warm climate around the year.Its average temperature
 

is around 25°C, highest temperature is around 32°C in
 

August and lowest is around 12°C in January. The
 

highest mountain is “Omotodake”with an altitude of
 

526 m in Okinawa Prefecture. After Okinawa and
 

Iriomote,Ishigaki is the third largest island in Okinawa
 

Prefecture.

Miyako Island is about 300 kilometers to the south-

west of the Main Okinawa Island.This island is a flat
 

island like a low plateau, which consists of elevated
 

coral reefs.The highest elevation of the island is 113m

 

above the sea level.Miyakojima is a small island with
 

an area of 159 km .There are seven islets around the
 

island. Two of them, Ikema and Kurima Islets, are
 

connected with a long bridge.The climate is characteris-

tically subtropical with a high annual average tempera-

ture of 23°C and high humidity of 79 per cent.The annual
 

precipitation is high,approximately 2,200 mm.Much of
 

the arable land is sugarcane field.

3. GENERAL GEOLOGY AND TECTONICS

 
Ryukyu Islands are situated on Ryukyu arc between

 
Kyushu Island and Taiwan(Figure 1).The main islands

 
are Amami-Oshima, Okinawa, Miyako, Ishigaki,

Iriomote and Yonaguni from north to south.Ryukyu arc
 

is considered to be a convergent plate margin where the
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Figure 1: Tectonic features of Ryukyu Islands and their close vicinity(modified after Kizaki,1986)



Philippine Sea plate is subducting beneath the Eurasian
 

plate (Kizaki,1986). The arc is a rifting fragment of
 

continental crust and it is roughly oriented NE-SW and
 

the convergence rate between the Philippine sea plate
 

and the Eurasia plate varies from 5 to 7 cm/year.

Tectonic evolution since the Neogene is divided into
 

three stages.Stage 1(late Miocene)is pre-rift sedimen-

tation.Stage 2 (Early Pleistocene)is the initial back-

arc rifting.Stage 3 (Holocene)is the back-arc rifting
 

still in progress. The age of the basement is pre-Cen-

ozoic and the basement rocks consist of chert and
 

schists.Cenozoic sandstone,shale and limestone overlay
 

the basement rocks.These rock units are followed by
 

Pliocenic Shimajiri formation and all formations are

 

covered with Quaternary Ryukyu limestone and
 

Holocene deposits.

The formation of Ryukyu arc started in Miocene by
 

rifting a detached block from Euro-asian plate. This
 

motion is said to be almost southward. While the
 

Philippine Sea plate subducts beneath the rifting Ryu-

kyu arc,the arc is bent between Taiwan and Kyushu-

Palau ridge by rotation and rifting and it is fragmented
 

into several blocks as seen in Figure 1.The geological
 

investigations indicated that while the southern half of
 

the arc rotates clock-wise,its northern part rotates anti

-clock-wise(Kisaki 1986;Fabbri& Fournier,1999).As
 

a result of rifting, rotations and bending of the arc,

normal faults,dextral and sinistral faults with or with-
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Figure 2: Geology of Ishigaki Island (modified after Kizaki,1985)
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out downward or upward components developed since
 

Miocene.The normal faults are only found at the upper

-most part of the crust. The faults can be broadly
 

classified according to their strike as NW-SE and NE-

SW faults.

4. GEOLOGICAL OBSERVATIONS

 
The Ishigaki Island has rivers flowing either NW-SE

 
or NE-SW direction and following lineaments.Ryukyu

 
limestone exists along the shores of the island and at

 
lower altitudes and this limestone unit has many carstic

 
caves(Figure 2).A volcanic range runs nearby and even

 
a submarine volcano is located in north of the island.

Pre-Tertiary basement rocks are Triassic high-pres-

sure metamorphic schists and Jurassic epimetamorphic
 

sedimentary rocks.Tertiary rocks involve Eocene lime-

stone(Miyara formation)and volcanic tuffs and brec-

cias(Nokoso formation).Omoto Mountain mainly con-

sists of Oligo-Miocene granite(geologically grano-dior-

ite).Quaternary deposits are Pleistocene Ryukyu lime-

stone and Holocene alluvium and sand dunes.The faults
 

can be broadly classified according to their strike as
 

NW-SE and NE-SW faults.NE-SW faults have gener-

ally the dextral sense of deformation while the NW-SE
 

faults have the sinistral sense of deformation.

Miyako Island is covered by porous Ryukyu limestone
 

and the Shimajiri formation is overlain by Ryukyu lime-

stone in a discordant manner(Figure 3).The thickness
 

of Ryukyu limestone layer ranges between 10 to 70m.

The outcrops of Shimajiri group are seen on the eastern
 

side of the island and bedding planes are dipping
 

towards south with an inclination ranging between 5°to
 

15°.There are two underground dams and the direction
 

of the flow in these dams are southward, which is in
 

accordance with the orientation of Shimajiri group.

There are NW-SE and E-W trending faults.The NW-

SE faults are quite continuous.These fault dips either

 

Figure 3: Geology of Miyako Island (modified after Kizaki,1985)
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Figure 4: Possible locations of earthquake and tsunami source areas and wave height.Capital letters A,

B and C corresponds to areas of tsunami sources in earlier studies and F is the new tsunami
 

source fault (from Nakamura,2006)

(a)Ishigaki Island

(b)Miyako Island (Higashi or Agari Hennazaki)

Figure 5: Views of boulders thrown onto land by the 1771 earthquake tsunami
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NE or SW and they have a characteristics of normal

 
fault with slight dextral or sinistral component. Since

 
Ryukyu limestone is prone to solution by atmospheric or

 
seawater, the fault  striation traces are mainly

 
disappeared. Nevertheless, the authors were able to

 
measure the striations at several locations from south to

 
north in Miyako Island.

5. 1771 MEIWA (YAEYAMA)

EARTHQUAKE & TSUNAMI

 
The summary of the 1771 Meiwa (Yaeyama)earth-

quake and tsunami given in this section is based on
 

findings of Ryukyu University (Nakamura, 2006). An

 

earthquake with a magnitude of 7.4 occurred near the
 

Yaeyama Islands in the southern Ryukyu Islands on
 

April 24, 1771.After that, a tsunami struck the coast,

producing seawater runup over 30 m, and the wave
 

height rising was over 5 m in many areas in the
 

Yaeyama Islands(Yaeyama Tsunami).A total of about
 

12,000 people were killed by this tsunami.The highest
 

run-up values of over 30 m occurred at southeastern
 

coast in Ishigaki Island (Figure 4). The run-up esti-

mates were based on old literatures and the location of
 

tsunami-boulders.

The tsunami-boulders are those washed up onto the
 

land by tsunamis. The maximum diameter of the tsu-

nami boulders is about 10m across(Figure 5).From the

 

Figure 6: Sea bed-topography and the newly found fault scarp between Ishigaki Island and Tarama
 

Island (from Nakamura,2006)
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carbon-14 dating of coral skeletons attached to the
 

tsunami boulders,it was estimated that large tsunamis
 

would have occurred with a recurrence interval of
 

hundreds of years in the Yaeyama Islands.

The authors have observed several large boulders
 

with a size of 4×4×5 m on the Higashihennasaki

(Agarihennasaki)peninsula.Since the west side of the
 

peninsula is subjected to toe erosion, which results in

 

overhanging layers, it is most likely that these blocks
 

overthrown on the flat land by high sea waves. It is
 

mostly likely that the boulders observed on this penin-

sula should be due to the 1771 earthquake tsunami.

Numerous simulations have been conducted for this
 

tsunami,and the source models employed can be broadly
 

classified into (1)seismological fault models (Nakata
 

and Kawana, 1995), (2) submarine landslide models

(a)

(b)

Figure 7: Inundation locations,tsunami propagation direction and comparison of inundation heights.
(a)Computed maximum tsunami heights;(b)Comparison of computed tsunami run-up with

 
observations along lines A-A’,B-B’,C-C’and D-D’(from Nakamura,2006)
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(Hiyoshi et al., 1986), and (3) fault-and-landslide
 

models(Hiraishi et al.,2001;Imamura et al.,2001)(see
 

Figure 4 for possible locations). In the seismological
 

fault model,the fault is set to the southeast of Ishigaki
 

Island,and an earthquake magnitude of M 8 is assumed.

The submarine landslide model assumes the occurrence
 

of a landslide to the south of Ishigaki Island.The fault

-and-landslide model,on the other hand,describes both
 

a seismological fault and a submarine landslide in the
 

southern slope off Ishigaki Island. Thus, these models

(denoted A,B,C in Figure 4)assumed that the tsunami
 

source area was located at the south of the Ishigaki
 

Island. However, old literatures showed that the tsu-

nami arrived from the east.All previous models cannot
 

describe this observation. The exploration of sea-bed
 

between Ishigaki and Miyako Islands showed that there
 

is a very well-defined fault scarp between Ishigaki and
 

Tarama Islands (denoted F in Figure 4).The vertical
 

throw was about 10m (Figure 6).

Thus, Nakamura (2006) recently proposed a new
 

model by assuming that the tsunami source was located
 

to the east off Ishigaki Island. In this case, computed
 

arrival direction and run-up heights of the tsunami are
 

said to be consistent with those observed (Figure 7).

6. OBSERVATIONS IN ISHIGAKI AND
 

MIYAKO CAVES AND THEIR
 

IMPLICATIONS
 

6.1 Ishigaki cave(Ryugujyo limestone cave)

This cave is close to the city of Ishigaki,on the way

 

to Banna observatory(Figure 8).Although it was called
 

Ryugujo previously, it is now renamed as the Ishigaki
 

Island Cave and it is the largest of the caves on Ishigaki
 

Island; Only 400 meter of the 3200 meter long cave
 

system are open to the public(Figure 9).It is said that
 

the Ishigaki Island cave started to build up about one
 

million years ago due to tectonism associated with
 

Ryukyu Arc.The rock formation is called Ryukyu lime-

stone,which results from the deposition of corals.There
 

is another cave called Ibaruma-Sabichi Cave,which is
 

located near Ibaruma community,northeast of Ishigaki
 

Island. The length of this cave is about 324 m, the
 

stalactite hangs down from the ceiling in the cave and
 

this cave is formed along a contact between Ryukyu
 

limestone and pre-tertiary formations.

The authors investigated Ishigaki Island cave in
 

December 2006.Figure 9 shows the layout of the cave.

The strike of the cave is NW-SE and the measured
 

orientation of the fault is 56/65-70.The strike of the
 

cave is similar to that of the fault caused the 1771
 

earthquake. During the investigation, the temperature
 

and humidity of the cave were simultaneously measured
 

with a time interval of 1 minute.The lowest tempera-

ture of the cave was 22°C and the relative humidity was
 

99% (Figure 10).Temperature decreases as the depth
 

increases.The ventilation of the cave was natural.

The authors found some recently open-up cracks in
 

Ryukyu limestone formation.These open cracks passed
 

through stalactites and stalagmites. As a result, the
 

stalactites and stalagmites are broken, damaged or
 

toppled as seen in Figure 11.With new growth of stalac-

Figure 8: Entrance of Ishigaki cave(Ryugujyo limestone cave)
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tites and stalagmites, these cracks tend to be healed.

The crack opening was 30 mm with a 90 mm horizontal
 

offset. The direction of movement was S28W. The
 

amount of growth of stalactite was about 30 mm,which
 

almost healed the open crack.According to the official
 

information for this cave, the average growth rate of
 

stalactites and stalagmites is 10-14 mm per 100 years.

Therefore, the authors consider that the cracks obser-

ved in the stalactites and stalagmites of Ishigaki Island
 

Cave can be directly associated with 1771 earthquake in

 

view of dimensions of cracks and their growth rate.

The width and height of the cave varies from place to
 

place.The widest location is near the entrance of the
 

cave.The cave width and height is more than 10m at
 

this particular location. Another rock fall location is
 

next to the largest span location.In both locations fallen
 

rock blocks were noticed(Figure 12).At other locations
 

the width of the cave varies between 2 m and 5 m

(Figure 13).

Figure 9: Layout of Ishigaki Island cave(modified from official web site)

Figure 10: Temperature and humidity variations in the cave.
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Figure 11: Views of the cave and broken or toppled stalactites and stalagmites

 

Figure 12: Views of roof falls in the cave and stalagmite growth (near entrance)
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6.2 Miyako-Nakabari Cave
 

There are several caves in Miyako Island. Most of
 

caves are found along the sea shore and it is difficult to
 

access. Nakabari cave is nearby Sunagawa Under-

ground Dam between Routes 390 and 235 in the southern
 

part of the island.The cave is privately owned and it is
 

open to public with some entrance fee.The length of the
 

cave is about 265 m with an average width of 8 m

(Figure 14).Maximum span and height is 26 m and 12
 

m, respectively. The largest stalactite is 470 cm long
 

with a 363 cm perimeter.The strike of the cave has a
 

trend of NW-SE,which is close to that of major faults
 

nearby. There are also some small-scale secondary
 

faults.At such locations the cave has a larger span with
 

large block falls or stalactites.

Many fractured or fallen Speleothems were observed
 

in the cave(Figure 15)and they are more brownish and
 

contain clayey material. The growth rate of speleoth-

ems seems to be slower than that observed in Ishigaki
 

Cave.Therefore,the healing of cracks is much slower.

There are 10-15 mm long stalagmites growths over the
 

fallen stalactites.These fallen stalactites were covered

 

by reddish clayey material.The part of the cave without
 

lights has numerous broken and fallen stalactites.There
 

are very large scale fallen stalactites, which may be
 

caused by much larger-scale earthquakes in the past.On
 

these fallen stalactites, about 120-160 mm high stalag-

mites have been grown.The 20-30 mm top part of these
 

stalagmites is more whitish and newly deposited,which
 

may be associated with the 1771 earthquake(Figure 16).

During the investigation of the cave,the temperature
 

and humidity on the ground surface and temperature,

humidity and air pressure of the cave were simultane-

ously measured with a time interval of 15 seconds.While
 

the tempertaure of ground surface fluctuates between 18
 

and 21°C,the temperature in the cave was much higher
 

as the authors went deeper into the cave (Figure 17).

The highest temperature was about 30°C at the location
 

numbered 2 in Figure 14.The relative humidity was 99%

(Figure 18). The ventilation of the cave was natural
 

without a ventilation shaft for air circulation and the air
 

pressure inreased as we went deeper.(Figure 19).

Figure 13. A view of arched roof of the cave(return way)

Figure 14. Longitudinal section of Nakabari cave(modified from by Ehime University Caving Club
(http://www.nakabari8.com))
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Figure 15: Views of the cave and broken or toppled stalactites and stalagmites

 

Figure 16: Stalagmite growth over fallen stalactites
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Figure 17: Temperature variations in the cave and ground surface.

Figure 18: Humidity variations in the cave and ground surface.

Figure 19: Temperature and air pressure variations in the cave.
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7. SOME CONSIDERATIONS OF EARTH
 

QUAKES ON SPELEOTHEMS AND
 

THEIR PROPERTIES
 

Speleothemes are generally made of calcite. There-

fore,their physical and mechanical are expected to be
 

similar to those of calcite. However, their structure
 

would be different because of their growth pattern as
 

well as impurities. As a result, their physical and
 

mechanical properties such as deformability, strength,

unit weight,elastic wave velocity would be smaller than
 

those of calcite itself. Furthermore, the adhesion
 

strength between the speleothems and surrounding
 

medium may be much less than that of speleothems.The
 

caves of Ishigaki and Nakabari are located in Ryukyu
 

limestone.Ryukyu limestone and its properties are well
 

studied by Tokashiki and Aydan(2003).Some of experi-

mental results are summarized in Table 1. Although
 

Ryukyu limestone is quite porous it may be classified as
 

medium strength rock and it is less prone to water
 

content variations.

Ground shaking and/or permanent ground movements
 

during earthquakes may induce damage to speleothems.

Stalactites are much more slender than stalagmites.

Furthermore, the axial stress acting on stalactites
 

would be tensile while it would be compressive for
 

stalagmites under static conditions. However, it may
 

become compressive when stalactites and stalagmites
 

grow to constitute single columns.

If the earthquake does not affect the overall stability
 

of caves, the stalactites are more prone to damage by
 

the earthquake shaking compared with stalagmites.

Figure 20 shows a simple computation for assessing the
 

stability of speleothems by using seismic coefficient
 

approach. Horizontal seismic coefficient is defined as

 

Figure 20: Limiting seismic coefficient for breakage of speleothems
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Table 1. Properties of Ryukyu Limestone blocks

ρ
(kN/m)

V
(km/s)

E
(GPa)

υ σ
(MPa)

σ
(MPa)

19.6-23.4  4.5-6.3  8.1-27.8  0.15-0.3  20.0-33.9  2-3



 

the ratio of horizontal acceleration to gravitational
 

acceleration.Speleothems are considered to be cylindri-

cal cantilever beams.It should be noted that if crack is
 

initiated during shaking, it would end in the fall of
 

stalactites (see discussion by Aydan and Kawamoto,

1992).Therefore,the crack initiation will directly corre-

spond to the maximum acceleration acting on a stalac-

tite.

Depending upon the frequency characteristics of
 

earthquake waves, some speleothemes may be more
 

prone to heavier shaking.Table 2 summarizes the natu-

ral frequency characteristics of speleothemes. Depend-

ing upon the damping characteristics of speleothemes,

the amplification of ground acceleration would occur.

For velocity proportional damping of 10%,the amplifi-

cation of ground acceleration would be limited to a
 

range between 4 to 6.

8. DISCUSSION AND CONCLUSIONS

 
The Ishigaki cave is about 36 km from the epicenter

 
of the earthquake and it is on the hanging wall of the

 

Table 2. Natural frequency characteristics of speleothems
 

Vibration mode  Natural Frequency
 

Longitudinal  f＝n 
1
2L 
V ,n＝1,2,3,

Transverse  f＝n 
1
2L 
V ,n＝1,2,3

 

Cantilever beam  f＝n 
1.875
2π

EI
mL

,first mode

 

Built-in beam  f＝n
π
2

EI
mL

,first mode
 

L: length; V : Longitudinal wave velocity; V : Transverse wave velocity; E: Elastic
 

modulus;m:mass;I:inertia moment of area.

Figure 21: Estimated maximum ground accelerations for the 1771 earthquake
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causative fault.As for the Nakabari cave,the epicentral

 
distance is about 95 km and it is on the footwall.The

 
contours of maximum ground accelerations are inferred

 
from an empirical formula proposed by Aydan and Ohta

(2006)are shown in Figure 21.Therefore,the expected
 

level of damage to speleothems in the Ishigaki cave
 

resulting from ground shaking should had been greater
 

than that in the Nakabari cave.The comparison of the
 

damage level to speleothems in both caves indicate that
 

the estimations are in accordance with observations.

However,it should be noted that there are some traces
 

of permanent ground deformations in the both caves.

The net permanent ground deformation in the Ishigaki
 

cave is about 100mm while it is less than 20 mm in the
 

Nakabari cave.

The authors consider that the recently occurred
 

cracks in the stalactites and stalagmites of the Ishigaki
 

Island Cave and the Nakabari cave in Miyako Island
 

should be directly associated with 1771 earthquake in
 

view of dimensions of cracks and their growth rate.

Furthermore,the strikes of the faults of the both caves
 

are aligned with the causative fault of the 1771 earth-

quake.

This study is probably the first of its kind in Japan to
 

associate the damage to speleothems in the caves of
 

Ryukyu Islands. We also expect that similar damage
 

could exist in caves in other seismically active parts of
 

Japan.The authors have been now considering to extend
 

this study to the caves in such regions.
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要 旨

耐震設計および防災対策上，地域の過去における（特に非計測期）地震活動の定量化は重要である．近年考古地震学に

おいて利用されている手法の中で鍾乳洞における石筍やツララ石の損傷を基にする手法が着目をされるようになってきて

いる．現段階で，日本でこのような手法を用いて行った研究例は見当たらない．本研究では，鍾乳洞の石筍やツララ石の

損傷を基にする手法を用いて，日本で過去の地震活動を定量化するための初めての試みである．著者らは1771年に石垣島

と宮古島の間の海域で発生したと予想されている明和地震との関連で石垣島鍾乳洞と宮古島の中原鍾乳洞を調査した．両

鍾乳洞の調査では石筍やツララ石が損傷を受けていることが明確になった．その損傷の一部は，直接1771年の地震と関連

し，それと別な損傷は過去に発生した大地震によるものと判断された．日本における石筍やツララ石の損傷を基にする手

法は有効的な手法であることは間違いないが，地震以外に発生し得る損傷要因についても十分な配慮が必要である．地震

活動が他の日本の活発な地域でも同様な現象は存在し得るので，著者らは本研究をそれらの地域にも発展させることを考

えている．
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Some Damage Observations in Ryukyu Limestone Caves of Ishigaki and
 

Miyako Islands and Their Possible Relations to the 1771 Meiwa Earthquake


