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Abstract

A sediment layer (43 cm thick) and surface sediments (5 cm thick) in a
submarine limestone cave (31 m water depth) on the fore-reef slope of Ie Island, off
Okinawa mainland, Japan, were examined by visual, mineralogical and
geochemical means. Oxygen isotope analysis was performed on the cavernicolous
micro-bivalve Carditella iejimensis from both cored sediments and surface
sediments, and the water temperature within the cave was recorded for nearly one
year. These data show that: (1) Water temperature within the cave is equal to that at
30 m deep in the open sea; (2) the biotic and non-biotic environments within the
cave have persisted for the past 2,000 years; (3) mud-size carbonate detritus is a
major constituent of the submarine-cave deposit, and may have come mainly from
the suspended carbonate mud produced on the emergent Holocene reef flat over the
past two millennia; (4) the 8'®O-derived temperature (75180) of C. iejimensis
suggests that the species grows between April and July; (5) the 75180 of C.
iejimensis from cored sediments implies that there were two warmer intervals, at
AD 340=*40 and AD 100040, which correspond to the Roman Warm Period and
Medieval Warm Period, respectively. These suggest that submarine-cave sediments
provide unique information for Holocene reef development. In addition, oxygen
isotope records of cavernicolous C. iejimensis are a useful tool to reconstruct

century-scale climatic variability for the Okinawa Islands during the Holocene.

Key words: submarine-cave sediments; Okinawa Islands; late Holocene;

Palaeoclimatology; micro-bivalve

1. Introduction

In recent years there has been an increased attention of late Holocene climate

changes, including the Medieval Warm Period (800-1300 AD) and the Little Ice Age
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(1400-1900 AD), because they have significantly influenced human activities and the
geographic distribution of many organisms (e.g., DeMenocal, 2001; Mayewski et al.,
2004). In tropical and subtropical seas, hermatypic corals with annual growth bands
have proved to be excellent archives for the paleoclimate and environment (e.g., Druftel,
1982, Dunbar et al., 1994; Linsley et al., 1994, 2000; Abram et al., 2001). As a result,
several regions have climate records covering the past 400 yr (Gagan et al., 2000;
Hendy et al., 2002).

Sheltered submarine caves near coral reefs are among the most valuable sites for
studying cryptic and deep-sea organisms, and a number of workers have examined their
evolutionary significance (Jackson et al., 1971; Jackson and Winston, 1982; Kobluk,
1988, Kase and Hayami, 1992; Reitner and Gautret, 1996; Worheide, 1998; Kano et al.,
2002). Recently, the oxygen isotopic composition of coralline sponges and serpulid
tubes within submarine caves has been studied as a proxy for palaeotemperature (Béhm
et al., 2000; Antonioli et al., 2001, Haase-Schramm et al., 2003). Although
submarine-cave sediments have been reported from many caves (Hayami and Kase,
1993; Vacelet et al., 1994), there is no published study of cave sediments, except for
infralittoral caves (Di Geronimo et al., 1997). Submarine-cave sediments may constitute
a continuous depositional record, because they are largely sheltered from the physical
mixing and erosion from fluid motion that occurs in the open sea. Therefore, these
deposits may provide a Holocene record of the environmental variations around coral
reefs. Furthermore, the oxygen isotopic composition of cavernicolous bivalves
preserved in the cave deposits may have the potential to reconstruct paleoclimate trends.

The main goals in this study are to: (1) describe the lithological features of sediments

in a submarine cave on the slope of a fringing coral reef northeast of Ie Island, off
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Okinawa Island, Japan, (2) document the stratigraphic distribution of cavernicolous
bivalves in the cored sediments, and (3) evaluate the potential of oxygen isotope

analysis of the cavernicolous bivalve Carditella iejimensis as a tool for reconstructing

the late Holocene paleoclimate.

2. Submarine cave on Ie Island

The northward-flowing, tropical Kuroshio Current allows coral reef formation in
the Ryukyu Islands of southwestern Japan (Fig. 1), where a large number of
submarine limestone caves exist (Hayami and Kase, 1993). We examined sediment
samples from a submarine cave named Daidokutsu (“large cave”) on the
northeastern coast of Ie Island (Fig. 1). The island is approximately 23 km? in area
and covered by the Quaternary Ryukyu Limestone, with a fringing reef close to the
Pleistocene limestone sea cliffs, which have been undercut at mean high-water level.
The surface of the fringing reef is mostly flat and exposed at ebb tide (mean tidal
range is 1.8 m). MacNeil (1950) inferred that the reef flat at Ie Island has been
planed down from a reef that in comparatively recent times was at least 1.8 m
higher. The sea level at Okinawa Island between 3,500 and 1,700 yr BP was stable
and also was the highest of the Holocene (Koba et al., 1982), at less than one meter
above the present sea level. This would have been caused by erosion and solution of
the original reef after a subsequent fall of sea level after ca. 1,700 yr BP. The
lowering of sea level is due to uplift with the rate of 0.7 mm per year (Koba et al ,
1982).

The reef crest is about 200 m from the shoreline, and 100 m from Daidokutsu
cave. The cave’s entrance lies about 20 m deep on the fore-reef slope, and is one
meter high and two meters wide (Fig. 2). The cave deepens abruptly inward and

there are flat, wide caverns in its middle and innermost parts (Tabuki and Hanai,
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1999); the maximum depth of the cave is 31 m. Traces of biogenic activity are not
evident in the cave’s bottom sediments. Based on the sea-level curve of Fairbanks
(1989), Bard et al. (1996) and Toscano and Macintyre (2003), the cave was
submerged at ca 9,000 yr BP, and even the entrance might have been completely

submerged at about 8,000 yr BP.

3. Methods

3.1. Fieldwork

We measured water temperature hourly in the innermost part of Daidokutsu cave,
with a Nichiyu Giken Kogyo NWT-SN self-registering thermometer, from 26 July
2003 to 6 July 2004. Cave sediment was collected by hand with a coring tube 5 cm
in diameter, and a 43-cm core was recovered without reaching basement (Fig. 2). In
addition, we collected surface sediments (5 cm thick) near the coring site in order to

obtain abundant individuals of the cavernicolous bivalve Carditella iejimensis.

3.2. Sediment analysis

The sediment core was split and described, and X-ray radiographs were taken of
slab samples (6 cm wide X 20 cm long X 1 c¢m thick) from the split core. Thirty-six
1.2-cm-thick samples were taken along the core to measure grain size, carbonate
content and grain composition. Grain sizes were determined using standard sieves
(class interval 1¢). The carbonate content of both sand-size (1 g) and mud-size (200

mg) particles were determined by gentle removal in 10% acetic acid. To analyze
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grain compositions of sand- and mud-size particles, we prepared two smear slides
from one samples. Sand-size particles were examined on the smear slide by
point-counting (200 counts per slide). For disarticulated shells of bivalve and
ostracods, a separate valve was counted as one individual. We used the Comparison
Chart for Visual Percentage Estimation of Terry and Chilingar (1955) for a
semi-quantitative visual assessment of mud-size components, except for coccoliths,
with the percentages corrected to compensate for the degree of grain dispersal on
the smear slides. Since the coccoliths are very small and masked by the coarser
grains, their evaluation is difficult using a semi-quantitative visual assessment. In
this study, we examined whether or not the sediment samples yielded coccoliths.
We analyzed thirteen samples for major minerals. Their mineral composition was
analyzed by powder X-ray diffractometry (XRD) using a Rigaku RINT2500V and
JDX3536.

Oxygen and carbon isotope analyses were performed on nine samples of
mud-size carbonate, since grain-size analysis showed that mud-size grains
predominant in the submarine-cave deposits (see below). Powdered samples were
analyzed on a Finnigan MAT 251 mass spectrometer at Hokkaido University, Japan.
Isotopic values are expressed relative to the isotopic ratio of carbon dioxide gas
derived from the Pee Dee Belemnite (PDB) in conventional delta notation using the
NBS-20 standard. Analytical precision for 8'°0 and 8"°C values is 0.08%o and

0.05%o, respectively, based on multiple analysis of a laboratory standard.

3.3. Analysis of micro-bivalves
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All micro-bivalves were picked and counted from the >0.5 mm fraction of
thirty-six 1.2-cm-thick samples. Taxonomic identifications are based on Hayami
and Kase (1993). For disarticulated shells, a separate valve was counted as one
individual. Based on sediment density (here set to 1.25 g/cm’ of grain density for
all samples) and sedimentation rate, the accumulation rate of the dominant species

. . 2
is expressed as the number of specimens per cm®/yr.

3.4. Analysis of palaeotemperature

As noted below, the micro-bivalvia Carditella iejimensis is suitable for
reconstructing palaeotemperature using oxygen isotope analysis. There are no
published studies of the oxygen isotope composition of C. iejimensis, so we
analyzed 30 individuals (articulated and single valves) from surface sediments (5
cm thick). The delicate prodissoconch of all individuals is present, although they
lack soft parts. In addition, we recovered 13 individuals of C. iejimensis from the
core.

Oxygen isotope data from bivalve mollusc shells are wvalid for climate
reconstruction, because they reflect both surface temperature and the 8'*0 of
ambient water. Therefore many workers have analyzed a number of shallow-water
species (e.g., Chinzei, et al., 1987; Schone et al., 2003, 2004, 2005; Mueller-Lupp
et al., 2004; Watanabe et al., 2004; Jones et al., 2005). These studies estimated
seasonal temperature variation from intra-annual oxygen isotope values. Such high
temporal resolution requires bivalve specimens that are several centimeters in size.

In contrast, the adult shell size of C. iejimensis is less than 4 mm, so that we used
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the whole shell for oxygen isotope analysis. X-ray diffraction analyses show that C.
iejimensis consists of 100% aragonite. Samples were not pretreated by roasting.
Isotopic determinations were made at CEA/CNRS, France, and Hokkaido
University. Isotopic values are expressed relative to the isotopic ratio of carbon
dioxide gas derived from the PDB in a conventional delta notation using the

NBS-20 standard, with precision better than 0.05%e.

3.5. Radiocarbon dating

The radiocarbon ages of eight well-preserved mollusc shells were conducted by Beta
Analytic Inc., using accelerator mass spectrometry. Three samples were mixtures of
several species, in order to provide enough volume for dating (Table 1). In addition, the
radiocarbon ages of three carbonate-mud samples containing dated molluscs were
obtained from the same method. We submitted 0.5 g of carbonate mud to each date.
Calibrated age ranges were calculated according to Method A of Stuiver et al. (1998),
after applying a local correction for the northwestern Pacific of 355 years (AR = 35+

25) (Hideshima et al., 2001).

4. Results

4.1. Modern conditions

Water temperatures within the cave range between 29.6°C (31 August, 2003)
and 20.3°C (29 February, 2004). The pattern of the seasonal change in water

temperatures within the cave is similar to the mean monthly temperatures at 30 m
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deep (T3om) around Okinawa for 1874-2001 (Japan Oceanographic Data Center;
J-DOSS) (Fig. 3a). Patterns of daily changes in temperature are synchronous with
the tidal cycle (Fig. 3b). This implies that the alternation of water masses within the

cave is caused by the tidal cycle.

4.2. Sedimentology and composition

Traces of biogenic activity are lacking in the cave’s bottom sediment, and
burrowing macrobenthos such as polychaetes are absent from the core samples.
Sedimentary structures such as laminae and trace fossils are absent. The mud
content of the sediment is 70 + 5%, while particles larger than 1 ¢ range from 0.2 to
6.1%, with an average of about 2% by weight (Fig. 4). The carbonate content of
sand-size sediment ranges between 78 and 96%, while the content of mud-size
sediment ranges from 90 to 97%. In both sand- and mud-size sediments, the
carbonate content is significantly low in the lower portion (Fig. 4).

XRD analysis shows that bulk samples consist of 50-58% high-Mg calcite,
30-37% aragonite and 9-19% calcite (Fig. 4), with relative percentages determined
by peak-intensity analysis (Neumann, 1965). The magnesium concentrations
determined by X-ray diffraction (Goldsmith et al., 1961) were 13.9 £ 1.6 mole %
Mg in high-Mg calcite. As noted below, benthic foraminifera are abundant in the
cave sediments. It is likely that their shells contribute high-Mg calcite. The 8'*0
and 8C of carbonate mud are —1.19+0.08%o and 1.32+0.11%0 PDB, respectively
(Fig. 4). There are no significant changes in the stratigraphic distribution of
minerals, or of oxygen and carbon isotope ratios.

Both sand- and mud-size particles are dominated by carbonate debris (Figs. 4

and 5). In sand-size particles, the identified component consists dominantly of
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sponge spicules, benthic foraminifera, ostracods and fragments of echinoids (Fig. 4).
In addition, many pumice grains occur in the lower part, where the carbonate
content is relatively low (Fig. 4). In mud-size particles, the identified component
consists dominantly of spicules of both sponges and didemnids (Fig. 5). Coccoliths
are common in all samples. There are no systematic changes in the stratigraphic
distribution of grain components, except for the pumice grains. The stratigraphic
distribution of pumice grains exhibits a pattern similar to that for non-carbonate
grains (Fig. 4). From this, we think that the deposition of pumice grains caused the
relatively low carbonate content of the lowermost part. We estimate that the
contribution of pumice grains to the total sedimentation was less than 20% by
weight. The pumice grains were transported to this area by the Kuroshio Current,

since there are no active volcanoes around Ie Island or Okinawa mainland.

4.3. Radiocarbon age dating

Radiocarbon-dated mollusc shells and carbonate mud are shown in Table 1. The
gastropod Neritopsis radula (2 cm in shell length) and bivalves Bentharca
irregularis, Paravamussium crypticum, Cyclopecten ryukyuensis, Carditella
iejimensis and Coralliophaga hyalina live in submarine caves or cryptic habitats
(Hayami and Kase, 1993). All bivalves are very small in adult size, at less than 5
mm in length and height and are epifaunal or semi-infaunal. The small gastropods
Stosicia (Isseliella) bourguignati, Emarginula crassicostata and Iniforis poecila
also occur in the intertidal zone and beach drift and are epifaunal or semi-infaunal.
In contrast, Tenagodus (1Tenagodus) cumingi occurs as clusters buried in sponges
attached to cave walls, and its '*C age may be older than that of other molluscs in
the same stratigraphic horizon (Kitamura et al., 2003).

The results of '*C dating are plotted in Fig. 6. In the depth interval from 35 cm

10
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to 6 cm, all ages fall nicely along an age-depth line, implying continuous deposition
and a constant sedimentation rate of 20.0 cm/kyr. Although pumice grains
accumulated during the deposition of the lower part (43 to 35 cm in depth), the
relative increase in sedimentation rate was less than 20%, based on their
above-noted contribution to total sedimentation. Therefore, we use 20.0 cm/kyr as
the sedimentation rate below 35 cm depth. Using this value, the age of the lowest
sampled sediments is estimated as AD 100, which agrees closely with the '*C age
of AD 0 of the lowest sample including 7. cumingi (Fig. 6). The sedimentation rate
of these submarine cave deposits is similar to that of postglacial deep-sea deposits
(400-2,500 m depth) in the Okinawa Trough and Ryukyu Trench slope
(Ujiié and Ujiié, 1999; Xu and Oda, 1999; Jian et al., 2000).

Two samples above the 6-cm level contain 100.5+0.4 pMC (percent modern
carbon) and 111.520.4 pMC (Table 1). According to Stuiver and Polach (1977),
these values approximate the A'*C values of 4.5+3.8%0 and 111.5+4.2%0. Such
high A™C values are derived from '*CO, that was created by atmospheric weapons
testing in the 1950s and early 1960s. Based on coral records for the period
1913-1979 from Okinawa, A'*C values increased from —42 to +175%o between
1954-1956 and 1970, and then remained stable until 1979 (Konishi et al., 1982).
This value is higher than 80% of the ocean, except for areas influenced by
upwelling (Guilderson et al., 2000). Thus, the ages of the upper and lower samples
(0-2.2 cm and 3.4-5.8 cm, respectively) correspond to ca. 1960 and the latter half of
the 1960s, respectively (Fig. 6). The dated mollusc species are epifaunal or
semi-infaunal suspension feeders (Hayami and Kase, 1993). Based on this, the
reversed age relationship of the two samples was caused by bioturbation. Therefore,

we think that the thickness of the mixed surface layer ranges from 2 to 6 cm.

11
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Because of surface mixing, the temporal resolution of core data is calculated as 100
to 300 years using a value of 20.0 cm/kyr for the sedimentation rate.

The radiocarbon ages of the dated carbonate mud are 1-2 kyr older than those of
mollusc samples. Considering the presence of biogenic grains with high A'*C
values, the true age differences in the upper 6 cm of sediment are significantly

larger than the numerical ages. There is no doubt that the age differences between

them tend to increase with time (Fig. 6).

4.4. Micro-bivalves

We identified a total of 25 bivalves (Table 2), which exhibit excellent
preservation despite being mostly disarticulated. The prodissoconch can be
observed in many individuals. These factors imply that the fossils represent a life
assemblage. The micro-bivalvia Parvamussium crypticum, Cosa kinjoi, Carditella
iejimensis and Cyclopecten ryukyuensis predominate and are suspension feeders.
They are endemic to cavernicolous environments (Hayami and Kase, 1993). The
stratigraphic distribution of their accumulation rates is shown in Figure 7; the range
for a given species is less than 0.03/cm*/yr. There is no significant temporal change
in species composition or in the accumulation rate of the dominant species.

P. crypticum, C. kinjoi and C. ryukyuensis are not suitable for the reconstruction
of palaeotemperature from oxygen isotope composition. This is because C. kinjoi
and C. ryukyuensis are too small (<100 mg) for such analysis, while P. crypticum
consists of a mixture of calcite and aragonite. The isotope composition of C.
iejimensis, which consists of 100% aragonite, is alone useful for the reconstruction

of palacotemperature.

12
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4.5. Oxygen isotopic analysis of Carditella iejimensis

McConnaughey (1989a) has shown that calcifying organisms with a fast growth
rate may have lower §°C and §'®0 values than would be expected based on
equilibrium criteria alone. This depletion of the heavier stable isotopes of both
elements is caused by kinetic isotope fractionation during the CO, hydration and
hydroxylation, with rapid calcification favoring strong kinetic effects
(McConnaughey, 1989b; McConnaughey and Whelan, 1997, Zeebe and
Wolf-Gladrow, 2001). Since kinetic effects result in simultaneous depletion of 0
and 13C, the relationship between them can be used to check whether kinetic isotope
effect influences '*0 value of C. iejimensis. There is no significant correlation
between 5'°C and §'®Q ratios of the specimens from surface sediment (Fig. 8). We
think that kinetic effects are not significant for the oxygen isotope composition of C.
iejimensis. The composition is controlled by both the temperature and the isotopic
composition of the ambient seawater in which the animals live.

As noted above, our temperature record indicates that the mean monthly water
temperature within the cave is almost the same as the water temperature at 30 m
depth (T3qm,) Off the southwestern Okinawa Island (Fig. 2). We did not measure
salinity within Daidokutsu cave. However, its value is likely equal with that of
ocean surface water, since water has flowed continuously into and out of the cave
for the past 2,000 years, as noted below.

All §'®0 values were calculated using the following equation of Goodwin et al.

(2001):

13
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T5180 = 20.6 — 4.34[5" Ouragonite — (8 *Owaer — 0.2)], where 8" Ouragonite 1
measured relative to the PDB scale and §'30,,,., 15 relative to the SMOW scale.

Oba (1988) reported the following linear relationship between water salinity (.S)
and 8'°0 of seawater in the region from the East China Sea to the Kuroshio Current
off the southern Japanese Island:

8" Owater = -6.76 + 0.203S

Instrumental records from Sesoko Marine Science Center, 10 km from our
sampling point, show that the salinity of the surface waters ranges from 34.5 p.s.u.
in summer to 35.1 p.s.u. in winter (Nakano and Nakamura, 1993a, b). Based on
these data, we infer the salinity to be 34.8 p.s.u. Changes in 880 yurer derived from
seasonal variation of salinity are estimated at 0.12%0 and correspond to small
difference in estimated temperature of 0.4°C.

The results of radiocarbon dating suggest that the duration of samples from the
surface sediments is approximately the last 50 yrs. For specimens of C. iejimensis
from surface sediment, there exists a statistically significant correlation between the
shell sizes and 8'°0 values (7=-0.55, n=30, p<0.01) (Fig. 9). Their 75180 ranges
between 22.4 and 26.6°C (Fig. 10). For the same sized individuals, the difference of
T5180 1s 2°C. The 75180 ranges between 23.5 and 26.5°C in samples of the cored

sediments (Fig. 10).

5. Discussion

5.1. Paleoenvironmental changes within the cave

14
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The occurrences of coccoliths and pumice indicate that sea water has flowed
continuously into Daidokutsu cave. This is supported by occurrences of the
cavernicolous bivalve species (Fig. 7). Since the level of predation pressure is low
in a submarine cave, the biomass of suspension feeders approaches the carrying
capacity (Hayami and Kase, 1993). In the case of micro-bivalves, food supply is a
more important factor for the carrying capacity than is competition for space. Thus,
the constant accumulation rate of the dominant bivalves implies that an amount of
nutrition, which has been brought from outside the cave, was not varied over the
past 2,000 years. It seems probable that this influx of water is related to the
fluctuation of water masses within the cave related to the tidal cycle. The current
velocity was not measured within the cave, although it is very low, because
mud-size particles have deposited continuously over the past 2,000 yrs. In summary,
it seems that the cave has remained sheltered, with low hydrodynamic energy, and

we believe that the sediments constitute a continuous depositional record.

5.2. Sources of carbonate debris

Our analyses of grain distribution and grain compositions show that mud-size
carbonate debris predominates in the submarine-cave deposits (mean of 67.4=%
5.5% and range of 55.2 to 76.5%). Both the 8'°0 and §“C ratios of mud-size
carbonate in the submarine cave deposit are nearly 0%o PDB (Fig. 4). This indicates
that the main source of carbonate mud was marine carbonate, rather than carbonate
precipitated on the surface of the cave walls and ceiling (e.g., stalactites and
stalagmites) before the cave was submerged. Because the latter has significant low
values for both the 8'°0 and 8"°C ratios (Allan and Matthews, 1982). As noted
above, the radiocarbon ages of the carbonate mud sediments are 1-2 kyr older than

those of the mollusc samples (Fig. 6). Considering the presence of calcareous shells
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such as coccoliths and the spicules of didemnids, the ages of unidentified grains are
older than the dated carbonate-mud sediments. These factors imply that these grains
are detritus from the emergent reef flat that has been reduced to its modern level by
erosion (MacNeil, 1950). This process also explains the expansion of age
differences between the unidentified mud-size particles and the mollusc samples.
The water movement has transported suspended carbonate detritus into the cave,
and these fine grains (including coccoliths) settled in the cave and were aggregated
into pellets by suspension feeders such as coralline sponges, bivalves and
brachiopods. Our results imply that there were no significant changes in condition
of the hinterland during the past 2,000 years, except for the drift of pumice grains.
In summary, the submarine cave deposits provide high-resolution records of the
development of coral reef and volcanic activity around Ryukyu and Philippine

Islands.

3.3. Potential of C. iejimensis as an archive of Holocene palaeotemperature

For specimens of C. iejimensis from surface sediment, there is a significant
correlation between 5'*0 values and the shell sizes (Fig. 9). We calculated the 75180
during the precipitation of the outer shell portion, which is 3.0 mm or more from
the umbo, based on the relationship between the size and weight of C. iejimensis
(Fig. 11) and the equation of the regression line. The calculated value is 26.8°C and
corresponds to Tsgn, during July (27.0+1.4°C). The average value of 7518 for
small shells is between Tsom during May (23.6£1.0°C) and June (24.8£1.1°C).
From these data, we believe that shell deposition began in early April and ended

in July. Shell growth of bivalves is generally influenced by a number of
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environmental factors such as water temperature, salinity, and food availability. As
noted above, there are not significant seasonal changes in salinity within the cave.
Around Okinawa Island, the phytoplankton becomes most abundant in winter and
remains at low levels in the other seasons (Imai et al., 1988; Xu et al, 2005). From
these, the growth pattern of C. iejimensis is mainly controlled by temperature.

As noted above, the environment within the cave has been maintained over the
past two millennia. Therefore we infer that the 8'°0 values of sea water and the
temperatures both within and outside of the cave were the same for the past 2,000
yrs. Based on this assumption, we compare the 7518¢ values of fossil and recent
shells of C. iejimensis (Fig. 10). Except for two shells, the values derived from
fossil fall within the range for recent specimens. In contrast, two shells have values
that are 2°C higher than the estimated temperature derived from the equation of the
regression line. The ages of these horizons are estimated to be AD 340140 (26.2+
0.1°C) and AD 1000£40 (26.1£0.2°C), respectively. According to the J-DOSS
database, this value corresponds to a May and June T3gp 0f 26.2°C at Kume Island,
which is located between the study site (100 km to the west) and the main path of
the Kuroshio Current (Fig. 1).

According to Yang et al. (2002), warm conditions prevailed in eastern China at
AD 0-300 and AD 800-1100. These two intervals correspond to the Roman Warm
Period and Medieval Warm Period, respectively. However, we detected no evidence
in the 80 record of C. iejimensis of the cool conditions in the Little Ice Age (LIA;
AD 1400-1900). Glacial advances in both hemispheres (Grove, 1988) and enhanced
polar atmospheric circulation (Kreutz et al., 1997) suggest that the LIA was a global

event. Unfortunately, there are no proxy climate data, or historical documents,
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which allowed these workers to reconstruct the climatic conditions of Okinawa
during the LIA. There is abundant evidence of LIA cool conditions in the terrestrial
records of China (Qian and Zhu, 2002; Yang et al., 2002). However, Rind (1998,
2000) has suggested that cooler LIA conditions were possibly restricted to higher
latitudes. None of the few LIA reconstructions of the tropics identify cold periods
synchronous with those in Northern Hemisphere composite reconstructions (Hendy
et al., 2002; Gagan et al., 2004). It is therefore probable that the shallow seas
around Okinawa Island did not experience cool conditions from AD 1400 to 1900.
In summary, paleoclimatic records based on oxygen isotope analyses of C.
iejimensis are not inconsistent with other proxy series from the Northern
Hemisphere, including China, except for the LIA. We thus believe that 5'°0
analysis of C. iejimensis is a reliable source of information about paleoclimatic
fluctuations in the Okinawa area. Reconstructing additional paleoclimate data

would require improved sampling for millimeter-size shells of C. iejimensis.

Acknowledgments

We gratefully acknowledge Professor K. Konishi and Professor Tadamichi Oba
for their advice. Thanks are also due to Motoyuki Mato, Akifumi Tanabe, Yositaka
Sakaguchi, Mariko Amemiya, Nanami Wakayama and Natsuko Wada for support in
taking X-ray radiographs and in the preparation of samples for '*C dating. This
study was funded by Grants-in-Aid 111691106 and 11833018 from the Japan

Society for the Promotion of Science.

References

Abram, N.J., Webster, ] M., Davies, P.J., Dullo, W.C_, 2001. Biological response

18



449

450

451

452

453

454

455

456

457

458

459

460
461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

GLOBAL 1176 text

of coral reefs to sea surface temperature variation: evidence from the
raised Holocene reefs of Kikai-jima (Ryukyu Islands, Japan). Coral Reefs
20, 221-234.

Allan, J.R., Matthews, R.K., 1982. Isotope signatures associated with early
meteoric diagenesis. Sedimentology 29, 797-817.

Antonioli, F, Silenzi, S, Frisia, S., 2001. Tyrrhenian Holocene palacoclimate
trends from spelean serpulids. Quaternary Science Reviews 20, 1661-1670.

Bard, E., Hamelin, B., Fairbanks, R.G., Zindler, A., 1996. Deglacial sea-level
record from Tahiti corals and the timing of global meltwater discharge.
Nature 382, 241-244.

Bohm, F., Joachimski, M.M., Dullo, W-C_, Eisenhauer, A., Lehnert, H., Reitner, J.,

Worheide, G., 2000. Oxygen isotope fractionation in marine aragonite of

coralline sponges. Geochimca et Cosmochimca Acta 64, 1695-1703.

Chinzei, K., Koike, H., Oba, T., Matsushima, Y, Kitazato, H., 1987. Secular
changes in the oxygen isotope ratios of mollusc shells during the Holocene
of central Japan. Palacogeography, Palacoclimatology, Palaeoecology 61,
155-166.

DeMenocal, P.B., 2001. Cultural responses to climate change during the late
Holocene. Science, 292: 667-673.

Di Geronimo, 1., Allegri, L., Improta, S., La Perna, R., Rossa, A., Sanfilippo, R.,
1997. Spatial and temporal aspects of benthic thanatocoenoses in a
Mediterranean infralittoral cave. Rivista Italiana di Paleontologia e
Stratigrafia 103, 15-28.

Druffel, E.M., 1982. Banded corals: Changes in oceanic carbon-14 during the
Little Ice Age. Science 218, 13-19.

Dunbar, R B., Wellington, G.M., Colgon, M.W., Glynn, P.W., 1994, Eastern

Pacific sea surface temperature since 1600 A.D: The 6180 record of

19



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

GLOBAL 1176 text

climate variability in Galapagos corals. Paleoceanography 9, 291-315.

Fairbanks, R.G., 1989. A 17,000-year glacio-eustatic sea level record: influence of
glacial melting rates on the Younger Dryas event and deep-ocean
circulation. Nature 342, 637-642.

Gagan, M K., Ayliffe, L.K., Beck, J.W., Cole, J.E., Druffel, ER.M., Dunbar, RB.,
Schrag, D.P., 2000. New views of tropical paleoclimates from corals.
Quaternary Science Reviews 19, 45-64.

Gagan, M.K., Hendy, E.J., Haberle, S.G, Hantoro, W.S., 2004. Post-glacial
evolution of the Indo-Pacific Warm Pool and El Nifio-Southern oscillation.
Quaternary International 118/119, 127-143.

Goldsmith, J R., Graf, D.L., Heard, H.C., 1961. Lattice constants of the
calcium-magnesium carbonate. The American Mineralogist 46, 453-457.

Goodwin, D.H., Flessa, K.W., Schone, B.R., Dettman, D.L., 2001.

Cross-calibration of daily growth increments, stable isotope variation, and
temperature in the Gulf of California Bivalve Mollusck Chione cortezi:
Implications for paleoenvironmental analysis. Palaios 16, 387-398.

Grove, J. M., 1988. The Little Ice Age. Methuen, London, 498pp.

Guilderson, T.P., Caldeira, K., Duffy, P.B., 2000. Radiocarbon as a diagnostic
tracer in ocean and carbon cycle modeling. Global Biogeochmical Cycles
14, 887-902.

Haase-Schramm, A., Bohm, F ., Eisenhauer, A., Dullo, W-C., Joachimski, M.M ,
Hansen, B., Reitner, J., 2003. Sr/Ca ratios and oxygen isotopes from
sclerosponges: Temperature history of the Caribbean mixed layer and
thermocline during the Little Ice Age. Paleoceanography 18, 1-15.

Hayami, 1., Kase, T., 1992. A new cryptic species of Pycnodonte from Ryukyu
Islands: A living fossil oyster. Transactions and Proceedings of the

Palaeontological Society of Japan, New Series, No. 165, 1070-1089.

20



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

GLOBAL 1176 text

Hayami, 1., Kase, T., 1993. Submarine cave bivalvia from the Ryukyu Islands:
systematics and evolutionary significance. The University Museum, The
University of Tokyo, Bulletin, 35, 1-133.

Hendy, E.J., Gagan, M K., Alibert, C.A., McCulloch, M.T., Lough, ] M., Isdale,
P.J., 2002. Abrupt Decrease in Tropical Pacific Sea Surface Salinity at End
of Little Ice Age. Science 295, 1511-1514.

Hideshima, S., Matsumoto, E., Abe, O., Kitagawa, H., 2001. Northwest Pacific
marine reservoir correction estimated from annually banded coral from
Ishigaki Island, southern Japan. Radiocarbon 43, 473-476.

Imai, M., Ebara, S., Kawashima, K., Kubo, N., Sato, N., Moriyama, E., 1988.
Seasonal variation of chlorophyll-a in the seas around Japan.
Oceanographical Magazine 3, 23-32.

Jackson, J.B.C., Goreau, T.F., Hartman, W.D., 1971. Recent brachiopod-
coralline sponge communities and their paleoecological significance.
Science 173, 623-625.

Jackson, J.B.C., Winston, J.E., 1982. Ecology of cryptic coral reef communities. 1.
Distribution and abundance of major groups of encrusting organisms.
Journal of Experimental Marine Biology and Ecology 57, 135-147.

Jian, Z., Wang, P, Saito, Y., Wang, J., Pflaumann, U., Oba, T., Cheng, X., 2000.
Holocene variability of the Kuroshio Current in the Okinawa Trough,
northwestern Pacific Ocean. Earth and Planetary Science Letters 184,
305-319.

Jones, D.S., Quitmyer, LR., Andrus, C.F.T., 2005, Oxygen isotopic evidence for
greater seasonality in Holocene shells of Donax variabilis from Florida.
Palaeogeography, Palaeoclimatology, Palacoecology 228, 96-108.

Kano, Y., Chiba, S, Kase, T., 2002. Major adaptive radiation in neritopsine

gasrtopods: estimated from 28S rRNA sequences and fossil records.

21



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

GLOBAL 1176 text

Proceedings of the Royal Society of London B 269, 2457-2465.

Kase, T., Hayami, 1., 1992. Unique submarine cave mollusc fauna: composition,
origin and adaptation. Journal of Molluscan Studies 58, 446-449.

Kitamura, A., Kase, T., Ohashi, S., Hiramoto, M., Sakaguchi, Y., Tanabe, A,
Matou, M., 2003. Sedimentary facies and depositional rates of submarine
cave sediment in coral reef of Okinawa Islands. The Quaternary Research
(Daiyonki-Kenkyu) 42, 99-104 (in Japanese with English abstract).

Koba, M., Nakata, T., Takahashi, T., 1982. Late Holocene eustatic sea-level
changes deduced from geomorphological features and their '*C dates in the
Ryukyu Islands, Japan. Palacogeography, Palaeoclimatology,
Palaeoecology 39, 231-260.

Kobluk, D.R., 1988. Cryptic faunas in reefs: ecology and geologic importance.
Palaios 3, 379-390.

Konishi, K., Tanaka, T., Sakanoue, M., 1982. Secular variation of radiocarbon
concentration in seawater. A sclerochronological approach. In. Gomez, E.
D, ed. Proceeding Fourth International Coral Reef Symposium, 1, 181-185,
Marine Science Center, University of Philippines, Manila.

Kreutz, K.J., Mayewski, P.A., Meeker, L.D., Twickler, M.S., Whitlow, S.I.,
Pittalwala, 1.1, 1997. Bipolar changes in atmospheric circulation during
the Little Ice Age. Science 277, 1294-1296.

Linsley, B K., Dunbar, R.B., Wellington, G.M., Mucciarone, D.A., 1994. A
coral-based reconstruction of intertropical convergence zone variability
over Central America since 1707. Journal of Geophysical Research 99,
9977-9994.

Linsley, B K., Wellington, GM., Schrag, D.P., 2000. Decadal sea surface
temperature variability in the Subtropical South Pacific from 1726 to 1997

A.D. Science 290, 1145-1148.

22



557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

GLOBAL 1176 text

MacNeil, F.S., 1950. Planation of recent reef flats of Okinawa. Bulletin of the

Geological Society of America 61, 1307-1308.
Mayewski, P.A., Rohling, E., Stager, C., Karlén, K., Maasch, K., Meeker, L.D.,

Meyerson, E., Gasse, F., van Kreveld, S., Holmgren, K., Lee-Thorp, J.,
Rosqvist, G., Rack, F., Staubwasser, M., Schneider, R., 2004. Holocene
climate variability. Quaternary Research 62, 243-255.

McConnaughey, T.A., 1989a. ">C and '*0 isotopic disequilibrium in biological
Carbonates. 1. Patterns. Geochimca et Cosmochimca Acta 53, 151-162.

McConnaughey, T.A., 1989b. C and '*0 isotopic disequilibrium in biological
Carbonates. 2. In vitro simulation of kinetic isotope effects. Geochimca et
Cosmochimca Acta 53, 163-171.

McConnaughey, T.A. Whelan, J.F., 1997. Calcification generates protons for

nutrient and bicarbonate uptake. Earth Science Review 42, 95-117.

Motchurova-Dekova, N., Saito, M., Endo, K., 2002. The recent rhynchonellide
brachiopod Parasphenarina cavernicola gen. et sp. nov. from the submarine
caves of Okinawa, Japan. Palaecontological Research 6, 299-319.

Mueller-Lupp, T., Bauch, H.A., Erlenkeuser, H., 2004, Holocene hydrographical
changes of the eastern Laptev Sea (Siberian Arctic) recorded in §'*0
profiles of bivalve shells. Quaternary Research 61, 32-41.

Nakano, Y., Nakamura, S., 1993a. Annual record of coastal observation at
Sesoko Marine Science Center in 1991. Galaxea 11, 163-171.

Nakano, Y., Nakamura, S., 1993b. Annual record of coastal observation at
Sesoko Marine Science Center in 1992. Galaxea 11, 173-181.

Neumann, A.C., 1965. Processes of recent carbonate sedimentation in Harrington
Sound, Bermuda. Bulletin of Marine Science 15, 987-1035.

Oba, T., 1988. Paleoceanographic information obtained by the isotopic

23



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

GLOBAL 1176 text

measurement of individual foraminiferal specimens. Proceedings of the
first International Conference on Asian Marine Geology, China Ocean
Press, Beijing, 169-180.

Okutani, T. (ed.), 2000. Marine Mollusks in Japan. Tokai University Press, Tokyo.
1173 p.

Perry, C.T., 2000. Factors controlling sediment preservation on a North Jamaican
fringing reef: a process-based approach to microfacies analysis. Journal of
Sedimentary Research 70, 633-648.

Qian, W, Zhu, Y., 2002. Little Ice Age climate near Beijing, China, inferred
from historical and stalagmite records. Quaternary Research 57, 109-119.

Reid, R.P., Macintyre, 1.G., Post, J.E., 1992. Micritized skeletal grains in northern
Belize lagoon: a major source of Mg-calcite mud. Journal of Sedimentary
Petrology 62, 145-156.

Reitner, J., Gautret, P., 1996. Skeletal formation in the modern but
ultraconservative chaetetid sponge Spirastrella (Acanthochaetetes) wellsi
(Demospongiae, Porifera). Facies 34, 193-208.

Rind, D., 1998. Latitudinal temperature gradients and climate change. Journal of
Geophysical Research 103, 5943-5971.

Rind, D., 2000. Relating paleoclimate data and past temperature gradients: some
suggestive rules. Quaternary Science Reviews 19, 381-390.

Schone, B.R., Fiebig, J., Pfeiffer, M., Glef, R., Hickson, J., Johnson, A,
Dreyer, L.A., Oschmann, W., 2005. Climate records from a bivalved
Methuselah (Arctica islandica, Mollusca; Iceland). Palaecogeography,
Palaeoclimatology, Palaeoecology 228, 130-148.

Schone, B.R., Oschmann, W, Rossler, J., Castro, A.D.F., Houk, S.D., Kroncke,

I, Dreyer, W., Janssen, R, Rumohr, H., Dunca, E., 2003. North

2

Atlantic oscillation dynamics recorded in shells of a long-lived

24



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

GLOBAL 1176 text

bivalve mollusk. Geology 31, 1237-1240.

Schone, B.R., Castro, ADF., Fiebig, J, Houk S.D. Oschmann, W,
Kroncke, 1., 2004. Sea surface water temperatures over the period 1884—
1983 reconstructed from oxygen isotope ratios of a bivalve mollusk shell
(Arctica  islandica, southern  North  Sea).  Palaeogeography,
Palaeoclimatology, Palaeoecology 212, 215-232.

Schone, B.R., Oschmann, W., Tanabe, K., Dettman, D., Fiebig, J., Houk, S.D.,
Kanie, Y., 2004. Holocene seasonal environmental trends at Tokyo Bay,
Japan, reconstructed from bivalve mollusk shells-implications for
changes in the East Asian monsoon and latitudinal shifts of the Polar Front.
Quaternary Science Reviews 23, 1137-1150.

Stuiver, M., Polach, H.A., 1977. Discussion and reporting of “C  data.
Radiocarbon 19, 355-363.

Stuiver, M., Reimer, P.J., Bard, E., Beck, JJW., Burr, G.S., Hughen, KA.,
Kromer, B., McCormac, G., an der Plicht, J., Spurk, M., 1998. INTCAL 98
radiocarbon age Calibration, 24,000-0 cal B.P. Radiocarbon 40,
1041-1083.

Tabuki, R., Hanai, T., 1999. A new sigillid ostracods from submarine caves of the
Ryukyu Islands, Japan. Palacontology 42, 569-593.

Terry, R.D., Chilingar, G.V., 1955. Summary of “Concerning some additional aids
in studying sedimentary formations,” by Shvetsov. Journal of Sedimentary
Petrology 25, 229-234.

Toscano, M.A., Macintyre, 1.G., 2003. Corrected western Atlantic sea-level
curve for the last 11,000 years based on calibrated '*C dates from
Acropora palmate framework and intertidal mangrove peat. Coral Reefs
22,257-270.

Ujiié, H., Ujii€, Y., 1999. Late Quaternary course changes of the Kuroshio Current

25



637

638

639

640
641

642

643

644

645

646

647

648

649

650

651

652
653

654

655

656

657

658

GLOBAL 1176 text

in the Ryukyu Arc region, northwestern Pacific Ocean. Marine
Micropaleontology 37, 23-40.
Vacelet, J., Boury-Esnault, N., Harmelin, J.G, 1994. Hexactinellid Cave, a unique

deep-sea habitat in the scuba zone. Deep-Sea Research I, 41, 965-973.
Xu, X., Oda, M., 1999. Surface-water evolution of the eastern East China Sea

during the last 36,000 years. Marine Geology 156, 285-304.

Xu, X., Yamasaki, M., Oda, M., Honda, C.M., 2005. Comparison of seasonal
flux variations of planktonic foraminifera in sediment traps on both sides of
the Ryukyu Islands, Japan. Marine Micropaleontology 58, 45-55.

Watanabe, T., Suzuki, A., Kawahata, H., Kan, H., Ogawa, S., 2004. A 60-year
isotopic record from a mid-Holocene fossil giant clam (7ridacna gigas) in
the Ryukyu Islands: physiological and paleoclimatic implications.

Palaeogeography, Palacoclimatology, Palaeoecology 212, 343-354.

Worheide, G., 1998. The reef cave dwelling ultraconservative coralline

2

demosponge Astrosclera willeyana Lister 1900 from the Indo-Pacific.

Facies 38, 1-88.
Yang, B., Braeuning, A., Johnson, K.R., Yafeng, S., 2002. General characteristics

of temperature variation in China during the last two millennia.
Geophysical Research Letters 30, doi:10.1029/2001GL014485.
Zeebe, R E., Wolf-Gladrow, D.A., 2001. CO; in seawater: Equilibrium, kinetics,

isotopes. Elsevier Oceanography Series, 65, Elsevier Science BV,

Amsterdam, The Netherlands, 346 pp.

26



659
660

661
662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

GLOBAL 1176 text

Figure caption
Fig. 1 Location of Daidokutsu submarine cave on Ie Island, off Okinawa Island,

Japan.

Fig. 2 Simplified transverse section and horizontal projection of Daidokutsu cave.

We observed air bubbles rising from the sea floor (2 m depth) above Daidokutsu
during sediment sampling (duration of sampling was about 20 minutes).

Fig. 3 Observed temperatures within the cave. (a) Comparison of observed temperatures
with mean monthly water temperature at 30 m depth (the Japan Oceanographic Data
Center), (b) Comparison of observed temperatures with tidal records through
September 2003.

Fig. 4 Columnar diagrams of submarine-cave sediment core, showing stratigraphic
change in grain distribution, carbonate content, mineral composition, isotopic ratios
of mud-size carbonate and components of sand-size particles. M-C: Mg calcite, C:
calcite, A: aragonite.

Fig. 5 Columnar diagrams of submarine-cave sediment core, showing stratigraphic
change in component of mud-size particles.

Fig. 6 Results of AMS '*C dating of molluscs and mud-size carbonate.

Fig. 7 Stratigraphic distribution of the accumulation rate of the four dominant
bivalves.

Fig. 8 8'%0-8"C plot for the cavernicolous micro-bivalveC. iejimensis in 5-cm-thick
surface sediments.

Fig. 9 Relationship between the 8'*0 and shell height of C. iejimensis in surface
sediments.

Fig. 10 Relationship between the 5'*O-derived temperature and shell height of the
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cavernicolous micro-bivalve C. iejimensis in 5-cm-thick surface sediments and the
cored sediments. The regression line is calculated from the data of specimens from
surface sediments.

Fig. 11 Relationship between the shell height and shell weight of C. iejimensis.

Table 1 Result of mollusc '*C-dating. All samples were analyzed with an accelerator
mass spectrometry by Beta-Analytic Corporation.

Table 2 List of bivalve species from Daidokutsu. A: articulated shells, R: right

valve, L: left valve.
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Calibrated age

depth laboratory measured conventional
14 13 14
(cm) number sample C age 8°C C age* intercept** age ranges
(BP) (BP) (cal BP) _(cal BP)
mix of Parvamussium crypticum (one individual), + +
0-2.2 |Beta—-185831|Carditella iejimensis (one individual) and 106204 +1.4 100.504 - -
L . R pMC pMC
Iniforis poecila (one individual)
mix of Parvamussium crypticum (one individual),
_ _ Cyclopecten ryukyuensis (one individual), 11804 111504 _ _
34758 |Beta~189832| o Jitella jejimensis (one individual) and oMc | "2 oMc
Coralliophaga hyalina (one individual)
13 Beta—167418|Neritopsis radula (one individual) 22040 (+1.5 650140 320 300-250
19.6 |Beta—180894|Acar sp. aff. A. plicata (one individual) 59040 (+2.7 | 104040 610 630-540
25 Beta—-167416|Stosicia ([sseliella) bourguignati (one individual) 1080+=40(+2.9 | 154040 1100 1172-1056
34 Beta-185221|Septifer sp. (one individual) 1530+=40|+2.8 | 153040 1520 1560-1460
35.5 |Beta—167415|Mitrella sp. (one individual) 1570+=40|+1.7 | 201040 1580 1640-1540
mix of Bentharca irregularis (one individual),
43 Beta—167414|Emarginula crassicostata (one individual) and 1920+40(+3.2 | 2380*40 2000 2050-1940
Tenagodus (Tenagodus) cumingi (one individual)
0-0.8 |Beta-194743|Carbonate mud 2090x£40|+0.5 | 2510%40 2150 2250-2120
19.0-20.2|Beta-194742|Carbonate mud 2160x£40|+0.9| 2580%40 2290 2310-2200
41.8-43.0|Beta—194741|Carbonate mud 2960+40|+0.8| 3380*40 3250 3310-3200

*reservoir correction was not applied.
**intercepts between the conventional o age and the calibration curve of Stuiver et a/. (1998).

All errors are 1c.
pMC: percent modern carbon

Kitamura et al Table 1




Species . Sample No.

12

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Acar sp. aff. A. plicata

R1

L2

Bentharca excavata

R1

Bentharca sp.

L1

R1

Cosa kinjoi

R1/L1

Al

A1/R1LA

R2/L1

R1

R1

R1

R1

R2/L1

L1

R3/L1

R1

L4

R1/L1

A1/R1/L1

L1

R1

A1/R1

R1

R1/L1

R1

R3

L1

A1/R1

L1

Al

L1

Cosa uchimae

R1

R2

L1

L1

R2

L1

L1

R1

L1

Limopsoidea? gen. et sp. Indet.

R1

R1

Brachidontes sp.

R1

R1/L1

L1

R1

L1

Septifer sp.

R1

R1

Dacrydium zebra

R1

R1

Parvamussium crypticum

R1

L1

L1

A2/L1/R1

R2/L3

R1

L3

R1/L3

R1

R1

R2/L1

L1

L1

L3

R1/L1

R2

L1

R2/L1

R2

L1

R1

R1/L1

R1

R3

L1

R1

R2/L2

Cyclopecten ryukyuensis

R1

R4/L2

L1

Al

L3

R1

L1

L1

L2

L1

L2

L1

L1

L1

L1

R1

Chlamydella incubata

L1

Chlamydella tenuissima

L1

R1

Divarilima elegans

R1

R1/L1

R1/L2

R1

L1

R1

Al

L2

R1

R1

R1

L1

R1

Limaria sp.

L1

R1

Cardita uruma

R1

Carditella iejimensis

L2

R4/L1

L3

R1

L1

R1/L1

L1

R1/L1

Al

L1

L1

R1/L1

R1

R1/L1

R1

R1

L1

R2

R2

L3

R2

A1/L1

Salaputium unicum

L1

L1

Kelliella japonica

L1

L1

L1

Al

Periglyta chemnitzi

L1

Gafrarium pectinatum

R1

Coralliophaga hyalina

R1

Hiatella sp. aff. H. orientalis

L1

Poromydae sp.

R1

L1

R1

R1

Halonympa asiatica

L1

L1

Depth (cm)

43.0-
41.8

41.8-
40.6

40.6-
39.4

39.4-
38.2

38.2-37.0

37.0-
35.8

35.8-
346

34.6-
334

33.4-
322

32.2-
31.0

31.0-
29.8

29.8-
286

28.6-
27.4

27 4-
26.2

26.2-
250

25.0-
238

23.8-
226

22.6-
214

21.4-
20.2

20.2-
19.0

19.0-
17.8

17.8-
16.6

16.6-
15.4

15.4-
142

14.2-
13.0

13.0-
11.8

11.8-
10.6

10.6-
9.4

9.4-
82

8.2-
7.0

7.0-58

5.8-
46

4.6-
3.4

3.4-
22

1.1

1.1-0

Kitamura et al Table 2




