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Abstract

In this study we utilize marine shell samples from two levels of historically uplifted sessile mollusk assemblages and raised wave-cut benches
to evaluate the marine reservoir correction (ΔR) for the Pacific coast of central Japan. Elevation measurements of the uplifted marine shells
indicate that the lower assemblage emerged during the 1923 Taisho Kanto earthquake (M7.9), whereas uplift of the upper assemblage is most
likely but less confidently ascribed to the 1703 Genroku Kanto earthquake (M8.2). Radiocarbon dating of carefully selected samples from the
upper and lower assemblages yielded very similar ΔR values of 82±33 and 77±32 yr, respectively. We regard the former ΔR value as a
representative and more reliable value given the uncertainty in correlation of the upper assemblage with the 1703 earthquake. This result is
consistent with previously reported ΔR values for the Pacific coast of south-central Japan and areas around the Sea of Japan that are influenced by
warm ocean currents. Radiocarbon dating of coseismically uplifted shells can aid in estimating marine reservoir ages in the tectonically active
Japan Islands.
© 2006 University of Washington. All rights reserved.
Keywords: Pacific Ocean; Central Japan; 14C age; Marine reservoir effect; Historical earthquake; Uplifted marine shells
Introduction

Radiocarbon dating of marine samples inevitably involves
difficulties in establishing calendar-year calibration because the
oceans act as a carbon reservoir; this generally results in older
radiocarbon ages in the seawater environment than in the
coexisting atmosphere. Stuiver and Braziunas (1993) estimated
that the worldwide surface ocean is about 400 14C yr old, but the
problem lies in the fact that the marine 14C age at a specific site
could significantly divert from the global mean depending on
local oceanographic conditions such as ocean currents, deep-
water upwelling, inflow of fresh water, atmospheric conditions,
and wind stress. The difference between the mean and local
values is termed ΔR, an important correction to the 14C ages of
marine samples (Stuiver et al., 1998).
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The local marine reservoir effect can be evaluated by
comparing the conventional 14C age of calcium carbonate
precipitated from surface seawater with that of the cellulose from
plants that grew in the contemporaneous atmosphere. Because
any sample younger than AD 1950 is significantly polluted by
the large-scale testing of nuclear weapons, the chosen marine
sample commonly consists of a historical shell of known death
age sourced from a museum, while the chosen terrestrial sample
typically consists of one or more tree rings that correspond to the
death year of the marine counterpart (Stuiver et al., 1998);
however, application of this procedure is limited by its nature to
regions with a long museum history. Alternatively, in tropical
regions, annually banded coral is a good counterpart to tree
rings. Differences in 14C ages between marine and terrestrial
samples collected from the same area, such as an archaeological
site, also represent the marine reservoir effect, although such
sites are rare and the synchronism of the samples is less certain.

Here we propose to use marine mollusks uplifted during his-
torical earthquakes to constrain the local marine reservoir cor-
rection. The timing of the death of such samples should
ed.
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Figure 1. Modern oceanic currents andΔR values around Japan Islands. Shaded relief map is used from Kishimoto (2000). Italic numbers areΔR values compiled from
Konishi et al. (1982), Yoneda et al. (2000, 2001), Hideshima et al. (2001) and Kuzmin et al. (2001).
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correspond to the date of the earthquake. The Tokyo area, on the
Pacific coast of central Japan (Fig. 1), has experienced two large
devastating interplate seismic events over the past ∼300 yr: the
1703 Genroku Kanto earthquake (M8.2) and the 1923 Taisho
Kanto earthquake (M7.9) (Usami, 2003) (Fig. 2). The coast of the
Miura Peninsula, south of Tokyo, contains two levels of
distinctive uplifted mollusk assemblages and raised wave-cut
benches with in situ boring shells; the uplift events are ascribed to
Figure 2. Index maps of (a) Southern Kanto district and (b) Miura Peninsula. Cont
earthquake (data from Miyabe, 1931). Stars in (a) represent the epicenters of large hi
sampling sites corresponding to Tables 1 and 2.
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the 1703 and 1923 earthquakes.We carefully collected and dated
samples of the uplifted mollusks to evaluate the marine reservoir
effect in the northwestern Pacific Ocean off central Japan.

Setting and methods

Both the 1703 and 1923 earthquakes occurred along the
Sagami Trough, southeast of central Japan. The trough is
ours (in meters) in (a) show vertical crustal movement during the 1923 Taisho
storical earthquakes, based on Usami (2003). Numbers in (b) are the location of
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Figure 3. Photographs of uplifted sessile mollusk assemblages at Jogashima near
the Site 4. (a) Two levels of uplifted sessile assemblages. (b) Close-up
photograph of Pomatoleios kraussii.
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situated on a convergent plate boundary where the Philippine
Sea Plate is subducting beneath the North American Plate
(Fig. 2). Abrupt coastal uplift associated with the 1923
earthquake, including the emergence of wave-cut benches and
tidal organisms, was observed in the southern Kanto district
(including Tokyo) (Tanakadate, 1926; Yamasaki, 1926).
According to geodetic data obtained by re-leveling nationally
established benchmarks (measurement error of several cen-
timeters), uplift amounted to 1.0–1.5 m in the southern part of
the Miura Peninsula (see Fig. 2), although tide gauge data
recorded at Aburatsubo show gradual subduction-related
subsidence over the pre- and post-earthquake period of
1896–1931 (Land Survey Department, 1926; Tanakadate,
1926; Miyabe, 1931; Pollitz et al., 2006). Crustal deformation
within the Miura Peninsula during the 1703 earthquake is
believed to have been similar to that related to the 1923
earthquake, as the strength and extent of seismic shaking and
tsunami inferred from descriptions in historical documents
(Usami, 2003) indicates that the 1703 earthquake beneath the
Miura Peninsula was similar in its effects to the 1923
earthquake.

Two different levels of uplifted sessile mollusk assem-
blages are evident on a rocky shore less than 3 m above mean
sea level on the Miura Peninsula and on Jogashima, a small
island located ∼300 m to the south of the peninsula. We
focused on Pomatoleios kraussii, a lugworm that constructs
rock-attached calcareous tubes (Fig. 3) because the species
can only survive within a narrow range (∼0.4 m vertically) of
the mid-tidal zone (Miura and Kajihara, 1984). As the upper
0.1 m of the present assemblage is the densest part and
corresponds with mean sea level, uplifted Pomatoleios
kraussii serves as an excellent indicator of former mean sea
levels at this site (Nishihata et al., 1988). We also examined
two treads of raised wave-cut benches that sit at similar levels
to the Pomatoleios kraussii assemblages, upon which we
found in situ boring shells. Eyewitness accounts confirm that
the lower bench emerged during the 1923 earthquake
(Yamasaki, 1926).

We first mapped and measured the assemblages and benches
all around the rocky coast of the peninsula. We measured the
heights of the upper and lower limits of each Pomatoleios
kraussii assemblage relative to sea level at the time of
measurement using either a hand level or a total station
(electronic theodlite equipped with a distance-meter), with
accuracies of several centimeters and several millimeters,
respectively. The elevation data were then converted to heights
above mean sea level based on the tide gauge record at
Aburatsubo (Fig. 2b). The total measurement error is calculated
to be less than 5–10 cm.

Samples for radiocarbon dating were mostly collected
from Pomatoleios kraussii assemblages, with samples collec-
ted from the very upper, very lower, and middle parts of each
assemblage. To avoid contamination from carbon in the
bedrock, we sampled from the surface of piled assemblages
that were not directly attached to bedrock. Sample quality
was evaluated into three grades: good, fair, or poor, based on
the weathering condition of the sample crust. The samples
Please cite this article as: Masanobu Shishikura et al., Marine reservoir correction fo
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were then analyzed by the Beta Analytic Co. using AMS
methods.

Results

Figure 4 shows the height distributions of uplifted Pomato-
leios kraussii assemblages and boring bivalve shells by vertical
bars that indicate the range between the top and bottom levels of
each assemblage, including measurement errors. The range in
the vertical distribution of each assemblage is 0.7 m or less,
wider than the present living range of 0.4 m. This suggests that
the assemblage grew upward over time in response to a gradual
rise in relative sea level. The upper range of the lower
r the Pacific coast of central Japan using 14C ages of marine mollusks uplifted
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Figure 4. Height distributions of uplifted mollusk assemblages and the positions
of samples. The length of vertical bars means the range between top and bottom
levels of an assemblage including error of measurement. Sample name is affixed
to the arrow of sampling point. Leveling data for the 1923 earthquake is after
Land Survey Department (1926).
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assemblage should therefore represent the most recent former
mean sea level that emerged due to episodic sea level fall. The
elevation of them is scattered in the range 1.2–1.8 m because of
the influence of denudation, but it decreases gradually to the
north along the section A–B in Figure 4.

We superimposed the 1923 uplift curve deduced from pre- and
post-earthquake leveling of benchmarks (Land Survey Depart-
ment, 1926) on our own data. The uplift curve appears to de-
lineate the upper bound of the lower shell assemblage. These
observations, togetherwith themeasured post-seismic subsidence
of∼25 cm since 1923 (Ozawa et al., 1997), indicate that uplift of
the lower shell assemblage is related to the 1923 earthquake.

Shells in the upper assemblage are poorly preserved
compared with the lower assemblage in terms of both shell
quantity and quality: the upper Pomatoleios kraussii assem-
blage is more highly weathered and eroded. Nonetheless, our
results show that the top of the upper assemblage is distributed
over elevations of 2.0–3.0 m, which is 0.5–1.5 m higher than
the lower assemblage and has a similar northward decrease in
elevation. As the 1703 and 1923 earthquakes are the only large
earthquakes to have affected the study area during the last 500
yr of historical records (Usami, 2003), uplift of the upper shells
is most likely to have been associated with the 1703 seismic
event.
Table 1
Radiocarbon dating results and marine reservoir corrections for samples from the lo

Loc.
no.

Sample
name

Lab. code Material (species) Height
(m a.s.l.)

1 1-T Beta-189031 shell (Trapezium liratum) 1.26
3 3-TH Beta-189032 shell (Pomatoleios kraussii) 1.29
3 3-TL Beta-189033 shell (Pomatoleios kraussii) 0.79
4 4-T Beta-157082 shell (Pomatoleios kraussii) 1.25
5 5-T Beta-166294 shell (Pomatoleios kraussii) 1.36
6 6-T Beta-157081 shell (Pomatoleios kraussii) 1.30
7 7-T Beta-177769 shell (Pomatoleios kraussii) 1.54

Average (all samples)
Average (only good and highest samples)

Atmospheric 14C age at AD 1923: 131±7 yr (Reimer et al., 2004), Marine model a
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We collected 14 samples for 14C dating from six sites on the
Miura Peninsula and one site on Jogashima (Figs. 2 and 4).
Most of the samples are Pomatoleios kraussii, but we also
collected in situ boring bivalve shells, including four samples of
Notirus mitis, from the uplifted wave-cut benches and two
samples of Trapezium japonicum coexisting with Pomatoleios
kraussii assemblages. These boring shells are also intertidal
species. Because both Pomatoleios kraussii and boring bivalve
shells are filter feeders taking in marine plankton, it is
considered that the carbon in their shells is approximately in
equilibrium with the surface ocean water.

The samples from the lower shells, uplifted during the 1923
earthquake, yield ages in the range 490±40 to 700±40 14C yr
BP (Table 1). At Site 3, where we measured a pair of samples
from the vertical limits of the Pomatoleios kraussii assemblage
(Fig. 4), the highest sample (3-TH) is slightly younger than the
lowest (3-TL). This age difference might indicate gradual pre-
seismic subsidence, although the ages overlap within errors. In
the event that the assemblage grew upward in response to
gradual relative sea-level rise related to pre-seismic movement,
the highest samples would be more suitable for evaluating the
marine reservoir effect. We thus analyzed the high-quality
samples collected from the highest position to estimate the
marine reservoir correction. The ages of these samples fall
within a very narrow range, from 490±40 to 580±50 14C yr BP.
The marine reservoir ages (R) represent the difference between
the conventional age and the atmospheric 14C age at the year of
the emergence event. As the atmospheric 14C age at AD 1923 is
131±7 yr, based on the dataset of IntCal04 (Reimer et al.,
2004), it is estimated that the R (t=1923) is 359–449 yr, and its
weighted mean value is 400± 25 yr. The ΔR value can be
calculated by the same procedure using marine model ages in
the dataset of Marine04 (Hughen et al., 2004). We thus obtained
aΔR (t=1923) value of 40–130 yr (average 82±33 yr), given a
marine model age of 450±23 yr for AD 1923.

Samples from the upper assemblage yielded 14C ages
slightly older than those of the lower assemblage, in the range
610±40 to 750±40 14C yr BP (Table 2). Good quality samples
are limited to four of the 2-G series, which are Notirus mitis
bivalve mollusks that bored ∼1 cm into the emerged wave-cut
bench at an elevation of 1.95 m. Assuming that the emergence
wer assemblage that emerged at AD 1923

δ13C
(‰)

Conventional
age (14C yr)

R ΔR Sample
quality

Position in
assemblage

+1.5 490±40 359±47 40±63 good highest
+0.2 560±40 429±47 110±63 good highest
+0.3 590±40 459±47 140±63 good lowest
−0.2 650±40 519±47 200±63 fair middle
0.0 510±40 379±47 60±63 good highest

−0.9 700±40 569±47 250±63 fair middle
−0.2 580±50 449±57 130±73 good highest

452±18 133±24
400±25 82±33

ge at AD 1923: 450±23 yr (Hughen et al., 2004).
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Table 2
Radiocarbon dating results and marine reservoir corrections for samples from the higher assemblage that probably emerged at AD 1703

Loc.
no.

Sample
name

Lab. code Material (species) Height
(m a.s.l.)

δ13C
(‰)

Conventional
age (14C yr BP)

R ΔR Sample
quality

Position in
assemblage

2 2-G1 Beta-190375 shell (Notirus mitis) 1.95 −0.4 620±40 516±47 49±63 good –
2 2-G2 Beta-190376 shell (Notirus mitis) 1.95 −0.3 610±40 506±47 39±63 good –
2 2-G3 Beta-192317 shell (Notirus mitis) 1.95 +0.9 670±40 566±47 99±63 good –
2 2-G4 Beta-192316 shell (Notirus mitis) 1.95 −0.5 690±40 586±47 119±63 good –
3 3-G Beta-156176 shell (Pomatoleios kraussii) 2.20 +0.3 690±40 586±47 119±63 fair highest
4 4-G Beta-156175 shell (Pomatoleios kraussii) 2.25 −0.1 710±40 606±47 139±63 fair ?
6 6-G Beta-156174 shell (Trapezium japonicum) 2.65 +0.6 750±40 646±47 179±63 poor –

Average (all samples) 573±18 106±24
Average (only good samples) 544±24 77±32

Atmospheric 14C age at AD 1703: 104±7 yr (Reimer et al., 2004), Marine model age at AD 1703: 571±23 yr (Hughen et al., 2004).
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age of the upper assemblage is AD 1703, average R (t=1703)
and ΔR values are calculated to be 544±24 and 77±32 yr,
respectively; however, we note the possibility of contamination
from bedrock carbon despite the fact that the boring depth of
Notirus mitis is relatively shallow.

Discussion

Our results show a very good agreement in average ΔR
values between the upper and lower assemblages (77±32 and
82±33 yr, respectively); however, the value for the lower shells
is taken to be a representative and more reliable marine reservoir
correction for the Miura Peninsula because correlation of the
upper assemblage with the 1703 earthquake is not supported by
geodetic data and because samples from the upper shell may
have been contaminated by bedrock carbon. Our results are
therefore interpreted as supporting the hypothesis that the upper
shells were uplifted during the 1703 earthquake.

ΔR values for the Pacific coast of mainland of the Japan
Islands have also been reported by Yoneda et al. (2000), who
calculated values of −7 yr for the Kii Peninsula, 109 yr for
Shimoda, and 393 yr for Kazima-nada. We note that these
estimates represent single measurements of museum samples
that cannot be certain that the samples were collected alive. Our
ΔR value represents the first detailed examination result derived
from historically emerged marine mollusks for the Pacific coast
of the tectonically active Japan Islands. In this region, the local
marine reservoir correction is of great importance in accurately
constraining the timing of prehistoric tectonic events. A
relatively low ΔR (82±33 yr) for the Miura Peninsula is
consistent with values estimated for the Kii Peninsula, Shimoda,
and the other previously reportedΔR values of −129 to 42 yr for
the East China Sea around the Ryukyu Islands (Konishi et al.,
1982; Hideshima et al., 2001) and the Sea of Japan near far
eastern Russia (Kuzmin et al., 2001) (Fig. 1). In contrast, much
higher ΔR values of ∼380 yr have been reported for Kazima-
nada, the area around northeast Japan (Yoneda et al., 2001,
2002), and the southernmost Kuril Islands (Kuzmin et al.,
2001). Kuzmin et al. (2005) proposed that the difference in ΔR
between the Sea of Japan and the Okhotsk Sea is influenced
by ocean currents, namely the Tsushima Current that branches
from the warm Kuroshio Current and the cold Oyashio
Please cite this article as: Masanobu Shishikura et al., Marine reservoir correction fo
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Current. Our results indicate that the warm Kuroshio Current
brings relatively young water to central and southwest Japan,
whereas the cold Oyashio Current from the northeast plays a
principal role in surface-water circulation around northeast
Japan (Fig. 1).

Conclusions

We analyzed samples from two levels of historically uplifted
sessile mollusk assemblages that emerged during the 1703
Genroku and 1923 Taisho Kanto earthquakes to obtain a ΔR
value of 82±33 yr for the correction of marine samples in the
northwestern Pacific Ocean around central Japan. This ΔR
value indicates that the seawater off the Pacific coast of south-
central Japan is affected by the warm Kuroshio Current from the
southwest.

Our results indicate the utility of historically uplifted marine
organisms in evaluating the marine reservoir effect in tectoni-
cally active coastal regions. To obtain a higher precision in
estimating the correction factor, it is necessary to use physical,
chemical, and biological techniques to investigate the contam-
ination effects of weathering and bedrock calcareous.
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