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ABSTRACT. We compared 2 archaeological relics of different preservation environments, white substances adhering to a
vessel from the Matsusaki site and to earthenware from Hirohata, by measuring their environmental radioactivity, 14C, 228Ra/
226Ra, 234U/238U, and 87Sr/86Sr, and major element contents (Ca, Sr, Mg, Fe, and Mn). The results showed that the 2 materials
were somewhat different and also reflected differences in their preservation environments. The chemical elements that were
more abundant in the Matsusaki sample than in the Hirohata sample, Fe, Mn, 238U, and 232Th (parent of 228Ra), are also abundant in seaweed or seagrass. Contamination by 14C derived from rainwater after atmospheric nuclear tests was clearly
observed in the white substance from Hirohata.

INTRODUCTION

Radiocarbon (half-life 5730 yr) is naturally produced in the atmosphere by the cosmic-ray reaction
14N (n, p) 14C (Libby 1946). As a consequence of nuclear weapons testing, the activity of 14C in the
atmosphere increased during the 1950s to 1960s; since the adoption of the Comprehensive Nuclear
Test Ban Treaty, the level has decreased gradually. Furthermore, 14C is artificially produced in
nuclear power and reprocessing plants and then released into the environment (Uchrin et al. 1992).
As modern rainwater contains higher 14C than prior to nuclear tests, if a sample has been in an
underground (or soil) environment and been in contact with infiltrated rainwater for many years, it
may be contaminated by modern rainwater and thus show a younger than original age.
Many earthenware relics excavated at ancient Japanese sites were used for making salt. Because the
earthenware is thin and easily cracked, it was frequently thrown away when no longer useful. At
some salt-production sites, a white substance has been found adhering to the discarded salt-manufacturing earthenware.
The Matsusaki site in Aichi Prefecture and the Hirohata shellmound in Ibaraki Prefecture, Japan, are
salt-production sites on the Pacific coast. The Hirohata shellmound dates to the Late Jomon to Final
Jomon periods, whereas the Matsusaki site dates to the Kofun and Heian periods. Thus, the Matsusaki site and the Hirohata shellmound differ in age by several thousand years. A white substance was
discovered adhering both to salt-manufacturing earthenware at Hirohata and to wooden tubing vessels and salt-manufacturing earthenware at Matsusaki. The wooden tubing vessels from Matsusaki
are assumed to be ring pours, as these tubs were used to concentrate brine water. At Hirohata, a
white substance adheres thinly to pieces of salt-manufacturing earthenware.
The preservation process of the white substances differs between the 2 sites. At Matsusaki, tubs on
which a thick layer of the white substance had accumulated were buried by coastal sands. At the
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Hirohata shellmound, shells and some earthenware fragments coated by the white substance were
left in the ground for a long time after the site had been excavated by archaeologists. As a result,
they were exposed directly to rainwater contaminated by modern 14C derived from atmospheric
nuclear testing. In contrast, it can be presumed that 14C ages obtained from relics of the Matsusaki
site was not strongly contaminated by modern rainwater, because the white substance is thick and
buried deep.
In this study, we measured the environmental radioactivity of 14C in the substances adhering to
earthenware from the Hirohata shellmound to determine the 14C age and to investigate the effect of
contamination by modern rainwater on a sample’s 14C age.
METHODS
Major Elements and Chemical Form of the Adhering Substances

About 0.5 g of adhering material from each site was dissolved by 1N HNO3 and sample solutions
were obtained. The sample solutions were filtered with a cellulose acetate membrane filter with a
pore size of 0.45 m, and the filtrate was diluted with ultrapure water. Concentrations of the major
elements Ca, Mg, Sr, B, Fe, and Mn in the samples were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a ICPS7500 (Shimadzu Co., Ltd, Kyoto, Japan).
The chemical composition of the samples was measured by X-ray diffraction (XRD) using a Rinto
2100 (Rigaku Co. Ltd., Osaka, Japan).
Determination of 234U/238U, 235U/238U, and 228Ra/226Ra Isotope Ratios

A sample of the adhering substance was dissolved in 2M HNO3, and the solution was filtered with
filter paper (5A). The solution, which contained uranium and thorium, was loaded on a U-TEVA
resin column (Sowa Trading Co. Inc., Tokyo, Japan), and the resin was rinsed with 2M HNO3 after
the thorium in the resin was removed. The 238U in the sample solution was measured via inductively
coupled plasma mass spectroscopy (ICP-MS) (Yokogawa Co., Ltd., Kyoto, Japan). Uranium isotopes (234U, 235U, and 238U) in the sample solution were measured by a thermal ionization mass
spectrometer (TIMS), and the 234U/238U and 235U/238U ratios were calculated.
Radium isotopes (228Ra and 226Ra) of samples of ~10 g of adhering material were determined by ray spectrometry (Seiko Co. Ltd., Osaka, Japan) by first packing them into an airtight tin canister for
1 month. This allowed 214Pb and 228Ac to reach radioactive equilibrium with their parents, 226Ra and
228Ra, respectively. The radioactivity of 214Pb and 228Ac were determined by 351- and 911-keV rays, respectively, using a Ge detector with 40% relative efficiency.
Separation of Sr Isotopes and Determination of the 87Sr/86Sr Ratio

About 0.5 g of each sample were soaked in ultrapure water for 3 days, and the water was then stored.
The remaining sample was soaked in a solution of 1M CH3COONa for 3 days, after which this solution also was stored. The remaining sample was submerged for 7 days in a solution of 1M
CH3COOH containing sufficient CH3COONa to obtain pH 5 in order to dissolve the carbonate. The
remaining sample (only the Hirohata sample) was then soaked in HCl. The residue was then dissolved in HNO3-HF-HClO4. In all cases, a cellulose acetate membrane filter of 0.45-m pore size
was used. A cation-exchange resin, 50W × 8, 200–400 mesh, H form (Muromachi Chem. Co., Ltd.,
Fukuoka, Japan) was used to extract Sr isotopes from all solutions. Isotopic measurements were performed using a Thermo Finnigan™ TRITON multi-collector thermal ionization mass spectrometer
(TIMS). We used the results to calculate the 87Sr/86Sr ratios.
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The ratio of 87Sr/86Sr in a shell reflects that of seawater at the time the shell was collected from the
sea. The ratio was determined in a fossil bivalve shell excavated from a pure shell layer (composed
only of shells) at the Matsusaki site, because pure shell layers are less likely to have been contaminated. The shellfish that produced the fossil shell lived in the 8th century. The shell was washed with
ultrapure water and then sampled with a dental drill, avoiding the surface. A 1-mg piece of the sampled shell was then extracted in 0.1M acetic acid/Na-acetate buffer. The extract was passed through
the cation-exchange resin to separate and purify the Sr isotopes, which were then quantified via
TIMS. The 87Sr/86Sr ratios were calculated as described above.
An earthenware sample from Hirohata was washed with ultrapure water and sampled by drilling.
The sample was then dissolved in HNO3-HF-HClO4 and the Sr isotopes dissolved in the solution
were separated as described above.
Determination of Radiocarbon Activity

The adhering materials were cut with a graver, avoiding the surface, and sampling only the inside
part. About 0.5 g of sample was leached with 1.2M HCl to remove contaminants, then the sample
was rinsed with pure water. Samples were placed in phosphoric acid and CO2 gas was generated.
The CO2 was reduced to graphite by heating to 600 C with H2 and Fe powder. The 14C activity was
measured by accelerator mass spectrometry (AMS) (Compact-AMS, Paleo Labo, Gunnma, Japan).
RESULTS
Chemical Composition

Figure 1 shows the X-ray diffraction pattern of the adhesion substance. The mineral composition of
the adhering material samples from both locations was calcite (CaCO3). Concentrations of some elements along with a sample of sea algae obtained from the reference value of Yamamoto (1995) are
shown in Figure 2. The concentrations of Ca and Sr in the samples were almost the same in both the
Matsusaki and Hirohata samples, whereas the Fe and Mn concentrations in the Matsusaki sample
were much higher than those in the Hirohata sample.
U-series and Th-series (234U/238U, 235U/238U, 228Ra/226Ra Isotope Ratios)

The concentration of 238U in the Matsusaki sample of adhering material was 7.3–7.5 mg/kg. The
235U/238U and 234U/238U activity ratios in the adhering material were 0.04601 (2   0.00006) and
1.19 (2   0.07), respectively. The 234U/238U activity ratio in the adhering material was within the
range found in natural environmental samples. The 228Ra/226Ra activity ratio in the Matsusaki sample was 0.59 ± 0.11 (1 ).
87Sr/86Sr

Ratio of the Adhering Materials

Figure 3 shows the relationship between the reciprocal of Sr concentration, 1/Sr, and the 87Sr/86Sr
ratio in various extracts from the adhering material samples. The seawater value shown in Figure 3a
is the 87Sr/86Sr ratio of this fossil shell. The 87Sr/86Sr isotope ratio of the adhering material of the
Matsusaki extracts ranged from 0.70920 to 0.70928. Ratios of the residue of the adhering substance
after the substance was extracted by acetic acid/acetate buffer and the shell of the Matsusaki were
0.70935 ± 0.0008 and 0.70918 ± 0.00008, respectively (Figure 3a). More specifically, the ratios of
the various extracts obtained from Hirohata had the following values: 0.708870 ± 0.000003 for pure
water, 0.708981 ± 0.000003 for acetate, 0.709043 ± 0.000003 acetic acid/acetate buffer, and
0.709145 ± 0.000004 for HCl solvent. The ratio of the Hirohata adhering substance and the earthenware were 0.709090 ± 0.000004 and 0.70842 ± 0.000003, respectively (Figure 3b).
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Figure 1 X-ray diffraction pattern of the adhering material from Matsusaki (a) and Hirohata (b)
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Figure 2 Concentrations of various elements in the Matsusaki (a) and Hirohata (b) samples compared to concentrations in
seaweed for reference (a).

Radiocarbon
14C in the white adhering substances was measured to investigate the possible influence of modern
rainwater on the apparent age of the sample. Table 1 shows 14C age of the samples, R, and age calibrated by Marine04 (Hughen et al. 2004). The values of R for the Matsusaki used R 255 and
146 (Nakamura et al. 2007). The R value used for Hirohata was R  133, which is average value
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Figure 3 87Sr/86Sr ratio in each of the extracted solutions from the adhering materials and shell from the Matsusaki site.
Empty circles: adhering material extract; filled circles: seawater (fossil shell). (a) Matsusaki; (b) Hirohata. Res. = residue
after carbonate of the sample was dissolved.

of Kanto district (Shishikura et al. 2007). The 14C age of the Matsusaki and the Hirohata samples
was 970 ± 20 BP (1 ) and 1815 ± 20 BP (1), respectively. 14C ages calibrated using Marine04
(Hughen et al. 2004) for Matsusaki (R 46 and 255) and Hirohata (R 133) samples were AD
1070–1385 (2 ) and AD 647–785 (2 ), respectively. It is well known that the 14C age of a marine
sample is older than its original age, but if the 14C derives not only from marine C but also from terrestrial or atmospheric C, then the calibrated 14C age by Marine04 may be younger than the actual
age. If the 14C in the white adhering substance at the time of its formation originated from both
marine C and terrestrial or atmospheric C, the 14C age of the Matsusaki sample might correspond
roughly to its actual age. Even if mixing with terrestrial carbon is considered, the 14C age of the
Hirohata sample is much younger than its actual deposition age, which was during the Late to Final
Jomon periods (3000–4000 yr ago).
Table 1

14C,

R, and sample ages calibrated using Marine04 data (Hughen et al. 2004).
14C

Site

Prefecture

yr BP
(1 )

Hirohata
Matsusaki

Ibaragi
Aichi

1815 ± 20
970 ± 20

R

R reference

Calibrated age range

133
255
146

Shishikura et al. 2007
Nakamura et al. 2007

AD 647 (95.5%) 785
AD 1070 (95.5%) 1275
AD 1183 (95.5%) 1385

DISCUSSION
The Preservation Environments

The preservation histories of the samples from Matsusaki and Hirohata are different. Since the Hirohata sample was exposed directly to rain, it was contaminated by modern 14C derived from atmospheric nuclear testing. Therefore, the measured 14C age is much younger than the actual deposition
age. The 14C age of the Matsusaki sample was only slightly younger than its original age. A high
level of contamination with modern 14C was detected in the white substance from Hirohata, which
originated from rainwater that fell after atmospheric nuclear testing.
The 87Sr/86Sr ratio of the Hirohata sample dissolved in ultrapure water was slightly lower than that
of contemporary seawater. This ratio was the lowest detected in any of the solutions, but the ratio in
the earthenware sample was even lower (Figure 3b). The Sr isotope ratios of all Matsusaki sample
extracts were about the same, suggesting that the Sr in all extracts had the same origin. For 14C, 87Sr,
and 86Sr, we attribute the source of the contamination of the Hirohata samples’ original white substance to be mainly rainwater and/or the earthenware.
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Differences in the Adhering Materials

The ratios of the concentrations of Ca, Mg, Sr, Fe, and Mn in the adhering material from Matsusaki
to their concentrations in the material from Hirohata were 1, 0.4, 0.9, 106, and 105, respectively.
The Fe and Mn concentrations in the Hirohata sample (Figure 2b) were much lower than those in the
Matsusaki sample. Furthermore, the concentrations in the Matsusaki samples were similar to those
in seaweed samples. Although mineralogically the samples from the 2 sites were basically the same
in that both were calcite, they differed with respect to minor element composition.
The 87Sr/86Sr isotope ratio of modern seawater is 0.709175 ± 0.000001 (A Ando, personal communication 2008). The 87Sr/86Sr isotope ratio in the adhering substance sample from the Matsusaki site
was similar to that of contemporary seawater, determined from the shell ratio. Thus, the adhering
substance was mainly a marine product (of either seawater or something living in the sea). The production mechanism of the white substance has not yet been clear. Future work is required for examining the mechanism.
Miyake et al. (1970a) reported that the 234U/238U activity ratio in plankton and algae ranges from
1.07 to 1.18, similar to that in seawater. The 235U/238U and 234U/238U activity ratios in modern seawater are 0.045–0.046 and 1.14–1.15, respectively (Somayajulu and Goldberg 1966; Joshi and
Zingde 1998). The 234U/238U ratio in the Matsusaki sample was the same as that in seawater or a
marine product. Concentrations of 228Ra and 226Ra in the surface seawater along the Pacific Ocean
coast of Japan are 0.2–1.4 and 1.1–1.9 mBq/L, respectively, and the 228Ra/226Ra activity ratio ranges
from 0.2 to 0.8 (Yamada and Nozaki 1986; Nakano-Ohta and Sato 2006; Ohta et al. 2009). The
228Ra/226Ra activity ratio in the Matsusaki sample is of the same order of magnitude as the Pacific
Ocean seawater around modern Japan. 226Ra and 228Ra are decay products of 238U and 232Th, respectively. Therefore, the 232Th in the adhering substance might have originated in part from seaweed or
seagrass. Because the adhering substance at Matsusaki contains 232Th, it may have originated in part
from marine products.
In Japan during the Jomon period, it was known that salt could only be obtained from seawater.
After the Jomon period, materials used for salt production and the process by which salt was
obtained are thought to have changed. The type of salt, called moshio, was first made after the
Jomon period, and moshio is thought to have been made from seaweed and seawater. Moshio was
probably produced at the Matsusaki site. Mori (1991) analyzed the number and type of diatoms in a
sample of precipitate adhering to a wooden tub used to store brine from the Matsusaki site. The most
prevalent diatom was Cocconeis scutellum, a marine epiphytic diatom, which suggests that moshio
was produced at the Matsusaki site.
If part of the material of the Hirohata sample was from seaweed or seagrass, the daughter nuclides
of uranium and thorium would still be present. However, no U-series and Th-series daughter
nuclides were measured in the Hirohata sample.
The concentrations of U and Th in seawater are ultra-low: 2.6–3.7 × 106 (Somayajulu and Goldberg
1966; Miyake et al. 1970a) and 2–91 × 1010 g/L (Higashi 1959; Miyake et al. 1970b), respectively.
Seaweed and seagrass are able to concentrate considerable amounts of U and Th from seawater
(Kuwahara et al. 1997; Shiraishi et al. 2000). The high concentrations of Fe, Mn, 238U, 234U, and
232Th in the Matsusaki sample suggest that at least part of the material of the sample was seaweed
or seagrass, whereas 226Ra (decay product of 238U) and 228Ra (decay product of 232Th) could not be
detected in the material of the Hirohata sample. This finding, and the low concentrations of Fe and
Mn in the Hirohata sample, suggest that no part of the material of the Hirohata sample could have
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derived from seaweed or seagrass. This result is not contradicted by the concentrations of the major
elements in the adhering substance from Hirohata.
CONCLUSION

The analyzed white substance from the Hirohata site was contaminated by rainwater that fell after
atmospheric nuclear testing and also by the earthenware to which it had adhered. Although the sampled material from both sites was calcite, the material from Matsusaki differed in some ways from
that of Hirohata. The chemical elements that were more abundant in the Matsusaki sample than in
the Hirohata sample, Fe, Mn, 238U, and 232Th (parent of 228Ra), are also abundant in seaweed and
seagrass, indicating that the adhering substance of the Matsusaki sample originated in part from seaweed or seagrass. This inference is supported by the discovery of diatoms in the Matsusaki sample
(Mori 1991).
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