Archaeological and Geological Applications of
14C Dating with a Tandetron AMS at Nagoya
University

FHB RS 7 by AMSIC X 51 CHREGE & ZDH N R U A~ DIEH

Toshio NAKAMURA

[Abstract] A Tandetron accelerator mass spectrometer (Tandetron AMS), an apparatus dedicated to
high sensitivity radiocarbon (**C) measurements, manufactured by General Ionex Corporation, USA, has
been used since 1983 to measure the **C concentrations of environmental samples as well as *C dates
of geological and archaeological materials, at the Dating and Materials Research Center (DMRC),
Nagoya University. The author presents here a brief review of the present performance and some
archaeological and geological applications of the Tandetron AMS, as well as a brief introduction to a
so-called second generation AMS machine, an AMS “C dating apparatus, currently of the highest
performance, manufactured by High Voltage Engineering Europe, BV, the Netherlands, which has been
recently installed at the DMRC.
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1. Introduction
Radiocarbon (**C) dating has played a very important role in archaeology since its
appearance in the 1950’s. Many *C dates for archaeological samples of known historical
age from ancient Egypt have been accepted as proof of the method (Libby, 1955). In
Japan, “C dating results have extended the Neolithic period (Jomon period) to almost
double its previously accepted length, which had been established based on pottery
chronology (Hamada, 1981). By using **C dates prehistoric events can be correlated
among various archaeological sites in Japan, as well as in different countries around the
world (Aitkin, 1990). Recently, *C dating, in particular, by the accelerator mass
spectrometry (AMS) method, has been widely applied to historical events and samples
(Bowman, 1990; Oda, et al., 1998; Yoshizawa, et al., 1996). Among various dating
methods that are applicable to archaeological samples, the **C dating method is consid-
ered to be the most useful and reliable, because it is applicable to a large variety of
archaeological and geological sample materials(any organic residue or inorganic
material which contains carbon of atmospheric origen). It is now possible to obtain
high-precision and high-accuracy measurements with less than 1 mg of carbon, and to
attain wider age ranges than before (from recent to 50-60 ka B.P.).

Techniques of AMS developed since 1977, based mainly on a tandem accelerator and
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associated apparatus used to analyze charge state, energy, mass number, and atomic
number of accelerated ions, have enabled us to measure extremely-low abundance
nuclides (isotope ratio of 1072 to 1076 relative to its stable isotope), such as °Be (half
life: 1.5x10° yr), **C (5,730 yr), 26Al (7.1 X10° yr), *Cl (3.0 X 10° yr), *'Ca (1.0 X 10° yr), *I
(1.57 X107 yr), etc., in natural samples. Among such nuclides, *C is the most useful for
age determination in archaeology, mainly because carbon is contained in many archaeo-
logical remains. The least amount of carbon necessary for the AMS C measurement
has been reduced to about 0.1 mg and the oldest date measurable has been extended to
about 50,000-60,000 yr. B.P., compared to a few grams and about 35,000 yr. B.P,,
respectively, for beta-counting measurements of C.

The Tandetron AMS has been in use since 1983 to measure *C concentrations of
environmental samples as well as *C dates of geological and archaeological materials
at the Dating and Materials Research Center (DMRC), NagoyaUniversity (Nakamura,
et al., 1985; Nakamura, 1995). The author presents here a brief review of the present
performance, as well as some archaeological applications of the Tandetron AMS. In
addition, characteristics and performance of a new Tandetron AMS system, which has
been installed at the DMRC (Nakamura, 1998), are described briefly.

2. Performance and applications of the Tandetron AMS

Present performance of the Tandetron AMS is summarized as follows. By using a
graphitized target (Kitagawa ef al., 1993), the least amount of carbon necessary for a *C
measurement is about 0.1 mg. However, 1 to 1.5 mg of carbon is routinely used, for ease
of sample handling and for reducing the eggect of carbon contamination from external
materials. The oldest measurable age was more than 50,000 yr. B.P. until 1990 (Na-
kamura et al., 1992a, 1992b; Sawada et al., 1992; Nakamura et al., 1997a; Kawakami ef
al., 1992; Sago et al., 1992). However, the measurable age is presently limited to less than
around 40,000 to 50,000 yrs. B.P., as the result of a gradual increase in *C background
following the installation of a 28-sample loading system in the ion source in 1990. Fig.
1 shows the measurement error distribution for routine runs. The figure indicates that
the measurement errors are 160 to +80 years for samples younger than 10,000 yr. B.P,
after 2 to 3 hours measurement. The error gets larger for samples older than 20,000 yr.
B.P.

The number of samples measured per year and the total number of samples analyzed
up to present are shown in Fig. 2. Over the last five years, about 700-800 samples have
been consistently dated annually, and a total of 7,540 samples from various research
fields were measured from the installation of the machine to the end of March 1998.
Although the Tandetron AMS has been intensively utilized, the number of samples
analyzed annually is rather limited when compared to the number of samples submitted
to the AMS facility of the DMRC by many users from various research fields. This is
mainly due to low negative current intensity from the ion source (a HICONEX-844 ion
source, modified for loading up to 18 targets at a time), as well as rather low throughput
of the total system. Thus a new AMS system was installed at the DMRC to overcome
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this limitation, which is now being tuned up for *C
measurements.

3. Some applications of “C dating with

the old AMS machine

AMS "C dating at the DMRC has been applied to
many archaeological and geological samples. Fig. 3
shows six research fields in which AMS *C dating is
intensively used. Some results of interesting applica-
tions are described below.

(1) Dating of foraminifera fossil samples from ocean
sediments

To demonstrate the reliability of the *C dates mea-
sured using the Tandetron AMS, C dates of
planktonic foraminifera samples collected from
ocean sediments are shown against the sediment
depth in Fig. 4. A piston-core sample of ocean sedi-
ments, KT89-18, p4, was collected from the 2,800 m
deep ocean floor of the Nankai truogh, off Shikoku
Island, Japan (Fig. 5). Several hundred pieces of for-
minifera shell fossil of ca. 400 gm in diameter, com-
posed mainly of CaCQ,;, were collected by hand-
picking under a microscope, and treated with phos-
phoric acid to obtain CO,, which was finally changed
to graphite to be used in the ion source of the Tan-
detron (Murayama ef al., 1993). Fig. 4 shows good
consistency between the *C ages and sample hori-
zons, i.e., foraminifera collected from deeper sedi-
ment layers give systematically older ages. From the
surface to the 8-meter layer, the “C age increases
monotonically from 0 yr. B.P. to ca. 35,000 yr. B.P.
Layers of tephra erupted from Kyushu Island vol-
canoes accumulated and were well preserved on the
ocean floor. The "C ages of these tephras, already
determined by using terrestrial samples as 6,300 yr. B.
P. for the Kikai-Akahoya (K-Ah) tephra and 25,000
yr. B.P. for the Aira~Tanzawa (AT) tephra, are con-
sistent with the corresponding ages of the layers
estimated from *C ages measured for foraminifera
samples (Murayama et a/., 1993). This shows that the
treatment of small size foraminifera was not affected
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much by modern carbon contamination, and that an acceptable accuracy of *C measure-
ments was attained with the Tandetron.

(2) Eruption history of the Aira Caldera

AMS *C dating was used to establish a detailed eruption history of the Aira Caldera,
located in the northernmost part of Kagoshima Bay, southern Kyushu, Japan (Fig. 5). In
total, 60 samples, collected from paleosol sediments immediately below and above the
tephra layers, and charcoal remains from within the tephra layers, were *C dated. The
results are given in Fig. 6. The sample *C dates are consistent with stratigraphic
relations among them. Based on the *C dates, a well-constrained eruptive history of the
Sakurajima volcano was established, from its formation by the huge Aira eruption of ca.
25,000 yr. B.P. until the historical An-ei efuption of AD 1779 (Okuno et «l., 1997). In this
study, it became clear that ¥C dates of a paleosol sample collected just below a tephra
layer can provide an age that is very close to the eruption age of the tephra (Okuno,
1997).

(3) C ages of peat layers intercalated by tephra deposits at Minami Karuizawa

Several tens of tephras erupted from the Asama-yama volcano, located in Nagano
Prefecture, central Japan, have accumulated in the Minami-Karuizawa lacustrine sedi-
ments, located in the Saku Basin, Nagano Prefecture (Fig. 5). The lacustrine sediments
are made not only of tephra but also peat layers containing a lot of buried trees and
plant residues. Thus, charcoal, tree trunk and peat samples that were clearly related to
the tephras could be "C dated using the Tandetron AMS. Fig. 7 shows the *C ages of
peat layers and the tephra horizons from ca. 20,000 yr. B.P. to 11,000 yr. B.P. The **C
dates of plant samples increase almost monotonically as their horizons become deeper.
However, some older dates are somewhat discrepant with one another (Nakamura et
al., 1997b). Thus, buried trees and plant remains from the same peat layers should be
carefully examined to see whether they give C ages which are consistent with each
other. In addition, the present discrepancy of the 1*C dates suggests that stratigraphy of
these sediments should be re-examined carefully.

(4) *C dates of wood, mammalian bone and shell fossils from a shell mound at the Awazu
submarine site
The Awazu submarine archaeological site, 2-3 meters below the water surface, is
located in the southern basin of Lake Biwa, near where the Seta River flows out from
the lake, in Shiga Prefecture, Central Japan. A shell mound was excavated during the
1990-1991 survey of the site. Seven sets of wood, animal bone, and shell fossil samples,
collected from each of the seven layers of the shell mound, were dated using the AMS
14C method (Nakamura et al., 1997¢). The results are shown in Fig. 8.

The *C dates for each of the three kinds of samples did not show big differences
between the seven layers, as shown in Fig. 8. This tendency is consistent with the
archaeological estimation that the shell mound was formed within about 100 years,
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because fragments of the Funamoto- I type pottery, which correspond to an early stage
of the middle Jomon, were predominant in every layer of this shell mound. However, *C
dates were systematically different between the three types of samples: shell fossil
samples showed the oldest dates from 4,800-5,080 yr. B.P., except for a very young date
(4,630+80 yr. B.P.) for the layer VI; wood samples provided the middle dates (4,570-4,760
yr. B.P.); while bone fragment samples provided the youngest ones (4,090-4,430 yr. B.P)).

The reasons for the differences in *C dates among the three kinds of samples
collected from the same horizons are not clarified yet. Shell carbonate originates from
dissolved inorganic carbon in the lake water, which carbon was derived partly from the
dissociation of old organic materials in the lake sediment, possibly including dead
carbon from limestone rock surrounding Lake Biwa (Nakamura et al., 1998a). Thus the
shell carbonate samples can be older than the formation age of the shell mound. In
addition, younger “C dates for collagen separated from bone samples indicate that
younger carbon may have contaminated the bone samples when they were in the
sediment, and may not have been removed completely during chemical preparation of
collagen. Thus, amino acids, that were more essential to bones, have been extracted to
provide *C dates for these bone samples (Minami and Nakamura, 1998). The amino acid
fractions of the bone samples collected from the Awazu shell mound tend to show older
14C ages than the corresponding collagen, which are almost consistent with the *C ages
of wood materials from the same layers.

(5) *C dates of charcoal samples from the Sannai Maruyama site

The Sannai-Maruyama site, located in Aomori Prefecture, the northernmost on Honshu
Island, is a huge ancient residential site used by humans from the middle to the end of
the middle Jomon period. From around the No.6 Iron Tower, located in the north-west
part of the site, a lot of animal and plant remains were collected, along with many
fragments of Jomon pottery. These potsherds were estimated typologically to belong to
an Ento-Kaso type that is peculiar to the early Jomon period. The sediments at the No.
6 Iron Tower were divided into 6 layers, as shown in Fig. 9, and the lowest horizon, No.
VI, was subdivided further into two layers, VI-a and VI-b, according to difference in the
facies and their remains (Fig. 9). Five charcoal samples collected from each of VI-a and
VI-b layers were *C dated with the Tandetron AMS (Nakamura ef al., 1998b). The
results are shown in Fig. 10. *C dates are consistent within errors for both layers,
though the dates for VI-a and VI-b give about 200 to 300 years difference. One *C age
for the VI-a layer is clearly older by about 500 years than the other 4 dates. This could
be due to contamination from the lower horizon, VI-b. It would be very interesting to
investigate whether any typological difference can be found in the pottery from layers
VI-a and VI-b, which gave a *C age difference of about 250 years.

4. Expected performance of the 2nd generation Tandetron AMS
Recently, we have added a second-generation Tandetron AMS {(a Model 4130-AMS,
radiocarbon dating system) manufactured by High Voltage Engineering Europe
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Fig.9 Representative columnar section of nine layers from I to VI-b excavated near
No. 6 Iron Tower of the Sannai-Maruyama site, Aomori Prefecture.

(HVEE), BV, the Netherlands. Two similar
HVEE AMS systems have been installed suc-
cessfully at the University of Groningen, the
Netherlands (Mous ef «l., 1994), and at the
University of Christian-Albrechts, Kiel, Ger-
many (Nadeau et al., 1997). They have already
proved excellent performers in carbon-isotope-
ratio measurements for graphite targets pre-
pared from carbonaceous materials, giving a
reproducibility in **C/2C ratio of +0.19%; sta-
tistical uncertainties and reproducibility in
“C/2C ratio of =+0.15-0.22% and +0.3%,
respectively. These results imply that the error

in ™C ages could be reduced to about +25
years.
The main improvements of the 2nd-

generation Tandetron, compared with the old
Tandetron, are summarized in Table 1. They
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Fig.10 'C dates for five charcoal samples collected from each

of VI-a and VI-b layers excavated near No. 6 Iron
Tower of the Sannai-Maruyama site, Aomori Prefec-
ture. Open and closed circles indicate charcoal sam-
ples collected from VI-a and VI-b layers, respectively.

are: (1) a high intensity cesium sputter ion source is provided with the new system, so

that the *C counting rate is almost one order higher than that for the old system. In

addition, since up to 59 targets can be loaded at a time and can be measured automati-
cally, measurements are conducted more efficiently. (2) carbon isotopes 2C-, 3C~ and
14C- are injected into a tandem accelerator simultaneously, by using a recombinator
system, which archives high accuracy measurements of the carbon isotope ratio. (3) the
terminal voltage of the tandem accelerator is 2.5 MV, which gives the maximum yield

when producing C3** from C- in the charge exchange process in the accelerator. In

addition, a slit feedback system with a position sensitive Faraday cup to monitor the
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Table 1 New Tandetron AMS from HVEE
The main improvements from the old Tandetron AMS and the expected
performance of the new Tandetron AMS are summarized.

1. High intensity ion source:
*HICONEX 488 ion source => HVEE ion source

*C~ ion intensity is 10 times more = higher counting rate,
=> shorter counting time
*up to 59 targets can be loaded = more efficient measurement

2. Recombinator, a simultaneous three carbon isotopes injection system:
*simultaneous injection of 12C', 130', 14¢
=highly stable isotpe ratio measurement

*simultaneous measurment of 120,1 30,140
= correction of isotope fractionation induced by machine,
= high accuracy measurement of the isotope ratio

3. Therminal voltage of accelerator:

*2.5 MV = optimum for yielding highest intensity of c3* from c,
= higher detection efficiency & higher counting rate

4. Heavy ion detector:
* AE-Eresidual measurement = 14C background reduction,

= clear 1“Ciden'tifica'tion

5. Computer control
*optical link = protect damages of computer system from high voltage sparks
*automatic measurement = reduce the operators duty,
=> more efficient measurement

6. Overall performances
*measurement error: +60— +80 yr BP = +20— +30 yr BP
*measurement capacity: 700—800 samples/yr = 3000 samples/yr

energy of acclelrated 3C3* ions stabilizes the terminal voltage at a level of AV/V = 6X
10~* (Mous et al., 1994), which furnishes highly stable isotope-ratio measurements. (4) to
separtate *C*® ions from various background ions, a heavy ion detector (an ionization
detector) measures the total kinetic energy of incoming ions, Eia, as well as the
residual kinetic energy after energy loss depending on their atomic numbers, Eresiauar, DY
passing them through a gas absorber (isobutane gas column of 10 mbar pressure and 10
cm long). Provided that the background ions are rejected efficiently, *C ages as old as
60,000 yr. B.P. will be measurable with this system. () a computer control system is
provided with the AMS instrument which automates the carbon-isotope-ratio measure-
ment for multiple samples. This provides us a high-throughput measurement.

As a result of these improvements, the improvements in **C measurements with the
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new Tandetron are: (1) the measurement error on the *C age may be as small as +25
years, with a measurement time of a few tens of minutes for a carbon sample of about
1 mg; (2) a fully-automatic measurement can be routinely performed; (3) more than 3,000
samples can be measured annually.

The new system will be used efficiently and speedily for *C dating of various kinds
of carbonaceous samples, submitted by domestic researchers as well as by those outside
of the university, if graphite targets are provided to us, which have been prepared by the
researchers themselves.
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