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Abstract

Many kinds of scientific technology have been used in the archaeological research. Especially

the methodologies relevant to radiation and isotope have contributed to archaeology, giving a lot of

scientific information. Among these methodologies, the radiocarbon dating, proposed by Willard

Libby, has the greatest contribution since 1950. In Japan some scientists introduced this dating

method immediately after Libby's proposal. As the result, the start of the Jomon period, in which

the rope pattern was applied for decoration of earthenware, was reconsidered to be about 10,000

years ago. Yoshimasa Takashima mastered this technique and did the dendrochronological study at

University of Washington, Seattle, from 1960 to 1961. After that he started the radiocarbon dating

in Kyushu University, Fukuoka. First he employed the proportional gas counter to measure ] C,

requiring the complicated and time-consuming preparation of sample. When he restarted the radio-

carbon dating with the authors in 1994 at Kyushu Environmental Evaluation Association (KEEA),

he adopted the liquid scintillation counting method combined with the benzene synthesis from

sample. Because this method is so convenient, many laboratories have adopted it as the conven-

tional method in Japan. Since 1994, almost 100 samples have been treated every year in KEEA by

this method. However this requires considerably much amount of sample, for example 20g in the

case of wood. So that, in case of only small amount of sample can be obtained or a valuable sample

is subjected to measurement, this method cannot be applicable. To resolve this problem, the accel-

erator mass spectrometer (AMS) has been used widely. In this method the atoms of ' C are counted

directly, getting the high sensitivity and requiring very small amount of sample (order of mg). Re-

cently, in KEEA, the radiocarbon dating using AMS was started under the cooperation with Center

for Applied Isotope Studies (CAIS), University of Georgia.

Another work of KEEA is the measurement of lead isotope ratios in the archaeological and en-

vironmental research. The lead isotope ratios, 7Pb/2 6Pb and 208Pb/2 Pb, give useful information

to understand the place or age in which an archaeological relic was produced. For example, as the

lead isotope ratios are changeable depending on the difference of lead mine, it becomes possible to

estimate the origin of relic containing lead as a component. Especially the origin of ancient bronze
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mirror can be estimated by this method. The lead isotope ratios are measured by ICP-MS easily. In

addition, the source estimation of lead pollution in the environment can be done in the same man-

ner.

1. Introduction

Although archaeology is classified into

the category of cultural or social science,

Table 1 Scientific technologies applied in archaeology
Purpose Scientific technologies Relation with

radiation and isotope

many scientific technologies are applied
Dating Radiocarbon dating

Thermoluminescence dating
_ . . _ Electron spin resonance dating

for investigation in thlS field. Especially Estimation of relic Measurement of lead isotope
. . . . producing center Chemical analysis

in recent years, new technologies have
been introduced into the archaeological

research one after another, and participa-

X-ray fluorescence analysis
Neutron activation analysis

related
related
related
related

related
related

nique and material
X-ray transmission

y-ray transmission

related

related
Appraisal of red

of scientists has been increasingly pigment
requested. In Table 1, Scientific technolo- Investigation of life Pollen analysis

and occupation Plant opal analysis

gies, which have been introduced into the

archaeology in Japan, are listed. As
Exploration of

shown in Table 1, many technologies remains

Chemical analysis
X-ray fluorescence analysis related
Electron probed micro analysis related

Fatty acid analysis
Measurement of carbon and
nitrogen isotope ratios

related

Geophysical exploration

Aerial photograph

Conservation science
relevant to radiation and isotope, i.e. ra- conservation of
. . i I ,• ,, , relic and remains

diocarbon dating, thermoluminescence

dating, electron spin resonance dating, activation analysis, X-ray fluorescence spectroscopy and

others, have been applied in the archaeology.

Especially the radiocarbon dating, proposed by Willard Libby (1), has the greatest contribution all

over the world. For example, it was revealed by the radiocarbon dating that the monuments such as

Stonehenge were earlier than the Mycenae civilization. Also in Japan, the start of Jomon age (rope

sentence age, 10000 — 400 BC), when the rope pattern was applied for decoration of earthenware,

was reconsidered to be about 12,000 years ago through the radiocarbon dating. This is several

thousands years earlier than previously believed. On the early stage of investigation, the gas

counting method was mainly used to measure radiocarbon. In the next stage, since the gas counting

method is so complicated, the liquid scintillation counting method (LSC) has been introduced and

widely used in the world due to its convenient property. In recent years, however, the very high

precision is required to evaluate the accurate chronological age, and it is also required to use the

very small amount of sample for the test. For these reasons, now the accelerator mass spectroscopy

(AMS) is commonly used to measure radiocarbon l~~\204 206 207 208The naturally occurring lead has the four isotopes, 204Pb, 206Pb, 207Pb and 208Pb. The lead isotope

ratios provide the information regarding to the producing center and age of ancient bronze relics

excavated in Japan, in particular bronze mirrors. That is, the bronze relics contain a trace amount of

lead and the lead isotope ratios are changeable depending on the difference of lead mine. Consid-

ering this property it becomes possible to estimate the producing center and age of relics. Com-

monly the lead isotope ratios are measured by the thermal ionization mass spectrometry (TI-MS) to

achieve high precision. On the other hand, the inductively coupled plasma mass spectrometry
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(ICP-MS) has come into wide use for trace analysis in the environmental research and can be used

also to measure isotope ratios with the sufficient precision. This technique also can be applied to

source estimation of environmental pollution. The lead, existing in the environment as the pollutant,

has the same isotope ratios as those of source materials. And generally the lead isotope ratios of

surrounding environmental materials are different from those of pollutants. So the source estima-

tion of lead pollution can be done easily by comparing the isotope ratios of surrounding materials,

pollutants and source materials.

Kyushu Environmental Evaluation Association (KEEA) is the research institution that has been

doing the analysis of environmental pollutants, radioactivity, isotope ratios and so on. In its activity,

there are many opportunities in which the analyses of archaeological samples are done. In this pa-

per, some examples regarding to the radiocarbon dating and the lead isotope ratios of ancient

bronze mirrors are presented.

2. Radiocarbon Dating in KEEA

2.1 Principle

Carbon has the three naturally occurring isotopes, that is, I2C, I3C and 14C. It consists of 99% of
12C and 1% of 13C, but about one part in a 1012 of modern carbon is 14C. Unlike 12C and 13C, 14C is

unstable and therefore radioactive, emitting j3 -ray with the energy of 186 keV. As shown in

Fig. 1, the earth is always exposed to the primary

cosmic rays. In the upper atmosphere the primary

cosmic rays react with the atmospheric materials,

producing the secondary cosmic rays. Neutron is

one of the secondary cosmic rays and produces

the radiocarbon (14C) through the nuclear reac-

tion of 14N(n, p)14C. Carbon-14 is oxidized into

carbon dioxide (14CO2) and distributed uniformly

on the earth through circulation and mixing of

atmosphere. Furthermore 14C would be distrib-

uted in hydrosphere through dissolution of car-

bon dioxide into fresh and ocean water, and in

biosphere as the results of photosynthesis. Thus a

slight amount of 14C exists in our surrounding

environment.

While 14C decays with the half-life of 5730 y, it is newly produced in the upper atmosphere as

shown above. So the equilibrium between decay and production of 14C has been established in the

environment. In the radiocarbon dating, it is the principal condition that the atmospheric concentra-

tion of 14C (Bq/g-C) has been constant through the earth history, while actually slight variations

due to some reasons, that is, fluctuations of earth's magnetic field strength, variations in sunspot

activity and so on, have been confirmed. In principle, there is a constant 14C level in the atmos-

phere and all living organisms.

Fig. 1 14C cycle in the environment
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Before 1950, the equilibrium concentration above mentioned was 226mBq/g-C in the atmos-

phere. However, artificial 14C was produced and provided into the environment through the nuclear

weapons testing since 1945. Therefore the concentration of 14C in the environment increased

abruptly after 1950. In 1963, the year of Partial Test Ban Treaty, the atmospheric concentration of

C reached the peak of 450mBq/g-C. After 1963 the concentration level has been gradually de-

creased due to nuclear weapon test ban and mixing of the excess I4C through the carbon exchange

cycle. Nevertheless, the present concentration still remains in 260mBq/g-C in the atmosphere. The

phenomenon above mentioned is called "Bomb Effect".

On the other hand, the burning of large quantities of fossil fuel such as coal, oil and natural gas

started in the 19th century. The fossil fuel laid down so long ago that its 14C has totally decayed

away, resulting in "Dead Carbon" that contains no 14C. Accordingly carbon dioxide released

through the burning of fossil fuel dilutes the atmospheric 14C relative to 13C and 12C. This phe-

nomenon is called "Suess Effect". It is sure that Suess Effect affects the atmospheric 14C since the

Industrial Revolution.

While it becomes rather comprehensive to evaluate the atmospheric 14C concentration due to

Bomb and Suess Effects, the radiocarbon dating is based on the principle that the equilibrium con-

centration of 14C is attained in the environment through the earth's history. However, when a plant

or an animal dies, it ceases to participate in carbon exchange with the biosphere and atmosphere,

and no longer take up C. Therefore, if a tree would be cut off, the initial 14C concentration of Ao

would be decreased according to the half-life (Ti/2). The 14C concentration of the tree after time t, A,

could be related with Ao by the following equation.

t = \/X • ln(Ao/A) (1)

X = ln2/T1/2 (2)

The best estimate of Ti/2 is 5730y. For the historical reason, however, the Libby half-life (5568y) is

conventionally used as T]/2. Using the Libby half-life, the equation (1) could be rewritten as fol-

lows.

t = - 8033-ln(A/A0) (3)

This t is the radiocarbon age. The reference material, oxalic acid produced in 1950, is used to de-

termine Ao, so that the radiocarbon age is presented in the form of years BP, meaning how many

years old than 1950. In recent years, the calibration curves such as INTCAL98, are developed to

convert the radiocarbon age to the calendar age.

As is understandable from the principle, the datable materials are organic. That is, the materials,

which once formed part of the biosphere, are datable.

2.2 Measurement Method of 14C

There are two methods of measurement of 14C. The conventional method detects the activity of

sample, that is, j3 -ray emitted by the decay of 14C. In the early stage of radiocarbon dating, gas

counting method was well used to measure j3 -ray from 14C. In this method, carbon of the sample is

finally converted to gases such as carbon dioxide, acetylene and methane. These gases are intro-

duced into a proportional counter as counting gases. Recently liquid scintillation counting method
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(LSC) is well used to measure j3 -ray from 14C in stead of gas counting method. In LSC, carbon of

the sample is finally converted to benzene or methanol. These are added with small amounts of

scintillator and subjected to LSC. Gas counting method is relatively complicate rather than LSC.

Furthermore, benzene could contain relatively much more carbon as a component compared to

other organic materials, so that LSC could attain the high sensitivity of measurement of 14C. So

now LSC is commonly used to measure j3 -ray from 14C in the radiocarbon dating. As compared

with the conventional method, accelerator mass
. Sample

spectroscopy (AMS) is a very much more recent —s— . . J
I Combustion or acid dropping

technique and directly detects the number of 14C ^
atoms in the samples relative to I3C and 12C atoms. I synthesis of lithium carbide

I « Li (at 700°C)
AMS has the higher sensitivity than LSC and re- I 2co2 + iou - U2C2 + 4U20

quires only several mg of sample to measure the » 2C + 2L| ~* L|2C2

concentration of C. In Japan, however, there are . synthesis of acetylene

only a few institutes that conduct AMS, and these I * H2°
f Li 2C2 + 2H20 — 2LiOH + C2H2

are not commercially available. C2H2

KEEA started the radiocarbon dating in 1993 I synthesis of benzene
I •* Catalyst (chromium(m)-alumina pel let)

with LSC. The schematic diagram for dating is f 3C2H2 _ CeH6
CeHe

shown in Fig.2. Samples subjected to the test are n . r i p / ,
° r J I Preparation of LSC sample

deterged with alkaline and acid solutions. First car- I -*— scintillation cocktail
f (PPO, POPOP in non-radioactive benzene)

bon dioxide is produced through combustion of or- LSC sample
ganic samples or dropping phosphoric acid to car- |
, ,. 1 -vi x 1 J- * J .,1 Radioacrivity measurement

bonatious samples. Next carbon dioxide reacts with —

lithium metal at the temperature of 700°C, produc- F j g 2 S c h e m a t i c d j a g r a m o f LSC f o r

ing lithium carbide. If elemental carbon remains, it the radiocarbon dating

reacts also with lithium metal to produce lithium carbide. After cooling down the reaction vessel,

water is added to lithium carbide to produce acetylene. Finally acetylene is trimerized to obtain

benzene using the chrornium(IH)-alurnina pellet as a catalyst. Approximately 5ml of benzene is

obtained by processing several lOg of sample material. The above chemical procedure is done us-

ing the apparatus, TASK Benzene Synthesizer, developed by J.E.Noakes \ After adding the scin-

tillator to the benzene sample at a constant ratio, the |3 -activity of I4C is measured using the liquid

scintillation counter, Packard TRI-CARB 1050/LL. The radiocarbon age is calculated according to

the equation (3).

In recent years, AMS has been adopted in KEEA. In this case, the gas of carbon dioxide corre-

sponding to 5mg of carbon is produced from a sample and sealed into a glass ampoule. The glass

ampoule containing carbon dioxide is send to Center for Applied Isotope Studies, University of

Georgia (CAIS). In CAIS, carbon dioxide is converted to graphite and subjected to AMS.

2.3 Examples of Dating in KEEA

2.3.1 Dating of Charcoal

The remains of Shobaru is located in Fukuoka prefecture, northern part of Kyushu Island. In
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those remains, the place, where an old furnace for melting a metal once stood, was discovered in

1995. The charcoal excavated from this place was sorted out by floatation and subjected to the ra-

diocarbon dating in KEEA. The radiocarbon age was estimated by LSC to be 2220± 170years BP,

the early stage of Yayoi age. Yayoi age (400 BC —300 AD) is the age after the rope sentence age

(Jomon age) and prior to the ancient tomb age. However, there is a suggestion that the iron artifacts

were produced in Shobaru remains. If so, this result is very epoch-making, because so far it has

been accepted in Japan that the iron manufacture was started in the later stage of Yayoi age.

2.3.2 Dating of Unearthed Fallen Tree

The remains of Isouda-D is located near the Fukuoka City. Here the fallen trees were unearthed

from 5m below ground. These trees had the marks of stoneax cutting and were dated to be

4800years BP. From these results, it was revealed that a logging field for pit dwellings was situated

here in Jomon age.

2.3.3 Dating of Carbonized Tree

The tephra is the general term of the pyroclastic material, which was emitted from the crater on

the occasion of an eruption and deposited on surface of the earth. In Japan many tephra layers are

distributed. The Aira tephra layer was formed by the eruption of Aira volcano, which was located in

the southern part of Kyushu Island, and distributed all over Japan, especially in Kyushu Island. The

carbonized tree was unearthed from the Aira tephra layer at Kagoshima prefecture, the southern

part of Kyushu Island, and dated to be 23500±700years BP. This result well agrees with that in-

troduced from the geological study.

2.3.4 Dating of Wooden Block

Kourokan was the guesthouse for greeting the guest from a foreign country for about 400years

from 7th century to 1 lth century. It was situated at the center of Fukuoka City. From these remains

many kinds of relic such as wooden blocks, pieces of charcoal, potteries and others were excavated.

These wooden blocks and pieces of charcoal were dated by LSC, and the calendar ages of 480 —

680 AD were obtained. These results seem to be contradictory to the fact of history. Taking the

wood problem into account, however, there is no contradiction. That is, generally a wooden relic

shows an earlier age than that in which it was used.

2.3.5 Dating of Underwater Remains

Imari Bay is located in the northern part of Kyushu. In 1281 AD, the Mongolian army attacked

Imari Bay. At that time many Mongolian's naval fleets were sunk to the seabed of the bay. The

main part of the anchor of a naval fleet was made of wood, and the big stones were fastened to it

with the bamboo. Recently some anchors were pulled up from the seabed, and wooden and bamboo

parts were subjected to the radiocarbon dating. In this case, the results of LSC were compared with

those of AMS, resulting in good agreement with each other (Fig.3). These results were also in good

agreement with the fact of history. So it can be concluded that not only AMS but also LSC are ap-
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plicable for dating the medieval relics. In Fi.3, the data without dendrochronological calibration are

shown. In recent years the data calibrated by the calibration curve such as the INTCAL98 (4) are

requested generally. In this case, the calendar age accompanied with certain probability is given.
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Fig. 3 Comparison between LSC and AMS in radio-
carbon dating
Sample : Anchor materials pulled up from the seabed

of Imari Bay
KEEA : Results of LSC car ied on at KEEA
NUTA : Results of AMS car r ied on at Nagoya Univ.
*Each column of KEEA and NUTA shows the resul ts fo r

the same sample as each other.

3. Source Estimation of Lead Using Lead Isotope Ratios

3.1 Principle

In nature, there are 4 stable isotopes of lead, 204Pb, 206Pb, 207Pb and 208Pb. Among these, three

isotopes except 204Pb are the final products of natural radioactive decay chains of 235U, 238U and

Th. So, if uranium and thorium coexist with lead in a material, three isotopes of lead increase in

quantity with time, resulting in the change of lead isotope ratios such as 206Pb/204Pb, 207Pb/206Pb,

Pb/ Pb. The lead isotope ratios are changing with time in a material containing lead, uranium

and thorium at once. That is, lead isotope ratios of a certain lead ore are different from those of

others depending on the geological and geochemical histories of individual materials. This can be

said not only on ore samples, but also on other archaeological and environmental materials. Gum-

ming and Richard studied the lead isotope ratios of earth materials, and proposed the theory of

growth curve of isotope ratios (5). On the basis of their theory, geo-chronological information of

rock samples can be obtained by measuring lead isotope ratios. According to the theory of Gum-

ming and Richard, materials having relatively low isotope ratios of 207Pb/206Pb and 20SPb/206Pb are

defined as "more radiogenic", whereas materials with relatively high isotope ratios are defined as

"less radiogenic".

So far, lead isotope ratios have been used for dating of ore and rock samples. However, lead that

we encounter in our environment has peculiar isotope ratios, and we can obtain some environ-

mental or archaeological information by measuring lead isotope ratios. Mukai et al. characterized
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the sources of lead in the urban air of Asia using lead isotope ratios, and revealed that the exhaust

gas of automobile affects the urban airs of Bangkok and Jakarta seriously . They also revealed

that the airs of Korean and Chinese cities have been affected from coal combustion power plants,

and the air of Japanese city has been affected from refuse incineration factories. Sturges and

Harrison investigated the cross-border air pollution between USA and Canada using lead isotope

ratios . They measured the lead isotope ratios of gasoline in Canada and USA, and of materials

emitted from smelters in Canada.

As to archaeology, in Japan the measure-

ment of lead isotope ratios has been applied

to estimate the producing center of an an-

cient bronze mirror. That is, an ancient

bronze mirror contains copper, tin and lead

as the major component. So it becomes pos-

sible to estimate the producing center of

mirror through measuring the lead isotope

ratios. Mabuchi and Tominaga reviewed the

methodology and scientific base (8). The

bronze mirrors excavated from Japanese

_Q

2.20

2.15

2.10

2.05

/ Z )

0. 8 0. 82 0. 0.9

ruins were produced mainly in China of

West Han dynasty, China of East Han dy-

nasty and Japan. Plotting the data on the

lead isotope ratio diagram, it would be esti-

mated where the samples were produced (Fig.4).

0. 84 0. 86
207pb/206pb

Fig.4 Lead isotope ratio range of the
ancient bronze mirror excavated
in Japan

A : Galene produced in Japan
B : Mirror produced in Chine of Eastern Han dynasty
C : Mirror produced in China of Western Han dynasty

3.2 Measurement Method of Lead Isotope Ratios

As the archaeological sample material, a few lOmg of rust was taken from an ancient bronze

mirror. As the sample for the environmental research, fifty mg of coal, lOOmg of bottom ash,

lOOmg of soil, 300mg of dried agricultural product and a filter accompanied with SPM were sub-

jected to analysis, respectively. Each sample was taken into a Teflon vessel specially designed for

microwave decomposition (9), followed by addition of appropriate amount of deionized water and 3

to 4ml of nitric acid. In addition, a few ml of hydrofluoric acid, perchloric acid or hydrogen perox-

ide was added depending on the compositional situation of sample. The important point is to make

a blank sample, to which same kinds and same amounts of reagents are added as well as a true

sample. After addition of reagents, the tightly sealed Teflon vessel was placed in a microwave oven

for kitchen use and the sample material was heated intermittently(5min X 3times) at the power

corresponding to almost 50W/sample. After microwave decomposition, the sample was filtered

with the filter paper (ADVANTEC 5C). The filtrate was taken into a volumetric flask and was

adjusted to 25 or 50ml with deionized water. This solution was introduced into ICP/MS for

measurement of lead isotope ratios. In ICP/MS measurement, true and blank samples were

measured simultaneously, and the net ion-counts of individual isotopes were calculated by

subtracting the counts of blank sample from those of true sample. From the net counts of individual
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sample from those of true sample. From the net counts of individual isotopes, 207Pb/ 206Pb and
208Pb/206Pb ratios were calculated, and these data were normalized to SRM-PB-981 by measuring

the reference material simultaneously.

Q_

3.3 Application to the Archaeological and Environmental Studies in KEEA

3.3.1 Producing Center Estimation of Ancient Bronze Mirrors

In Japan there are many old tombs built in the an-

cient tomb age, and sometimes the ancient bronze

mirrors are excavated from these tombs. The archae-

ologists have the great interest in the producing center

of these, because it is much important for archaeo-

logical considering where the mirrors were produced.

The Maebaru City is located in the west of the Fu-

kuoka City. In this city there are many ancient tombs

built in the ancient tomb age. Two ancient bronze

mirrors excavated from this city were subjected to the

analysis of lead isotope ratios (Fig.5). From the ana-

lytical results, the raw materials of two ancient mirrors

were considered to have originated either in China of

Eastern Han dynasty, or the Korean peninsula.

i I i I i I i I

0.84 0.87 0.0. 85 0. 86
207pb/206pb

Fig.5 Lead isotope ratios of the ancient
bronze mirrors excavated from the
Maebaru City, Fukuoka Prefecture

An error bar shows the la region.
O: mirror from Higashi-Hakata No. 1 mound tomb
# : mirror from Tateishi No. 1 mound tomb

3.3.2 Source Estimation of Environmental Pollution

Coal combustion power plants release pollutants, such as sulfur oxide (SOX), nitrogen oxide

(NOX), suspended particulate matter (SPM) and gaseous materials, into the environment. Therefore,

it is necessary to monitor these pollutants in the surrounding environment of plant. In Japan, many

monitoring stations are arranged around a power plant to monitor SOX, NOX and SPM continuously,

and furthermore metal elements in air, soil and plants are measured periodically. However, many

artificial and natural sources of pollution, such as incineration factories and volcanoes, exist in the

surrounding environment of power

plant. In this situation, it is very diffi-

cult to estimate the influence of power

plant exactly using

inform-ation only on concentrations of

pollutants.

Lead is the useful and important in-

dicator for the environmental monitor-

2.20

2.15

2.10

2.05

ing of coal combustion power plant,

and fortunately has four stable isotopes.

Therefore, it enables us to do the envi-

ronmental evaluation using isotope ra-

2.00

less radiogenic

O

Q

OCoal
• Bottom ash

• SPM
• Agricultural product

more radiogenic

0.80 0.82 0.84 0.86 0.88 0.90 0.92

Fig.6 Lead isotope ratios of coal, bottom ash ,
soil, SPM and agricultural products
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tios. So this technique was applied to evaluate the environmental impact of Reihoku coal combus-

tion power station, located in the middle part of Kyushu Island. That is, the samples of coal, bottom

ash, soil, suspended particulate matter (SPM) and agricultural product were collected in the sur-

rounding area of station, and were subjected to the analysis of lead isotope ratios \ From the re-

sults shown in Fig.6, it was revealed that there is no environmental influence of the power station

as far as lead pollution is concerned.

4. Conclusions

At the present, many techniques and equipments, relevant to radiation and isotope, are essential

for the human life. These have contributed to the developments of industry, agriculture, medicine

and others since the end of 19th century. Especially the nuclear power became the main energy

source in the later half of 20th century, and is thought to be essential for the sustainable develop-

ment of the mankind in future. In addition, the nuclear power generation is needed to some extent

to prevent the increase of carbon dioxide in the atmosphere.

Considering the fact above mentioned, people should have the correct knowledge about radiation,

radioactivity, isotope and nuclear. So it would become more important to educate people, especially

young people, in these fields. In the archaeological and environmental science, many techniques,

which are relevant to radiation, radioactivity and nuclear, have been used. From the viewpoint of

radiation education, it would be very effective to teach about these theories, methodologies and

results.
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