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ABSTRACT. We present here the current status of AMS dating of iron artifacts at Nagoya University. We initially developed 
a "wet" method of carbon collection from iron samples, consisting of a resistance furnace and a "wet" trapping of the evolved 
CO2 with a saturated Ca(OH).solution, in which overall collection efficiency of carbon ranged from 50 to 60%. To improve 
the carbon-collection efficiency, we more recently constructed a "dry" system, consisting of an induction furnace followed by 
"dry" separation of the produced CO2 from combustion gases and conversion of the CO2 into a graphite target. We describe 
here mainly the performance of the "dry" separation system, tested using standard steel samples. We also report previously 
determined 14C dates on three ancient Oriental artifacts using the earlier "wet" procedure. 

INTRODUCTION 

Recent iron production in blast furnaces utilizes coke from coal and oil, which are 14C-free. In 
ancient iron production, charcoal was used as a carbon source. Thus, a reliable date may be obtained 
from the carbon contained in an iron artifact if it is almost contemporaneous with the iron produc- 
tion. The 14C age of carbon in metallic iron artifacts, which essentially implies the date of cutting the 
source trees for the charcoal (more precisely, the date of formation of annual rings of the trees), can 
be almost equal to the production date of the metallic iron, considering typical measurement uncer- 
tainties for 14C ages of ca. ±80 yr in a routine measurement using a Tandetron accelerator mass spec- 
trometer at Nagoya University (Nakamura et a1.1985). 

Applications of 14C dating by conventional beta-ray counting to iron samples was first initiated by 
van der Merwe and Stuiver (1968) at the Yale Radiocarbon Laboratory. They used 0.5- and 1.5-liter 
C02 gas proportional counters requiring several hundred milligrams of carbon from hundreds of 
grams of iron. Despite using small proportional counters (Harbottle, Sayre and Stoenner 1979; 
Sayre et a1.1979), large iron sample sizes of the order of tens of grams were still needed and poor 
precision was obtained. 

Cresswell (1991,1992) first applied accelerator mass spectrometry (AMS) to 14C dating of iron arti- 
facts at the IsoTrace Laboratory, Toronto, Canada. He constructed a system based on the design of van 
der Merwe and Stuiver (1968) in which carbon extraction, purification and graphite target preparation 
was performed in a continuous operation. He obtained reliable 14C dates from ancient iron artifacts 
on samples of only a few hundred milligrams. In Japan, Yoshida (1992) studied AMS 14C dating of 
iron artifacts, using an AMS system at the University of Tokyo. However, he used only solid residues 
from the acid treatment of iron samples and could analyze only high carbon cast-iron samples. 

As described by Igaki et al. (1994), we developed a carbon extraction system for metallic iron for 
AMS 14C dating. We initially constructed a "wet" method of carbon collection from iron samples, 
which uses a saturated Ca(OH)2 solution to trap CO2 produced by oxidizing iron samples with an 
electric resistance furnace at 1200°C in a mullite tube in the presence of purified oxygen gas. Carbon 
from iron trapped as CaCO3 was then changed to CO2, by thermal decomposition at 850°C in a vac- 
uum line, for routine graphite target fabrication (Kitagawa et al. 1993), to perform 14C AMS analy- 
ses at Nagoya University. The collection efficiency of carbon was rather low in the "wet" method, 
ranging from 50 to 60%. To achieve higher collection efficiency, we recently developed another 
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simple "dry" method by extracting carbon from iron samples and directly separating CO2 from the 

combustion gas. Here we discuss the newly developed "dry" method, and some 14C dates for orien- 

tal iron artifacts determined using the earlier "wet" procedure. 

SAMPLE COMBUSTION AND CARBON EXTRACTION: "DRY METHOD" 

Combustion of Iron Samples 

Iron samples were oxidized using an induction furnace in the presence of purified 02. CO2 con- 

verted from carbon in the iron samples was collected in a gas bag along with 02. The CO2 was then 

separated from 02 and other impurity gases in a vacuum line. 

Figure 1 shows the combustion system for iron samples. An induction furnace, LECO HF-10, 
LECO Corporation, St. Joseph, Michigan, USA, can oxidize up to 2 g of iron at once. We normally 
require 1 mg of carbon in the form of CO2 to produce a graphite target for the Tandetron spectrom- 

eter, in which only one cycle of carbon extraction is needed for iron samples with >0.05% carbon 
content. This restriction in sample size does not affect ancient iron artifact samples, which usually 
have higher carbon contents. 
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Fig. 1. Schematic diagram of the iron combustion system: 1. oxygen gas cylinder; 2. heated copper oxide; 3. Ascarite to trap 

C02; 4. Anhydrone to trap H2O; 5. induction coil; 6. crucible; 7. quartz reaction tube; 8. molten oxide bath; 9. quartz wool to 

trap dust; 10. manganese oxide to trap SO2 and S03;11. three-way valve; 12. flow meter; 13. gas bag. 

Normal-grade and grade-A high-purity oxygen gas were tested for the combustion of iron samples. 
Possible carbon contamination of the oxygen gas was eliminated by passing the oxygen through a 

CuO wire mesh at 500°C, as well as a set of CO2 and water vapor absorbers (Ascarite of ca. 8-20 
mesh and Anhydrone of granular Mg(C104)2). Iron- and tungsten-oxide dust was trapped in a quartz 
wool filter, located just after the furnace. Sulfur oxide gases (SO2, SO3) and water vapor produced 
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by the combustion of iron samples were absorbed by granular Mn02 and Anhydrone, respectively. 
We used a 10-liter Tedlar bag, equipped with two inlets with rubber 0-ring seal stopcocks, to collect 
combustion gas samples. 

We used pure graphite and four standard iron samples of different carbon content (4.67%, 0.13%, 
0.05% and 0.0056%) to test the combustion system. Each iron sample was put in a ceramic crucible 
(#528-018, LECO) preheated at 1100°C for 10 h. The iron sample was placed in the crucible and 
heated at 600°C for 10 min in an electric oven to eliminate possible carbon contamination. Then we 
took the crucible out of the oven, added an appropriate amount of combustion accelerant and placed 
it in the microwave furnace. The gas collection bag was connected to the combustion line via a 
three-way valve, as shown in Figure 1. 

After the iron sample was set in the furnace, residual air in the combustion line was removed by 
flushing with ca. 30 liters of 02 gas at STP, monitoring the flow rate with a gas flow meter. The gas 
bag was then flushed by filling it with 02 and pumping 02 out three times to eliminate atmospheric 
C02 contamination. When the flushed gas bag was empty, the 02 flow rate was adjusted to 2 liters 
per minute and the induction furnace was ignited. The start of oxidation of the iron sample was 
marked by a decrease in 02 gas flow rate. 

Ten seconds after ignition of the furnace, the combustion gas was directed to the gas bag, and col- 
lected for 2-3 min. Following this, the gas bag stopcock was closed and the tube connected to the 
stopcock was closed with a pinch-cock. 

CO2 Extraction from Combustion Gas and Graphite Preparation 

We tried to extract CO2 from the combustion gas on the same day as the combustion, to keep the gas 
sample free from any atmospheric CO2 contamination. However, for some samples, extraction was 
performed 1-3 days after combustion. The gas bag was connected to the vacuum line system with a 
rubber tube, and the vacuum system and the connection tube were evacuated (Fig. 2). Once the sys- 
tem was evacuated, water traps 1 and 2 were cooled to -100°C with an ethanol/liquid nitrogen (liq. 
N2) mixture, and CO2 traps 3 and 4 with liq. N2. (Traps 2, 3 and 4 are U-shaped, 20 mm in diameter 
and 40 cm long, with many small glass fingers to increase the gas-trapping surface.) The combustion 
gas was then fed through the traps with a flow rate of 40 ml per minute, regulated by a mass-flow 
controller, by pumping out the non-C02 gases, mainly 02, with an oil rotary pump. A Pirani gauge 
showed ca.1 Ton at the outlet of trap 4. In a few hours, after the combustion gas was completely 
processed, CO2 collected in traps 3 and 4 was again separated from water vapor and SO2 using a 
normal-pentane trap with a melting point of -131°C. The amount of CO2 collected was determined 
from the pressure of CO2 gas expanded in a calibrated volume, using a pressure transducer. The CO2 
sample was then sealed in a Pyrex tube of 6 mm diameter for further analyses. 

The CO2 from ca.1 mg of carbon separated from the iron samples was made into a graphite target 
by reducing with hydrogen on iron powder at 650°C, as described by Kitagawa et at. (1993). The 
14C content of the graphite was then measured with a Tandetron spectrometer at Nagoya University 
(Nakamura et a1.1985, 1992). 

RESULTS AND DISCUSSION 

Carbon Collection Efficiency and 14C Background 

We tested the carbon collection efficiency and 14C background of the carbon extraction system, 
using standard steel samples specially designed for carbon content analysis: 4.67%C steel supplied 
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Fig. 2. Schematic diagram of the CO2 separation system. See text for details. Traps 1, 2. Ethanol/liquid N2 to trap H2O at 

-100°C; Traps 3, 4. liquid N2 to trap CO2. 

by LECO Corporation, 0.13%C (JSS-023-3), 0.05%C (JSS-201-1O) and 0.0056%C (JSS-200-11) 
steels of Japanese iron and steel-certified reference materials supplied by the Iron and Steel Institute 
of Japan, and Sri Lanka ore graphite. Nearly equal amounts of combustion accelerant (Lecocel 2HP 

(W+Sn), LECO Corporation) were added to steel samples weighing >1 g, while ca.1 g of accelerant 
was added to samples weighing <1 g. 

As shown in Table 1, the carbon collection efficiency for steel samples weighing >1 g is >80%, 

except for runs 7 and 8. Carbon collection efficiency is 64-70% for 4.67%C steel, systematically 
lower than that for lower-carbon samples. The efficiency for graphite powder is much lower, 54- 
65%. We suspect that the combustion of carbon for high-carbon samples may not be complete, per- 
haps because the temperature was not high enough. Radio-frequency induction may not work well 
for small amounts of iron. Cresswell (personal communication, 1994) suggested another possibility. 
High-carbon samples would oxidize rapidly, and a surface skin of wustite/magnetite can form, hin- 

dering the diffusion of interior carbon to the surface for oxidation. He therefore suggests using an 
iron accelerant rather than a tungsten and tin mixture to prolong the melt at high temperature during 
the combustion. We need more tests to achieve higher collection efficiency for high-carbon samples. 

Aliquots of CO2 separated from the combustion gas from runs 3, 4 (4.67%C) and 11,12 (0.13%C) 
were analyzed for 13C/12C ratios with a Finnigan Mat 252 mass spectrometer, giving 813CPDB values 
of -25.9, -25.8, -23.4 and -23.3%o, respectively. The b13CPDB values for the 4.67%C iron standard 
are lower by 2.59% than those for the 0.13%C standard. This indicates that the sources of carbon in 

the two standards are different, i.e., they both derived from carbon in coal or oil, but were collected 
from different coal mines or oil wells. 

Since standard steel samples are manufactured both in modern blast furnaces using iron ore and coke 
produced from coal, and in vacuum-induction furnaces using electrorite iron and oil-coke from oil as 
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TABLE 1. Extraction Efficiency of Carbon and 14C Background for the Combustion and "Dry" CO2 
Separation System 

Modern 

Lab Fe Sample Carbon Yield 
carbon 
contami- (NTUA-) sample amount content of CO2 EEt 14C activity Apparent 14C 813CPDB nation /run nos.* Sample (%C) (g) (mg) (mg C) (%) (pMC) age (yr BP) (%o) (mg C) 

324811$ Graphite 100 0.0011 1.07 0.695 65 2.81 ± 0.34 28,700 ± 960 -- 0.02 
3254/2 Graphite 100 0.0020 1.97 1.056 54 3.11 ± 0.52 27,900 ± 1340 -- 0.03 
3255/3$ Leco Fe 4.67 0.0969 4.52 3.18 70 1.32 ± 0.09 34,770 ± 560 -25.9 0.04 
3256/4 Leco Fe 4.67 0.0537 2.51 1.616 64 5.01 ± 0.22 24,070 ± 350 -25.8 0.08 
2959/5 JSS Fe 0.13 1.00 1.30 1.12 86 5.20 ± 0.18 23,760 ± 280 -- 0.06 
2961/6 JSS Fe 0.13 1.00 1.30 1.06 82 3.93 ± 0.26 26,000 ± 530 -- 0.04 
3206/7 JSS Fe 0.13 0.9683 1.32 0.932 71 6.43 ± 0.19 22,060 ± 240 -- 0.05 
320718$ JSS Fe 0.13 1.0168 1.32 0.816 62 2.67 ± 0.11 29,120 ± 330 -- 0.02 
3224/9$ JSS Fe 0.13 1.0075 1.31 1.151 88 3.45 ± 0.38 27,060 ± 890 -- 0.04 
3226/10$ JSS Fe 0.13 0.9648 1.25 1.082 86 3.66 ± 0.12 26,580 ± 270 -- 0.04 
3214/11$ JSS Fe 0.13 2.0048 2.61 2.302 88 3.08 ± 0.11 27,960 ± 300 -23.4 0.07 
3227/12 JSS Fe 0.13 2.0363 2.65 2.351 89 2.33 ± 0.10 30,230 ± 350 -23.3 0.05 

2960/13 JSS Fe 0.05 2.00 1.00 0.797 80 10.49 ± 0.33 18,120 ± 250 -- 0.08 
3225/14 JSS Fe 0.05 2.0078 1.00 0.972 97 9.33 ± 0.31 19,060 ± 270 -- 0.09 
/15 JSS Fe 0.0056 2.00 0.112 -0 -0 
/16 Accelerant -0 1.00 0 Not 

detected 
*Run numbers are also indicated in Fig. 3. 
tExtraction efficiency 
$C02 extraction was performed immediately following combustion of iron samples. For the other runs, the extraction was 
done 1-3 days after combustion. 

raw materials, they should be completely 14C-free. However, carbon extracted in our system con- 
tained an appreciable amount of 14C, ranging from 1 to 10% modern carbon (pMC), giving apparent 
ages from 18 to 35 ka, as shown in Table 1. A steel sample with 4.67%C (run 3) showed the lowest 14C 
activity. However, run 4 on the same steel showed higher 14C activity. In the latter case, the CO2 
extraction was performed 3 days after the combustion. Thus, CO2 in the combustion gas may have 
been contaminated by atmospheric CO2 through the container bag. For runs 2, 5, 6, 7,12,13 and 14, 
CO2 was extracted the day after the combustion. Some of them show high 14C activities, perhaps 
because of similar contamination to run 4.14C activities for six samples in which CO2 was extracted 
immediately following combustion ranged from 1.32 to 3.66 pMC, with an average of 2.8 ± 0.8 pMC. 

We estimated the amount of modern carbon required to contaminate each 14C-free sample by multi- 
plying yield of CO2 and 14C activity. As shown in Table 1, for all samples (except for run 11) for 
which CO2 was extracted from the combustion gas on the same day of the combustion, the contam- 
ination of modern carbon is <0.05 mg. For the other samples it is consistently above 0.05 mg, almost 
reaching 0.09 mg, suggesting a strong correlation between 14C background and storage length of the 
combustion gas. Figure 3 shows the correlation between CO2 yield and 14C activity. Steel samples 
of 0.05%C show relatively high 14C content compared to that of other standard materials. This high 
14C concentration possibly resulted from inherent 14C contamination of the sample itself, though the 
14C contamination during the storage of the combustion gas may be the dominant source. 

Cresswell (1992) suggested that normal steel whose carbon content is 0.65-0.96%C showed a 14C 
background of 2.2-2.7 pMC when medical-grade oxygen way used for steel combustion. The use of 
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Fig. 3. Correlation between CO2 yield and 14C activity for standard iron materials. 

Numbers in the figure indicate run numbers given in Table 1:1, 2= graphite; 3,4= 
4.67%C; 5-12 = 0.13%;13,14 = 0.05%C. Closed square indicates runs processed 

the same day, as described in the text. 

high-purity oxygen markedly reduced the 14C background to 0.47-0.82 pMC. We also tested the 

combustion system with both normal-grade oxygen (99.9%) and grade-A high-purity oxygen 
(99.99%), but could find no improvement in the 14C background level. Commercial specifications 
indicate that the CH4 content of both oxygens is <30 ppm, and concentrations of hydrocarbon, CO2 

and CO are <10 ppm for higher-grade oxygen. It seems reasonable that both oxygens show no dif- 

ference, because they contain almost equal carbonaceous contaminants that may not be removed 

completely at the inlet trap of the combustion system. We recently discovered commercially avail- 
able ultra-pure oxygen (99.9999%), whose CH4 and CO2 contents are <0.05 and 0.01 ppm, respec- 
tively. We hope the 14C background will be reduced when the ultra-pure oxygen is used for combus- 
tion, as in the study by Cresswell (1992). 

14C Dates of Oriental Iron Artifacts 

We previously used the "wet" separation method (Igaki et al. 1994) to measure 14C dates on carbon 

separated from three oriental artifacts: a Japanese sword; a planing adze; and an iron hook. Table 2 

summarizes information on these dates. We used the CalibETH 1.5b program (Niklaus 1991; 

Niklaus et al. 1992) and dendro-calibration data of Stuiver and Pearson (1993) to calibrate the 14C 

dates measured in this study. 

The sword is believed to have been made by the "Maru-kitae" method, forging the original iron as 

a whole. This method was used before the appearance of the more elaborate composite forging 
method of covering a soft steel core with hard steel. The forging age of the sword was estimated his- 
torically to be from the late Kamakura (AD 1192-1333) to early Muromachi (AD 1336-1573) peri- 
ods. The calibrated 14C date, cal AD 1021-1263, although a bit older, is still consistent with the ear- 
lier historical estimate (Igaki et a1.1994). 
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TABii 2. AMS 14C Dates for Three Oriental Iron Artifacts 

Sample 
Sample 
weight content dates range AD/ no. 

No. description (g) age BP) 

1 Japanese sword 2.27 150 
2 Planing adze 0.93 160 (94.8) 

(cast iron) 483-508 (5.2) 
3 Iron hook from 4.53 7th to early 110 (97.3) 

Horyuji Temple 8th century 845-853 (2.7) 

The cast-iron adze is thought to have been originally unearthed in China. An X-ray picture of the 
sample revealed many internal pores, some of which contained fine iron oxide powder. As part of 
the tip of the adze is broken, we assume that it had been used. The calibrated range, cal AD 119-457, 
corresponds to the Late Han and Jin dynasties in China. This is also the period when cast-iron pro- 
duction was fully developed in China, and nowhere else in the world (Igaki et a1.1994). 

The Horyuji Temple at Ikaruga, Nara Prefecture, Japan, is the oldest wooden building in the world. 
The temple was first constructed in AD 607; it burned down in AD 670, and was rebuilt by the early 
eighth century. The iron hook was found in the five-roofed pagoda. The calibrated range, cal AD 
604-814, is consistent with the rebuilding date of the tower. Discussion of this iron artifact will be 
presented elsewhere in more detail. 

CONCLUSION 

We constructed a combustion and CO2 separation system for AMS 14C dating of iron artifacts. We 
summarize the performance of the system as follows: 

1. CO2 recovery efficiencies for 0.13%C and 0.05%C steel samples typically ranged from 80 to 
90%. Pure graphite and 4.67%C iron samples showed lower efficiencies of 50 to 70%, perhaps 
because of the small size of the iron samples used for combustion. For small sample sizes, an 
induction furnace may not produce high enough temperatures to smelt iron. We must also test 
other possible ways of achieving higher collection efficiencies for high-carbon samples. 

2. The 14C background of the preparation system was tested using standard steel samples pro- 
duced in blast furnaces using coke from coal and oil. The 14C background showed a depen- 
dence on the storage history of the separated CO2. When CO2 was separated from the combus- 
tion gas immediately after combustion, the 14C activity of the sample ranged from 1.32 to 3.66 
pMC (avg. 2.8 ± 0.8 pMC). This range was systematically lower than for samples with CO2 
separation occurring on the following day or a few days after combustion. 

3. Theoretically, 14C contamination of 2.8 ± 0.8 pMC gives an apparent 14C age 63 yr too young 
for a 2000-yr-old sample. This difference is almost equal to or slightly lower than the uncer- 
tainties of 14C dates measured routinely by the Tandetron spectrometer at Nagoya University 
(Nakamura et al. 1985). We are continuing our attempt to reduce the 14C background to the 
level of the IsoTrace Laboratory, Toronto, Canada, by using ultra-high-purity oxygen for the 
combustion of iron samples. 

4. Three samples of oriental iron artifacts, weighing 2.27, 0.93 and 4.53 g, were prepared by the 
"wet" procedure and successfully AMS-dated. The calibrated 14C dates are consistent with 
their historical age estimates, and provide constraints on their fabrication ages. We need, how- 
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ever, to test performances of 14C trapping by the "wet" method to rely fully on the 14C dates 

obtained in this study. 

Further 14C analyses of ancient iron artifacts are required, along with metallurgical analyses to help 

determine the source of the iron. As suggested by Cresswell (1992), chemical impurities in iron arti- 

facts may help identify the origin of their raw materials. 
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