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ABSTRACT

In order to evaluate the long-term corrosion behavior of
carbon steel, we investigated the rust of archaeological iron
buried in soil. It is difficult to obtain experimental data of the
long-term corrosion in the laboratory. However, it is possible to
obtain corrosion data over several hundred years by using
archaeological iron and to develop a reliable model for the
long-term corrosion behavior by using such natural analogue
data. Since these archaeological samples are very rare and
important, we can not get agreement to destroy it for analysis.
The rust of the sample has been analyzed no-destructively and
quantitatively  using  high-power  X-ray = computed
tomography. The X-ray strength was developed in the
two-dimensional image. We observed a rust layer distinct from
the inner iron metal as a main body by using X-ray map element
concentration. A mass-balance quantity of rust calculation was
performed from the amount of corroded layer.

A sample of axe which was excavated in the
Izumo-Taisha-ruin (Shimane prefecture) was analyzed by using
the method. The region in Izumo is famous as the production
area of the iron from ancient times in Japan. The axe is
traditional Japanese type, made of iron, and probably used for a
foundation ceremony of the building. The sample has been
buried under the column of the shrine and enveloped by clay. It
is assumed that the axe remained under reducing conditions until
its discovery in 2001 for about 750 years. We have also
investigated the corrosion of the gas pipe buried in the soil in
several decades as natural analogue study. By the comparison of
these data with the corrosion data of water pipe (cast iron) buried
in clay soil at most for 100 year, the results of this study do not
exceed the extrapolated pitting corrosion depth based on the
corrosion depth of the cast iron pipe.

INTRODUCTION

Metal overpacks used for geological disposal of high-level
radioactive waste (HLW) are expected to have integrity that lasts
for more than 1000 years. One of the candidate materials for
such overpacks is carbon steel, which has been studied variously
on cotrrosion rate and corrosion morphology through laboratory
tests. Based on the results, we currently estimate that the

maximum depth of corrosion is 32 mm per 1,000 years in deep
underground environment (in the case of soft bedrock/vertically
placed)[1]. However, laboratory test periods for these
estimations are at most about several years. Therefore, data
supplement with natural analogue data is required to predict the
amount of corrosion over a long period of time with higher
reliability. A natural analogue represents a long-term test in
natural environment. For example, Sumiyama et al[2]
investigated the corrosion of cast-iron water pipe buried in soil
similar to compacted bentonite surrounding overpacks in HLW
repository for a long period of time, and revealed that the
maximum depth of corrosion was about 2 mm per about 70 years.
In addition, they performed extreme value analysis based on the
obtained data, and estimated that the maximum depth of
corrosion of overpack is about 11 mm after 1,000 years. In
another example, Johnson et al.[3] investigated archaeological
artifacts under various environments, and showed that the
corrosion rate of iron in water under anoxic condition was about
1 mm per 1,000 years, which represents a significantly small
value. These values from the natural analogues do not exceed the
amounts of corrosion estimated from the results of short-term
laboratory tests, indicating that the esitimations of the laboratory
tests are appropriate. However, to ensure the validity of the
laboratory tests, further data acquisition is considered necessary.

We have been studying long-term corrosion behaviors using
natural analogues associated with metal, especially
archaeological iron. Since archaeological metal artifacts such as
archaeological iron that had been buried in soil are precious
samples in various research areas, the analysis methods available
are limited. We have developed a nondestructive quantitative
analysis method using X-ray computed tomography (X-ray CT).
This method allows quantitative analysis of iron remaining in
iron artifacts and of layers such as rust layers formed and soil
layers adhered to surfaces without sample destruction, as well as
evaluations of the amounts of corrosion based on thickness of
rust layers. The amounts of corrosion are significantly
influenced by burial environments and periods. Therefore, in
addition to data acquisition, evaluation of burial environments is
also considered to be important. In this study, we report the
results of the investigation of iron artifacts excavated at the
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Izumo-Taisha-ruin (Taisha-machi, Shimane prefecture Japan,
Fig.1) using X-ray CT.

SAMPLES AND ANALYTICAL METHODS
1. Samples

Many archaeological artifacts were excavated at the
Izumo-Taisha-ruin [4]. These artifacts include iron bands and
spikes that would have been used for columns in the ancient
shrine, and adzes (called “chona” in Japanese, one of Japanese
traditional carpenter’s tools like a small axe used to chip away
wood surfaces) that would have been used for a ceremony in the
foundation of the shrine. In this study, 10 artifacts that had been
buried near columns for 730-750 years are used as samples.

The Izumo-Taisha-ruin is considered to be remains of the
shrine chamber constructed in 1248. In this study, the following
iron artifacts are used as samples: (1) two adzes excavated
beneath an “‘uzubashira” with a diameter of 4 m composed of
three columns bundled together that supports a beam on the
south side and (2) iron bands and spikes excavated directly
above the uzubashira ot a “gawabashira” composed of three
columns bundled together on the south east corner at a depth of 2
m below ground, which had been used to bundle these columns
together. Since the adzes were excavated beneath these columns,
the adzes are said to be used in the foundation ceremony in 1248,
The iron bands and spikes are considered to be fallen and broken
in 1270’s fire (or in the reconstruction). When the trees for the
uzubashira were cut down was roughly estimated by
radiocarbon dating. The measurement and analysis of samples
from the uzubashira were conducted using AMS (Accelerator
Mass Spectrometry), and the results showed that the trees were
cut down in about 13th century. However, at the present time,
the decade of the century is not precisely determined. On the
contrary, a record of the construction still remains and the
consistency of these time periods indicates that the iron artifacts
were buried in the soil in 1250-1270. Therefore, these artifacts
had been buried for 730-750 years.

2. Condition of Sample Storage and X-ray CT Measurement
Each iron artifact has been stored in a polyethylene bag
containing an oxygen absorber to prevent growth of the rust, for
the period from the time of excavation (April or October 2000)
to the commencement of this investigation. The appearances of
the iron artifacts and the portions analyzed by X-ray CT are
shown in Fig.2, respectively. A high-power X-ray CT system,
HiXCT-6M (Hitachi, Ltd.) featuring an X-ray energy of 6 MeV
and a penetration depth of X-ray in iron samples of 280 mm is
used in this study. Table I shows the conditions of the X-ray CT
measurement. The slice thickness is 0.4 mm and the resulting
pixel size of image is 0.2~0.34mm. An X-ray CT system
indicates a difference in material density as image density. For
example, a clear white portion with high image density in Fig.2
represents an iron-rich portion with high density. A gray portion
with lower density indicates a rust layer with lower density, and
black portions scattered in spots correspond to cavities. In this
way, the difference of soil, rust and iron in material density
enables us to identify rust portions on images. The thickness of
each rust layer was measured from a cross-section image of the
sample. In addition, pieces of rust were obtained from Sample
2-2 (iron band). The measurements of the forms and Fe content

of the pieces of rust were carried out by using X-ray Diffraction
and Atomic Absorption Spectrometry, respectively.

Table |. Mesurement condition for X-ray CT

X-ray Energy max. 6 MeV
Resolution 0.4 mm
2D-picture | Pixel size 0.2 ~ 0.34 mm

3. Measurement of Burial Environment

Soil samples around the points at which the iron artifacts
were excavated were taken and used for analysis. Moisture
content, pH, sulfide, chloride ion, sulfate ion, and Na, K, Ca and
Mg ion concentrations in the samples were measured, In the
measurement of ion concentrations, ions were extracted from
each sample with warm water and the extract was analyzed. The
excavation points are abundant in groundwater and covered with
many stones with a diameter of 10-30 cm, and hence are
speculated to be in highly water permeable and slightly
oxidizing to reducing conditions.

RESULTS
1. Evaluation of inner structures by X-ray CT

Figure 2 shows the results of X-ray CT imaging. The images
are displayed so that the portions corresponding to iron with a
density of 8 g/cm3 are indicated by white color and the color is
changed from white through gray to black with decrease in
density. The black portion represents a density of 0 g/cm3. The
colors of two adzes are both dark gray while the surfaces of the
iron bands and spikes are reddish brown. The results of X-ray
CT analysis show that some samples contain no iron and are
completely rusted. The corroded conditions of the iron artifacts
that still contain iron are described below.

The iron band (Sample 2-3) with a length of 170 mm and
a width of 100 mm shown in Fig. 2 was divided into two pieces.
The band is almost completely rusted, but a very small amount
of iron is observed in the central portion of the sample. The
cross-sectional image of the portion where iron still remains
shows that the iron is surrounded by rust with relatively high
density and that the thickness of the rust is about 4 mm.
Moreover, the high-density rust is surrounded with a low-density
layer whose thickness is different by location. The bumps in the
rust layer have a thickness of about 20 mm.,

The iron spike (Sample 2-4) with a length of 160 mm and a
width of 30 mm shown in Fig. 2 was divided into two pieces.
The remains of iron is observed at the tip and head of the spike.
The part other than the tip and head is completely rusted and
cavities are observed in the central portion of the spike. The
cross-sectional image shows that no cavities exist around the
unrusted iron and that the iron is directly surrounded by rust with
relatively high density. The shape of the high-density rust is
quadrangle and is considered to be the original shape of the spike.
The thickness of the rust is 10 mm at the head and 7 mm at the tip.
In addition, the high-density rust is surrounded by a low-density
rust layer, whose thickness is different by location and is about
15 mm at most.

Figure 2 shows also the adze(Sample 1) with an overall
length of 114 mm and a cut edge width of 70 mm. The black
color of its surface may attribute to a graphitized layer caused by

“graphitic corrosion” , which is considered as characteristic
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corrosion of cast iron. However, some explanations raise
questions about whether the adze is cast iron from the viewpoint
of historical background. Including this corroded layer, the
corrosion depth was 0.3-0.6 mm. Since the results of the surface
observation of the sample do not indicate the presence of
goethite (a-FeOOH) with yellowish-brown color, the burial
environment is considered to be close to reducing. In addition, a
woody part attached to the other adze was not decayed.
Therefore, we think these two adzes were buried in slightly
oxidizing to reducing environment.

2. Forms and Chemical Composition of Rust Layer

The forms and chemical composition of the rust layer of
Sample 2-2 were investigated. The results of the quantitative
analysis of Fe by Atomic Absorption Spectrometry are shown in
Table 11, respectively. At the outer part of the rust, SiO, and
Na-Ca-Al-Si complex oxide, both of which are the components
of soil, were identified, but components of rust were not detected
by X-ray diffraction. At the inner part of the rust, SiO, and
goethite (a-FeOOH) were detected by X-ray diffraction. These
results are almost consistent with the results of Fe contents: i.e.
the Fe content of the outer layer is 7 wt% while that of the inner
layer is 38 wt%, indicating the inner layer contains much more
iron. The significantly low Fe content at the outermost layer of
the rust indicates that most of corrosion products have been
deposxted as a rust layer. Iron is detected at the central portion,
the inner layer with a density of about 3.8 g/em’ surrounds the
iron, and the outer layer with a density of 1.8 g/cm’ surrounds
the inner layer.

Table Il. Iron concentration of the rest (Sample 2-2
position Inside layer Outside layer
Fe (wt.%) 38 7

3. Evaluation of corrosion depth

The value of corrosion depths were calculated by using the
following equation. The corrosion depths were separately
derived for a high-density inner layer and low-density outer
layer, and the total corrosion depth was obtained by summing
these values.

D=dpk/o

where, D: corrosion depth (thickness)

d: thickness of rust layer

p: density of rust layer

k : Fe content of rust

o: density of iron

The density of rust was set at 1.8 g/cm’ for an outer layer of
rust and 3.8 g/cm’ for an inner layer of rust, based on the results
of X-ray CT described in the previous section. The Fe content of
an outer layer of rust was conservatively set at 0.5, based on the
results of the analysis. The Fe content of an inner layer of rust
was set at 0.7, i.e. the 3Fe/Fe;0, ratio, based on the assumption
that an inner layer of rust 1s a single magnetite layer. The density
of iron was set at 7.9 g/cm’,

The thickness of rust layer and estimated corrosion depth of
each sample are gathered in Table III, IV. For a sample having
non-uniform thickness of outer layer, the thickness of the
thickest portion was taken. Hence, the corrosion depth is
overestimated. For Samples 2-3 and 2-4, which contain iron, the

corrosion depth is 0.67-5.7 mm for 730-750 years, and the
average corrosion rate during this period is about 2.7-8.6 um per
year at the maximum. On the other hand, for the adzes that are
considered to be buried in slightly oxidizing to reducing
environment, the corrosion depth is 0.1-0.67 mm and the
average corrosion rate is 0.3-0.9um per year.

DISCUSSION

In this study, the corrosion depth for each sample was
derived from the thicknesses of the inner and outer layer of rust.
The thickness of the inner layer was relatively uniform, but that
of the outer layer was significantly different by location. This
thickness variation is considered to be generated during the
following process: corrosion products of the outer layer would
be formed by Fe ions, diffusion outward and deposition at the
outer layer again. This process is affected by gravity, voids in
soil, and unsaturated groundwater movement, which indicates
that the outer layer is not formed directly on the original metal
surface. Therefore, the corrosion depth derived from the
maximum thickness of the outer layer of each sample involves
overestimation. However, we adopted the value as a
conservative value to represent the long-term behavior of
overpacks to be used for performance analysis of geological
disposal.

Understanding corrosion reaction mechanisms in soil is
important for the evaluation of corrosion. For example, the
mechanism of rust production in oxidizing soil is considered to
be similar to atmospheric corrosion. In this study, we inferred
the reaction mechanism in the soil, based on an atmospheric
corrosion model by Misawa et al. [5],[6]. Lepidocrocite
(a-FeOOH) would be initially generated as rust. Then magnetite
(Fe304) would be formed in the inner layer and goethite
(0-FeOOH) would be formed in the outer layer, through
reduction, re-oxidization and ripening after a long period of time.
The analytical results in this study show the presence of
magnetite in the inner layer, which indicates that the presumed
reaction mechanism is highly consistent with the analytical
results.

The values of corrosion depths obtained in this study
regarding the Izumo-Taisha-ruin and in our previous studies
regarding other ruins, i.e. the Kamishinbo-ruin (Toyama-city,
Toyama prefecture Japan) and the Iyomai 7-ruin (Hokkaido
prefecture Japan), are plotted on a graph showing a variation of
corrosion depth over time, originally constructed by some papers
[7]1-[9] (Table V, Fig. 3). The maximum corrosion depth of 5 mm
(for 400-500 years) was found in the Iyomai 7-ruin. The
scattered corrosion depth is 2-5 mm. For the Kamishinbo-ruin,
the maximum value of the corrosion depth was 2 mm for 1200
years. These previous results do not contradict the results in this
study. Because all of the previously investigated iron artifacts
were thickly covered with reddish-brown rust, i.e. goethite
(0-FeOOH), all of the burial environments are considered to be
oxidizing. However, all of the previously obtained values do not
exceed the values derived by extrapolating the data in 100 years
or less.

As an extension of this study, we are continuously
collecting natural analogue data regarding long-term corrosion
behavior of metal. In January 2002, gas pipes were found in the
premises of Yokohama Municipal Honcho Elementary School
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(Hanasaki-cho, Naka ward, Yokohama, Japan) at a depth of

about 3 m below ground. The mark “RL&S” on the pipes
revealed that the pipes were cast-iron pipes that Yokohama Gas
Co., Ltd. purchased from R.LAIDLAW & SON, England in
1871. Yokohama Gas constructed a gas production plant in the
premises in 1872 and began to use gas. These pipes are
considered to be the oldest in Japan. We are estimating the
corrosion depth for each sample of the pipes that are estimated to
have been buried underground for 130 years.

CONCLUSIONS

Several artifacts excavated at the Izumo-Taisha-ruin
(Taisha-machi, Shimane prefecture Japan) were investigated and
the corrosion depths of iron in the soil over a long period more
than several centuries were derived. The internal structure of
each sample such as the state of the original iron that still
remains, the thickness of rust, and the distribution of density
were investigated by X-ray CT. The investigation of the forms of
rust was performed X-ray Diffraction, and the chemical analysis
of the soil and rust was carried out by using Atomic Absorption
Spectrometry and Energy-Dispersive X-ray Spectrometry. For
adzes that would have been buried under slightly oxidizing to
reducing conditions, the corrosion depth is 0.1-0.67 mm and
average corrosion rate is 0.3-0.9 um per year. For iron bands and
spikes that would have been buried under oxidizing conditions,
some samples still contains iron, and the calculated corrosion
depth and average corrosion rate are 2-6.3 mm and 2.7-8.6um
per year, respectively. Sample collecting methods, the effect of
environmental factors on corrosion and methods to measure the
effect, and the forms of corrosion were also investigated.
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Table Il The Sample Excavated from the Izumo-Taisha Remain in Shimane Prefecture, Japan

Sample . " . Estimation of Buried period
No. Relics Excavated condition Date of the excavation buried time (AD) o)
1 iron-hatchet under the No.2 pole 30, Oct., 2000 1240 760
2 iron-hatchet under the No.2 pole 30, Oct., 2000 1240 760
. . above a remain
iron-nail of main pole (No.1) 29, Sep., 2000 1248-1270 730-752
2-1 | iron-belt above a remain 4, Oct., 2000 1248-1270 730-752
of No.3 pole
22 | iron-belt above a remain 4, Oct., 2000 1248-1270 730-752
of No.3 pole
23 | iron-belt above a remain 4, Oct., 2000 1248-1270 730-752
of No.3 pole
2-4 | iron-nail above a remain 4, Apr., 2000 1248-1270 730-752
of No.2 pole
2-5 | iron-nail above a remain 4, Apr., 2000 1248-1270 730-752
of No.2 pole
2-6 | iron-nail above a remain 5, Oct., 2000 1248-1270 730-752
of No.3 pole
2.7 iron-nail above a remain 4, Oct., 2000 1248-1270 730-752
of No.3 pole

No.1 pole : the main pole which is the center of this shrine building,
No.2 pole : the south side pole of the No.lpole, “uzubashira”
No.3 pole : the south-east side pole of the No.1pole, “gawabashira”

Table IV Corrosion Mass for Archaeological Iron Material

Thickness {(mm) Corrosion depth(mm) Total

Sample Color of the surface corrosion Corrosion
Relics Condition . . - . rate
No. of the sample inside | outside inside outside depth
(mm/y)
(mm)
iron- little 3
1 hatchet black corroded 0.3-0.6 ND 0.1-0.2 ND 0.1 0.26x10
iron- little 3
2 hatchet black corroded 2 ND 0.67 ND 0.67 0.89x10
3 |iron- | blackand light partially 1-6 ND | 03320 | ND 2.0 2.6x10°
nail brown corroded
) iron- . completely 3
2-1 belt light brown corroded 2 50 0.67 5.7 6.3 8.6x10
} iron- . completely 3
2-2 belt light brown corroded 2 50 0.67 5.7 6.3 8.6x10
23 | O™ | light brown tron 4 20 1.3 22 3.5 4.7x10°
belt remain
2-4 [ % | light brown on 10 15 33 1.7 5.0 6.8x10°
nail remain
25 |90 isht brown completely | -, 20 0.67 22 2.8 3.8x10°
nail corroded
26 | | jight brown completely | -, 20 0.67 22 2.8 3.8x10°
nail corroded
27 |0 ikt brown completely \ -, 30 0.67 3.4 4.0 5.4x10°
nail corroded

ND: not detected

Table V Various data of the corrosion depth for iron materials
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buried period | corrosion depth buried period | corrosion depth
name ref, name ref.
® (mm) (V)] (mm)
Ohdaira Mound 1380 3.45 Umeda 56 2.00
Iron wedge from [7]
stone wall of Edo 380 5.32 Hasune 20 1.20
castle
No.1901 79 7.00 Kyoumachi 66 2.10 2]
No.1909 71 5.00 Sasanodai 31 1.80
No.1912 68 5.00 Komaoka 32 1.90
No.1916 64 5.00 Bessho 25 1.30
No.1919 60 5.00 Susukino 24 1.70
No.1923 58 4.00 [8] Tsunashima 63 2.90
No.1927 53 2.00 A-5 5 2.10
No.1933 47 1.00 A-10 10 1.90
No.1934 45 1.00 A-15 15 1.80 191
No.1937 42 3.00 B-5 5 1.80
No.1947 33 4.00 B-10 10 2.30
No.1958 22 2.50 B-15 15 1.80

/ Tzumo-Taisha \

the Japan Sea

the Pacific Ocean

Kyoto

Fig.1 Location Map of the Izumo area
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