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Kamei.G., Yusa Y., Yamagata dJ., Inoue X.
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Tokai Works, Power Reactor and Nuclear Fuel
Development Corporation
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ABSTRACT

Long-term extrapolations concerning the
safety of a nuclear waste repositery cannot be
satisfactorily made on the sole basis of short-
term Yaboratory tests. Natural anatogues,
which are the only means by which very slow
mechanisms can be jdentified and by which long-
term predictions of models can be tested for
pertinence. Our studies for the assessment of
long-term durability of engineered barrier
materials are outlined.

Materijals of young age and with simple
history are the most suitable for these studies
as: 1) preperties of the materials tend to
deteriorate over the longer term; and 2)
detailed quantitative data on the term and on
the environmental conditions can be obtained.
The framework of our studies includes: 1
clarification of alteration phenomena, 2
examination of the envirenmental conditions,
and 3) support experiments.

The following four materials and their
alteration phenomena were selected:

1. Yeathering alteration of basaltic glass (as
vitrified waste form) : Basaltic glasses within
7800 years, from the Fuji and the Izu-Ohshima ,
were studied. )

7. Corrosion of iron in soil (as overpack):
Corrosion of Industrial materials, gas/water
service pipes of carbon-steel or cast iron
embedded in soil for the range from 20 to 110

years, were studied as analogy of alteration of

iron in bentonite.

3. Il1litization of smectite associated with

contact metamorphism (as buffer material}: A
Tateral vartation of smecitite to
smectite/i11ite mixed-layer minerals, found in

the aureole of the rhyolite intrusion; were

studied.
4. Alteration of cement (as buffer or backfill
material): Concrete components of fabrications

with a known age were studied,

1. INTRODUCTION

coverprint of different process.

1.1 Components of Engineered Barriers

The Components, candidate materials, and

functions of variaous types of engineered
- barriers afe shown in Table 1.

— - s a part of the study on-engineered
barrier materials and systems for geological
disposal of radiocactive waste in Japan, natural
analogue studies are conducted for the
assessment of long-term durability of engineered
barrier materials at PNC Tokai Works. Yusa et
al.(1990) revealed the state-of-the-art on the
studies, the purposes and framework, and the
demonstrating emphasis on natural materials.
This paper summarises the details.

1.2 Reasoning by Natural Analogue -

One of the most critical aspects in the
estimation of the materials durabilities is the
extrapolation of the results from short term
expériments over a very long term. The term
"natural analogue" can be defined as natural
process  which resemble that assumed-in a
nuclear waste repository condition. Natural

analogue provides the only means by which such
extrapolated long-term behaviour can be
confirmed.

1.3 Propeffies of Natural Analogue

The patural ‘process must be described in
terms of three constituents: (1) Starting
materials and their alteration, (2) The time
scale, and {(3)-The.environmental
conditions({i.e. temperature, water/material
ratio, water chemistry). These constituents are
regarded as the results and valuables of the *
natural experiment". .

However, most naturally occurring materials
have complicated histories resulting the
) ) Errors with
the determination of environmental conditions
{including time scale) may increase with the
lapse of materials age. Thus, estimation from
present.observations. is difficuit to very old
sample (Figure 1}.
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Table 1. Components of engineered barriers and their functuons

Components Candidate materials Function expected
V]trlrled waste Bor05111cate g1ass Restricts release*
Overpack Carbon stee1 or Retards water penetration *
Cast iron Prov1des favourab1e chemlstry *
Buffer Rpstrlcts water penetratlon x
materials Bentonite Delays commencement of release*
Restricts radionuclides release *
Baékfi]] i M1n1m1zes water access to packagef
materials Concrete (Cement) Alters groundwater chemistry
Retards solute transport ¥
{ s :NAGRA [1985], ¥ :Chapman et al. [1987])
Simple Acculate Possible
@ 1 s
Estimation of
Alteration Time scale environmental OUR SUBJECTS
phenomena  determination conditions from -
e e e - —.. the present.._ O
4 4 4 Thhe—
Complicated, Inacculate Difficult,

Overprinted Impossible PRESENT -+ PAST

Fig. I Properties of historical materials

1.4 Selection of Subjects for The Studies 2. WEATHERING ALTERATION OF BASALTIC GLASS
We selected cases of younger age and of

2.1 Scope
simple process. Because data on term and

environment can be inferred exactly as shown
figure 1. Subjects for our studies have the
following criteriat 1) analogy of subjects with
the barrier materials, 2) analogy of the
environmental conditions with simulated
repository conditions, 3) simpiicity on the
environmental conditions, and 4) Reliability of
the chronological data. Table 2 shows the
subjects of our studies.

We investigated alteration by weathering of
basaltic glasses well established environmental
conditions and ages. The alteration 1s a long-
term leach test carried out with rainwater as
the leachant and groundwater as the leachate.
Many analogue studies on the alteration of
natural glasses indicate that the alteration
rates at Tow temperatures vary from 0.001 to 30
am/i000 y (Hekinian et al. 1975; Bryan et al.

Table 2 The subjects for our studies on engineered barrier materials
Engineered| Material]| Assunmed phenomena in Analogue Proccesses in
Barriers Repository Conditions Analogous Conditions
Waste - form Boro- Leaching of Waste Weathering Alteration

silicate Borosilicate Glass of Basaltic glass
Gl ass with Groundwater wlth Goundwater
Overpack Carbon Corrosion of carbon Corrosmn of Iron
S tee 1 stee1 in Benton1te in Soil
Buffer Compacted I111t1zat10n of IMlitization with
Mater1a1s Bei1ton'lte Smectite in Bentonite | Contact Metamorphlsm
BacPf111 Concrete Alteration of cement A]terat1on of Cement
Materials | (Cement) with Groundwater | with Groundwater
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1977: Allen 1982; lutze et al. 1985 & 1987;
Grambow et al. 1986; Ewing et al. 1987;
Jercinovic et al. 1988). However, few detailed
studies on environmental conditions have been
reported. :

2.2 Starting Materials

- Yolcanic glasses, constituting scoria on
the foot of Fuji and Izu-Ohsima volcanoes, were
studied. Their ages range from 280 te 2800
years according to the reported stratigraphical
and chronological data {see Table 3). These
scoria are porous, and porewater present
Invariaply in all samples.

2.3 Environmental Conditions

A1l of the scoria were situated in the
unsaturated zone, accordingly, percolating
meteoric water was the only source of the
porewater,

Analyses of paleo-sea level variating
Sugimura,1977) and paleo-climatological data
Yamamoto, 1980, Maejima,1984) indicata that the

climatological condition have not varied
significantly for the last 2800 years. Hence,
the environmental conditions{i.e. temperature,
water supply rate} during the alteration can be
estimated based on present metecrological data,
such as mean annual temperature, annual
rainfall, and evapotranspiration.

Calculation on the mass balance between the
elements depleted from the glass (Fuji scoria,
2800y) and the chemical composition of the
groundwater allowed us to regard as .an
expariment of glass leaching by groundwater{Arai
et al.,1989). The water with the glass
alteration was Ca{Mg)-HCO; type in the Fuji area
and of Na-C1 type in the Izu-Ohshima.
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Fig. 2 The relation between age

2.4 PResults

(1} Alteration rate
The thickness of alteration layers was

measured on SEM photographs.

of samples and thickness
of alteration layer

Figure 2 shows the

relation between the thickness and the age.

The forward rates of alteration (3-20 um/1000
¥, under silica unsaturated conditfon) and
final rate (0.1 xm/1000 y, silica saturated) by
Grambow et al.({19853) were also shown in the
figure. The rates in this study were near or

beiow the forward rate.

Although the

groundwater is Ca{Mg)-HCO; type in Fuji area and
of Na-Cl1 in the Izu-Ohshima, the similar

Table 3 Summary on alteration processes of volcanic glasses
and their environmental conditions

MATERIALS

FUJI

1ZU-0OHSHIMA

pumice scoria scoria

scoria scoria

GLASS SiQ:wt % 64 53 51 - 54 53
TERHM {y) 280 280 2800 880 1240
ENVIRONMENTAL CONDITIONS
TEMPERATURE(°C ) 14 15
WATER CHEMISTRY _ Ca(Mg) - HCO, type Na - C1 type
WATER 'SUPPLY (1/cm?/y} 0.20 0.21
ALTERATION RATE(xm/1000y}| =<0.2 1.6 3.1 1.7 1.8 .
[Alteration Layer Thickness: zem] <0.05 0.44 8.8 1.5 2.2
ALTERATION PRODUCTS
« Amorphous Materials N.D O O O O
+ Goethite N.D O O O @)
- Smectite N.D X O O O

N.D. : Not Determined? O : Present , X : Absent
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alteration rates (2-3 um/1000 y) were measured
for all basaltic glasses.

(2) Alteration products :

Alteration proucts observed in the scoria
consist of amorphous phase and goethite for the
youngest sample (280y), amprphous phase,
goethite, and smectite for others (Table 3).

These morphorogy and minerals of alteration
layers were quite similar to those of
experimenltaly altered bolosillicate glass
{unpublished data).

3. CORROSION OF IRON IN SOIL

Industrial materials embedded in soil,
water and gas service pipes, were studied for
the following reasens: 1} iron or steel is one
of the candidate materials for waste package,
2) soil environment is probably similar to the
environment filled with bentonite, 3} sample
availability, and 4) chronological and
environmental data are fairly assessable in
ccomparison to thase of archeological artifacts.

One of the objects of this study is to verify
whether the corrosion rates values and models
derived from the results of Taboratory

experiments can be extrapolated to a few

-decades{Figure-3}.—

Areheological
Industrial . Aetilacts Pitting
Materials Corrosion
Uniform
Laboralur/
Experimelils ) Corrosion

10-t 1073
Term (y)
Fig, 3 The relation between the subjects for

studies on corrosion of iron and their
time interval.

E
E
10
=
- Sardy Soil
- 51 Graval with  *
e R Organic Compounds
Py Cohesive
e o Sof
E L L 1. 2. 1 1 A L L i 1 1 1. 1
=0 50 100 150
=

Term {y)

Fig. 4 Maximum corrosion depth as a function
of time intervals

The soil adjacent to the pipe was examined.
The maximum corrosion rates of cast iron and
carbon steel embedded in soil range between 0.04
and 0.08 mm/y. The results obtained to date are
shown in Figure 4 and Tabie 4.

4. ILLITIZATION WITH CONTACT METAMORPHISH
4.1 Scope

Research on illitization of smectite in the
natural environment affords indispensable
information on the long-term durability of
bentonite. Geological process associated with
smectite-illite conversion can be classified as
follows: 1) Diagenesis, 2) Regional
metamorphism, 3} Contact(or thermal)
metamorphism, and 4) Hydrothermal alteration.
We selected contact metamorphism as a suitable
analogue because of the prevailing temperature
and the water/rock ratio. A study of contact
metamorphism has potentiality to give clear-cut

Table 4 Corrosion process of iron in soil

MATERIALS STUDIED

Site Yokohama Nagasaki Tokyo Tokyo

Sample Gas S.P. MWater §.P, Water S.P. Water S.P.

Material Cast Iron Carbon Steel! Cast Iron Cast Iron
TERM  (y) 110 56 20
ENVIRONMENTAL Sandy Clay Gravel with Cohesive Cohesive
CONDITIONS _ Org. Comp. Soil Soil
CORROSION RATE{mm/y)
Uniform Corrosion 0.03 N.D. N.D.
Pitting Corrosion 0.05 0.04 0.06
CORROSION FeCOg FeCO,, FeC0,,
PRODUCTS identified e-FeQ{OH) -FeO{0H)

S.P. = Service Pipe, 0Org. Comp. = Organic Compounds,

N.D. = Not Determined
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data on the reaction term and the thermal
conditions of il1itization of smectite.

4.2 Subject

A contact metamorphism is observed at the
Murakami bentonite deposit in central Japan. A
homogeneous tuff (bentonite bed) and a
vhyolitic intrusive rock are distributed at the
doposit.  An idealized sectlon of the Murakami
deposil area are shown in Figure 5.

"Sample A" was collected from a point 30
meters distant from the contact between the
intrusive body and the bentonite bed. X-ray
diffraction showed that the sample A contained
i1lite-smectite mixed layers with an i1lite
ratio of approxemate 40 2.

Smectite Sample I\I
/ ]

Ty - - :
S mied TS X x| il x ; ‘\'va v
2N N . L X w
Lavers " BETTER X k2 v v
i R LoV el .
Hhynlilie: | ava Hhite v, 3 ~ \‘f Wite 720 Y Voleanir:
[n EEIET I P SRS ik
L [P B
) LY Rx eSSy vy
Rl U
-
180

Fig.5 An idealized geological section of
Murakami deposit. )

4.3 PResults

(1) Thermal history

. " By plotting on a graph the mineral age
compared with the assumed closure temperature,
the coeling rate of the intrusive body was
established to be ~70 °C/i0%y .

Cooling rate at the sample A locality was
calculated by the “TRUMP" thermal analysis code
by use of the cooling rate of intrusive body.
The results are shown in Figure 6. The cooling
rates at the sample A locality was obtained to
be -60 °C/108y. Oda et al.{1983) proposed that
the temperature for apperance of
$1}ite/smectite mixed layer mirerals was 105°C
at the Japanese 0il fields; the Murakami
deposit belenged to the area, hence, a minimum
temperature of illitization was regarded as 105
°Cc at the deposit.

~In the sample A locality, the temperature
was assumed to be 240 +£50°C at the age before
6.4% 10%years (see figure 6). A term of
approximate 2.4 X 10¢years was accordingly
required for the cooling from 240 to 105 °C.

In short, smectite was converted into
i11ite-smectite mixed layers, in which the
i11ite ratio is approximately 40%, in the term
of more than 2.4 #a.

N

500 S
. Intrusive 7
Rack * fliotile (RY-5
-~ 40D Y (Ro-51)
Hiolite (K-Ar)
i Rinple A o P TR
aen] (Estirnated)y Nt ! ln,!'.t""" {1

i 7407 - |"‘+ b -

a7 ANIN

5. T s i, -

o . . S

£r et (Finsion- track) \‘: . .

g 100 |= e AMA = T2y = 108 S Appeacriice of $1 mueel-

it ) . fager ndnetal i Japaninse
wtliohl (Oda el a3 1945)

0 L : 1 1 . : )

B 1 & 5 4 3 2
Term (x10%)

1 Presenl

Fig.6 Thermal history of intrusive bedy and
sample A, - _ :

{2) Water chemistry
The tuff in the Murakami area, now
converted inta bentonite bed, is rhyolitic and
of marine origin. The geological evidence and
a comparison between bulk compositions of

- §11itized rock and-of non=illifized rock lead fo

an idea ; The water related to the i11itization
might be water modified by a seawater/rhyolitic
rock interaction. Hydrogen isotepic
composition (D/H) in the.form of hydroxyl groups
of the i1lite (Kamei et al. 1990) and oxygen
isotopic ratio ('80/'60) of the i1lite
(unpublished) were measured, The resultls
supported the idea noted above.

4,4 Conclusibnr

Table 5 showed a conclusion of the case
study. A precise value of activation energy
can be obtained through an estimation of the
overall thermal history during contact

metamerphism by use of a thermal anaiysis code.

This work is in progress.

Table 5 Summary of a study on illitization of
smectite associated contact metamorphism
"~ A case study at the Murakami deposit

MATERIAL Smectite in marine sediment
ENVIRONMENT
Water chemistry | Modified seawater
Temperature > 240 ~ 105 °C
TERM 2.4 X105 y
RESULT™ 1/S mixed layers mineral
{111ite;approximate 40%)
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5. ALTERATION OF CEMENT

Concrete components such as tunnels or
estuary walls with known ages were studied.
Environmental conditions such as temperature,
surrounding materials, water content, and water
chemistry ware either measured or estimated.
Results obtained to date are shown in Table 6.

The following alteration features of cement
materials was able to be traced:

1) Decrease in pH of pore water,

2) Decrease of Ca0/510: ratio of C-S-H gel,

3) Partial dissolution of C-S-H gel,

4; Formation of CaCDa,

5} Permeation of Ct, resuiting in formation of
Friedel'Salt, :

6) Dissolution of Calcium hydroxide,

7) Dissolution of Calcium which cause dissoluti
on of CaCOi,

Such alteration phenomena were detected '

within a range of a few centimeters. 'Further
studies are necessary to permit any definite

6. FUTURE PROSPECTS

The framework of our natural analogue
studies is shown in figure 7. The natural
analogue studies have three components:

(1) Investigation of alteration phenomena of ana
logue materials,
(2) Examination of environmental conditions (tim
e intervals, water chemistry etc),
(3) Support experiments. i

The support experiments are indispensable
to the study in order to enhance the wider
applicability of the natural analogue.
Comparison of differences in compesition or
condition is the key issue for the experiments.
Such experiment, for the comparison of
compositional differences between basaltic
glasses and waste glass, has been conducting.
The result to date indicates that there is no
recognizable difference in the leaching rates.

An integrated evaluation of the Tong-tem
durability of engineered barrier materials can
be obtained on the basis of a combination of

conclusions.

Table 6 Alteration behaviour of cement fabrics

MATERIALS STUDIED ' :
Site Kanagawa Yokohama
— ——§amwpte— —— - Goncrete-of -- Conerete of - -
Tunnel Wall Estuary Hall
TERM (y) 67 61
ENVYIRONMENT
Temperature (°C) 13 15
Surrounding Lapilli tuff Soil
Materials
Water Content 40 9% 33 %
Water Chemistry Ca - N0, (HCO3) Na - €1
RESULTS OF Ca depletion C1 permeation >10 cm
ALTERATION {a few mm CaC0, formation >8 cm
CaC0; dissolution >5 cm

Natural Analogue Studies {Long-term)

Studies on Engineered
Barrier Malerials
(Shorkt-term)

‘“Investigation of Alteration Phenomena

: on Analogue Materials :

! Examination of Envirormental Conditions

: (Term, Temperature, Water Chemistry etc) {and Field)
‘ Experiments

éSupport Experiments (Comparison of ;

: Compositional or Conditicnal differences) :

Integrated Evaluation on Long-term Durability
of Engineered Barrier Materials

Fig. 7 Framework of analogue studies on engineered barrier materials

— 6 —
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the natural analogue studies mentioned above and
laboratory experiments on the engineered
barrier materials.
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