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NATURAL ANALOGUE STUDY ON THE LONG-TERM DURABILITY OF BENTONITE
—  Time-temperature condition and water chemistry
on illitization at the Murakami deposit, Japan. —

KAMEI, G., YUSA, Y., SASAKI, N.
Power Reactor and Nuclear Fuel Development Corporation, Tokai-mura, Ibaraki-ken,
319-11 JAPAN.

ABSTRACT

Time-temperature conditions and water chemistry on illitization at the Murakami
deposit in central Japan were determined. The extent of the illitization and time-
temperature condition estimated were as follows: the duration for conversion from 0
to 80% illite (volumetric ratio) was approximately 3.5Ma in the temperature range
from 310 to 100°C. Conversion from 0 to U0Y requires approximately 3.0Ma in the
temperature range from 240 to 100°C. During 2.0Ma in the temperature range from
160 to 1007, howaver, illite was scarcely obmerved. Water chemistry is eatimated
from two approaches, namely laboratory experiment and numerical analysis. The
former is an interactive experiment between seawater and the tuff of the deposit.
The latter is a calculation based on the difference of bulk composition batween
$1litized and non-illitized tuff. The extent of each ionic concentration is
inferred to be as follows: K * ; 560 to 6400, Mg?* ; BOO to 1700, Ca®* 3 360 to
2900, Na * ; 9400 to 15000 (mg/l)}.

INTRODUCTION

Smectite-rich clays alter to illite at high temperature or in the presence of
a sufficient supply of potassium. In the repository environment, illitization is
considered to require extremely long times which cannot be covered by laboratory
experiment. A natural analogue is the only means by which very slow mechanisms can
be identified and by which long-term predictions of models can be tested for
pertinence. The selection of appropriate natural analogue is the key issue in
determining whether the natural analogue study will be successful. The authors
regard the illitization of the Murakami bentonite-illite deposit in central Japan
as a "natural experiment". This deposit originated from the thermal effect of an
igneous extrusive rock. Environmental conditions of the "experiment" are mainly
time-temperature, water chemistry, and the water/rock volumetrie ratio. Geologic
characteristics of the deposit were favorable to determine the environmental
conditions quantitatively because:
(1) As the igneous activity is simple, the illitization period and the thermal
conditions can be explicitly determined.
(2) The original host rock, which contains the bentonite, is fairly homogeneous.
(3) The mineral assemblage and the bulk composition of the host rock are similar to
those of compacted bentonite.

The preliminary study by Kamei et al. [1] of the Murakami deposit generated a
concept for determining the time-temperature conditions for illitization associated
with igneous extrusion. In this paper, we estimate the time-temperature conditions
and the ionic concentration of the pore fluid related to the illitization of the
deposit.

Illitizations with igneous activity have been previously reported by Nadeau et
al.[2], and Brusewitz[3]; however, there are few detailed studies in which
environmental conditions have been reported.

GEOLOGIC SETTING

Figure 1 shows a geologic map and a cross-section of this deposit area. The
original host rock of the illite deposit is a homogeneous rhyolitic tuff,
approximately 80 meters thick. The extrusive rock is biotite rhyolite in the form
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of a funnel, and is exposed at the surface 500m wide and 1000m long. We identified
thirteen kinds of marine diatom fossils from the tuff. These diatoms were:
clasaified into NPD7B zone after Akiba[l]. Fission track ages were determined for
sircons extracted from fourteen samples of the tuff. These values range from 7.3 &

0.4 to 5.6+0.3Ma. These facts indicate that: (1) the tuff is marine-based, and (2)
the deposition age of the tuff range from 7 to 6Ma approximately. On the other
side, a Rb-Sr mineral isochron age and K-Ar ages for the intrusive rock range from
6.2+-0.8 to U.7* 1.7Ma. Therefore, the extrusion occurred immediately after the
tuff deposition under marine conditions.

N
LLco L L‘/,The Tuff
Samples #52
- L

LEGEND

Extrusive rock (biotiote rhyolite)
£ Rhyolitic tuff (the clay deposit)
[Z5 Rhyolite lava

Voleanic rocks

[EE1 Granite (basement)

Figure 1. A geologic map and a cross-section of the Murakami deposit.

ALTERATION OF THE DEPOSIT

X-ray diffraction analyses and microscopic observation revealed the distribution
of alteration minerals and the extent of illitization. The tuff, as the host rock,
was divided into the following five zones defined by the lateral variation in
alteration mineral assemblages: pyrophyllite(P), illite(I), High-crystallinity
smectite(HS), illite/smectite mixed layers (I/5), and smectite-zeolite(SZ2}. These
five zones are arranged in this order from the contact to the outer part (Figure 2),
The main volume of each sample from the P, I, and HS zones consist of alteration
phases. These rocks are so-called "mono-mineral". It can be recognized under a
microscope that original textures do not remain. Accordingly, the tuff of P, I,
and HS zones are considered to have been altered under high water-rock ratic. In
contrast, in the tuff from I/S and SZ zones, the original textures are still
recognized (Figure 3). Furthermore, these samples contain various alteration
minerals in minor amounts. So, the tuff from I/S and SZ zones are considered to
have resulted from of reaction under low water-rook ratio conditions. The I/5 and
SZ zones are significant to the natural analogue study because the decrease of
illite ratio in I/S mixed layered clays may be traced from the I/S to 5Z zone.
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Figure 2 . A schematic cross section indicating distribution of alteration
minerals. P,pyrophyllite; 1I,illite; HS,high-crystallinity smectite;
I1/8,illite-smectite mixed layers; 82 ,smectite-zeolite.

Samples and Extent of the Illitization

Three clay samples were obtained on the surface. Samples A, B, and C were
named in this order from near the contact to the outside as shown in Figure 1.
Table 1| shows mineral assemblages of these samples. We determined illite ratio in
1/8 mixed layers for each sample using method after Watanabe[5]. The illite ratios
for samples A, B, and C ware approximately 80, 40, and 0 vol.% respeotively.

Tablo | . Tho mineral annomblagoa of tha namples A, D, and C.

Samplo A {I/5 zono) [ gql>»1/8 * py = K[ & pl > i1l

.............................................................................................................................................................

B (I/S zone) | gqt*t @ -erist>mor *pl> 1/8%ill spy *ilm

C (8Z zone) a -crist> smec = qt =mor =fer =Kf =pl> cals= py

qt,quartz; 1/8,illite/smectite mixed layers; py,pyrite; Kf ,K-feldspar;
pl,plagioclase; ill,illite; a -erist, a -cristobalite; mor,mordenite;
ilm,ilmenite; smec,smectite; fer,ferrierite; cal,calecite.

ENVIRONMENTAL CONDITIONS

Time-Temperature Condition

A Rb-Sr age and K-Ar ages were determined for biotite and plagioclase of the

Figure 3. Textures of the tuff from SZ(1), 1/8(2), and I{3)zonea. Bar =0.3mm.
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extrusive rock. "Closure temperatures" have been reported to these minerals on Rb-
Sr and K-Ar systems (Wagner et al.[6], Harrison et al.[7]). Fission-track ages wers
determined for zircons extracted from the igneous rock. "Annealing temperature"
has been proposed for zircon on fission track age determination (Hurford [8]).
Combining the determined radiometric ages with the value for each assumed closure
temperature (or annealing temperature) provides the cooling history of the intrusive
rock as the heat source. Figure 4 shows this cooling history. The cooling rate is
approximately -70°C /Ma. (The value reported by Kamei et al.[1], -U5"C/Ma, has been
revised,)

Using the value, -70°C/Ma, we calculated the thermal history of the deposit area
in two dimensions with the aid of the "FINAS" (Finite element nonlinear structural
analysis system) computer software (Iwata [9]). Tablell shows input data for
thermal conductivity, specific heat, and density for rocks, in this deposit.
Initial temperature of the heat source was assumed 350U (abt the time of 6.2 Ma
before the present) based on the geplogic metiing.

Tablell . Input data for thermal conductivity, specific heat, and
densaity of the rocks, in this deposit.

Thermal Conductivity Specific Heat Density

{ keal/m b C ] [ keal/kgC |} [ kg/m? ]
Rhyolitic Tuff 0.57 0.36 . 1900
Rhyolite 1.15 0.15 2600
Andesite 1.27 0.20 2700
Granite 2.69 0.15 2600

The shape of the igneous rock body at depth is, however, not known in detail,
because the upper portion has been eroded. Accordingly, ten cases with varying
shape were caleculated. Figure 5 shous the bounds of the calculation in the case of
‘a domed shape. In this figure, the "eroded stratum" was assumed to have same
physical properties as the rhyolite. From these results, we concluded that the
thermal condition in the tuff was not significantly affected by the assumed shape of
the extrusive rock. The cooling history at the collection points of samples A, B,
and C can be estimated by these calculations. Tablell shows the time-temperature
conditions for each sample. The time scales are based on the assumption that most
of the illitization occurred above 100 °C.(Aoyagi et al.[10] estimated
approximately 100 °C for the appearance of 1/5 mixed layers in a Japanese oil field
area. The Murakami deposit is part of this area.)

500; Tablell . The time-temperature
~ a0l yA, Blollte (Rb-Sr) conditions.
oA 7N Blotite (K-Ar)
? Y r Samples 1ill. Time-temperature
B 300} . £, Plagloclase (K-Av) %* conditions
> Nl
< ponl. v ! . A 80  340—100 C, 3.5 Ma
n:2llﬂ | . ——— e —m o ’ .
L v / < 16C/Ma B 4o 240-100 T, 3.0 Ma
= ZIrcon (Flsslon-track) ~ C 0 160— 100 C, 2.0 Ma
{1y 100} I3 !
E—
| plrehestreckdeoslon ®; illite ratio in I/§ mixed
° 8 7 6 1§ 1 37 1 layers.
TIME (Ma)

Figure &, The cooling history of the
igneous extrusive rock.
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Figure 5. The bounds of the caleulation in the case for which the igneous axtrusive
rock was domed-shaped.

Water chemistry

In order to estimate water chemistry {ionic concentration) during illitization,
we performed an experiment and a calculation under the following assumptions; (i)
That the pore fluid in the tuff prior to the reaction is seawater, because of the
geologic setting, and (ii ) the chemical composition of the tuff is uniform before
the reaction in all parts and corresponds to that of sample C, which was obtained
from a non-illitized section of the tuff (see Figure 1).

{1)Experiment

Sample C was subjected to an interaction test in seawater in a teflon vessel.
The temperature was 150°C for 30 days. The seawater/rock sample (powder)
volumetric ratios were set at 2, 5, and 20. (In the "natural experiment", the
water/rock ratio cannot be determined accurately. The original texture has,
however, remained even in the tuff containing mixed layered clays of 80 % illite.
In addition, samples from the I/S zone contain alteration minerals in minor amounts.
Accordingly, the water/rock ratio could be quite small.) The ioniec concentrations
of K+ , Mg?*, <Ca?' , and Na' were measured in the leachate. These ions are
considered to exert an influence on illitization (e.g. Roberson et al.[11], Howard
et al.[12}). The ionic concentrations are given in Table V. They do not appear to
depend significantly on the water/rock volumetric ratios.

(2)Caleculation
Variation in chemical composition during the water/rock interaction is shown
schematically in Figure 6. The bulk compositions and dry densities of sample A, as

a rock after the reaction, and sample C, as a rock before the reaction, were
determined (Table IV).
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Table IV . Dry-densities and chemical compositions of samples A and C,

Sample A Sample C

Dry-density 1.324 1.U451

{(g/cm?)

Chemical composition (wt% )
8iC: 72.3 T1.4
TiO. 0.11 0.11
Al;0; i 13.2
Fe:0; 2.13 1.1
Fel 0.2 0.14
MnO 0.02 0.02
Mg0 1.00 0.80
Ca 0.17 0.62
Na.O 0.65 1.35
K.0 3.65 .28
Py0s 0.04 0.03
H.0* h,52 5.67
TOTAL 98.85 98.77

In the model shown in Figure 6, equation (1)} was considered to be applicable!
Wi, =Wi, +RAW(Si, —-81:2) (1),

Where, W i, ; Concentration of thé component "i" in the solution before the
reaction.

W I, ; Concentration of "i" in the molution after the reaction,

8 i, : Concentration of "i" in the rock per unit volume before the
reaction,

S i, ; Concentration of "i" in the rock after the reaction,

R : Volume of the rock)

w : Yolume of the sclution.

Wi, — Si,—>S1ia, — Wi

Figure 6. A model of variation of chemical composition during
a water/rock interaction.

The ionic concentrations of the solution before the reaction were assumed to be
the same as those of seawater: K *= 400, Mg?* = 1300, Ca?*= U0O, Na *= 11000
(mg/1). Water/rock volumetric ratios were set at 2, 5, and 20, the same as in the.
the experiment described above. The results were also shown in TableV . The values
calculated are consistent with the values obtained in the experiments, especially
in the case whers the water/rock ratio is 20. However, we have obtained little
information concerning the water/rock ratio during illitization of the deposit.

- B —
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This ratio has yet to be determined.  Figure 7 is an integrated diagram showing
range of each ionic concentration determined by the experiments and by the

calculations.

TableV . Tonic concentrations based on experiments and calculations.
Experiment : Calculation

Water/rock * 2 5 20 2 5 20

K* 610 560 620 6400 2600 1000 (mg/1)

Mg** 1700 1400 1500 800 1100 1250

Ca?* 1100 360 750 2900 1400 650

Na * 9uo0 11000 10000 t 15000 13000 11400

¥: Yolumetric ratio.

Na*
g 0 ke it
W . 24
,_E:: 2 Mg'“ CC‘
S 4 o
43 @ ]
2 107
O
O
&)

T DExperiment
S (W/R=2t0 20)
i (74 Calculati

e ay o)
© Seawater
10°

Figure 7. Ranges of each ionic concentration determined by the experiments and
by the calculations.

CONCLUSIONS

T1litization at the Murakami deposit can be regarded as an experiment in nature.
The extent of illitization as deduced from the "natural experiment" and the
environmental conditions as determined by experiment were estimated quantitatively.
The time-temperature conditions for each extent of illitization are as follows: B0
vol.% illitization : 3.5 Ma, 3U0 to 100 °C. U0 % ; 3.0 Ma, 240 to 100 T. 0% ; 2.
D Ma, 160 to 100 C.

Water chemistry of pore fluid on the illitization was estimated by experiments
and by calculations: K * , 560 to 6U400; Mg®*' , 80O to 1700; Ca?*, 360 to 2900;
and Na *, SU00 to 15000 (mg/l). These values do not differ significantly from
those of seawater.
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