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ABSTRACT

The research on illitization of smectite in the natural environment affords
information on the long-term durability of bentonite which 1s the candidate for
buffer material. ,

Murakami bentonite deposit in central Japan, where the bentonite and rhyolitic
intrusive rock were distributed, was surveyed and the lateral variation of smectite
to illite in the aureole of the rhyolite was studied.

The radiometric ages of some minerals from the intrusive rock and the clay
deposit were determined. Comparison of the mineral ages ( obtained by K-Ar, Rb-Sr
and fission-track methods ) with closure temperature estimated for the various
isotopic systems allowed the thermal history of the area. The age of the intrusion
was 7.1+ 0.5 Ma(; Mega d'annees), and the cooling rate of the intrusive rock was
estimated to be approximately 45 T /Ma.

Sedimentation ages of the clay bed were mostly within the range from 18 to 14
Ma. However, the fission-track age of zircon in the clay containing 1llite/smectite
mixed layers was 6.4* 0.4 Ma, which was close to that of the intrusion. The
latter value could be explained as the result of annealing of fission-tracks in
zircon. The presence of annealing phenomena and the estimated cooling rate
concluded that illitization had occurred in the period of 3.4 Ma at least under the
temperature range from above 240 * 50 to 105 €. Illite-smectite mixed layers
occured from smectite in the process. The proportion of illite was about 40 % .
Approximately, 29 kcal/mol as a value of activation energy was calculated to the
iliitization,

The hydrogen isotopic ratio ( D/H ) of constitution water of the illite was
determined. The values that were calculated for the water, which were related to
" the 1llitization, fell within the range of hydrogen isotopic ratios of seawater.

INTRODUCTICN

Bentonite clay consists principally of smectite. Smectite converts to illite
if 1t is subjected to elevated temperatures or if sufficient cation exchange can
take place with potassium in porewater..

Smectite-11lite conversion occurring in natural environment can be classified
into four processes :

(1)Diagenesis

(2)Regional metamorphism
(3)Contact metamorphism
(4)Hydrothermal alteration

Illitization that 1s related to contact metamorphism, is the most suitable as a
subject for natural analogue study on bentonite. The reaction term and thermal
condition should be revealed on the natural analogue study. Studying a contact
metamorphism is possible to yield the data of the reaction term and the thermal
condition. ’

Murakami bentonite~illite deposit in central Japan was investigated, because
the bentonite bed is rather homogeneous, its mineral assemblage 1s similar to that
of compacted bentonite. The thermal history is possible to be comprehended because
of its =simple igneous activity. :

In this study, the mode of occurrence on illite was revealed by a geological
survey. The thermal history was presumed by comparison of the ages with each
closure temperature. :
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To reveal the water chemistry of solution relative to the 1llitization is also
important, but 1t 1s difficult to reveal directly the chemical composition. However,
hydrogen isotope composition of constitution water of illite affords informations to
assume the origin of the solution.

GEOLOGY

The geological map of Murakaml deposit area 1s shown in Figure 1. Lava and
tuff, both of rhyolitie, distributed in a graben with a width of about one
kilometer. The reported values of the deposition are over the range of 18 to 14 Ma
{Muramatsu [2]). The fossils of foraminifera or mollusca indicate that the tuff is
originally marine-based (Metal Mining Agency of Japan [3]). The tuff is also
altered into a so-called bentonite bed. As alteration minerals in the tuff,
smectite, mordenite, and laumontite are identified by X-ray diffraction analysis.
An igneous rock (bilotite rhyolite) intrude into the tuff and lava. The intrusive
rock is exposed in an area about 500 meters wide and 1000 meters long. The contact
surface between the intrusive rock and the tuff dips about 30 ° near the ground
surface. This intrusive rock body was assumed to form a funnel. Idealized
geological section is shown in Figure 2. The diameter of the intrusive rock body is
unknown at a horizon of deeper than 50 meters below the ground surface. On the
assumption that, the shape of the intrusive rock body is symmetrical(as shown in
Figure 2), the diameter may be shorter than 200 meters.

LEGEND
Intrusive rock (biotite rhyolite)

[ Tuif{bentonite bed)

Rhyolitic lava

Volcanic rocks

Tuffaceous sedimentary rocks
Granite(basement)

-

" Fault

Fig.1 A geological map of the Murakami deposit area.
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Fig.2 An ldealized geological section of the Murakami deposit area.

SAMPLES

A sample of the Intrusive rock was taken from the freshest-looking ground
surface, and two clay samples were obtained from the Murakami mine gallery area.
At this mine, illitized tuff is quarried for use as the raw material in pottery.
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Collecting points of the clay samples were 15 (sample A) and 30 meters (sample B)
apart from the boundary between the igneous infrusive body and the clay bed. X-ray
diffraction analysis showed that the sample A contained only illite as a clay
mineral, but the sample B contained illite-smectite mixed layers with a very small
amount of kaolinite. The illite ratio of the mixed layers was determined to be
about 40% by using the method of Weir et al.[4](Fig.3).
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Fig.3. The proportion of expandable
layers of sample B ; about 60 % . The
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Bﬁr-"ji right side graph is a XRD chart for
7 - sample B, which has been treated with
50 0,075 20 9 ethylene glycol. The left side graph is
: . a plot of logio b/a against %
i expandability ; after Weir et al.[l4].
logn b/a

THERMAL HISTORY

Rb-Sr mineral isochron age and K-Ar ages were determined in the intrusive rock
and the clay samples. Fission-track ages were also determined in zircons extracted
from the intrusive rock and the clay samples (Table 1, T ).

"Closure temperatures" were known to each mineral on Rb-Sr and K-Ar systems
respectively (e.g. Jager et al.[5}, Dodson[6], Wagner et al.[7], Harrison &
McDougall(8], Hurford[1] } {Tablell ). By plotting on a graph the mineral ages
compared against the presumed closure temperatures the cooling rate for the
intrusive rock was able to be established (Fig.4). The rate was estimated to be
approximately 45 € /Ma .

Table I K-Ar and Fission-track ages of the samples from
Murakami deposit.

K-Ar (Ma) F.T. (zircon) {(Ma)
Intrusive rock 5,61 0,3(blotite) 5. 4+x0.4[—] *
4.7+1.7(plagioclase)
Sample A (illite) 6.5+ 0.6 7.2+ 0.4[5.3]
Sample B (ill./smec.) 4.9%0.7 6.4+0,4[6.1]

#[ ]; Calculated except shortened fission-tracks.

Table I Rb-Sr mineral 1sdchron age of the intrusive rock.

Rb-Sr mineral isochron (Ma)

Intrusive rock 7.1£0.5 878r/%Sr I.R. * 0.70365 £0.0020
*TRb/%6Sr &18r/% 3r
whole rock 1.106 C.70402+ 0.00008
biotite 19,7 0.70864+ 0.00033
plagioelase 0.039 0.70343+ 0.00015

# T.R. ; Initial Ratio.
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Tablell  Reported values of closure temperature.

Temperature (T )

Minerals K-&r Rb-Sr F.T. References
biotite 300 350 — Wagner et al.,[7]
plagloclase 250 — — Harrison et al.,[10]
zircon — — 200 +50 Hurford [1]

600f

500

A Biotite (Rb-Sr)
400t ~
SN / Biotite (K-Ar)

300k A\_»( /Plagioclase (K-Ar)

200} /_?—u\

100

CLOSURE TEMPERATURE (TC)

1 [l I 1 1 I 1 'l

TIME (X10°y )

Fig.4 The cooling curve for the Intrusive rock body.

Amnealing of Zirecon

Fission-track ages of zircons from the intrusive rock and clay samples were
shown in Table 1. The fission-track was known to shorten or to disappear with
elevated temperature (e.g. Hurford[1], Naezer et al.[9], Harrison et al.[10],
Nishimura & Mogi[11]). Some shortened tracks survived in zircons from the sample A
and B. The ages in brackets in Table! were calculated with the exception of the
shortened tracks. The ages were obviously younger than those of the clay bed
deposition, and were close to that of the intrusion. It was concluded that the
zircons were annealed by the heat from intrusive rock, and the fission-track ages
were reset. Hurford[1] estimated that a mean closure temperature was 240+ 50T for
the retention of fission-tracks in zircon. Therefore, the sample B was subjected
to more than 240 = 50T at the time of approximate & Ma.

Preliminary Study of Simulated Thermal History of the Bentonite Deposit

The thermal history of the area surrounding the intrusive rock body was
simulated by the thermal analysis code "TRUMP"(Fig.A). The thermal history was
simulated axisymmetrically a distance of 2 kilometers around the vertical centre
line of the intrusive rock body. The intrusive rock body was assumed to be in the
form of a cylinder, which had a diameter of 200 meters. As an initial conditien,
the temperature at the contact surface at the time of 7.1 Ma was established to be
350 € on the basis of the Rb~Sr mineral isochron age and its elosure temperature.
The present temperature was established to 25 T temperature in the gallery. The
cooling rate of the intrusive rock body was regarded as constant ; 45 € /Ma. The
input data concerned with the bentonite were as follows:
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density o= 2.2 g/cm?
. specific heat C = 0.36 cal-deg "'+ g
thermal conductivity K = 1.31 X10° cal*m ~' +h "' - deg ™'

Sample B locality was an area of about 30 meters from the contact surface. The
fission-track age of zircon from sample B was 6.4+ 0.4 Ma. Fig.4 showed that the
temperature at the sample B locality was about 280 T at the age. This value was
concordant with the closure temperature of zircon; 240 +50T. The cooling rate of
approximate 40 € /Ma could be also estimated at the locality.

L Radius of
the intrusive rack body.

0

001

10

TEMPERATURE ('C)

0.5
L ——present
/Sample B locality ) . )
0.0 1.0 2.0
DISTANCE  (x10°m)

Fig.5 A Simulated thermal history of the area surrounding the intrusive rock body.

The Illitization Period

Aoyagi[12] and Kazama[13] showed that the illite-smectite mixed layers started
to generate at 104C . Oda et al.,[14] also estimated temperature for appearance of
mixed layers was 105C at Japanese oil fields : Murakami deposit belonged to the
area. In the above instances, 105 T was assumed as a minimum temperature of
11litization in the Murakaml deposit area. At the sample B locality, the
temperature at the time of 6.l4 Ma was presumed to be 240 £50T . If the cooling
rate at the locality was constant and was 40 ¥ /Ma (see Fig.5), the period from 240
to 105 € was about 3.4 Ma.

In the period of more than 3.4 Ma, we found that smectite converted to i11iite-
smectite mixed layers ; the illite ratio is approximate 40 26.

WATER CHEMISTRY

Hydrogen isotopic compositions (D/H) of water in the form of hydroxyl groups in
the illite and the smectite-illite mixed layers mineral, were measured in order to
estimate solution chemistry related to the illitization. The extraction of
constitutional water from the clay minerals was performed using the methods of
Friedman & Smith[15], Godfrey[16], and Epstein & Taylor[17].

The D/H ratic was shown as follows :

&D(%) = ((D/H)sample / (D/H)SMOW — 1 } X 1000 (1.

where, SMOW refers to Standard Mean Ocean Water.

—H—
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The values of 6D were -57.1 and -50.2 % for the 1llite (sample A) and the
mixed layers mineral {sample B} respectively.

At 200 €, the equilibrium values of A ( A=10lna) was -39.8 for illite
(0'neil & Karakal18]), where, « was fractionation factor between clay and water:

a clay-water = (D/H)elay / (D/H)water (2).

The values of & D for the water related with the 1{1litization at the Murakami
deposit were calculated using the fractionation factor ; -18.8 %. for the illite
and -11.7 % for the mixed layers mineral. On the other hand, the & D value of
present groundwater at Murakami mine is -41.4 %.. Besides, ¢ D values of present
Japanese meteoric water fall within the range from -40 to -100 % (matsubaya[19]).
The water for the illitization is obvicusly rich in deutrium than the present
groundwater or the meteoric water, and the calculated ¢ D values for the water are
close to those of seawater ; nearly equal to 0 %e.

DISCUSSION

The activation energy for the illitization at Murakami deposit is calculated on
the basis of the estimated thermal history. The illitizatlon rate is expressed by
the following equation (Eberl & Hower[20] and Sudo[21]):

InX=4A - f dt/dT - exp(-E/RT)4T (3).
T

Where, X : %expandability ; the proportion of smectite layers in mixed layer
phases,
: Arrhenius constant,
: Reaction time (days),
o: Initial temperature,
: Temperature after t days,
: activation energy,
: gas constant.

VA =

The proportion of smectite layers in mixed layers of sample B is measured to he
about 60 % . The sample 1s estimated to be 240+ 50T at least on the basis of the
annealing condition of fission tracks observed in the zircons. The temperature at
the end of the illitization is supposed to be 105TC . Therefore, the illitization
period is estimated to be more than 3.4 Ma under the cooling rate of A0 T /Ma.

If the i1llitization perlod is 3.4 Ma, the values of activation energy is
calculated approximately 29 kecal/mol by means of Eg.3. The value of activation
energy is close to that caleulated by Roberson & Lahann([22] : which is about 30
kcal/mol. The reaction experiments after Roberson & Lahann{22] were conducted in
closed vessels containing 400 ppm K * and 9400 ppm Na * at 270 and 350 ¥ . The
ionic concentration illustrated that of seawater. Water chemistry of the sclution
might be similar to that of seawater because of the geclogical setting in the
Murakami deposit area and the hydrogen isotopic properties of the illite.

CONCLUSION

Some of the principal conclusions are as follows:
(1) The cooling rate of the intrusive rock, which is a heat source of the
illitization is estimated to be about U5 € /Ma.
{(2) The fission-track age of zircon in the clay sample is reset by the heat from
the intrusive rock body. By applying the closure temperature for fission-tracks in
zircon, the clay sample is subjected to more than 240 50T,
(3) The illitization period is presumed to be above 3.4 Ma by comparison the
annealing condition for fission-tracks with the calculated cooling rate for the clay
bed (about 40T /Ma).
(4) Smectite converts to illite-smectite mixed layers in the periecd. The

—6—
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proportion of illite is approximately 40 2.

(5) The hydrogen isotopic compositions of the water relative to the illitization
and the geclogical setting assume that the water chemistry of solution for the
reaction may be similar to that of seawater.

(6) In the test calculation, the activation energy 1s approximately 29 keal/mol for
the 1llitization.
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