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SUMMARY

This report summarizes current work on developing

complete models for predicting the chemical stability

of montmorillonitic bentonite buffer material? in HI.W

repositories. The major degrading mechanism it; the

conversion of montmorillonite to hydrous mica

("illite"), the basis of the derivation of tentative

models being offered by ongoing systematic hydro-ther-

mal tests, which indicate that such conversion takes

place by dissolution, yielding very mobile silica,

and aluminum that tends to stay in the clay voids.

The key mechanism in the transformation to hydrous

mica at temperatures below about 130°C is concluded

to be neoformation of the latter mineral, the con-

trolling parameter being the access to potassium.

For temperatures ranging between 130 and 200 C,

excess silica is released by beidellitization and

this yields I/S mixed layer minerals on uptake of

potassium, and precipitation of cementing silica in

the form of amorphous silica and Cristobalite. The

rate of transformation of montmorillonite to hydrous

mica is still controlled by the access to potassium,

i.e. by the rate at which potassium enters the clay.

10 Å minerals that can be mistaken for hydrous mica

can be formed by cementing collapsed stacks together.

The models appear to give montmorillonite transforma-

tion rates that are in agreement with lab results and

geological examples but further calibration, primari-

ly by using the results of ongoing hydrothermal tests

in the Stripa study, are required to make them appli-

cable to repository conditions.



1 GENERAL

Montmorillonite longevity has been the issue of sci-

entific study for decades and various theories have

been forwarded, the major ones being related to heat-

induced conversion to 10 Å minerals and cementation,

which for the pH interval 7 - 1 0 that is currently

considered, are the only practically important chemi-

cal changes associated with heating up to 200°C. An

attempt is made in the present report to develop a

model for such alteration.

The statements in this report are preliminary since

the 1 year hydrothermal experiments of the Rock Sea-

ling Tests of the Stripa Project, which serves as a

major check of the proposed models, are not finished

and evaluated until mid 1991.

2 STRUCTURAL CONCEPTS

2.1 The crystal structure of montmorillonite

Fig.l illustrates the crystal structure of mont-

morillonite. The Hofmann, Endell & Wilm (HEW) struc-

ture shown to the left is considered to be a "high

temperature" form, while the Edelman & Favejee (EF)

structure shown to the right, is assumed to represent

a more hydrated state at temperatures below 100 to

120°C (1,2). This latter arrangement can be regarded

as a sort of "pillared11 structure with every second

Si tetrahedron inverted, thus exposing apical OH:s to

the interlamellar space. These hydroxyls are believed

to absorb water through hydrogen bonding if sodium

and lithium are present as exchangeable cations, and

they form a base for the growth of strained ice-

like water lattices of the type shown in Fig.2, which

represents an extreme form of EF-type concepts. The

charge properties of Ca induce disturbances by which

the organization of water molecules is different,



implying that only two, strongly held, hydrate layers

can be formed in the interlamellar space and that the

crystal structure is of the HEW type at any tempera-

ture. Complete dehydration of montmorillonite re-

quires higher temperatures for Ca than for Na satura-

tion, which makes the Ca form more heat-resistant.

nHjO

o ©

Fig.l

OAI »Si

O

©OH »Si OAI

Hontmorillonite lattice models. Left: Hof-

mann/Endell/Wilm. Right: Edelman/Favejee

12 3 A

Hfl 21.5A

O OH Al Si

Fig.2 Schematic picture of regular H-bonded water

lattices in the interlamellar space

according to Forslind's concept (l)



2.2 The microstructure of montmorillonite clay

The geometrical arrangement of the thin flakes, which

usually have an extension in the crystallographic ab-

plane that is several thousand times larger than the

thickness of the flakes, is strongly dependent on the

bulk density of the clay. In principle, we dis-

tinguish between interlamellar ("internal11) water

located between crystallographically equally oriented

flakes, and more or less free ("external") water be-

tween the stacks of flakes (Fig.3). The majority of

the "particle contacts" are believed to have the form

of hydrate layers separating the flakes, but there is

still a large number of contacts of crystallographi-

cally ill-fitting basal planes or edges of adjacent

stacks. These contacts may partly be solid/solid and

partly established through water films in which

electrical double-layers are operative.

The microstructural constitution is essential since

thermally induced alteration is strongly related to

the number of interlamellar hydrates and the

available space for migration and precipitation of

chemical elements.

3 ALTERATION MECHANISMS

3.1 Current views

3.1.1 Transformation of montmorillonite to

hydrous mica ("illite")

The most favored explanation of transition of mont-

morillonite to hydrous mica can be expressed by the

formula:



Fig.3 Microstructure of montmorillonite clay.

Upper: Dense clay with A) & B) Pores with

"external" water, C) Stack or "quasi-

crystal" with interlamellar, "internal"

water, D) Contact through either solid/so-

lid interaction or through hydrates holding

electrical double-leayers

Lower: Low density with thin stacks, and

very little "internal" water



Montmorillonite + aluminum ions + potassium ions

yield

hydrous mica and free silica

This process implies replacement of tetrahedral sili-

ca by lattice- or external aluminum (beidellitiza-

tion). Uptake of potassium to yield charge equilibri-

um is conventionally assumed to lead to formation of

mixed-layer IS and ultimately to 100 % hydrous mica.

The temperature dependence is usually assumed to be

Arrheniusian and Pytte (3) concluded, by analysing a

number of alteration profiles adjacent to basalt

dikes, that it can be described in following form:

dS/dt - A x e"
U / R T x K+ x Na+ (1)

where A is a constant and U the activation

energy, K and Na the concentration of

dissolved potassium and sodium, respectively,

and S the mole fraction of smectite in I/S

assemblages.

The idea of smectite conversion via mixed-layer

minerals, developed or supported by investigators

like Boles & Franks, Eberl, and Hower, implies solid

solution processes, and various attempts have been

made in recent years to find out the exact ordering

of montmorillonite and hydrous mica flakes in the

presumed successive alteration of pure montmorilloni-

te to pure hydrous mica through various "mixed-layer"

I/S stages, in order to account for this mechanism.

I in IS is conventionally used as a synonym of

hydrous mica
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While investigators like Aagaard and Helgeson have

claimed that mixed-layer minerals of I/S type repre-

sent one solid solution of variable composition, Tar-

dy et al (4) recently indicated that it may be a mat-

ter of two separate phases, pointing out the poor

coupling of smectite and hydrous mica flakes as con-

cluded both from geometrical aspects and energy

points of view.

The coexistence of montmorillonite and neoformed hyd-

rous mica as separate phases in hydrothermally affec-

ted montmorillonite in nature has been demonstrated

by several investigators (5,6). The prereguisite of

such neoformation is that there are sufficient

amounts of silica and aluminum, dissolved from the

montmorillonite, and of potassium available in the

porewater or moving in from the surroundings. The

idea of potassium resulting from "cannibalization11 of

mixed-layers is not feasible if Tardy's concept of

separate smectite and hydrous mica phases is correct.

Recently, the existence of true IS mixed layer

minerals has been seriously questioned on the basis

of a detailed study of the application of Reynold's

method and it appears possible that the "I" component

is mistaken for 10 Å minerals formed by collapsed

montmorillonite stacks with Na or Ca in interlamellar

positions (MbrammaliteM-type minerals), (6,7).

3.1.2 Cementation effects

The generally accepted view that silica is released

in conjunction with the formation of hydrous mica is

backed by the observation that silification is fre-

quent in the surroundings of hydrothermally affected

bentonite beds and in montmorillonitic drilling muds.

It is manifested by the presence of quartz and cris-

tobalite (often platy crystals in bentonite) and of



amorphous silica and opal. The latter occasionally

appears in the form of micro-spherules with a diame-

ter of around 0.03 Mm and may be the kind of precipi-

tate that has been found in the Kinnekulle bentoni-

tes (Fig.4). It should be added that cristobalite in

bentonites is commonly attributed to neoformation

from solution that stems from the smectite minerals

but may be derived from quartz.

Silica precipitations are concluded to form cohesive

particle bonds in smectites like in silt- and sand-

stones and they can be broken by relatively weak

forces at least in moderately cemented clays (8,9).

Fig.4 SEM picture showing spherical nodules at

the edges of smectite stacks in Kinnekulle

bentonite heated to 110 - 160°C for about

1000 years (magnification 30 000 x)
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3.2 Hydrothermal experiments

3.2.1 General

Numerous hydrothermal experiments have been per .ormed

by various investigators for making the pictu^ of

smectite alteration more clear and to get dat: for

checking the validity of various quantitative ceo-

chemical models. Usually, the experiments have been

evaluated by chemical analyses and XRD, and in a few

instances also by electron microscopy. Almost no

study has comprised rheological investigations al-

though such tests offer a very good measure of micro-

structural changes, like homogenization and cementa-

tion.

The SKB study is primarily oriented towards determi-

nation of the influence of hydrothermal treatment on

the physical properties of montmorillonite and has

therefore included comprehensive testing of the swel-

ling properties, the hydraulic conductivity and the

rheological behavior. The study, which is partly in-

tegrated in the ongoing Stripa project, also compris-

es cnemical, mineralogical and microstructural ana-

lyses and they form the basis of the present report.

It contains a tentative chemical alteration model,

which is applied to three geological case histories

in a preliminary attempt to test its validity.

3.2.2 Laboratory tests

Hydrothermal tests of various kinds have been perfor-

med and the clay residues tested in order to identify

major changes in crystal structure, mineralogical

composition, microstructural order, and physical

properties in bulk (Table 1).

11



Table 1 Hydrothermal test series (Rh stands for

Theological test, D=distilled water, C=

CaCl_-type, and N=NaCl-type water)

No Temp. Pr. Water Open/ Density Analyses

MPa closed g/cm~

200 15-30 D Closed 1.3 XRD,TEM,Rh

II 105-225 0-70 D Closed 1.3-2.1 XRD,STEM,Rh

III 90-200 0-70 CN Closed ,6 MAS/NMR

IV 90-200 2 CND "Open" 1.1 XRD,STEM,Rh

SERIES I

This series comprised hydrothennal treatment for 10

days of very pure Na montmorillonite (SWY1). The ma-

jor purpose was to check whether mineralogical

changes could be identified, especially with respect

to precipitation of silicious compounds, and whether

permenant microstructural reorganization takes place

on heating and also if rheological changes occur.

The hydrothermal treatment gave only very slight

changes in the XRD spectra. Thus, neither the shape

or height of the low angle peaks nor the basal

spacing of hydrated and glycolated specimens were

substantially changed even in samples that had been

heated to 200°C.

Transmission electron microscopy (TEM) indicated that

heat treatment to 200°C had actually yielded a more

homogeneous microstructural network than in unheated,

artificially prepared clay although a "second order"

structure of dense branches also seems to be formed

(Fig.5). In addition, specimens heated to 200°C had a

much higher frequency of agglomerates of dense par-

12



tides than unheated clay and they were also much

larger. Electron diffraction analysis gave evidence

of amorphous silica formed on primary quartz partic-

les in these large agglomerates and of Cristobalite

crystals in the agglomerates as well as on montmoril-

lonite stacks (10,11,12).

*

I-

Fig.5 Characteristic TEM micrographs of Na mont-

morillonite clay. Left: Unheated, Right:

Heated to 200°C. Scale represents 1 urn

Part of the identified amorphous silica, which was

estimated to form about 1 % of the total solid mass,

may have been precipitated from the porewater

solution in the course of the preparation for the

microscopy, while all the cristobalite is concluded

to have been formed under the hydrothermal test

conditions.
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The rheological testing had the form of simple uni-

axial compression tests, typical results being shown

in Fig.6. They clearly show the significant stiffe-

ning that takes place on heating to 200°C even after

short treatment, but one also finds that heating to

105°C causes some increase in the deformation mo-

dulus.

4 kPa

enen
ID
cro_
2:
o
u

22 kPa
• . . . 28 kPa

30 kPa

35 kP«

15

'39 kPa

•43 kPa

Us kPi

SYMBOL T. C FAILURE
STRESS. kPa

200 48

150 52

105 42

20 31

50

Fig.6 Axial compression versus time at unconfined

compression tests. Arrows indicate failure

SERIES II

This study was conducted in the same way as SERIES

I, i.e. the clay was saturated with distilled water

and hydrothennally treated under closed conditions,

but the study covered a wider temperature spectrum
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and included also some tests in which percolation

with KCl solution was made after the hydrothermal

treatment in order to check whether hydrous mica

(illite) was formed. Special effort was made to find

out what information XRD offers with respect to iden-

tification of mineral alteration,- and to check the

conclusions from SERIES I concerning silica release

and precipitation, microstructural "blueshift", and

strengthening, on heating. The latter three issues

will not be discussed here because the study unani-

mously validated the conclusions drawn in SERIES I.

The most characteristic measure of possible mineral

alterations was assumed to be illustrated by XRD

analysis of specimens treated with etnylene glycol.

Two important conclusions could be drawn from the

study (cf. Fig.7): 1) The d=17 Å peak becomes more

intense on heating to 150 and further to 200°C, and

2) a small amount of 10 Å minerals is formed at

200°C. The first-mentioned effect was interpreted as

resulting from enhanced alignment of stacks when the

heat-induced dehydration and formation of thicker and

stronger network branches. The 10 Å mineral formation

was assumed to be due to permanent collapse of comp-

letely dehydrated stacks of flakes.

Hydrothermally treated SWY1 clay saturated with di-

stilled water and then transferred to porous cells

submerged in 3.7 M KCl solution for 2 months was ex-

pected to be transformed to hydrous mica assuming

beidellite to have been formed. The fact that only

the same insignificant amount of 10 Å minerals as in

correspondingly treated Na montmorillonite actually

appeared (cf. Fig.8) led to the conclusion that bei-

dellitization, i.e. release of tetrahedral silica and

replacement by octahedral aluminum, had not taken

place. This finding, which is of tremendous practical

importance, is compatible with the results of the

studies in SERIES III and IV.

15
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Fig.7 Smoothened XRD patterns of EG-treated SWY1

samples. The figures on the horizontal

scale refer to 20°
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Fig.8 Smoothened XRD patterns for EG-treated SWY1

soaked with KCl after hydrothermal

treatment

SERIES III

Thermally induced crystal lattice alterations in the

form of breakdown or isomorphous atom replacements

implying chemical shift, are likely to be identified

by use of nuclear physical tests, of which NMR should

be particularly useful. In recent years the introduc-

tion of "magic angle spin" NMR has greatly increased

the resolution power of NMR and a few exploratory

tests have been made that yield some interesting,

relevant information.
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Samples of a commercial Texan Ca-dominated bentonite,

Bentolite L, that is very poor in iron, were saturat-

ed with distilled water after conversion to sodium

and calcium states, respectively, and then hydrother-

mally treated for 10 days at 90, 130, 160 and 200°C.
29 27Analyses were made with respect to Si and Al, the

major results being the following:

Si is associated with varying numbers of

oxygens yielding a major peak at -85 to

-100 ppm. A peak in the interval -107 to

-118 ppm is indicative of less ordered

silica like amorphous silica and silica

coordinated with hydroxyls (Fig.9)

For Na montmorillonite the major peak gets

smaller on exceeding a threshold tempera-

ture in the range of 100 - 130°C as seen

from the integrated peak area:

20°C 90°C 130°C 160°C 200°C

100 102 93 88 93

At the same time the second peak undergoes

both a change in size and shape suggesting

an altered coordination of Si and OH when

the threshold temperature is exceeded

(Fig.10)

Only insignificant Al is in tetrahedral

positions in unheated montmorillonite as

demonstrated by the negligible "beidellite"

peak at 75 ppm and remains to be so up to

about 160°C. At higher temperatures there

is a slight trend towards beidellite of

both Na and Ca montmorillonite

18



-40-60-80-100-120-140

ppm

Fig.9 Major Si/O peak in montmorillonite

(-85 to -100 ppm), and minor peak at -107

to -118 ppm

-110

20°C

-110

90°C

-110
130°C

-110
160°C

-110
200° C

ppm

Fig.10 Change in size and shape of the minor Si

peak on heating from room temperature to

200°c
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It can be assumed that the altered Si/0 and Si/OH

coupling in Na (but not in Ca) montmorillonite on

exceeding a critical temperature of 100 - 130 C, is

associated with transformation from trans to cis

coordination, which may be understjod as a transfer

from Edelman/Favejee's lattice structure to that of

Hofmann/Endell/Wilm (Fig.l).

SERIES IV

This series was conducted within the framework of the

Rock Sealing Test of the international Stripa Pro-

ject. It comprises tests of 0.3, 3 and 9 months dura-

tion, of which only the first two have been complet-

ed so far.

The clay material is a natural rather iron-rich Ca

bentonite with a very high content of montmorillonite

that has been converted to Na-state by sodium carbo-

nate treatment on an industrial scale. Clay samples

were prepared with distilled water to a bulk density

of about 1.15 g/cm and filled in 6 ml teflon cells

with filters at both ends. These cells were put in

600 ml "autoclave", teflon-coated cylinders which

were filled with either distilled water, Ca-rich wa-

ter or Na-rich water with a salinity corresponding

approximately to 50 % of that of sea water (cf. Table

2). The liquids in the cylinders were kept at 2 MPa

pressure throughout the hydrothermal treatment by

pressurizing tightly fitting pistons, and water samp-

les were taken at the end of the experiments for

analysis with respect to pH and all major elements.

The clay samples were extruded and their undrained

shear strength determined by use of a laboratory vane

bore, and undisturbed parts were investigated by TEM

and SEM EDX. XRD and chemical analyses of the clay

samples were also conducted.

20



Table 2 Water compositions

Ion Ca-rich water
g/1 moles/1

Na-rich water
g/1 moles/1

Ca

NaH

Mg

KH

2+

2+

Cl

so
F
HCO.

2-

2.10

1.66

0.21

0.04

6.30

0.37

0.01

0.40

0.0524

0.0722

0.0086

0.0009

0.1777

0.0039

0.0003

0.0066

0.41

10.77

1.29

0.40

19.35

2.71

0.00

0.14

0.0102

0.4685

0.0531

0.0102

0.5458

0.0282

0.0001

0.0023

The major outcome of the study can be summarized as

follows for the highest temperature 200°C:

* The XRD spectrograms show that the major

changes were similar for all three waters,

i.e. that 1) calcite was dissolved, 2) both

K- and Na-feldspars were largely dissolved,

3) quartz was strongly attacked, and 4)

montmorillonite was not significantly

altered. However, symmetric widening of the

001 basal peak was found, especially for

the distilled water case, indicating

primarily some formation of 10 Å minerals

(Fig.11). The widening towards lower angles

corresponds to 14 Å reflections.

* The chemical analyses of the water

surrounding the sample cells show that

practically no aluminum had left the clay,

while around 5 % of the initial silica

content of the clay had been dissolved and

diffused into the surroundings in 10 days

and 8 % in 90 days. In distilled water the

21



Fig.11 Generalized XRD diagrams for the 200°c
and unheated samples (dotted). Upper:
distilled water, Center: Ca-rich
water, Lower: Na-rich water



only additional process was that about 75 %

of the adsorbed sodium was released from

the clay to the surroundings in 90 days,

while in the other waters there was a

considerable uptake of sodium and calcium

and also an uptake of almost the same

amount of magnesium as the loss of silica.

pH dropped from 10 to 6 in the distilled

water and to around 3 in the other waters.

As to the anions, about 5 to 10 % of the

chlorine content was given off from the

salt solutions and taken up in the clay

porewater but the most significant obser-

vation is that 25 to 50 % of the SO4 con-

tent did not remain in dissolved form.

Since both calcium and sodium tended to

diffuse out of the the clay samples,

one concludes that sodium and calcium

sulphates were formed in the salt surround-

ing water at this high temperature

The 160°C samples gave off approximately half as much

as silica as the 200°C samples, while the release of

sodium and calcium was about the same at both temp-

eratures. Also, the uptake of magnesium of the clay

from the surrounding salt solutions was not very dif-

ferent for the two highest temperatures, nor was

there any significant difference in anion transfer.

130°C represents a breakpoint with respect to the

influence of heat. Thus, the XRD spectra show signi-

ficantly less dissolution of feldspars and quartz and

the chemical changes are also less obvious. Actually,

from 130°C and downwards, the silica release from the

samples was roughly proportional to the temperature

23



expressed in centigrades and at 130°C it was about

1/3 of that at 200°C in distilled water, 1/4 in Ca-

rich water and 1/6 in Na-rich water. The behavior of

magnesium is very obviously connected to the signifi-

cant drop in silica content and it was quite diffe-

rent for the Na- and Ca-rich solutions. Thus, while

the Mg-uptake was about 1/3 of that at higher tem-

peratures in the calcium-rich water, it was not sig-

nificantly less than the uptake at the highest tempe-

rature in the sodium-rich water. This suggests that

the Mg-uptake, which is obviously very strong in both

waters, starts in the interval 90 to 130°C in sodium-

saturated montmorillonite while it begins in the

interval 130

morillonite.
interval 130 to 160°C in calcium-saturated mont-

The following conclusions can be drawn from SERIES

IV:

1. Aluminum stays in the clay-water system

2. In electrolyte-poor water, silica is given

off from the clay at a rate that is deter-

mined by temperature according to some

power law

3. Beidellitization takes place only in salt

water holding Mg (or Fe), since octahedral

Al cannot leave to replace Si in the tetrahe-

drons unless Mg (or Fe) moves in to replace

it. This process takes place at 90 - 130°C

in Na montmorillonite and at 130 - 160°C

in Ca montmorillonite

4. Sodium is given off quickly from Na mont-

morillonite to the surroundings and it is

replaced by protons, which yields the

we11known high pH. In Ca montmorillonite,

the adsorbed cations are more firmly held

to the basal planes in the interlamellar

24



space and are not easily exchanged by

protons. pH is therefore considerably lower

than in Na montmorillonite

2 —
5. In Ca-rich water, free Ca and SO react

to form gypsum at temperatures higher than

about 130°C

6. Potassium was rather given off from

the clay than taken up. Thus, there was no

definite sign of formation of hydrous mica

except for the slight tendency of 10 Å

mineral formation at 160 and 200°C

3.2.3 Conclusions

The experimental work gives a rather complete picture

of the involved processes under the respective test

conditions. The major ones can be described as

follows:

A first, major mechanism is congruent dissolution of

the montmorillonite lattice at a rate that is deter-

mined by the concentration of dissolved silica in the

water and by the temperature, silica being precipita-

ted in the form of cristobalite or amorphous silica

on exceeding the solubility (SERIES I-IV). These pre-

cipitations act as cementing substances and reduce or

prevent spontaneous swelling. Charge equilibrium

considerations suggest that the dissolved silica is

present in the form of univalent anions. A very im-

portant fact is that aluminum stays in the clay/water

system, meaning that possible neoformation of alumi-

num-bearing minerals like hydrous mica will take

place in the voids of the montmorillonite clay, which

tends to maintain a low hydraulic conductivity.
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A second, incongruent dissolution process is the

release of silica from tetrahedral positions without

breakdown of the crystal lattice and only intra-

lattice migration of aluminum to replace the silica

(SERIES III and IV). There is strong evidence that

this so-called beidellitization, i.e. the commonly

assumed first stage of "illitization", requires both

magnesium (or iron) in the porewater of the clay and

heating to a critical temperature that may be in the

range of 90 - 130°C in Na-saturated montmorillonite

and 130 - 160°C in Ca montmorillonite (SERIES I, II,

and III). This suggests that no solid/solid trans-

formation of montmorillonite to hydrous mica takes

place below these "critical" temperatures. Thus, at

lower temperatures neoformation of hydrous mica is

the only mica-producing process. Formation of 10 Å

minerals, possibly creating false I/S mixed layer

minerals, is simply caused by permanent contraction

at complete dehydration at more than 100 C. Neoforma-

tion of hydrous mica is controlled primarily by the

concentration of dissolved silica and potassium in

the reacting clay/water system and by the access to

these elements from the surroundings.

Putting all this together one arrives at the pheno-

menological model shown in Fig.12. It will be taken

as a basis of the formulation of a quantitative chem-

ical alteration model but before coming to that we

will consider the background of some of the processes

in greater detail.

3.2.4 Discussion

The reason for the stronger heat-sensitivity of Na

montmorillonite is not obvious but it may be related

to the possible existence of inverted SiO. tetrahe-

drons when Na (or Li) is in interlamellar positions.

Thus, rather recently it has been suggested that re-

placement of silica by aluminum may have the form of
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BEIDEUI-
TIZATION

(d= 1OA)

Fig.12 Major features of the authors' smectite

alteration model.

Left row shows congruent dissolution, I/S

(I representing 10 Å minerals) transforma-

tion and neoformation of hydrous mica.

Right row shows heat-induced contraction of

smectite stacks, permanent collapse at a

critical temperature, and precipitation of

silica under closed conditions
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establishing inverted tetrahedrons of the type propo-

sed by Edelman & Favejee (13). The transfer of

aluminum from octahedral positions to replace Si in

inverted tetrahedrons would actually be easier than

transfer to tetrahedrons of the Hofmann/Endell/Wilm

structure and since the latter process takes place in

Ca montmorillonite it appears more resistant than Na

montmorillonite. Indeed, this may be the true nature

of the interlamellar establishment of aluminum hyd-

roxy complexes that has been proposed by Johnston &

Miller (14) and that is claimed to be the reason for

the appearance of a 14 Å reflection, i.e. widening

towards low angles of the 001 peak that was also ob-

served in the hydrothermal experiments with distilled

water in SERIES IV. This process is concluded to

release H to the solution giving it a low pH.

3.3 Formulation of chemical alteration model

3.3.1 General

The finding that different degrading processes take

place in different temperature regimes leads us to

outline two models. Simplifying the matter a bit we

consider the congruent dissolution/neoformation

process to be the only major transformation that

takes place below 130°C, thus forming the basis for

the formulation of a "low-temperature" model. A

corresponding "high-temperature" model, covering the

range of 130 - 200°C, also includes beidellitization

through superimposed non-congruent dissolution of

silica and true I/S mixed layer formation.
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3.3.2 Low temperature alteration model

There is no doubt that the dissolution rate of smec-

tite is controlled by temperature and there are good

reasons to believe that the process is of Arrhenius'

type with an activation energy of 25-30 kcal/mole and

a dissolution rate constant that depends on pH, and

on the type and concentration of the electrolyte.

This would make Eq(l) applicable and offer a way of

predicting the change in I/S since Pytte's model does

not rule out the possibility that transformation of

smectite to hydrous mica takes place in the form of

growth of a separate hydrous mica phase. Taking the

activation energy to be 27 kcal/mol the transforma-

tion rate under isothermal conditions would then be

as indicated in Pytte's diagram shown in Fig.13.

TEMP 30 -300 C

-2 -1 2 3 ^ 5 6 7 8 9

TIME (LOG YEARS)

Fig.13 Rate of alteration of montmorillonite at an

activation energy of 27 kcal/mol according

to Pytte (3)
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This would mean that if the maximum bentonite tem-

perature in a KBS3 repository is taken as 130°C, pre-

vailing for about 2000 years, practically all the

montmorillonite would be preserved after 10 years,

while 10 % would be transformed in 100 years, and 65

% at the end of the heating period. Taking the acti-

vation energy to be 29 kcal/ mol, which was recently

suggested by Japanese researchers in conjunction with

the analyses of the heat-affected Murakami bentonites

(15), one finds that about 60 % of the montmorilloni-

te would be transformed after 2000 years at 130°C.

Applying Pytte's theorem to the Swedish Hamra bento-

nite, which is located at 500 m depth and has been

exposed to 110 - 120 °C for 10 years and stil 1 holds

25 % montmorillonite, it is concluded that the pro-

cess is actually much slower than indicated by his

model. A probable reason for this is that the con-

trolling factor is the fashion in which potassium is

made accessible for the transformation. Thus, it is

possible that the porewater of the smectite generally

can be taken to be saturated with silica and aluminum

at depth and that it is precipitated in the form of

hydrous mica at the same rate at which potassium dif-

fuses into the reaction zone. The idea is based on

the presumption that the reaction takes place moment-

arily and that the resulting removal of dissolved

potassium from the porewater solution creates a sink

that provides the driving force to bring in more pot-

assium.

One realizes that such a model is a true kinetic one

and that the properties of the system, as examplified

by the Hamra Strata in Fig.14, must be specified,

i.e.:

1. The geometry of the system

2. The initial potassium concentration in the

clay and in the surrounding medium
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The rate of transport of potassium in the

surrounding medium to the reaction front,

and in the clay. Under stagnant groundwater

conditions the transport mechanism is

diffusion, the controlling parameter being

the diffusion coefficient of potassium

A criterion concerning saturation of

potassium in the clay, i.e. when the

transformation to hydrous mica is complete.

A practical measure of the corresponding

potassium content is 10 % by weight

D

OVERLYING SEDIMENT, INITIAL

K-CONCENTRATION = C«

BENTONITE,
K-CONCENTRATION = 0

Fig.14 Clay with surrounding K-holding medium. The

clay is initially free of potassium which

is successively taken up and fixed, by which

the K-concentration is kept at 0 in the

clay voids. Complete transformation is when

the K-content has reached a maximum value

that corresponds to hydrous mica (illite)
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3 . 3 . 2 . 1 Preliminary checking

Laboratory tests

The model can be checked by considering the laborato-

ry tests referred to earlier in the report and a test

conducted as part of the CEA/SKB joint research pro-

gram. Considering first SERIES I - IV, most tests in

SERIES I and II were conducted without any potassium

at all in the porewater and logically exhibited no

hydrous mica at the end of the hydrothermal treat-

ment. The fact that the samples exposed to potassium

solutions after the treatment only showed insignifi-

cant formation of 10 Å minerals is fully explained

by the fact that no neoformation of such minerals

could take place in the hydrothermal period in the

absence of potassium, and that no beidellitization

occurred in this period in the absence of Mg (or Fe),

which would have yielded hydrous mica on subsequent

exposure to potassium.

The SERIES III tests were conducted with salt solu-

tions holding no potassium and consequently showed no

sign of hydrous mica. SERIES IV did not show any

clear indication of the formation of hydrous mica

except that, at the highest temperatures, potassium

tended to be taken up by the clay from the surround-

ings.

The CEA/SKB study comprised a 1 year laboratory test

of MX-80 Na montmorillonite clay saturated with very

weakly brackish Allard water with a potassium con-

centration of 4 ppm. The clay was located in a cell

with one end closed by a steel plate that was exposed

to rather heavy r radiation, while the other end con-

sisted of a sintered steel filter, through which the

porewater contacted external, pressurized Allard wa-

ter, thus forming open conditions. This test will be

fully reported elsewhere and we will only give a con-

densed presentation of the major results here.
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XRD and chemical analyses, as well as electron micro-

graph interpretations and rheological measurements

were of major concern in the study. Specimens were

cut from different parts of the 7 cm long sample that

had been heated to 130 C at the radiated end and to

90°C at the "open" end.

The XRD analyses showed a similar pattern for all

temperatures as SERIES IV, i.e. no definite sign of

formation of hydrous mica but partial dissolution of

calcite and feldspars (Na, Ca, and K) at 90° and al-

most complete disappearance of the latter minerals at

130°C when also quartz was dissolved. The smectite

peaks showed hardly any change except for a slight

broadening of the base of the (001) reflection at

130°C. The widening towards lower angles can be

ascribed to some insignificant formation of 10 Å

minerals, which may have been neoformed hydrous mica

or permanently collapsed smectite stacks. The very

low potassium content explains that only very in-

significant amounts of hydrous mica could have been

formed. The widening towards higher angles may be

explained by the earlier described establishment of

aluminum hydroxide complexes in the interlamellar

space.

Geological analogues

The obvious difficulty in deriving a correct stress-

and temperature history of ancient geological strata,

and finding changes in their chemical environment,

naturally mean that they cannot serve as a proof of

the validity of any geochemical model. However, smec-

tite strata with a generally accepted history should

at least give a rough indication of the applicability

of the models, and we will consider a few cases of

this sort in a first checking attempt.
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As to the "low-temperature" cases we will use data

from North Sea sediments, the Busachi and Fish clays,

while the Kinnekulle clay will be used as a "high-

temperature" example. The Hamra clay, which is con-

cluded to have been exposed to 120°C for at least 10

years (6), is expected to represent an intermediate

case, with which we will start our examination.

The Hamra case

The Hamra bentonite profile from southern Gotland is

relevant since it comprises a 30 cm bentonite layer

that is presently located at about 500 m depth in a

complex series of limestones, mudstones and shales.

It is concluded to have been exposed to 120 C for

about 10 years and to temperatures ranging between

20 and 120°C for 4x10 years (6). Its clay fraction

still has a montmorillonite content of 35 %, which we

take as the residue of an initial montmorillonite

content of 100 % in the clay fraction. For applica-

tion of the model one needs to take the actual stra-

tigraphy into consideration, i.e. the existence of

additional bentonite horizons, a major one of about

the same thickness as the presently discussed bed be-

ing located about 120 m higher up in the profile.

Using the figure 400 ppm for the initial concentra-

tion of potassium in the voids of the sediments we

find the average potassium concentration of the whole

overlying marine sediment volume to be about 80 ppm.

Complete conversion to hydrous mica is taken as 10 %

of the solid smectite mass, which corresponds to

200 000 ppm per unit bentonite volume, and using

these parameter values one finds the transformation

rate to be as indicated by the diagram in Fig.15.

Assuming the potassium diffusion coefficient of the

overlying sediment series to be 10~ m /s, we find

that the actual amount of 35 % montmorillonite of the

clay fraction of this deep-lying bentonite bed would
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be left at the end of the 10 year long period of

enhanced temperature. D=10 m /s would have yielded

75 % montmorillonite and I^io"11 m2/s over 90 % mont-

morillonite. Assuming that the conversion process

went on for the entire 400 million year period, 35 %

remaining montmorillonite would yield a diffusion

coefficient of around Sxio"11 m2/s.

Smectite to lUUe transformation controlled by K diffusion

99.9

99
' =**?-

X.

\
N v

X , \

1 ^ ^

v
X

\

^

\
\

— TT-T"

1E+01 1E+02 1E+03 1E+04 1E+0S 1E+06 1E+07 1E+0S 1E+09

Time, Years

Fig.15 Predicted rate of alteration of montmoril-

lonite according to the model (cf. Fig.14)

cR is 400 ppm and the thickness of the

bed 0.30 m

Now, considering the fact that there are additional

potassium-absorbing bentonite horizons in the pro-

file, migration by diffusion could only have proceed-

ed according to this model until the K concentration

profile was affected by neighboring bentonite layers.

This is illustrated by Fig.16, which shows the

successive concentration profiles for I^io"

from which we see that it would take about 2 million

years until the concentration dropped below 400 ppm

xa2/s,
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at half the distance to the next major bentonite

layer in the overlying sediment mass. One concludes

from this that the diffusion coefficient may have
—11 2been considerably higher than 10 m /s and that the

uptake of potassium and conversion to hydrous mica

must have been strongly retarded after a few million

years. Since field diffusion experiments with KC1 in

soft Quaternary soil profiles (15) have yielded D-

values of around 10~ - 10~ m /s, it is probable

that the diffusion coefficient in the Hamra series

was still not higher than lo"11 to 1O~10 m2/s.

50-,

40-

.30-
o

%2<

10-

0J

C, ppm
0 100 200 300 400

1.6*10 years

0.5*10 years

50 000 years

2 000 years

BENTONITE

Fig.16 Calculated change in potassium concentra-

tion in the sediment overlying the lowest

Hamra bentonite bed
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It must be realized also that K-bearing minerals like

microcline provided some potassium to the solution

and this would suggest that the actual average K dif-

fusion coefficient is around 10~ m /s rather than

10~ m /s. At any rate it appears probable that most

of the conversion of montmorillonite to hydrous mica

took place in the 10 year period of maximum heat.

Lov-temperature cases

Relevant examples are marine Upper Cretaceous, smec-

tite-rich clays in the North Sea area that were re-

cently described by Elen Roaldset . They have been

exposed to temperatures on the order of 50 - 100°C

and have smectite contents of not less than 60 -

70 %. Applying the model to these clays and taking
7

them to be 7x10 years old, one finds the expected

percentage of expandable clay to be around 50 -80 %

for the diffusion coefficient span 10~ to 10~

m /s, i.e. of the right order of magnitude.

The same limiting effect on access to potassium in

the Hamra case was probably valid also for the North

Sea sediments, i.e. there are several major clay

horizons that interact and affect the K-concentration

profile. Also, some contribution to the amount of

dissolved potassium is probably offered by K-bearing

minerals and the actual conversion rate may therefore

well be explained by a K diffusion coefficient of

around 10 m /s.

Data given at the fall meeting in Stockholm (1990)

of the Nordic Society for Clay Research
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A further example is given by the part of the Busachi

clay profile in Sardinia that was exposed to a heat

pulse of maximum 100°C for much less than one year

(6). The clay is assumed to have been deposited under

marine conditions in Tertiary time, yielding an ap-

proximate age of about 3x10 years. The assumed his-

tory implies that it was covered by rhyolite magma

and that it is expected to have been supplied with

potassium mainly from very dense, underlying sedi-

ments. A diffusion coefficient of 10 to 10~ m2/s

yields a montmorillonite content of 70 -90 %, which

is on the same order of magnitude as the actual pre-

sent content of around 80 - 90 %.

Finally, the marine Cretacious Fish clay forming a

5-10 cm bentonite bed in partly silicified limestone

on Själland, Denmark, offers an example of "low-

temperature" montmorillonite clay of considerable age

(about 7x10 years), cf.(8). The present profile has

been covered by younger sediments of unknown thick-

ness which were eroded in Tertiary time. Weak folding

has occurred due to peripheral effects of the Laramic

phase of orogeny but the maximum temperature to which

the clay has been exposed is not expected to have

reached 100°C.

The montmorillonite is thought to originate from vol-

canish ash although it may possibly have resulted

from asteroid impact. At any rate the clay sediment

was strongly contaminated by terrigeneous material,

mainly calcite and quartz, so that the clay minerals

make up only about 50 % of the clay fraction. Mont-

morillonite is concluded to constitute about 50 % of

the clay minerals, the rest being 10 Å minerals. App-

lying the diagram in Fig.15 and assuming that pot-

assium went in from overlying sediments forming app-

roximately the same profile as at Hamra, we find

that a K diffusion coefficient of lo"11 to 10~10 m2/s

would yield the actual amount of 50% montmorillonite.
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3.3.3 High-temperature alteration model

While the low-temperature model is aimed at describ-

ing transformation of montmorillonite to hydrous mica

at temperatures up to around 130°C, implying con-

gruent dissolution and complete silica saturation

throughout the process, the high-temperature model is

proposed for the temperature interval 130 - 200°C

assuming incongruent dissolution and expulsion of

excess silica to the solution. This process is asso-

ciated with beidellitization of the montmorillonite

and this means that hydrous mica will be formed both

by neoformation and possibly also by "mixed-layer"

transformation. Still, the controlling factor of both

processes is the access to potassium, which makes the

alteratL n from smectite to hydrous mica in principle

the same as in the low-temperature case. The only

significant difference between the two models is

therefore that the high-temperature version implies

that silica is forced out of the smectite and yields

precipitations in the form of amorphous silica or

cristobalite that partly prevent dehydrated smectite

stacks from expanding on exposure to water.

As to the rate of conversion to hydrous mica, the

same basic calculation model is assumed to be valid

as for the low-temperature model, but the major para-

meter, i.e. the diffusion coefficient is expected to

be higher. Thus, for temperatures in the interval

150°C - 200°C it is assumed to be one order of

magnitude higher than at 50 - 120°C, i.e. 10~

10 y nT/s.

Concerning the \- -ecipitation of silica from the su-

persaturated solution, it is assumed to be very ra-

pid. Thus, the entire release of silica in the course

of beidellitization is assumed to be completed in

days, weeks, or months rather than years. The model
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implies that beidellitization yields release of about

one quarter of the total Si amount almost momentari-

ly. Expressed in terms of SiO_, about 8 % of the to-

tal solid mass is hence precipitated, creating

amorphous silica compounds or cristobalite. The pre-

cipitations serve as a silica source that keeps up

the degree of saturation at 100 %. Assuming the pre-

cipitations to have the form of 100 Å diameter no-

dules located uniformly ovor the periphery and basal

planes of 5 flakes thick stacks, their spacing would

be around 500 Å, suggesting considerable "welding"

and impediment to expansion. If they are taken to be

1000 Å in diameter, they would have a spacing of

microns with little effect on the expandability of

the stacks, while they may instead form strong

bridges between stacks that may affect the rheologic-

al properties to a significant extent (8).

3.3.3.1 Preliminary checking

The Kinnekulle bentonite serves as an example of

smectite clay that has undergone heating to a criti-

cal temperature, i.e. at least 130 C by magma intru-

sion (17). The 2 m thick clay bed is a member of a

series of Ordovician marine sediments, i.e. around

4.5x10 years old, probably covered by several hund-

red meters of Silurian and Devonian sediments that

were later eroded.

Assuming that the ambient potassium concentration was

initially the same as in the Hamra case, i.e. 400

ppm, and implying that the conversion process went on

for the entire 450 million year period, a K diffusion

coefficient of 5x10 m /s would yield around 20 %

expandable minerals in the uppermost 0.3 m thick

part. The actual value is in fact around 20 %, while

it is about 30 % in the center of the 2 m thick bed,

the K content being 50 000 ppm at the upper end and

about 30 000 ppm in the center (17,18).
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However, considering that there are several bentonite

horizons as in the Hamra case, it is logical to be-

lieve that the situation was more or less like the

one in Fig.16, which leads us to believe that the

actual diffusion coefficient was in fact higher, pre-
—10 —9 2sumably in the interval 10 to 10 m /s in the

1000 year long heating period and around 10 to
—10 2

10 m /s thereafter. It is clear, though, that the

conversion cannot have been completed in the 1000

year long period of maximum temperature since this

would have required very much faster K diffusion.

The fact that there is still a gradient in potassium

concentration and hydrous mica content, suggests that

it was formed in a relatively short time, i.e. some

tens or hundreds of thousand years and that it became

"frozen in" when temperature finally dropped.

A detailed analysis of the concentration profiles of

K, Si, Al and Mg within the thick bed is expected to

reveal further details in the diffusion characte-

ristics.

The model predicts release and precipitation of

tetrahedral silica at temperatures exceeding about

130°C and this actually took place in the Kinnekulle

clay as documented by the appearance of many 100 -

1000 A large precipitations (cf. Fig.4), and by the

brittle behavior due to even larger precipitations as

demonstrated by creep tests (8). The fact that the

heating to about 130°C lasted for a relatively short

period of time demonstrates that the release of ex-

cess silica in conjunction with beidellitization is

a rather quick process.

This latter function of the model is also documented

by the most heat-affected part of the Busachi ben-

tonite profile (6). Thus, the whole microstructural

pattern of this part, which is concluded to have been

heated to 200° for about 2 months, is very similar to

41



that of montmorillonite clay that has been exposed to

150 to 200°C under hydrothermal conditions in the

laboratory with respect to the presence of nodular

precipitations.

4 COMMENTS AND TENTATIVE CONCLUSIONS

The preliminary models appear to give reasonable re-

sults with respect to the rate of transformation of

montmorillonite to hydrous mica and of silica preci-

pitation. The parameters that control the transforma-

tion is firstly temperature, especially whether it

exceeds a critical level of around 130 C or not, and

secondly the uptake of potassium from external sour-

ces. While it is certainly a simplification to assume

that the concentration of reactive silica and alumi-

num are sufficient to take potassium as the sole con-

trolling agent in the transformation of montmorillo-

nite to hydrous mica, this assumption is still rea-

sonable at temperatures exceeding 70°C in an environ-

ment that is rich in silicate minerals, as indicated

by geological data (19).

A valuable feature of the proposed models is that

while they yield data on conversion of montmorilloni-

te to hydrous mica that are in line with those given

in geological literature, the key function of po-

tassium migration enables us to explain why the lite-

rature provides many examples of no temperature in-

fluence, and examples of huge variation in conversion

at one and the same temperature.

Although it is a bit premature at this stage, a

number of consequences can be drawn respecting the

survival of montmorillonite buffers in HLV

repositories:
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1. Lov-electrolyte groundwater in the host

rock minimizes transformation of mont-

morillonite to hydrous mica. Thus, water

that is very poor in Mg or Fe does not

allow for beidellitization and thus not for

conversion to I/S minerals, nor does it

allow for release of tetrahedral silica and

precipitation of silica compounds if the

temperature is raised beyond 130°C

2. Temperatures below about 130° and low-

electrolyte groundwater that is very poor

in potassium yield very significant

longevity, i.e. many millions of years will

pass until the montmorillonite content

drops

3. Stagnant salt water with a potassium

content corresponding to that of ocean

water transforms montmorillonite to hydrous

mica by dissolution of the virgin mineral

and neoformation of the latter. This

process takes place by potassium diffusion

at a rate that depends on temperature. Very

slow transformation rates and an appreciab-

le content of preserved montmorillonite are

expected even after millions of years

4. Rapid flow of salt water with 400 ppm K

concentration in the nearfield of VLH, VDH

or KBS3 holes, or through KBS3 tunnel

backfills, will keep up the K concentration

in the vicinity of the canistei—embedding

clay and create very rapid transformation

to hydrous mica. Hence, for 30 cm mont-

morillonite clay contacting ocean water, 90

X transformation to hydrous mica will take

place in less than 1000 years
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5. Heating beyond about 130°C in the presence

of salt vater causes quick beidellitiza-

tion, yielding I/S minerals on uptake of

potassium and precipitation of silica

compounds that yield cementation and

brittle behavior

6. Ca montmorillonite seems to undergo lattice

alteration to beidellite at a higher tem-

perature than Na montmorillonite, making it

less vulnerable to lattice alteration, but

this needs further confirmation

It is believed that these conclusions can be applied

in a preliminary functional analyses of HLW concepts,

while the ongoing, remaining hydrothermal tests must

be completed before such analyses can be relied on.

Application of the models to concepts implying clay

confined by crystalline rock requires that adequate

K-diffusion coefficients be used since the ones

derived from the sedimentary rock environment given

in this report would be too conservative.

In order to strengthen the models, more detailed

studies of geological analogues representing smec-

tite-holding clays with known geological and tempera-

ture histories should be made and for this purpose

North Sea sediments seem to be especially well suit-

ed. Also, some hydrothermally generated weathered

clays in granite should be investigated.
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