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Abstract

A transmission electron microscopy study was undertaken to investigate the microstructural relationships between mixed layer illite/smectite phyllosilicates and their alteration products. The analysis of
specimens from Southwestern Sweden suggested that four types of montmorillonite alteration could be
distinguished. The first three possibilities involved the dissolution of montmorillonite followed by the
precipitation of various phases: silica, fine grained montmorillonite which subsequently recrystallized
to illite, or quarz and illite. The fourth possibility involved dehydration and isostructural replacement
of montmorillonite with illite. The mobility of amorphous silica in the montmorillonite structure was
demonstrated using in-situ experiments with the electron beam, and static observations of two identical
but differently prepared specimens. In the latter case distinctions were observed in the residence of the
silica phase. Based on the transmission electron microscope observations, it is proposed that the precipitated amorphous silica can affect the swelling capability of montmorillonite both as a replacement of
interlayer water, and as an obstruction to the free movement of water into the structure.

NAGRA NTB 89-03

- II-

Zusammenfassung

Es wurde eine transmissions-elektronenmikroskopische Studie durchgeführt, um die mikro strukturellen Beziehungen zwischen Wechsellagerungen von IllitiSmectit-Phyllosilikaten und ihren Umwandlungsprodukten zu untersuchen. Die Analyse von Proben aus Südwest-Schweden hat vier verschiedene
Arten von Montmorillonit-Umwandlung aufgezeigt. Die ersten drei Arten bestehen aus der Auflösung
von Montmorillonit mit einer anschliessenden Ausfällung von verschiedenen Phasen: Kieselsäure, feinkörniger Montmorillonit, der später zu Hlit rekristallisiert, und schliesslich Quarz und Illit. Die vierte
Möglichkeit besteht aus der Dehydratisierung und dem isostrukturelIen Ersatz von Montmorillonit
durch Illit. Die Mobilität der amorphen Kieselsäure in der Montmorillonit-Struktur wurde durch in
situ Experimente mit dem Elektronenstrahl und statische Beobachtungen von zwei identischen aber
anders vorbereiteten Proben nachgewiesen. Im letzteren Fall wurden Unterschiede in der Verteilung
der Kieselsäure-Phase festgestellt. Basierend auf Untersuchungen mit dem Transmissions-Elektronenmikroskop wird angenommen, dass die ausgefällte, amorphe Kieselsäure das Quellvermögen des
Montmorillonits beeinflussen kann, einerseits weil sie das Zwischenschichtwasser teilweise ersetzt und
andererseits weil sie den freien Transport des Wassers in die Struktur hemmt.
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Résumé

Une investigation a été entreprise à l'aide d'un microscope électronique à transmission pour étudier
les relations microstructurales entre les phylIosilicates interstratifiés smectite/illite et leurs produits
d'altération. L'analyse de spécimens provenant du Sud-Ouest de la Suède a suggéré que l'on peut distinguer quatre types d'altérations de la montmorillonite. Les trois premières possibilités impliquent la
dissolution de montmorillonite suivie de précipitation de diverses phases: silice, montmorillonite à
grain fm qui subséquemment s'est recristallisée, ou bien en illite, ou bien en quartz et illite. La quatrième possibilité implique la déshydratation et le remplacement isostructural de montmorillonite par
l'illite. La mobilité de la silice amorphe dans la structure de la montmorillonite a été mise en évidence
par des essais in-situ à l'aide de faisceaux d'électrons et par des observations statiques de deux spécimens identiques mais préparés de façons différentes. Dans le dernier cas des distinctions ont été observées en ce qui concerne la localisation de la phase siliceuse. En se basant sur les observations faites
au microscope électronique à transmission on peut supposer que la silice amorphe précipitée affecte
l'aptitude au gonflement de la montmorillonite non seulement par remplacement de l'eau entre les feuillets des argiles mais aussi par obstruction au libre mouvement de l'eau dans la structure.
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1. Executive Summary

1.1. Objec tive
The purpose of this study was to use the transmission electron microscope (TEM) to characterize the phyllosilicate and silica phases and their microstructural relationships in illite/smectite
mixed layers. The six specimens studied were three preparations of the same material (B) from
Kinnekulle (Sweden) (bulk ("B Bulk", pulverized ("Unbeschallt"), and pulverized followed by an
ultrasonic treatment ("Beschallt")), two other specimens

(A2

and B 31 / 32) from Kinnekulle, and one

specimen (LK6) from Skane (Sweden). Of particular interest was whether TEM techniques could:
1) detect interlayer Si0 2 phases in partially altered mixed-layer phyllosilicates, and 2) distinguish
ultrasonically treated specimens from nontreated specimens.

1.2. Analyses
The present study made use of a 1500kV high voltage electron microscope (HVEM) which
has a number of advantages over the conventional 100kV microscope. The higher energy, shorter
wavelength electrons minimize specimen damage due to the electron beam, and penetrate thicker
specimens in order to increase the observable area. Selected area diffraction was used to identify
the phases. Dark field microscopy was used to determine their spatial relationships.

-2-
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1.3. Results

The results of the high voltage electron microscope observations are tabulated below.

Table I a

quartz

specimen

B

constituents *
large
amorphous
phyllosilica
silicates

illite/
montmorillonite **

"Beschallt"
"Unbeschallt"
B

VR
R
a

VR
R
a

va
VR
va

a
a
a

B31/32
A2
LK6

a
R
a

VO
R

C
va

c

-

C
a
a

Table I b
specimen
altered
quartz

B

"Beschallt"
"Unbeschallt"
B
B31/32
A2
LK6

-

R

montmorillonite
&illite
a
C
a

-

a
a

R

-

a

associations *
illite &
free
quartz
amorphous

"interlayer"
silica

illite:
montmorillonite ***

R
R
va

0

()

0

a
R

a

-

()

~silica

va
VR
a
a
a
C

va
a

0
0

•

* Very common (Va), Oommon (0), Rare (R) Very rare (VR), not observed (-)
** illite/montmorillonite diffraction pattern
*** more illite (.), more montmorillonite (0 ), roughly equal montmorillonite and illite (~ )

1.4. Conclusions
• Amorphous silica phases are detectable between the silicate layers of original montmorillonite
grains with dark field transmission electron microscopy .
• "Unbeschallt" can apparently be distinguished from "Beschallt", not by the presence or absence
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of amorphous silica, but by its location. Amorphous silica is between phyllosilicate layers In
"Unbeschallt" and free in pores in "Beschallt" .
. • Four types of montmorillonite alteration can be distinguished in the bulk samples:
1) dissolved montmorillonite silicate sheets
2) dissolved montmorillonite
grained montmorillonite

=}

=}

precipitated silica

precipitated fine

recrystallized to illite

3) dehydrated montmorillonite
4) dissolved montmorillonite

=}

=}

=}

replaced isostructurally with illite

precipitated quartz and illite

• The alteration reactions above can be distinguished on the basis of the rate and the extent of
the reaction. The first three reactions would be expected within the

t~me

frame of the experi-

ment. The last reaction could require a longer period of time or higher concentrations of silica
than the others.
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2. Discussion of previous work

A major factor in the choice of bentonite as a candidate material to surround canisters of
radioactive waste is its ability to swell when the constituent montmorillonite takes up water.
Traditionally, the interlayer sites of swelling clays such as montmorillonite are not only considered as sites for water molecules to occupy, but also as channels for their flow. Dissolution of
silica as the water passes through the clay structure might be expected under hydrothermal conditions. Even slight dissolution may supersaturate the fluid with respect to amorphous silica. A
previous attempt to ascertain whether a silica phase was present between the silica layers of
hydrothermally altered mixed-layer phyllosilicates (Pusch, 1985) included high magnification
transmission electron microscope images. The analysis was conducted as if the TEM images were
SEM images. However} because an SEM image is formed by reflected electrons and a TEM image
is formed by transmitted electrons, TEM and SEM images are fundamentally different. vVhereas
SEM images are immediately understandable as analogs to the way we see objects with light,
"image contrast" in a TEM image is a complex function of electron beam interaction as it is
transmitted through the lenses and the specimen to the image plane. A standard bright field
TEM image of a perfect flat crystal, for example, is translucent.
Apparently the analogy between SEM and TEM images has lead to the improper assumptions encountered in the report mentioned above. It was incorrect to assume first that silica precipitates will be immediately obvious in the TEM image, and second that higher magnification
would increase visibility. Image contrast depends on the direction in which the crystal structure
is observed. It seems, but would have been evident from a diffraction pattern, that the clay grains
in the previous study were viewed normal to (001) which was the least informative view of the
structure. It is difficult to find a sheet silicate that does not appear homogeneous when viewed
normal to (001) (Fig. 1). Amorphous silica is less dense than a phyllosilicate. It would appear in
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very low contrast and would be difficult to observe at any magnification. Therefore, not only was
it improper to compare these orientations to the schematic diagrams drawn parallel to (001) (Fig.
16 of the report mentioned above) but low contrast amorphous silica observed through a few
layers of phyllosilicate would be difficult if not impossible to detect in a standard bright field
TEM photo. In dark field image, however, silica would be detectable in that orientation (see Fig.
17).

Contrast diminishes with magnification.

It is therefore imperative to characterize the

material at low magnifications. The standard practice is to develop a general perspective on the
material at low magnification, using diffraction to identify phases and dark field to locate the
phases in the image, and to define the critical relationships between phases that will be difficult to
.observe at higher magnification. The criteria for discovering these critical relationships are usually defined on the basis of diffraction patterns that are observable at any magnification. At high
magnifications, resolution becomes critical. This "high resolution microscopy" is a discipline unto
itself. Although all transmission electron microscopy can be considered "high resolution" in a
sense, bona fide high resolution electron microscopy involves special techniques, and usually dedicated microscopes to maximize resolution at the expense of contrast (Spence, 1981). High resolution microscopy is difficult to master. And beyond a certain level of skill, obtaining a good image
is often a matter of chance: that the specimen does not move. If an images is magnified beyond
its resolution limit, astigmatism and specimen drift cause streaks that obliterate contrast due to
crystal structure.

Overfocus can change the contrast entirely, or make heterogeneous areas

appear homogeneous. In light of these considerations as well, low magnifications should be chosen
in order to have better control over the image. As will be discussed later in the present report,
high magnification was not necessary for this investigation.
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3. Experimental

3.1. Spec£men Preparation

Six specimens were received for analysis.

One material from Kinnekulle, Sweden was

received in three forms: bulk (B Bulk), ground ("Unbeschallt"), and ground and ultrasonically
treated ("Beschallt"). Three additional specimens, two from Kinnekulle (A2 and B31 / 32 ) and one
from Skane, Sweden (LK6) were also received in bulk form. The specimens are described in
Miiller-Vonmoos and Kahr (1985) and Miiller-Vonmoos (1988). A brief description only will be
given here. All the specimens originated from Southwestern Sweden, where metabentonites with
a fairly well known temperature history are available. In particular the Kinnekulle layer is known
to have been subjected, 450 million years ago, to a temperature of approximately 150 0 for
0

0

several hundred years. The Skane deposit was subjected to approximately 300 C for a similar
. period of time. The B specimens originate from approximately the middle of a two meter thick
layer. The B 31 / 32 specimens, on the other hand, were taken from the edge of that layer. It is
known that B31 / 32had a lower proportion of expandable layers, due to the greater amount of
potassium that had been able to diffuse into the edge of the layer, than B in the central part.
Specimen A2 originated from a much thinner layer (a few centimeters) and has accordingly an
even lower proportion of expandable layers. The Skane specimen has not yet been analyzed in any
detail; it has been included in the present study for reference purposes only.
The preparation technique for each specimen depended on its form. The powdered samples
("Beschallt" and "Unbeschallt") were prepared by two techniques: microtomy and static attraction. In the latter method, 3 mm dia. 300 mesh nickel grids were agitated in a vessel that contained the powdered samples. The fine particles adhered to the grids. Although observation of
these specimens was most difficult, they avoided contamination with additional materials, and
possible alteration due to milling.

These specimens were used as a control to distinguish
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amorphous silica phases from amorphous mounting materials such as crystal bond, and epoxy
resins. For microtomy, suspensions of the powders were placed on a polished slab of low viscosity
hydrophyllic resin and air-dried. Another layer of resin was superimposed, and the specimen
sandwich was cured at room temperature under ultraviolet light. A second batch of powders was
prepared similarly with standard resin and cured at less than 60

0

C. The embedded blocks of

resin were microtomed with a diamond knife to white and gray interference colors (300-400

A)

and collected on 3 mm dia., 200 mesh copper grids.
Petrographic thin sections of the bulk specimens were prepared with crystal bond. Copper
hex-grids 3 mm dia. (with seven'hexagonally arranged, 0.5 mm hexagonal holes) were epoxied to
representative portions of each thin section, determined by optical microscopy. The thin sections
were heated on a hot plate to melt the crystal bond, and the copper gridded TEM mounts were
excised with a razor blade and removed. The mount was then reduced to a thickness penetrable
to electrons by standard ion milling procedures (Thomas and Goringe, 1979).

3.2. Microscopy

All specimens were analyzed on the 1500 kV Kratos high voltage electron microscope
(HVEM) at the National Center for Electron Microscopy, Lawrence Berkeley Laboratory. Use of
the higher voltage microscope minimized specimen drift.

Clays, especially water bearing

montmorillonites, are sensitive and tend to drift under the electron beam. Epoxy resins, in which
clays are frequently imbedded, are even more unstable. As discussed below, through techniques
used in this study even sensitive specimens can be analyzed.

3.2.1. Selected Area D£jfract£on

Selected area diffraction lies at the heart of crystallographic interpretation with the TEM.
Without it, data is no more informative than that from an SEM, and often more misleading. A
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selected area diffraction pattern is the image of the crystal structure at the back focal plane of the
objective lens. There, all the intensity due to a periodic set of identical planes in the atomic structure is diffracted to one spot. Reciprocal (diffraction) space codes crystal symmetry and crystallinity information in the geometrical relationship between diffraction spots. The distance of the
diffracted spot (reflection) from the center of the pattern and the a angle with respect to other
reflections depends on the crystal symmetry and unit cell dimensions. Diffraction information in
this report can be interpreted based on the following principles of electron diffraction:

1) Only the planes subparallel to the electron beam diffract. Therefore the diffraction pattern is a two-dimensional slice through a three-dimensional lattice of points that represent
the crystal structure in reciprocal space. In addition, . tilting the specimen changes the
diffraction pattern of a single crystal.
2) The center of the diffractogram (the transmitted beam) and the diffracted spot describe a
vector whose magnitude is inversely proportional to the spacing between, and whose direction is normal to, the set of diffracting crystal planes. Therefore crystal symmetry and
interplanar spacings are reflected in the diffraction pattern. Conversely, diffraction patterns
are characteristic of specific crystal structures. It also follows that the diffraction of randomly oriented identical crystals produces a ring pattern. Amorphous substances produce
diffuse ring patterns, the degree of diffuseness can be related to the degree of amorphousness
or of crystallinity.
3)The diffraction patterns of multiple phases that diffract together are superimposed.

In this study, diffraction was used to identify mineralogy, to identify crystal orientation, to
determine the degree of phyllosilicate crystallinity, and to select diffraction spots for dark field
imaging. The first three will be discussed below, and dark field imaging will be discussed in the
next section.

NAGRA NTB 89-03

- 9-

The present study was most concerned with the identification Si0 2 phases and phyllosilicates.

lliite (Fig. 2 e,f), montmorillonite (Fig. 2 a,b,c) amorphous silica (Fig. 2d) were dis-

tinguished in the diffraction pattern. Relatively large

C 0.5

pm) single. crystal phyllosilicates

viewed parallel to (001) were easily recognized (Fig. 2c). The relatively large spacing between
planes parallel to (001), called (OOD, are represented as closely spaced spots in the diffraction pattern. The more closely spaced atomic planes perpendicular to the silicate layers and parallel to
the beam are represented in the same diffraction pattern as widely spaced dots on a vector perpendicular to the (OOD reflections. This characteristic phyllosilicate pattern was used to locate
large clay grains in an appropriate orientation for high resolution lattice imaging. Radial streaks
in the (OOD spots. indicate irregularities in the silicate layer spacing. Single crystal quartz patterns
appear similar to phyllosilicates in some orientations, but can be distinguished if the patterns are
indexed and multiple orientations compared. Tangential streaks indicate curves in the clay structure (Fig. 2c,e). The possible diffraction patterns for phyllosilicates vary continuously from a ring
pattern through semi-arcuate patterns to single crystal spot patterns. Fine aggregates appear as
ring patterns. The variation of intensity within a ring can be interpreted as the preferred orientation of multiple crystals.
Ring patterns of montmorillonite and illite are more difficult to distinguish (Table II). In
this study, illite was distinguished from montmorillonite by the presence a diffuse ring that
represented the relatively more intense reflections of the interplanar spacings between 4.33
3.06A.

A and

Pure montmorillonite lacks that diffuse ring and has a more intense inner ring that

represents reflections of interplanar spacings between 5.09 A and 4.47 A.

The presence of

montmorillonite in a pattern that contained illite was determined by an intense inner ring of
slightly smaller diameter than illite, which represents reflections of slightly longer interplanar
spacings. The continuous transformation from montmorillonite to illite was reflected in the con-
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tinuous variation of one diffraction pattern to the other. There was also a continuous variation
from crystalline to amorphous material.

The more diffuse the ring, the more amorphous the

Table II

illite
d-spacing *

I/I max

021
112

10.70
5.00
4.43
4.33
4.11
3.66

35
30
100
30
14
40

003,022
112
113
023
131
131
114
040

3.31
3.06
2.93
2.68
2.56
2.45
2.386
2.242

35
40

hkl

002
004

12
85
16
25
12

mon tmorilloni te
hkl
d-spacing*

I/I max

001

15.00

100

003
110,020

5.01
4.50

60
80

004

005

3.77
3.50
3.30
3.02

20
10
10
60

200
006

2.58
2.50

40
40

2.26

10

* interplanar spacing given in A
** 1M illite, from the Appendix: X-ray powder patterns of micas, Bailey (1984).
*** ASTM index (13-135)
Oao.24Nao.olMgo.36Feo.02AI1.7SSi3.8701O(OH)J!20

material. In phyllosilicates, the intensity distribution within a each ring indicated the degree of
crystallinity. The ring pattern of amorphous silica (Fig. 2d) is distinctively more diffuse than the
phyllosilicate phases, and can usually be identified in the same pattern (Fig. 2b).

NAGRA NTB 89-03
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3.2.2. Dark Field lvlicroscopy
A bright field image, which is used most often in transmission electron microscopy, includes
the transmitted beam. A dark field image is formed only from selected diffraction spots. Physically, a dark field image is obtained by placing an objective aperture over the desired reflection.
As a result, only that material responsible for the selected reflection is illuminated in the image.

Through the illumination of selected phases dark field microscopy allows the investigator to
observe the relationship between phases, and to survey observe a larger area than is possible at
250,000X or 300,000 X . The illumination of a dark field image can be quite low if the intensity
of the reflection is low. Therefore, photographic negatives are exposed usually 60 and commonly
100 seconds. In these cases even small amounts of specimen drift can be seen in the photomicrograph. However, in contrast to a blurry high resolution image, a blurry dark field image often
gives useful information, as long as the bright field image is clear.
The dark field investigation was conducted in the following manner: A search for the proper
location and orientation was conducted in reciprocal space. The appropriate location displayed
two phases (superimposed diffraction patterns). The best orientation allowed the separate selection of reflections from each phase with an objective aperture. A series of exposures: a "bright
field" image, a diffractogram, and "dark field" images representative of each phase make a complete documentation of the area.

NAGRA NTB 89-03
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3.2.3. High Resolution Electron Microscopy

Unlike standard electron microscopy which is based on amplitude contrast, high resolution
electron microscopy is based on phase contrast. A (001) lattice image is obtained by allowing the
interference of a set of (000 reflections to form the image. Physically, this means the introduction
of a large objective aperture. An extremely high magnification is not necessary to observe (001)
lattice images in phyllosilicates since phyllosilicate (000 reflections are closely spaced and many
reflections are allowed through a normal objective aperture.

Conversely, the spacing between

(001) silicate layers is so large in phyllosilicates in general (9-15 A ), and especially in montmorillonites (13-14 A ), that lattice images can be observed at relatively low resolution and
magnification (Fig. 3 a,b). Alignment of the microscope is crucial to any high resolution microscope study, whether a standard electron microscope or a dedicated microscope is used. Astigmatism and specimen drift' produce linear contrast that render a high resolution image uninterpretable.

NAGRA NTE 89-03
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4. Results
The degree of phyllosilicate crystallization varied in all samples. Quartz and amorphous silica were also present to some degree. Larger crystals, however were more often documented in
the bulk specimens.
Unbeschallt:

Fine, randomly-oriented montmorillonite (Fig. 4a) was common. The intensity distribution
of each ring was even (Fig. 4b) and pattern lacked the extra ring that would indicate the presence
of illite. The montmorillonite ring patterns tended to become diffuse within minutes of exposure
to the electron beam (Fig. 4c). In other patterns, the extra ring (Fig. 5b) and the relative intensity of the rings indicated that montmorillonite and illite are found together in a slightly more
crystalline state than the fine montmorillonite discussed above (Fig. 4). Few (000 lattice planes
appear in the homogeneous image (Fig 5a). The diffuse middle (illite) ring was not intense enough
to distinguish montmorillonite from illite with dark field. Elsewhere, quartz was observed surrounded by fine grained montmorillonite. Although indistinguishable in bright field (Fig. 6 a), the
two phases can be distinguished in dark field. Only fine grained montmorillonite is illuminated
the dark field image of the second montmorillonite ring (Fig. 6b). In contrast, only the single crystal quartz is illuminated in the dark field image of the diffraction spot (Fig. 6c). The (200) and
(006) montmorillonite (M) and (1010) quartz (Q) reflections used for dark field imaging were
represented in the diffraction pattern (Fig. 6d). A few large montmorillonite crystals (Fig. la)
were also observed.

Beschallt:
In contrast to "Unbeschallt", no single crystal patterns were observed. Amorphous silica
diffraction patterns (Fig. 7a) were frequently observed free of other reflections. The distinctive
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ultrafine granular structure of the associated images (Fig. 7b) were spatially distinct from imagels
of fine phyllosilicate grains that displayed ring patterns. The montmorillonite-illite (Fig. 8a)
displayed a ring pattern (Fig 8b) of even intensity distribution similar to that observed in
"Unbeschallt" (Fig 5b). Large, low contrast montmorillonite grains were also observed (Fig. 9a).
The low contrast image was not due to improper orientation in this case. The even intensity distribution of the ring pattern (Fig. 9b) suggests that these grains are composed of fine, weakly
crystallized, randomly oriented montmorillonite aggregates.

B:
More large crystals of quartz and phyllosilicates were observed in "B Bulk" than in the
ground version of the same material ("Unbeschallt"). The quartz (Fig. 10, 13a) crystals demonstrated no evidence of alteration. Amorphous silica rings (Fig. 11 a,b) frequently appeared in
diffraction patterns of large montmorillonite crystals. Dark field images of the phyllosilicate (Fig.
Hc) and the amorphous silica (Fig. lId) indicated that the two phases were intimately related.
The the amorphous phase (S) and phyllosilicate (M) reflections used for the dark field images
were represented in the diffraction pattern (Fig. lIb). Amorphous silica was commonly observed
with diffraction patterns of other phases (Fig. 11a, 12) but never alone, as was observed in
"Beschallt". Illites were less well crystallized (Fig. 13 a,b) than the montmorillonites, but no evidence of amorphous silica appeared in the diffraction patterns even after minutes of exposure
under the beam (Fig. 13c). Fine illite was commonly observed with large quartz grains (Fig.
14a,b) but no evidence of alteration was observed, as in other bulk specimens (Fig. 20, 22).

In contrast to the other bulk specimens no single crystal patterns, quartz or phyllosilicate,
were observed. The sample consisted primarily of fine illite grains (Fig. 15). The montmorillonite
that was observed (Fig. 16a) was frequently surrounded by less crystalline material that damaged
rapidly under the beam. The beam damage is documented in two diffraction patterns taken
within minutes of each other (Fig. 16 b,c).
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&1/32:

Large well crystallized phyllosilicates were common in this specimen (Fig. 17a). Two superimposed single crystal diffraction patterns. were represented in the selected area diffraction pattern. The diffraction pattern (M) was due to a single crystal of montmorillonite viewed normal to
(001). However in the orientation of the (I) pattern illite and montmorillonite were indistinguishable. The dark field image from diffraction pattern (M) reflections illuminated both crystals (Fig.
17b). The dark field image from diffraction pattern (I) reflections illuminated the central portion
of the phyllosilicate on the right (Fig. 17c).
Fine phyllosilicate grains were also observed (Fig. 18a, 19a). Selected area diffraction patterns of these areas (Fig. 18b, 19d) indicated that illite and quartz were present. The diffraction
pattern of one fine grained region (Fig. 18b) did not permit the separation of quartz and phyllosilicate reflections. Therefore, the aperture was placed over one intense quartz reflection (Q) and a
much less intense illite reflection. The consequent dark field image (Fig. 18c) illuminated quartz
grains (Q) and some streaks brightly in the a less intensely illuminated phyllosilicate mass. In
another area (Fig. 19a) the orientation allowed the exclusive selection of either quartz or phyllosilicate. The diffraction pattern (Fig. 19d) suggested that some amorphous silica was present. The
dark field image (Fig. 19c) of quartz reflections (Q, Fig. 19d) illuminated a quartz crystal (Q) and
a few streaks in the phyllosilicate mass. The dark field image (Fig 19b) of illite and amorphous
silica reflections intensely illuminated one crystal and streaks in the the less intensely illuminated
phyllosilicate mass. Other well crystallized illite grains (Fig. 20a) were closely associated with
quartz. The selected area diffraction pattern (Fig. 20b) indicated that a number of subparallel
quartz grains were present. Dark field (Fig. 20c,d) revealed that the quartz was located adjacent
to but not between the silicate layers of the illite grain (I).
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One of the most interesting examples of alteration appeared in a large quartz grain (Fig.
21a). Chalcedony (CH) (cryptocrystalline quartz) and quartz (Q) reflections were represented in
the diffraction pattern (Fig. 21d). The uneven intensity distribution of the ring pattern indicated
that the chalcedony had a slight preferred orientation. The faint diffuse scatter could have been
due to amorphous silica, but is more likely due to the fine grained phyllosilicates (P) that could
be observed in the image. A dark field image (Fig. 21b) of the most intense part of the chalcedony ring highlighted the small tabular crystals at the edge of the quartz crystal and some
streaks in the phyllosilicate mass. A dark field image (Fig. 21c) of a quartz reflection illuminated
the large quartz crystal and a few small crystals in the phyllosilicate mass.

LK6:
Large quartz crystals were frequently observed in LK6. Two quartz crystals (Q) separated
by fine montmorillonite grains (M) (Fig. 22) showed no evidence of alteration about the edges. In
contrast, evidence of alteration was observed about the edges of a well crystallized illite grain (I)
in a mass of finer grained phyllosilicates (Fig. 23a) bordered by a quartz crystal (Q) The
diffraction pattern (Fig. 23b) suggested that the majority of the phyllosilicates in the image were
illite. This image can be compared to the illite grain from B31 / 32 (Fig. 20) that showed no evidence of alteration.
The well crystallized phyllosilicates were commonly observed surrounded by a finer grained
illite mass (Fig. 24b). Illite rings, as well as diffraction spots that are indistinguishable between
illite and montmorillonite appear in the diffraction pattern (Fig. 24a). Dark field images of the
diffraction spots and the ring containing the diffraction spots (Fig. 24c) illuminate only the well
crystallized phyllosilicate. Dark field of the diffuse ring (not shown) weakly illuminated the
ground mass. The mutual exclusion of the two dark field images suggests that the well defined
ring pattern and the spots it contained were montmorillonite reflections. Fairly well crystallized
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illite was frequently observed in this specimen (Fig. 25a). The diffraction pattern (Fig. 25b) was
distinguished from Fig. 24b by the marked preferred orientation.

5. Discussion

5.1. Comparison of the "Beschallt", "Unbeschallt", and "B Bulk"
At first glance, it seemed that "B Bulk", "Beschallt", and "Unbeschallt" were indistinguishable by transmission electron microscopy. The presence of silica in "B Bulk" and
"Beschallt" and its absence in "Unbeschallt" seemed inexplicable, and seemed to imply that the
data presented in this study did not adequately represent the specimens. If "B Bulk" and its
identical ground counterpart, "Unbeschallt", differed more than "B Bulk" did from "Beschallt",
then the samples must be considered "indistinguishable", and the seeming lack of silica in
"Unbeschallt" a fluke.

However, a more interesting and acceptable interpretation of this

apparent paradox did not assume that bulk and ground specimens were identical.
Comparison of bulk with ground samples demonstrated that they were not identical. The
ground specimens (microtomed and static) were skewed toward the fine grain sizes, which
reflected the preparation method. Ultrasonic treatment might have created finer grain sizes in
"Beschallt".

Certainly, the method used to mount the ground samples selected finer grains.

Suspensions used in the microtomed specimens selected the fine fraction. Particles collected on
grids by static attraction were also the fine fraction, and of those, the larger particles would not
transmit electrons. For example, the montmorillonite-illite diffraction pattern (Fig. 8) was the
most crystallized material encountered in "Beschallt". Therefore, although the presence of fine
grained aggregates in the form of larger grains suggested a real lack of original montmorillonite,
the absence of single crystal patterns only indicated an apparent lack due to the smaller grain size
of the sample.
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A more accurate description of the results was that silica was observed in the fine sized fraction of the ultrasonically treated sample, and not in the fine sized fraction of the nontreated sample. It was of further note that the silica in the bulk sample was always observed within the
coarse phyllosilicates, in contrast to the "free silica" in the treated sample. This suggested the
presence of a thin interlayer metastable silica phase in the larger "original" montmorillonite
grains. The instability of montmorillonite and rapid appearance of an amorphous phase under the
beam in "B Bulk" and "Unbeschallt" was indicated by the degeneration of the diffraction pattern. This evidence suggested either that interlayer amorphous silica was easily mobilized or that
montmorillonite readily generated an amorphous silica phase. Based on these observations I have
concluded that silica bound up in interlayer sites of phyllosilicates was released into pores with
ultrasonic treatment.

5.2. Comparison of the bulk specimens

The discussion below assumed that the large well-crystallized grains of montmorillonite were
original, since montmorillonite was metastable or unstable and should not have been able to form
such well crystallized grains during the experiment.
The ring patterns of montmorillonite and illite are very similar. And the detailed
identification of the particles as either illite or montmorillonite may be less informative than a
qualitative sense of relative illitization, obtained from the diffraction patterns. probably more
informative. However, it would be revealing to determine the threshold grain size of significant
contribution to the desired bulk swelling property. Four types of montmorillonite alteration products were identified: silica, fine illite, coarse grained illite, or coarse illite and quartz.
The spatial relationships between amorphous silica and montmorillonite in the bulk specimens suggested that precipitation of amorphous silica within the phyllosilicate structure could
prevent clay from swelling in two ways. Silica could fill the interlayer sites that water should
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occupy, and could also create a barrier to obstruct the movement of water into the crystal interior
(Fig. 26a).
The transformation of montmorillonite to fine grained montmorillonite (Figs. 4,9,16) and
illite could be viewed as a surface activated dissolution-precipitation process that originates from
the grain boundaries and proceeds inward, accompanied by a reduction of grain size (Fig. 26b).
The illite/montmorillonite ring patterns of even intensity (Figs. 5,8) could be interpreted as
montmorillonite degradation followed by illitization. Another image (Fig. 24) seemed to represent
nearly complete illitization of a montmorillonite crystal by dissolution and reprecipitation. The
fine grained illites (Figs. 18,19) are also reprecipitated. They can probably be equated with the
"bentonite gel" referred to in the Stripa report. vVithin this dissolution-reprecipitation conceptual framework, Fig. 20 might be viewed as a more complete dissolution of montmorillonite. The
well crystallized illite and a fine grained quartz aggregate association could have developed if
cations were driven off in the fluid during the dissolution, and left an excess of silica.
The dark field evidence from Fig. 17 was interpreted with the greatest confidence if
diffraction pattern B was attributed to illite. According to that interpretation, Fig. 17 is an
example of the isostructural transformation of montmorillonite to illite, in which the alteration
took place from the center of the grain outward. The isostructural transformation could take
place from the center outward if water was driven out of the montmorillonite structure in preference to cations (Fig. 26 c). The remaining cations would be a nucleation center for illite without a
complete restructuring of bonds. The unevenly distributed montmorillonite/illite ring patterns
(Fig. 25) were probably further examples of incomplete isostructural illitization.
Quartz and illite associations (Figs. 20) probably predated the experiment because quartz
crystallization kinetics are slow. The alteration of illite (Fig. 23) supported that conclusion. The
other evidence of alteration was from the Skane specimen. The preferred orientation of the chal-
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cedony and its location around the rim of the larger quartz grain (Fig. 21) also indicate relatively
slow crystal growth. Rapid crystal precipitation would not allow such a sensitivity to the original
crystal.

6. Conclusions
Montmorillonite is an unstable structure. Part of that instability is its ability to swell, a
positive factor in its choice as a buffer material. But montmorillonite tends to alter to illite by a
number of different mechanisms, with a concomitant reduction in the bulk swelling capability.
The mobility of amorphous silica in the montmorillonite structure is documented at the electron
microscope through in-situ experiments with the electron beam, dark field observations of amorphous silica within the phyllosilicate structure, and the distinction between the residence of amorphous silica in "Beschallt" and "Unbeschallt". It is proposed that the precipitated amorphoussilica has two effects on the phyllosilicate structures that will reduce the swelling capability. First,
the silica occupies interlayer sites that could be occupied by water, and second, the silica prohibits
the movement of water into the structure.
In addition to the silica alteration, two other alteration mechanisms have been identified
with TEM. The product can be illite in both cases, but the dissolution and precipitation mechanism proceeds from the outside of the grain inward, and the isostructural transformation proceeds
from the inside of the grain outward. In the first case, dissolved montmorillonite reprecipitates as
fine grained montmorillonite, fine grained illite, or quartz and illite depending on saturation of the
fluid and temperature. Fine grained montmorillonite also alters to illite. In the second case, the
isostructural transformation of illite to montmorillonite is governed by the preferential diffusion of
water out of interlayer sites in the phyllosilicate structure.
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