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Abstract—High-resolution transmission electron microscope images of dioctahedral mixed-layer clay
structures (illite/smectite) having various substitutional and polytypic schemes were modeled using com-
puter simulation methods. Both one- and two-dimensional calculations were performed using parameters
characteristic of a typical range of imaging conditions. One-dimensional images formed by imaging only
00/ diffractions show three important results: (1) The 20-A periodicity resulting from rigorously ordered
R1 illite/smectite can be imaged, but unconventional focus conditions may be necessary. (2) For crystals
oriented with the electron beam perfectly parallel to the layers, the brightest fringes in the image correspond
to either the octahedral sheets or the interlayer sites, depending on focus conditions. Misorientation of
the crystal, however, by only 1° or 2° shifts the positions of the fringes by 1 to 3 A. Furthermore, in tilted
specimens, some defocus values produce images suggesting that smectite layers have a 11-13-A periodicity,
despite the uniform 10-A periodicity present in the model structure. Thus, direct correlations between
image and structure generally should not be made. (3) Two-layer polytypes of pure illite or pure smectite
can also produce images with a 20-A periodicity.

Two-dimensional images additionally showed that the cross fringes produced by some Akl diffractions
can be imaged. The simulations showed that these cross fringes ideally might permit the determination
of both layer stacking and compositional periodicity, but the fringes are lost by misorientations of a few
degrees. These image simulations demonstrated, therefore, that mixed layering of illite and smectite
theoretically can be directly imaged by transmission electron microscopy of chemically untreated spec-
imens, but ambiguities may exist in the detailed intepretation of the images.
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INTRODUCTION

High-resolution transmission electron microscopy
(HRTEM) is a powerful tool for the study of imper-
fectly crystalline materials. HRTEM experiments that
involve the direct imaging of the crystal structure or
lattice periodicity have been applied successfully to
numerous problems in the crystal chemistry of rock-
forming silicates (for reviews, see Spence, 1981; Veb-
len, 1985a, 1985b, 1989). The HRTEM technique also
holds great promise for elucidating the microstructures
of clay minerals, despite inherent problems with spec-
imen preparation and damage in the relatively intense
electron beam necessary for HRTEM work. Perhaps
the most promising application in clay mineralogy is
the potential for imaging sequences of different layer
types in mixed-layer clays; in fact, HRTEM already
has been used to determine the structures of defects
based on mixed-layering disorder in macrocrystalline
igneous and metamorphic chlorites and micas (see
above references for examples).

A number of reports have recently appeared involv-
ing the application of HRTEM methods to illite/smec-
tite (I/S) mixed-layer clays and rectorites (McKee and
Buseck, 1978; Ahn and Peacor, 1985, 1986a, 1986b;
Klimentidis and Mackinnon, 1986; Bell, 1986; Lee et
al., 1985, 1986; Hansen and Lindgreen, 1987). Un-
fortunately, experimental techniques and, even more
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so, the interpretation of HRTEM images from I/S have
been highly non-uniform from investigator to investi-
gator. To date, all published interpretations of HRTEM
data from I/S have been purely intuitive, despite the
fact that reliable image interpretation generally re-
quires computer simulation of dynamical diffraction
effects and electron optical parameters. Because of the
importance of these HRTEM studies on I/S, we ini-
tiated the present study to provide a solid theoretical
basis for future investigations.

Iijima and Buseck (1978) simulated images of a 2M1,
muscovite to show that polytypism can be detected in
two-dimensional g-axis HRTEM images. Amouric ef
al. (1981) also simulated two-dimensional images for
1M phlogopite and 1M, 2M, and 37 muscovite. They
showed that under very restrictive experimental con-
ditions, contrast details in HRTEM images of these
minerals reflect variations in the charge density of the
structure. Under optimum experimental conditions,
however, images can give incorrect information about
the structure (i.e., false stacking sequences and false
thicknesses for individual layers).

Computer simulations are particularly important for
interpreting images of 1/S, in which the major struc-
tural building blocks are all essentially identical (i.e.,
2:1 layers) and the differences being imaged are rela-
tively subtle. In fact, under the high-vacuum condi-
tions in the TEM, smectite can lose its interlayer water
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and collapse (see, e.g., Klimentidis and Mackinnon,
1986; Ahn and Peacor, 1986a); if this occurs, the major
difference between layers is compositional. Attempts
to amplify the difference between layers by expanding
the smectite interlayers with suitable polymers have
yielded widely different results. We have restricted our
study to I/S that is chemically untreated and collapsed
toa uniform 10-A spacing between the octahedral sheets
of all adjacent 2:1 layers.

Within this framework, the-following questions were
posed that could be addressed by modern methods of
computer simulation:

(1) For a model I/S structure, can periodicities due to
ordering of illite and smectite layers be imaged in
electron microscopes of moderate resolution that
are commonly accessible to mineralogists?

If the 1/S ordering can be imaged, what are the best
electron optical conditions for such experiments?
What is the correspondence between 1I/S images
and the actual structure under various imaging
conditions, or, posed in a different fashion, do the
fringes in images of I/S really correspond to the
positions of the layers in the structure?

Finally, can image characteristics due to other
structural phenomena, such as polytypism, be con-
fused with those resulting from I/S mixed layering?

2
&)

@

As an extension of this study, we have applied the
results of our computer simulations to experimental
HRTEM images from an R1 I/S and an R3 I/S that
had been characterized by X-ray powder diffraction
methods as very well-ordered. We will report these
experimental results in a separate publication.

HRTEM IMAGE SIMULATIONS
General background

Although the computer simulation of HRTEM im-
ages is now standard practice in fields routinely em-
ploying high-resolution microscopy (e.g., solid-state
chemistry, physics, materials science), it is probably
unfamiliar to many clay mineralogists. The procedure
is therefore briefly summarized here. Reviews of
HRTEM image simulation were given by O’Keefe et
al. (1978), O’Keefe (1984), and Self and O’Keefe (1988);
Veblen (1985a) presented a brief review intended for
earth scientists.

The need for image simulations arises because it is
generally not possible to work backwards from a
HRTEM image to reconstruct a unique structure for
the imaged crystal. It is, however, possible to calculate
the HRTEM images that should arise from a given
.model structure if it is imaged with various electron
optical conditions. If the microscopist can obtain good
matches between images computed from a structural
model and those obtained experimentally, the model
probably is correct. Another important use of image
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simulations is to help answer questions about the im-
aging of specific structures. This approach is used here
to answer questions such as those posed in the Intro-
duction.

The first step in the simulation of a HRTEM image
is to calculate the diffracted electron wave field that
emerges from the bottom of the thin crystalline spec-
imen. Because the interaction of electrons with matter
is far stronger than that for X-rays, the scattering is
strongly dynamical, even for very thin crystals (i.e.,
multiple scattering of electrons must be taken into ac-
count in the calculation). This dynamical diffraction
calculation is generally performed using the “multi-
slice” approach (Cowley and Moodie, 1957), in which
the crystal is divided into a series of thin slices; the
diffracted phases and amplitudes are calculated itera-
tively by adding on more and more slices to build up
the desired crystal thickness. Effects on the image from
slight misorientation can be evaluated by performing
the dynamical diffraction calculation for crystals that
are tilted slightly out of perfect zone-axis orientation
in various directions.

Following the diffraction calculation, the effects of
the electron microscope optics on the diffracted phases
and amplitudes are considered. These effects include
phase shifts of the diffracted beams due to the spherical
aberration of the objective lens and the microscope
defocus; changes in phase and amplitude due to chro-
matic aberration; elimination of image contributions
from diffracted beams that fall outside the objective
aperture; smearing effects due to a convergent, rather
than parallel, electron beam and physical vibrations;
possible effects due to various types of misalignment
of the microscope; and contrast variations resulting
from film exposure characteristics and photographic
printing procedures.

After a series of images has been calculated, hard
copies typically are produced with an output device
that is capable of halftone reproduction (such as a line
printer run in overprint mode). Images are usually sim-
ulated for a range of crystal thicknesses, microscope
defocus values, and perhaps crystal orientations. Fi-
nally, the simulated and experimental images are com-
pared visually.

Simulation procedures and model structures

HRTEM image simulations for the present study
were performed with the SHRLI set of computer pro-
grams, version 80F (O’Keefe, 1984). The calculations
were carried out with a MicroVAX-II computer, and
images were printed with a dot-matrix lineprinter using
an output routine originally written by Peter G. Self,
University of Melbourne, Melbourne, Australia, and
subsequently modified by Judith Konnert, U.S. Geo-
logical Survey, Reston, Virginia.

Inasmuch as no published three-dimensional X-ray
crystal structure refinements exist for mixed-layer I/S,
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Table 1. Simulation parameters describing the Philips 420
and JEOL 100C electron microscopes.

Imaging conditions

Philips 420 JEOL 100C
kV (keV) 120 100
AE (ev) 0.50 0.50
Toin (R) 3.4 5.3
Toin (A7) 0.294 0.1887
C, (mm) 2.0 8.2
C. (mm)? 2.0 3.9
Del (A)* 150 214
Scherzer defocus (A)? 1002 —-2133

! Parameters are theoretical values given by the manufac-
turers.

2 Spherical aberration coefficient.

* Chromatic aberration coefficient.

4 Parameter used to describe effect of chromatic aberration.

3 Theoretical optimum deviation from Gaussian focus.

input structures were derived from the dioctahedral
mica structure reported by Richardson and Richardson
(1982). The derived structures presumably differ some-
what from real I/S structures; however, they can be
used to answer questions about how illite-like and
smectite-like site occupancies will perturb images,
compared with those from ideal 2:1 layer silicates with,
for example, full occupancy of the interlayer sites.
Atomic positions for the input models were obtained
from a single layer of the 2M| mica (space group C2/
¢) transformed to a 1M unit cell (space group C2/m;
see Appendix I for details of this transformation). The
one-layer polytype was chosen so that effects on the
images of cation and vacancy substitutions could be
isolated from those resulting from polytypism. Follow-
ing calculation of the atomic coordinates, structures
having R1 (... ISIS ...) and R3 (... ISIIISII .. )
ordering schemes were built, assuming a 10-A basal
spacing for both I and S layers. Compositions and oc-
cupancies were assumed which gave layer charges for
illite and smectite of 0.75 and 0.20 per formula unit,
respectively. Layer charges were created using the tet-
rahedral substitution

IVAP3+ — IVG 4+
which was compensated by the interlayer substitution
Ags = Ay,

in which O represents a vacancy. The calculations were
made with K as the interlayer cation in order to max-
imize the average atomic number difference and, hence,
the contrast between the illite and smectite interlayers.
Substitution by lighter cations, such as Na, would cause
the same types of changes in image character, but with
lesser contrast. Other factors that contribute to contrast
(such as the presence of water or other polar molecules
in the interlayer site) were not considered in these cal-
culations.

Simulated HRTEM images were computed for a
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range of imaging conditions, specimen thicknesses, and
specimen misorientations. Images were produced for
two sets of optical constants (spherical and chromatic
aberration coeflicients) appropriate for two different
microscopes (Philips 420 and JEOL 100C; see Table
1). Defocus, Af, was varied by 2000 A around the
Scherzer (optimum) defocus, in steps of 500 A, and
specimen thickness was varied from 52 to 156 A. Ob-
jective aperture size was chosen to correspond to the
Scherzer limit; i.e., diffracted beams corresponding to
spatial frequencies smaller than the point-to-point res-
olution of the microscope were excluded from the im-
age.

As noted in the Introduction, experimental imaging
of I/S is much more difficult than imaging of most rock-
forming minerals, due to very rapid structural damage
in the electron beam and small crystal size. These fac-
tors combine to prevent the microscopist from accu-
rately orienting the sample, and the beam damage fur-
ther acts to reduce resolution by forming noncrystalline
material on the specimen. As a result, only the basal
fringes that are formed by imaging the 00/ diffracted
beams are usually observed, although occasionally
cross-fringes with spacing 2.5 A can be seen.

To simulate these misorientation and damage ef-
fects, not only were two-dimensional images formed
from 0k diffracted beams calculated, but extensive cal-
culations of one-dimensional images showing only the
basal fringes were also made. These calculations were
made by removing diffracted beams that did not satisfy
the condition 2 = k = 0 prior to running the imaging
program of the SHRLI package. In addition, numerous
simulations were performed with the crystal tilted
slightly out of orientation with respect to the electron
beam. These simulations were made by shifting the
Laue circle to reciprocal space positions along the 00/
row during the multislice dynamical diffraction cal-
culation; for the perfect orientations simulations, the
Laue circle is centered on the reciprocal space origin.
Thus, the simulated misorientations corresponded to
small rotations of the crystal about an axis parallel to
the layers of the structure and lying in the plane of the
thin specimen. No attempt was made to simulate the
possible effects of slight rotations around c*.

SIMULATION RESULTS

As noted above, the calculations simulated the ef-
fects on HRTEM images of variations in ordering
scheme (R1 and R3) and hence composition, crystal
orientation and thickness, and TEM operating condi-
tions and optical constants. Both two-dimensional im-
ages and one-dimensional images with basal fringes
only were calculated. Except where noted, the calcu-
lations refer to conditions in a Philips 420 microscope
(Scherzer or point-to-point resolution 1,,, = 3.4 A).
The images presented here are best viewed at low an-
gles parallel to the layers. :
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Figure 1. Two-dimensional simulations of R1-ordered illite/smectite for a Philips 420 instrument. Structure was oriented
such that the b-axis was horizontal and the c-axis was vertical; crystal thickness was 156 A. Defocus (Af) is given in A below

each simulation; theoretical optimum defocus value (commonly referred to as the Scherzer focus) corresponds roughly to the
central simulation, Af = —1000 A. Structure at right shows positions partially-occupied potassium sites and 2:1 layers. The

interlayer spacing was exactly 10 A.

Two-dimensional images

Simulations of a-axis images of perfectly ordered R 1
and R3 I/S showed the familiar 10-A layer subperiod-
icity, as well as 4.5-A cross-fringe periodicity; however,
the image details were highly sensitive to changes in
defocus. For some focus values, the 20-A basal peri-
odicity resulting from the R1 ordering was clear (Figure
1, Af = —3000 A), but for others it was less obvious,
and microscopists might observe only an apparent 10-A
repeat (Figure 1, Af= —1000 A). Similarly, R3 ordering
produced a clear 40-A periodicity at some defocus val-
ues but not at others.

Images showing the fine detail seen in these simu-
lations have not yet been obtained experimentally;
however, these calculations show that if beam damage
can be eliminated, perhaps by using a cryogenic stage
in a high-voltage microscope, I/S ordering might be
observed clearly in two-dimensional HRTEM images.

==

One-dimensional images

Perfect orientation. One-dimensional simulations of R1-
ordered 1/S in perfect orientation showed dark fringes
with apparent 10-A periodicity at some focus values
(e.g., Figure 2, Af= —2500 A, +500 A). At some other
focuses, these broad fringes split into finer fringes that
revealed details of both the 10-A subcell periodicity
and the 20-A true periodicity characteristic of R1 or-
dering (e.g., Figure 2, Af= — 1000 A). Simulated images
from R3 I/S showed similar variations, but with 40-A
periodicity (Figure 3); however, these types of fine-
fringe images seldom, if ever, can be observed exper-
imentally for I/S, probably because the crystals almost
invariably deviate at least slightly from perfect orien-
tation and are damaged quickly by the electron beam.

Imperfect orientation. Image simulations for crystals
that were tilted so that their layers were not perfectly

=

-3000 ~2500 —2000 =1500 ~1000 =500 1000

0 500

Figure 2. One-dimensional simulations of R1-ordered illite/smectite for a Philips 420 instrument. Simulations assumed the
structure to be perfectly oriented, with layers parallel to the central beam. Scherzer focus is shown in the central image. Crystal
thickness was 156 A.
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One-dimensional simulations of R3-ordered illite/smectite for a Philips 420 instrument. Simulations assumed

perfect orientation. Scherzer focus is shown in the central image. Crystal thickness was 156 A.

parallel to the electron beam did exhibit the simple
dark fringes characteristic of most published 1I/S im-
ages. Examples of such images are shown in Figure 4
for R1 ordering and in Figure 5 for R3 ordering. Even
very slight misorientations destroyed the fine image
detail seen in simulations from perfectly oriented crys-
tals (Figures 2 and 3).

The tilted-crystal simulations clearly showed an im-
portant factor for the experimental imaging of I/S: at
the underfocus imaging conditions (negative values of
Af) that are typically used for HRTEM imaging, image
superperiodicities due to the ordering were not ob-
served or were very weak (Figure 4, Af = —1500 A,
—1000 A, —500 A; Figure 5, Af = —1500 A, —1000
A, —500 A). In other words, if microscopists were to
focus the TEM in the standard way, images of R1 and
R3 I/S would show an apparent 10-A periodicity, with
no indication of ordering. However, if the microscope
were overfocused (e.g., Af = +500 to +1000 A), the
periodicity due to I/S ordering would become readily
apparent. In these images a wide dark fringe was noted
close to the smectite interlayers, and narrower dark
fringes were noted close to the illite interlayers. This
ability to image I/S periodicities in strongly overfo-

cused images was actually observed experimentally first
(to be published); the simulations presented here sub-
sequently confirmed that the observed image charac-
teristics were due to I/S ordering.

Effect of crystal thickness. Image simulations have also
been used to demonstrate other factors important for
imaging of ordering in I/S. Figure 6 shows simulations
for R1 crystals of two different thicknesses. Because
the intensities of the electron beams carrying infor-
mation on the I/S ordering were kinematically very
low, image periodicities due to the ordering were not
apparent in images of thin crystals (e.g., Figure 6, 52
A thick); however, in thick specimens where the in-
tensities of these beams had been increased through
dynamical diffraction, the corresponding image period-
icities were readily observed (e.g., Figure 6, 156 A thick).
thick).

Correspondence between image and crystal. Another
important point is illustrated by comparing simula-
tions for slightly tilted crystals and perfectly oriented
crystals, as shown in Figure 7. Misorientation of the
crystal by only a few degrees caused the fringes to shift
several Angstrom units relative to the structure. For

-1500

-1000

=3000 -2500 —2000

=500 0 500 1000

Figure 4. One-dimensional simulations of R1-ordered illite/smectite for a Philips 420 instrument. Simulations assumed
that the structure was tilted such that the angle between the central beam and the layers was 3°. Scherzer focus is shown in

the central image. Crystal thickness was 156 A.
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One-dimensional simulations of R3-ordered illite/smectite for a Philips 420 instrument. Simulations assumed the

structure to be tilted 3°. Scherzer focus is shown in the central image. Crystal thickness was 156 A.

the underfocused case (Figure 4, Af = —1000 A), the
dark fringes were displaced appreciably from the actual
positions of the 2:1 layers of the crystal. Thus, even
for underfocus conditions, the fringe positions did not
necessarily correspond to layer or atom positions in
the crystal structure. For overfocus conditions (Figure
4, Af = +500 A), the dark fringes were near the inter-
layer positions, rather than near the 2:1 layers, and the
fringes for tilted crystals were also shifted relative to
the actual structure. The degree of this shift varied with
the degree of crystal tilt away from “‘perfect” orienta-
tion (electron beam parallel to the layers). These sim-
ulations emphasize that HRTEM images from I/S
should not be interpreted too literally, as the exact
orientation of a specific region in these fine-grained
materials is generally not known. Fringe images should
not be interpreted as specific layers in the structure;
however, as seen above, the periodicities shown by the
fringes may reveal the periodicities in the real crystal,
and certain recognizable types of fringes may lie near
specific structural features.

Apparent layer thicknesses. Although all of the simu-
lations presented in this paper are for structures having
2:1layers of equal thickness, many of the images showed
fringes of more than one width. This is not surprising,
because it has been shown both experimentally (Veb-
len, 1983) and with image simulations (Spinnler et al.,
1984) that the apparent thicknesses of the hydroxide
and 2:1 layers of chlorite vary with electron optical
conditions. Even in perfectly oriented images of chlo-
rite, for example, the fringe corresponding to the hy-
droxide layer commonly is wider than the thickness of
the actual layer, and the width of the 2:1 layer fringe
is narrower than the real layer; these thicknesses vary
with microscope defocus and other parameters.
Amouric et al. (1981) found that incorrect thicknesses
could be produced for individual layers in two-dimen-
sional images of 2M, and 37 muscovite.

The simulations in the present study showed that in
2:1 layer silicates, such as 1/S, variable fringe spacing
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should not automatically be used to imply that the
structure possesses layers of different thickness. If a
relatively large crystal containing many layers can be
imaged, and a good measurement of average layer
thickness can thus be obtained, values deviating ap-
preciably from 10 A might then be used to infer that
some layers having other widths are, indeed, present.
The simulations clearly showed, however, that crystals
containing layers spaced at 10 A can produce images
with fringes spaced at other distances (Figure 8). The
presence of fringes having more than one width there-
fore should not be used to infer the presence of layers
of different thickness, unless electron diffraction or oth-
er data from the region support this conclusion.

Other microscopes. The above image simulations were
all performed for a specific electron microscope, the
Philips 420 instrument, and they should be good guides
to image character for instruments having similar op-
tical characteristics. The question arises, however, as

524 156

Figure 6. Comparison of images from two thicknesses of R1
ordered illite/smectite in perfect orientation, Af = +1000 A.
(a) Simulation for crystal 10 unit cells thick (52 A). (b) Sim-
ulation for crystal 30 unit cells thick (156 A).
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no tilt 2° tilt

Figure 7. Comparison of tilted vs. perfectly oriented R1-
ordered illite/smectite. Image of crystal tilted 3° shows po-
sitions of bright bands shifted about 3 A from their positions
in image of uniilted crystal. Both images are for a Philips 420
instrument with Af = +1000 A; crystal thickness was 156 A.

to whether investigators with access to instruments
having poorer optics should be able to image ordering
in I/S. To answer this question, extensive image sim-
ulations were performed for the optics of a JEOL 100C,
a popular older instrument; many mineralogists have
access or could obtain access to this instrument or to
instruments having similar optics. As shown in the R1,
one-dimensional, tilted-crystal images in Figure 9, im-
age periodicities arising from 1/S ordering occurred for
conditions where focus values were + 1500 A to +2000
A relative to the optimum (Scherzer) focus, just as they
did for the Philips 420 optics. In fact, for perfectly
oriented crystals, the simulations suggested that the
JEOL 100C optics may actually show the periodicities
due to ordering better than the Philips 420 optics, due
to the way the lenses transfer specific spatial frequen-
cies. Perfect orientation, of course, will probably be
achieved over only a small fraction of the specimen
area that is thin enough and crystalline enough for
HRTEM observations. In any case, these simulations
suggested that HRTEM studies of ordering in I/S are
possible even with older instruments having relatively
poor point-to-point resolution.

Image periodicities due to polytypism. Because illite
and smectite interlayers can, at least theoretically, be
imaged with HRTEM, it is important to ask whether
other structural phenomena might produce similar ef-
fects in HRTEM images. An obvious possibility is that
polytypism might lead to patterns of wide and narrow
fringes similar to those produced by mixed layering in
I/S. Indeed, it is well known to high-resolution mi-
croscopists who have worked with micas that 2Mf,
muscovites and biotites commonly produce one-di-
mensional images with two-layer periodicity (e.g., Veb-
len, 1983). Such images are similar, for example, to
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12.6

Figure 8. Simulation of R1-ordered illite/smectite for a JEOL
100C instrument operated at defocus of —135 A. Although
crystal layer thickness was exactly 10 A, apparent variations
in layer thickness exist in the image. Crystal thickness was
156 A.

the R1-ordering simulated images at overfocus con-
ditions shown in Figure 4. In addition, computer sim-
ulations for 244, muscovite were performed that doc-
ument this phenomenon (see Figure 10). Because either
mixed layering or polytypism can lead to superperiod-
icities in images of 2:1 phyllosilicates, an inherent am-
biguity exists in the interpretation of such periodicities.
This problem is addressed below. The simulations also
show that polytypism can produce fringes having more
than one width, even if all layers in the structure have
the same thickness. This observation underscores the
cautions described in the section entitled “Apparent
layer thicknesses.”

DISCUSSION AND CONCLUSIONS

Through the technique of HRTEM image simulation,
the effects of various experimental factors on the im-
aging of mixed-layer 2:1 sheet silicates have been ex-
plored. These calculations have several important im-
plications for both past and future HRTEM studies on
mixed-layer I/S, as discussed below.

Conditions for observing 1/S ordering

The good news is that ordering in chemically un-
treated I/S can be observed in one-dimensional images
obtained under appropriate conditions with TEM in-
struments of moderate resolution (Figures 2-5 and 8).
The bad news is that such ordering is observable only
under certain conditions and not others. Specifically,
for the underfocus conditions typically used in HRTEM
studies, slight tilting of the crystal out of perfect ori-
entation destroys any obvious modulations in image
intensity related to ordering. On the other hand, for
slightly tilted crystals and at overfocus values of about
1000 A, modulations in fringe width produce distinct
20- and 40-A periodicities for perfect Rl and R3 or-
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Figure 9. One-dimensional simulation of R1-ordered illite/smectite for a JEOL 100C instrument. Simulations assumed the
structure to be tilted about 3°. Scherzer focus is shown in the central image. Crystal thickness was 156 A.

dering, respectively. Under these focus conditions,
however, a perfectly oriented crystal produces images
in which these superperiodicities are very weak or ab-
sent. Likewise, very thin regions of a specimen may
not indicate ordering, even if it is present (Figure 6).
Rapid electron beam damage of I/S precludes the
careful tilting of the crystal into proper imaging ori-
entation that is used for HR TEM studies of more stable
minerals. As a result, most HRTEM images of I/S are
probably obtained by achieving approximate orienta-
tion and recording images when the microscopist ob-
serves lattice fringes. In addition, experimental HRTEM
studies of 1I/S (see Introduction for references) have
shown that these materials typically occur in small
packets in which the 2:1 layers have roughly the same
orientation. Even within these packets, however, con-
siderable bending of the layers exists, and such vari-
ations in orientation can be expected not only in the
plane of the specimen, but also parallel to the e¢lectron
beam. Therefore, most published I/S images were
probably obtained from crystals that were not perfectly
oriented and, indeed, having orientations that varied
somewhat from region to region within any given im-
age. Based on this assumption, the simulations de-
scribed here suggest that images obtained with an over-
focused microscope may have the best chance of
showing the ordering of illite and smectite layers.
Given all the experimental variables and the fact that
image modulations due to I/S ordering occur under
only some conditions, the absence of such modulations
alone should not be used to imply that a given I/S
specimen is not ordered. In some specimens, discrep-
ancies between X-ray powder diffraction (XRD) and
electron microscopy studies of I/S have been noted for
the same specimen. For example, Gulf Coast shales
that have been shown by XRD to contain ordered
mixed-layer I/S (Perry and Hower, 1970) appear to
contain no ordered mixed-layer I/S when they were
examined with HRTEM (e.g., Ahn and Peacor, 1986a).
Possibly the apparent ordering is an artefact of the
preparation procedures used for the XRD experiments;
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however, the TEM experiments may also have been
carried out under conditions unsuitable for the obser-
vation of the mixed layering (e.g., underfocused images
of crystals not in perfect orientation). Alternatively,
image modulations due to I/S interlayering are rela-
tively weak .and might have been overlooked even if
present. Although the present study cannot definitively
resolve the discrepancy between XRD and HRTEM
studies, it does constrain the experimental conditions
for future studies aimed at resolving this perplexing
problem,

Imaging of disordered mixed-layer I/S

The simulations presented here are for perfectly or-
dered I/S, specifically a perfect two-layer R1 structure
and a perfect four-layer R3 structure. In nature, the
exact illite : smectite ratios of 1:1 and 3:1 necessary to
produce these perfectly ordered structures seldom are

/s

mu mu

Figure 10. Comparison of images of R 1-ordered illite/smec-
tite and 234, muscovite. All three simulations were for a
Philips 420 instrument and a thickness of 156 A. Illite/smec-
tite simulation: Perfect orientation; Af= — 1000 A. Muscovite
simulations: Near perfect orientation (structure was tilted a
few tenths of a degree to allow dynamical diffraction to occur);
Af = 2850 A, —2950 A.
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realized, thereby requiring some disorder in the se-
quence of illite and smectite interlayers. Although im-
ages for such disordered 1I/S were not calculated, the
interpretation of disordered images should pose no
problem. Indeed, characterization of such disordered
structures is the mostimportant application of HRTEM.
The simulations presented here show, for example, that
in overfocused images of slightly tilted specimens a
heavy dark fringe is present near the position of the
smectite interlayers, whereas weaker dark fringes are
associated with the illite interlayers. Therefore, the ex-
act sequence of illite and smectite layers can probably
be determined from images of this sort, whether from
ordered or disordered material. Work in progress in
this laboratory suggests that this result from the sim-
ulations is consistent with experiment.

Correspondence between image and structure

As discussed above, the simulations described here
show that the positions of light and dark fringes relative
to the 2:1 layers and interlayers of I/S depend on focus
and crystal thickness. In addition, for a given focus and
thickness, the fringes change in their details and thick-
nesses and shift relative to the structure if the crystal
is tilted out of perfect orientation. The dark fringes in
an image are not the 2:1 layers; rather, they are simply
“lattice fringes,” and their exact positions relative to
the actual crystal structure are a complicated function
of many electron optical parameters. Only in the light
of detailed image simulations and with complete
knowledge of the imaging conditions, including the ex-
act crystal orientation, can an exact correspondence be
made between details in a HRTEM image and specific
structural features in the crystal.

Distinguishing between 1/S ordering
and polytypism

As has been shown, polytypism in 2:1 layer silicates
can produce contrast in HRTEM images that might be
confused with that from mixed layering in I/S. For
example, an image of R1 I/S might be very similar to
an image of a 2M, mica. Given this ambiguity, it is
important to ask whether there is any way to distin-
guish between contrast variations due to I/S mixed
layering and those due to polytypism.

Given the difficulties in imaging I/S with HRTEM
and in thoroughly characterizing the imaging condi-
tions, no simple way appears to exist, on the basis of
electron optics, to attribute contrast modulations in
any specific image to mixed layering vs. polytypism.
For many materials, however, polytypism can be ruled
out on the basis of other information (e.g., XRD ex-
periments).

For other materials, geological constraints on the
occurrence and polytypic state of I/S may provide a
reasonable basis for interpretation. For example, in
their study on the shales and slates from Lehigh Gap,
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Pennsylvania, Lee ez al. (1986) showed that (1) com-
plete stacking disorder exists in illite and I/S in the
shales; (2) with progressive diagenesis and metamor-
phism, the stacking-disordered clays were transformed
to 1M, muscovite; and (3) only after this transfor-
mation to mica did the 2:1 layer silicate become poly-
typically ordered. Thus, in many rock types, I/S may
always be relatively disordered polytypically and may
not coexist with polytypically ordered 2:1 structures.
Furthermore, even if detrital 24, muscovite or biotite
occurs with I/S, the I/S and mica should be distin-
guishable with analytical electron microscopy. Thus,
for many types of studies, the potential ambiguity in
interpretation of superperiodicities in HRTEM images
from 2:1 layer silicates may be eliminated by other
forms of evidence.
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APPENDIX

All image simulations were calculated using atomic posi-
tions derived from the dioctahedral mica structure reported
by Richardson and Richardson (1982). The composition and
stacking sequence of the mica, however, were altered to obtain
the structures needed for the various simulations.

Although illite is generally betieved to have a layer charge
of 0.75, recent work by Srodoft and coworkers suggests that
illite may be a mechanical mixture of two illites having layer
charges of 0.55 and 1.00 (Srodon and Eberl, 1984). All sim-
ulations in this work, however, assumed the illite layers to
have a uniform layer charge of 0.75. Though “ideal” smectite
is commonly assumed to have a layer charge of 0.33, natural
smectites exhibit a range of layer charges from 0.2 to 0.6
(Brindley, 1981). The minimum layer charge for smectite,
0.2, was used in these simulations, thereby maximizing the
compositional difference between smectite and illite. The
smectite mineral represented in these calculations was bei-
dellite; in other words, the source of the layer charge was the
tetrahedral layer, which was compensated by the interlayer
substitution of vacancies for K+.

All simulated illite/smectite images assumed a 1M stacking
sequence for the sheets. The structure of an individual layer
of the 2M, structure (space group C2/¢) of Richardson and
Richardson (1982) was transformed into the standard 1 M unit
cell (space group C2/m). The unit-cell transformation matrix,
T, was the following:
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Table A-1. Fractional coordinates of atom positions used in
simulations.
Atom R & R (1982)! X' new? Kinput®
K X 0.0000 0.0000 0
y 0.0992 0.0000 0
z 0.2500 0.0000 0
Si(A) X 0.4510
Yy 0.2587
z 0.1355
Si(B) X 0.0354 0.5819 0.5819
y 0.4298 0.1703 0.1703
z 0.3646 0.2292 0.2292
AlOct.) X 0.2506 0.4997 0
y 0.0838 0.3328 0.8328
z 0.0002 0.5004 172
O(A) X 0.3872 0.3305 0.8305
y 0.2525 0.7220 0.2220
z 0.0543 0.1630 0.1630
O(B) X 0.0366 0.5014 0.5014
y 0.4431 1.0000 0
z 0.4459 0.1848 0.1848
O(C) X 0.4178 0.6507 0.6507
y 0.0931 0.1925 0.1925
z 0.1685 0.3918 0.3918
o) X 0.2475
y 0.3712
z 0.1685
OE) X 0.2509
y 0.3132
z 0.3424
OH X 0.0422 0.0842 0.0842
y 0.0622 0.9999 0
z 0.4492 0.3984 0.3984

! Coordinates for 2/, muscovite from Richardson and
Richardson (1982).

2R & R coordinates transformed to 1M/ setting.

3 Atom positions used in the simulations.

0.5 0.5 0.0
T=|—-15 0.5 0.01. 1)
0.0 -—0.1984 0.5

Transformed atom positions were obtained from the rela-
tionship

0]

where x,.,, and x4 are matrices representing the new and old
fractional coordinates of the atoms, and C is the matrix

C=an-, 3

or simply the inverse of the transpose of the unit-cell trans-
formation matrix. The origin of the unit cell was then shifted
such that it corresponded to the position of a potassium atom.
Specifically,

Xpew = C* Kol

X pew = Xpew — 0.2976 (4a)
Yew = Ynew — 0.0992 (4b)
Z ew = Znew — 0.5. (4¢)

Finally, the positions of some atoms were shifted slightly to
lie on the C2/m symmetry operators. Individual layers were
stacked along the c-axis of the 1 M setting to obtain the various
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structures. Table A-1 gives the old fractional coordinates from
Richardson and Richardson (1982), the new fractional co-
ordinates calculated from Eq. (4), and the final fractional co-
ordinates used in the calculations for one layer.

Simulations for 2M, muscovite were calculated using the
structure of Richardson and Richardson (1982). Aluminum
was assumed to occupy one quarter of the tetrahedral sites,
and potassium was assumed to occupy all of the interlayer
sites.
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