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Abstract-The <O.I-Jtm size fraction of an Ordovician K-bentonite from northern Kentucky was char
acterized by X-ray powder diffraction (XRD). Using A.LP,E.A. criteria for interstratification nomenclature 
and Reynolds' computer algorithm the dominant clay mineral proved to be an R2 ordered illite/ smectite. 
The best fit of observed and calculated XRD tracings was obtained using 12 > N > 5, where N is the 
number of layers within a diffracting domain, 

Sections of the K-bentonite were prepared by ion-beam milling and examined in an analytical trans
mission electron microscope (ATEM). One-dimensional lattice images observed parallel to the a-b plane 
showed subparallel packets, about 50-100 A thick, each of which consisted of about lo-A thick unit 
layers. Somewhat thicker unit layers (as much as 14.5 A) were also seen. The former are presumed to be 
illite, whereas the latter may be partially collapsed smectite. Selected-area electron diffraction patterns 
suggested simultaneous diffraction from several packets, each containing at least five layers. Both hOI and 
Okl spacings were usually present, indicating that the stacking of the subparallel packets was random. 
Quantitative analysis by AEM and electron microprobe show the clay to be low in tetrahedral Al but 
high in octahedral Mg, the latter presumably contributing largely to the interlayer charge responsible for 
K fixation. The TEM data are broadly reconcilable with the accepted XRD interpretation of a two
component, mixed-layer clay. Alternatively, the TEM images may be interpreted as a single phase having 
numerous packet boundaries, the latter being responsible for swelling behavior. These two interpretations 
will not be fully reconciled until greater analytical precision and resolution permit individual packets to 
be studied. This work suggests that mineral definitions based purely on XRD interpretations may have 
to be reconsidered as more electron microscope data become available. 

Key Words-Analytical transmission electron microscopy, Bentonite, Illite, Interstratification, Potassium, 
Selected area diffraction, Smectite, X-ray powder diffraction. 

INTRODUCTION 

The application of high-resolution transmission 
electron microscopy coupled with energy-dispersive 
X-ray analysis has greatly enhanced our understanding 
of illite/ smectite interstratification by providing si
multaneous chemical, crystallographic, and morpho
logical information on extremely small sample areas. 
Models of inter stratification based upon X-ray powder 
diffraction (XRD) and elemental analysis have been 
reexamined (see, e.g., Ahn and Peacor, 1986; Lee et 
aI. , 1985; Klimentidis and Mackinnon, 1986; Amouric 
and Parron, 1985) and reinterpreted (Nadeau et ai., 
1984a, 1984b; Nadeau and Bain, 1986) in light of these 
new data. An advantage of analytical transmission elec
tron microscopy (A TEM) is that crystalline aggregates 
may be examined in situ without physical separation 
or possible disruption of individual crystallites. Ele
mental and crystallographic data can also be acquired 
on crystals uncontaminated by non-phyllosilicate min
erals (e.g., carbonates). XRD, TEM, ATEM, and elec-
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tron diffraction data for a K-bentonite are compared 
here in order to describe the dimensions, orientation, 
and compositions of the clay crystals. 

EXPERIMENTAL 

The material investigated was a Middle Ordovician 
K-bentonite from the High Bridge Group of northern 
Kentucky. The sample was previously described by 
Huffand TiirkmenogIu (1981) as sample KB-20 from 
the Pencil Cave K-bentonite, and comes from a core 
through the High Bridge Group. It was sufficiently in
durated to permit thin section grinding and polishing 
and subsequent transfer to electron microscope grids 
for ion-beam milling. 

Sample preparation 

Specimens prepared for XRD were dispersed in water 
containing sodium hexametaphosphate by placing the 
beaker in an ultrasonic bath for 20 min and then al
lowing it to stand long enough for the < 2-l/-m size 
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fraction to settle. The < O. l-lLm fraction was separated 
from the remaining suspension by centrifugation and 
sedimented onto glass petrographic slides. The slides 
were placed in a desiccator jar containing ethylene gly
col and heated at 50°C for 12 hr. The jar was then 
removed from the oven and the slides kept in it at 
room temperature for an additional 4 days to permit 
complete saturation by the vapor. XRD scans were 
made on a Philips diffractometer using CuKa radiation 
at a scan rate ofO.25°28/min. XRD tracings were mod
eled using the MODIOS program of R. C. Reynolds 
(Dartmouth College, Hanover, New Hampshire, per
sonal communication, 1982). 

TEM specimens were prepared from thin sections 
of the core sample. Chips were hand cut, dry ground, 
and attached to the petrographic slide with Lakeside 
cement. After further dry grinding to minimum pos
sible thickness the slide was reheated on a hot plate, 
the section was cut into a number of 3-mm-diameter 
circles with a scalpel, and each circle was attached to 
a copper TEM grid with epoxy resin. After cleaning 
the residual Lakeside with solvent the samples were 
thinned further by ion-beam milling. Samples were 
examined in a Philips 400T transmission electron mi
croscope equipped with an energy-dispersion X-ray 
analyzer and operated at 100 kY. The same material 
was also analyzed by a Cambridge Microscan 9 electron 
microprobe using a 2-lLm-diameter spot size. Data from 
both analytical techniques were cast into structural for
mulae assuming 12 oxygens per unit cell. ATEM data 
were developed from measurements of element ratios, 
because absolute intensities relative to standards could 
not be obtained (as is possible in electron microprobe 
analysis). Oxide analyses were thus derived only by 
assuming stoichiometric oxygen and normalizing to 
100%. Comparison with electron microprobe analyses 
demanded that the data be treated similarly. The al
ternative, to assume some value for structural water 
for the A TEM data, was less valid. 

RESULTS AND DISCUSSION 

X-ray powder diffraction 

XRD tracings ofthe ethylene glycol-saturated, <0.1-
ILm clay fraction of sample KB-20 are typified by Figure 
lA, which shows the low-angle double peak charac
teristic of ordered illite/ smectite (liS). The absence of 
a superlattice reflection between 2° and 3°28 suggests 
that the ordering is long-range or lSI-type (Reynolds, 
1980) and that it closely resembles the theoretical Reich
weite R2 ordering (Inoue and Utada, 1983). SrodOll 
et al. (1986) referred to similar patterns as RlIR3 or
dered. Computer-simulated patterns were generated 
that closely approximated, but did not precisely re
produce, the XRD tracing. Figures IB-ID illustrate 
three calculated patterns consisting of 80% collapsed 
illite and 20% expanded smectite layers, using the 
MODIOS program of Reynolds (1982). The peak at 
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Figure 1. X-ray powder diffraction (XRD) tracings of sample 
KB-20 run with CuKa radiation. Patterns represent oriented 
samples of < O.I-/Lm material saturated with ethylene glycol. 
(A) Observed diffraction tracing. Peak positions and inten
sities indicate lSI ordering. (B}-{D) Computer-generated XRD 
patterns of ordered liS having 80% I. Other parameters used 
are ~ = 12, Si = 3.75, Fe = 0.14, K = 0.65. Probability factors 
are C = .800, XC = .999, XCC = .750, and XCCC = .650. 
Values for N represent thickness of diffracting domains. 

about 17°28 is considered more reliable for estimating 
component percentages than are the low-angle peaks, 
due to a difference in sensitivity to a number of vari
ables, including particle size and thickness, degree of 
preferred orientation, the Lorentz factor, and the pres
ence of illite-smectite segregation (Reynolds, 1980). 
Srodon (1980) also showed that the assumed thickness 
of the ethylene glycol-smectite layer can vary. The three 
calculated tracings in Figure I are based on the prob
ability of two collapsed layers following an expanded 
layer (XCC in the program) equal to. 750 and the prob
ability of three collapsed layers following an expanded 
layer (XCCC) equal to .650. The near fit suggests in
deed that some segregation of illite and smectite layers 
existed in the sample. Nadeau et al. (1984a, 1984b) 
showed that similar clays are composed of thin illite 
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particles, 2-16 silicate layers thick, whose interfaces 
are capable of combining with water and organic mol
ecules to produce smectite-like interlayers and inter
particle diffraction effects resulting in XRD data sim
ilar to those of interstratified lIS clays. 

Variations in the low-angle peak positions, widths, 
and intensities of peaks occurred with changes in the 
value ofN, the range of thicknesses of unit layers mak
ing up the diffracting domain in the interference func
tion. With all other variables held constant, the com
puted pattern for very thick domains (N = 9-15) 
produced relatively narrow peaks with shifts in the high 
20 direction and a low-angle reflection at 32.7 A. N 
values of 5-12 and 3-9, produced broader peaks with 
different relative intensities and shifts in the low 20 
direction. Higher angle peaks near 17° and 27°20 were 
not affected. The best fit pattern was for N = 5-12 
(Figure IC), which suggests a minimum size for dif
fracting crystals. Actual three-dimensional crystals may 
have been thicker than this and may have been made 
up of many domains, but without assuming interpar
ticle diffraction the minimum thickness range was 5-
12 illite units or 50-120 A. 

Transmission electron microscopy 

One-dimensional, bright-field lattice images of sam
pIe KB-20 revealed an in situ fabric of thin, flexible, 
subparallel units having a high degree of preferred ori
entation. Effective image contrast required that (001) 
be oriented parallel to the incident electron beam, to
gether with a proper defocussing of the optical system. 
Under ideal conditions individual structural units in 
phyllosilicates could be resolved to show stacking dis
orders, interstratification, and other details described 
in previous XRD studies (e.g., Klimentidis and Mac
kinnon, 1986; Ahn and Peacor, 1986). Distortion in 
eitherthe vertical or horizontal plane ofthe bombarded 
sample resulted in discontinuous imaging, and the 
sample appeared to contain localized aggregates of 
crystalline material; in some instances, the pattern was 
entirely featureless. Figure 2 shows both of these char
acteristics in K-bentonite. Imaged packets of units 
ranging from 2 to 20 silicate layers in thickness pass 
in and out of the focal plane of the microscope. Dark 
patches indicate undulatory distortion in the packets 
and commonly extend across subparallel grain bound
aries to adjacent crystallites. Non-imaged portions of 
the samples are considered to be segments of crystals 
twisted or warped sufficiently to take them out of par
allel alignment with the electron beam. Damage from 
the electron beam undoubtedly contributed to the loss 
of image as well, considering the fragility of hydrous 
layer silicates under high vacuum and the difficulty of 
obtaining any image contrast stable enough to photo
graph. Although almost continuous imaging of crystals 
was possible over distances of more than 1000 A (Fig-

ure 2), large regions existed in which imaging did not 
occur. Amouric and Parron (1985) interpreted such 
regions as consisting of the decompositions product of 
a hypothetical "phase X," which presumably converts 
into noncrystalline matter before converting further 
into well-crystallized phyllosilicate. Our data do not 
support this interpretation inasmuch as portions of the 
same crystallites were seen to pass in and out of focus. 
Most probably, these areas were simply distorted with 
respect to the beam orientation. 

Figures 2b and 2c are enlargements of Figure 2a 
and show the typical features of edge dislocation and 
crystallite subparallelism reported by other authors (e.g., 
Lee et al., 1985; Ahn and Peacor, 1985, 1986). Do
mains as thick as 500 A can be seen to be composed 
of smaller units averaging about 10 unit layers in thick
ness, which seem to split off separately at the ends of 
crystals or merge separately with adjacent crystallites 
along low-angle boundaries. Thus, large domains ap
peared to be composites of smaller units, which never
theless retained some internal coherence of their own. 
Small dislocations within the larger crystal may rep
resent compositional anomalies or perhaps imperfec
tions in the stacking sequence of individual layers sim
ilar to interfaces between the coherent domains. 

Spacings between layers were about loA, but the 
uncertainty of the behavior of expandable clays under 
high vacuum (Ahn and Peacor, 1986) made it impos
sible to distinguish precisely between smectite and il
lite. Furthermore, boundaries between the units may 
have made up the smectite-like interlayers, as sug
gested by Vah and Koster (1986). In any case, untreated 
smectite interlayers may have collapsed to spacings 
equal to or near the lo-A spacing of illite, and thus 
under high magnification these minerals might have 
both given similar spacings. Vali and Koster (1986) 
compared K-bentonite liS expanded with octadecyl
ammonium ions and untreated lIS and showed what 
appeared to be smectite layers having 17-A spacings. 
Their data, however, did not clearly distinguish illite 
from smectite in terms of concepts of interstratification 
based on XRD. Both electron diffraction data and mi
crodensitometer scans of sample KB-20 lattice images 
indicated spacings between 10 and 14.5 A within the 
same domain packet. Layer spacings in the large do
main in Figure 4 averaged 10.3 A and varied unsys
tematically from slightly less than 10 A to 13.4 A, 
presumably representing both collapsed and partially 
expanded layers. 

Similar spacings were noted for units shown in Fig
ure 3. In Figure 3a a packet of five-unit interlayers 
averages 14.5 A per layer, suggesting that some smec
tite existed as a segregated phase from illite. It is unclear 
from TEM data whether these layers pass laterally into 
illite or are consistently smectite-like internally and are 
interlayered with illite packets. Similar features were 
reported by Ahn and Peacor (1986) for samples from 
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Figure 2. Bright-field lattice images of sample KB-20. (a) Subparallel packets of crystallites contain 3-20 layers. Non-imaged 
areas are due to beam damage and/or non-focusing of the beam. Imaged areas show predominance of thin, flexible packets 
consisting of lo-A units. (b) Edge dislocations at grain boundaries arise from subparallel growth of the crystallites. (c) Several 
small dislocations between layers may represent either partially collapsed smectite or compositional inhomogeneities. Scale 
bar equals 100 A. 

Gulf Coast shale and were interpreted by them as rep
resenting an intermediate stage in the transformation 
of smectite to illite. Whereas Ahn and Peacor (1986) 
found illite and smectite as discrete monomineralic 

packets, we found both collapsed and partially ex
panded units to be intimately associated. Precise de
termination of stacking geometry was precluded be
cause of the difficulty in measuring the expanded 
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Figure 3. Bright-field lattice images showing (a) some layers with spacings greater than 10 A that may represent incompletely 
collapsed smectite. (b) Some small crystallites contain relatively few defect structures. (c) Note uniform 10-A. spacing of 
individual layers within packets averaging 5-10 units thick; and (d) dislocations along some IO-A layers and at boundaries 
with adjacent crystallites. Scale bar equals 100 A. 

spacings. In general, lattice images of K-bentonite did 
not resemble l i S formed by relatively rapid burial 
metamorphism. If smectite was present in the K-ben
tonite, it was as uniform and as well-ordered in ap
pearance as the illite and did not exhibit the wavy and 
irregular habit of, for example, Gulf Coast smectite. 
Crystallites of discrete smectite and illite and liS had 
about the same dimensions in crystallite packets and 
the same uniformity of parallelism among adjacent 
layers, thereby precluding unequivocal identification 
of each phase, although detailed measurements of unit 

spacings and chemical and XRD data suggest that both 
smectite and illite were present. 

Selected area diffraction 

SAD patterns were made with a l-JLm aperture of 
areas adjacent to those shown in lattice images. The 
rapid deterioration of the clay in the presence of an 
electron beam operating at 100 kV precluded both im
aging and SAD analysis of the same spot, but the gen
eral continuity of crystal morphology and fabric over 
distances of several micrometers provided reasonable 
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Figure 4. (Upper) Selected area diffraction (SAD) patterns ofK-bentonite crys tallite packet showing uniform lo-A sp,acing 
0[001 a long c* and blurred Okl lines. (Lower) Several packets in subparallel arrangement with insufficient thickness to produce 
nearly complete circles, indicating very limited thickness of diffraction crystallite, probably 3-5 illite units thick. 00 I r eflections 
from two individual crystallites can be seen. 

confidence that the SAD patterns and images were of 
the same material. 

T ypical SAD patterns of K- bentonite consisted of a 
rather well-defined row of 001 spots (Figure 4). Con
sistency in intensity and spacing suggest the polytype 
was 1M. The spots commonly occurred as linear blurs 
normal to 001, which, when resolved, were closely 
spaced spots from several subparallel units. Additional 
hk/ spots were either weak or absent and where present 
had blurred into semicircles and discontinuous rings. 
Spacings along OOf (c*) varied from 9.9 A to 10.3 A 
and were generally more characteristic of illite than 
smectite (see Lee et a/., 1984; Ahn and Peacor, 1986) 
in that as many as six orders were easily resolved. The 
mean of 10 measurements of d(OOI) on a calibrated 
slate gave 00 I = 10.00 A and (] = 0.13; these values 
are within experimental error. Resolution of 00/ re-

flcctions indicalcd that diffraction was occurring along 
crys tallographic plancs oriented parallel to the electron 
bcam . Each diffracting domain consisted of some mul
tiple number of parallel layers with d(OOI) "" 10 A in 
the direction of c*' Figure 5 illustrates the relationships 
between crys tal thickness and the consequent SAD pat
tern of the reciprocal lattice. For crystals one unit cell 
in thickness, diffraction by an incident beam parallel 
to the a b plane will produce solid lines representing 
hId planes. For some small but finite number ofiayers 
(N :::::: 3) the lines began to resolve into dashed lines 
with the distance between the dashes proportional to 
the number of diffracting layers. For still thicker (N :::::: 
10) crystal having all layers stacked in crystallographic 
continuity, hkf spots were clearly observed. Thus, from 
this standpoint K-bentonites appear to be composed 
of small crystallites more than 2 or 3 unit cells thick, 
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Figure 5. (Top) Relationship between crystallite orientation . 
and thickness and consequent selected-area diffraction pat
tern. (Bottom) Relationship between thickness and orienta
tion of crystallite packets and resultant Okl reflections. See 
text for discussion. 

but generally not more than 12 unit cells thick and not 
as well crystallized as micas. 

Figure 4 shows three examples of blurring of hkl 
spots that are typical of packets of crystallites each 
situated parallel to the incident beam, but stacked sub
parallel to one another. The fanning of 001 spots normal 
to c* was the result of simultaneous diffraction from 
small, multilayer crystallites arranged in a pattern of 
low-angle divergence (Figure 5B). The thicker the in
dividual crystallites, the more other hkllines were re
solved as spots. For very thin crystallites, the spots 
merged into discontinuous rings. Both features are il
lustrated in Figure 4 which shows discernible Ok! and 
hOI reflections merging into discontinuous concentric 
rings. An extreme example (i.e., very small crystals) is 

shown in Figure 4C; here the rings are nearly complete 
circles of fairly uniform density. These observations 
support the interpretation of lattice images in which 
the crystallites are 5-10 unit cells thick. 

Figure 5 shows two sets of superimposed reflections 
having d-values of about 4.4 and 2.6 A.. Rotation of a 
single illite (mica) crystal about an axis perpendicular 
to 00/ will create strong diffracting conditions every 
300 corresponding to the pseudohexagonal prism di
rections of the crystal. Consideration of the geometry 
of the tetrahedral sheet shows the existence of essen
tially two strong sets of atom alignment and thus two 
strong sets of diffracting planes. These sets coincide 
with the a and b crystallographic axes and those di
rections related to them by symmetry. A single crystal 
rotated 300 about an axis perpendicular to 001 will 
produce reciprocal lattice hkl reflections alternately at 
one of two distances from 001. These distances cor
respond to a* and b*. Thus, diffraction patterns pro
duced in any of the symmetry positions which give rise 
to diffraction effects may be indexed by determining 
the distance from 001. The angle f3* between this and 
c* will vary between 900 and 960 for crystals with mono
clinic symmetry. 

Figure 6 shows these two geometries for mica from 
a Welsh slate. The two orientations are 900 from each 
other and would be repeated in rotational increments 
of60°, the only apparent difference being in the precise 
value of f3*. Consequently, different structural inter
pretations of electron diffraction data can result from 
purely geometric effects. 

We have shown that the superimposed reflection sets 
resulted from units stacked randomly in the c-axis di
rection. The random stacking faults may correspond 
to the interfaces separating coherent illite units. Those 
units that happened to be oriented with a* or b* or
thogonal to the electron beam will have produced either 
of these two mica-zone-axis diffraction patterns. Ifthis 
phenomenon is coupled with the very thin nature of 
the crystallites and their subparallel orientation, all fea
tures of the diffraction patterns can be easily explained. 
Little evidence was found for a clear two-phase mix
ture, such as that reported by Lee et at. (1984) for 
chlorite and illite, possibly because most ofthe smectite 
had collapsed to spacings only 0.3 A. greater than that 
ofthe illite. The larger units yielded diffraction features 
which are indicative of illite layers. Thus, little evi
dence was found for ordered interstratification of illite 
and smectite layers within the larger units. 

Chemistry 

Chemical analyses from both analytical electron mi
croscopy and electron microprobe showed a general 
agreement between the normalized values for major 
elements (Table 1). Rapid deterioration of liS in the 
presence of the electron beam made it difficult to image 

https://doi.org/10.1346/CCMN.1988.0360111 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360111


90 Huff. Whiteman. and Curtis Clavs and Clav Minerals 

~ •• • ,. ••• •••• • a • •••••• • 

. . . . . . . . . . . . ...... . . . . . . . 
. . . . . . . .. . ... . ...... . 
.. ....•.. . ... .. 

I • •••••• . ....•.... ... 

CRYSTAL 

hOI 

t 1_001 

Okl 

t 

1-001 

hOI Okl 

t t 

11-001 

. .• ...•...•.. ... ,. , ~ . 

c* 
• • • • • • I •• • • • • 

.. , . ..... ... . . 

DIFFRACTION PATTERN 

·201 

• • • • • • • 001 

·201 

·041 

·021 
d020 :4.44A • • • • • ·001 

·021 
·041 

• • • • • • • • • 001 

201: : 021 
·041 

Figure 6. (Upper) X-ray diffraction (SAD) patterns of well-crystallized mica from a Welsh slate showing differences in width 
of rows as a function of crystal orientation. Crystal has been rotated 30° about an axis parallel to c* producing first Okl, and 
then hOI reflections. (Lower) Diagrammatic explanation of relationship shown above. SAD patterns taken 30° apart record 
a* and b* dimensions. Random stacking of packets produces a superimposed pattern of both crystallographic orientations. 

and analyze the same spot by ATEM, but the clustering 
of clay packets in K-bentonite permitted different por
tions of packets more than 500 A wide to be examined 
in several spots. Reproducibility was generally good 

for all elements, although probe and A TEM values for 
some elements were not in complete agreement. Mg 
and Fe were higher in the probe analyses and K and 
Na were lower, compared with those by ATEM. Vari-

https://doi.org/10.1346/CCMN.1988.0360111 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1988.0360111


Vol. 36, No.1, 1988 X-ray powder diffraction and transmission electron microscopy ofK-bentonite 91 

Figure 7. Plot of analytical transmission electron micros
copy data on Velde diagram. MR3 is influenced mainly by K, 
Ca, and Na; 2R3 by Al plus Fe; and 3R2 by Mg. Plots fall 
generally in the region characterized by mixed-layer illite/ 
montmorillonite clays below the muscovite-celadonite join. 
Regions identified are i = illite, b = beidellite, and m = mont
morillonite. Effect of octahedral Mg is to move the points 
away from the illite-muscovite field. 

ations in K values may have been caused by volatili
zation and diffusion (Lee et aI., 1984) during count 
times, and Na may have similarly been affected. Mg 
and Fe differences may possibly reflect differences in 
technique, however, both elements varied within each 
technique as well as between them. Thus, some evi
dence exists of real compositional inhomogeneity with
in K-bentonite packets. 

If the data are cast into structural formulae and com
pared with published analyses of liS (Srodon et al., 
1986; Hower et aI., 1976; Hower and Mowatt, 1966), 
tetrahedral Al is generally lower and octahedral Mg 
higher than samples with equivalent liS ratio based on 
XRD. If all the Mg is located in the octahedral sheet 
and is not an exchangeable cation, the total layer charge 
is -0.70, which agrees well with the data ofSrodon et 
al. (1986) for Silurian and Carboniferous K-bentonites, 
but which is slightly higher than that for Cretaceous 
K-bentonites from Montana. Hower et at. (1976) pro
posed a model for the illitization of smectite which 
accounted for an increase in the total layer charge as 
a result of Al-for-Si substitution in the tetrahedral sheet. 
Octahedral substitution contributes little to the overall 
layer charge in this model and, in fact, Mg and Fe are 
thought to be released during the illitization process. 
Calculation of the half-cell structural formula for Or
dovician K-bentonite I/S suggests octahedral Mg may, 
under certain circumstances, play an important role in 
controlling layer charge. Ahn and Peacor (1986) con
cluded from their study of Gulf Coast illitization that 

Table 1. A veragel analytical transmission electron micros
copy (ATEM) and electron microprobe analyses for K-ben
tonite. 

Oxide ATEM Microprobe 

Si02 60.722 61.643 

Al20 3 22.09 23.03 
Fe20 3 2.54 1.78 
MgO 5.73 4.77 
CaO 0.31 0.30 
Na20 0.37 0.67 
K20 7.76 8.23 
Total 99.52 100.00 

ATEM half-cell formula (Si3.7,Alo.2,)(Al1.3,Fe3+ o.12MIlo.53)
(CaO.Ol Nao.04Ko.6l)0 lO(OR),. 4 

Microprobe half-cell formula (Si3.77Alo.23)(Al1.44Fe3+ 0.08-
Mgo.44)(Cao.02N ao.08Ko64)0 lo(OR),. 

1 Average of 11 spots for ATEM and 4 spots for microprobe. 
2 Normalized to 6 oxygens. Omission ofTi, not considered 

to be structurally held, accounts for total less than 100%. 
3 Normalized to 100%. 
4 Calculation assumes smectite component is dioctahedral. 

apparent contradictions between XRD and ATEM data 
can be resolved only by assuming rather severe dis
ruption of tetrahedral-octahedral bonds during trans
formation. Illite thus forms first as isolated packets 
within preexisting smectite by means of both K-fixa
tion and tetrahedral/octahedral substitution. The high 
Mg content of Ordovician K-bentonite requires either 
substantial Mg-substitution during illitization or the 
existence of a high-Mg precursor smectite. Most studies 
of illitization reactions, however, indicated a reduction 
of octahedral Mg (Inoue and Utada, 1983; Eberl, 1978; 
Nadeau and Bain, 1986) and a net increase in octa
hedral charge (Eslinger et al., 1979). Thus, K-bentonite 
having high octahedral eMg probably retained this 
charge from the parent smectite. 

A comparison of the liS composition ofK-bentonite 
determined by ATEM with those of illite and smectite 
is shown in Figure 7, plotted after the method of Velde 
(1985). Data points generally fall in the field repre
senting natural mixed-layer illite/montmorillonite. In
consistencies in the amount of measured K may ex
plain some of the scatter, such as the single point near 
the 2R comer, but the general agreement with micro
probe data suggests that the variation is real. Ahn and 
Peacor (1986) described compositional variation of a 
similar nature in Gulf Coast liS. Thus, a high-Mg smec
tite may have been the precursor of the neoformed liS, 
and a principal cause of the total layer charge can be 
attributed to octahedral site occupancy by Mg. This 
model is supported by the conclusions of Lahann and 
Roberson (1980) that Si dissolution from smectite and 
consequent substitution by Al is retarded in high-Mg 
varieties. Alternatively, of course, the availability of 
abundant Mg during diagenesis may have given rise to 
Mg-rich clay crystals. 
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SUMMARY AND CONCLUSIONS 

Application of a multiple analytical approach of 
XRD, HRTEM, ATEM, SAD, and electron micro
probe permitted a reconsideration and reinterpretation 
of earlier models of liS structure which were based 
upon XRD of dispersed particles and bulk chemical 
analysis. The interpretation of A TEM data has already 
been extensively treated in the literature and has shown 
that care must be taken to avoid misinterpretation of 
basal spacings, interlayer distances, structural defects, 
and order/disorder phenomena in layer stacking ar
rangements (Klimentidis and Mackinnon, 1986; Lee 
et at., 1984; Ahn and Peacor, 1986; Ijima and Buseck, 
1978). One-dimensional lattice images of untreated liS 
cannot be interpreted unambiguously without further 
information on composition and fabric of crystallites 
and without careful attention to the phase-contrast 
mechanism that gives rise to fringes. Partial or com
plete collapse of smectite layers may occur either dur
ing ion thinning or in the microscope sample chamber. 
Treatment with organic expansion reagents may sus
tain some smectite in expanded form, but does not 
necessarily ensure a clear distinction between the illite 
and smectite phases (Lee and Peacor, 1986). 

Although the exact relationship of the lattice-fringe 
image contrast to the atomic structure is not known 
with certainty, SAD patterns confirm the presence of 
small, crystallites having first-order basal spacings both 
equal to and greater than lOA. These crystallites are 
randomly stacked in the c-axis direction as shown by 
streaking of combined hOI and Okl reflections. Abn and 
Peacor (1986) reported that most ofthe illite and smec
tite in Gulf Coast shale exists as discrete packets of 
each and that their physical appearance on lattice im
ages permits visual identification of both. 

We have found evidence ofI-S segregation in XRD 
patterns, and both TEM and SAD data indicate the 
abundance of small (50-100 A thick) crystallites. Our 
data do not, however, indicate a similarity between liS 
in K-bentonites and Gulf Coast shale. 

Data provided by A TEM is in general agreement 
with the accepted model for IIS of a two-component, 
interstratified clay based on XRD; however, this in
terpretation does not preclude the possibility of liS 
consisting of a single phase with numerous packet 
boundaries which provide the swelling behavior gen
erally attributed to smectite. Individual packets and 
their external surfaces must be examined with greater 
precision and resolution before these two interpreta
tions can be fully reconciled. 
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