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ILLITE/SMECTITE: EVIDENCE FROM HRTEM OF DOLNA VES CLAYS

VLADIMIR SUCHA,! JAN SRODON,? FRANCOISE ELSASS? AND WILLIAM J. McCHARDY#*
! Department of Geology of Mineral Deposits, Comenius University, Mlynsk4 dolina G, 842-15 Bratislava, Slovakia
2 Institute of Geological Sciences PAN, Senacka 1, 31-002 Krakéw, Poland
3 Station de Science du Sol INRA, Route de St-Cyr, 78000 Versailles, France
4 The Macaulay Land Use Research Institute, Craigiebuckler, Aberdeen AB92QJ, UK

Abstract—Fundamental particle thickness measurements of Dolnd Ves hydrothermal illite/smectite (I/S)
samples confirmed earlier findings regarding the content of fixed cations in illite interlayers (ca.
0.9/0,,(OH),). The distributions of fundamental particles and mixed-layer crystals of a given sample are
internally consistent. In samples dominated by bilayer fundamental particles, mixed-layer crystals most
often contain even numbers of layers. The expandabilities measured by XRD are much higher than
so-called minimum expandabilities obtained from HRTEM measurements. This discrepancy is explained
by assuming that the coherent scattering domains of Dolnéd Ves clays do not correspond to natural mixed-
layer crystals but are thicker, probably due to parallel association of crystals on the oriented XRD slide.
This tendency to produce intercrystal contacts is probably related to the unusually large ab dimensions
of crystals of Dolnd Ves clays.
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crystal.

INTRODUCTION

Mixed-layer clay minerals have generally been dis-
tinguished from mixtures of the corresponding clay
minerals by X-ray diffraction (XRD) techniques. A
mixed-layer clay produces an irrational series of dif-
fraction peaks, occupying intermediate positions with
respect to the corresponding peaks of the pure com-
ponents according to the Mering rule. The XRD mod-
els explain this effect by assuming that the coherent
scattering domain of a mixed-layer clay is composed
of 2 or more types of strictly parallel layers, arranged
according to different patterns. Early high resolution
transmission electron microscopy (HRTEM) observa-
tions seem to confirm that assumption (Yoshida 1973).
The authors of the interparticle diffraction hypothesis
(Nadeau et al. 1985) challenged this opinion by sug-
gesting that only so called “‘fundamental particles,”
that is, monolayers or sets of permanently bound (non-
expanding) layers such as illite or chlorite, exist in
rocks, and that the mixed-layer crystals are artifacts of
the parallel aggregation of fundamental particles on
the XRD slide. Later observations performed directly
on undisturbed natural rocks using different tech-
niques, such as ultramicrotomy, ion milling, and oth-
ers, suggested that mixed-layer crystals occurred nat-
urally within the rocks and that the fundamental par-
ticles observed by transmission electron microscopy
(TEM) are artifacts produced by the infinite osmotic
swelling of the mixed-layer crystals (Ahn and Buseck
1990; Srodoni et al. 1990; Veblen et al. 1990). Reyn-
olds (1992) has drawn the same conclusion from an
XRD study of specimens of undisturbed bentonite
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rocks. Srodofi et al. (1990) were able to measure the
percentage of smectite layers in the mixed-layer crys-
tals observed by HRTEM and found good agreement
with the values measured by XRD with the implication
that the mixed-layer crystals observable in natural
rocks are quite stable during standard clay separation
procedures for XRD. These findings are tested in the
present paper using a set of hydrothermal I/S samples
coming from one hydrothermal deposit (Dolnad Ves,
Slovakia). An attempt is also made to explain why the
percentages of smectite layers in the Dolnd Ves clays
are significantly higher for given K content than typ-
ical values reported for I/S (Sucha et al. 1992, Figure
8).

MATERIALS AND METHODS

The samples came from the Dolnd Ves hydrother-
mal I/S clay deposit, situated south west of the Krem-
nica Mts., in the Western Carpathians, Slovakia. The
geology of the clay deposits in this region is presented
by Kraus et al. (1979), crystallochemical aspects of
the alteration products are discussed by Cicel et al.
(1992) and Madejova et al. (1992). The /S deposit
was first described by Kraus et al. (1982) and later,
Sucha et al. (1992) published detailed mineralogical
and chemical characteristics of the I/S minerals.

Seven samples representing the full range of X-ray
expandabilities known from the deposit (45 to 8%)
were selected for TEM and HRTEM studies. The bulk
samples were treated with NaC,H,0, buffer and with
Na,S,0, (Jackson 1975) and subsequently the <1 pm
fraction of Na-saturated clay was separated by sedi-
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Figure 1. XRD patterns of samples illustrating the range of

expandabilities of Dolnd Ves clays ethylene glycol saturated.

mentation and excess soluble salts removed by dialy-
sis. Samples were not ground but dispersed in an ul-
trasonic bath for 6 min prior to NaC,H,0, treatment.

The XRD of oriented specimens (air-dried and sat-
urated with ethylene glycol) was carried out using a
Siemens D 500 diffractometer (Ni filtered Cu-Ka ra-
diation, graphite monochromator) at the U.S. Geolog-
ical Survey in Boulder, CO. Expandabilities were de-
termined according to the method described by Srodori
and Eberl (1984). Si, Al, Mg, Ca and Fe were analyzed
by spark emission spectroscopy, and Na and K were
analyzed by flame spectrometry at the Centre de Géo-
chimie de la Surface in Strasbourg. A more detailed
description of the XRD and chemical analysis of the
deposit is given by Sucha et al. (1992).

The TEM measurements were performed on <1 pm
samples using a Siemens 102 electron microscope at
the Macaulay Land Use Research Institute in Aber-
deen. Fundamental particle thicknesses were measured
by the Pt-shadowing technique described by Nadeau
and Tait (1987) and modified by Srodon et al. (1992).

The HRTEM measurements were performed using
a Philips 420 STEM microscope operated at 120 kV
at the INRA laboratory in Versailles. For these inves-
tigations, 2 sample types were prepared. Small por-
tions of <1 um clay fractions and undisturbed rock
chips were coated with agar before applying the em-
bedding procedure described by Tessier (1984). Sam-
ples were equilibrated with pure H,O at a pressure of
32 kPa. The H,O was then replaced by methanol and
propylene oxide. Samples were subsequently impreg-
nated with Spurr resin. Ultrathin sections, 50 nm thick,
were cut with a diamond knife on a Reichert Ultracut
E microtome. During the embedding procedure, the
swelling smectite interlayers were intercalated by or-
ganic components of the resin and (001) was main-
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Table 1. Fundamental particle dimensions measured by
TEM. All data are in nm.

Sample Thickness Length Width L/w r n

Dv4 2,1 342 147 3.1 126 120
2838 2.4 107
2218 2,6 417 193 2,7 160 95
1855 27 347 182 23 142 142
1602 3,8 84
1603 4,1 438 151 3,5 145 141

Key: L/W = length/width ratio, r = mean equivalent radius
of particles in a,b plane; and n = number of measured par-
ticles.

tained at ca. 1.35 nm (Srodori et al. 1990), whereas
collapsed layers of the illite type display 1.0 nm spac-
ings. The porosity existing between loose fundamental
particles or individual mixed-layer crystals is pre-
served. Only the crystals having layers strictly parallel
to the microscope axis display the images of the layer
sequence. Pictures were taken in underfocus condi-
tions close to the Scherzer defocus and the use of an
objective aperture eliminated lattice fringes smaller
than 0.35 nm. Such 1-dimensional lattice fringes can
be interpreted as representations of lattice images in
which variations in stacking periodicities of crystals
can be examined (Iijima and Buseck 1978). The num-
bers of layers in individual crystals and crystal thick-
nesses were measured, as described in detail by Sro-
dori et al. (1990), on photographs taken at the mag-
nification of 51,000. Measurements were made using
a binocular at a magnification between 10 and 40
times.

OBSERVATIONS

The distributions of fundamental particle dimen-
sions (length, width and thickness) as measured by the
Pt-shadowing method are given in Table 1 and Figure
2. No relationships between particle length, width and
XRD expandability (%Sxgp) were observed (XRD pat-
terns of 4 samples are in Figure 1). However, mean
particle thickness does increase with decreasing %Syxp
and the maximum frequency of particle thickness is 2
nm in 4 of the samples with the highest expandability.
Two samples with a lower amount of expandable lay-
ers have maxima at 4 nm (Figure 3).

HRTEM measurements (Figure 4) of 4 clay frac-
tions and corresponding rock chips provided infor-
mation concerning the number of layers in the mixed-
layer crystals (Figure 5) and there are marked differ-
ences in the distributions among samples studied by
this method. The samples with the highest expand-
abilities 1617 (Figure 4A) and 2218 have very similar
distributions. The histograms of both separated clay
fractions and undisturbed rock chips have local max-
ima at even numbers. The relative frequency of crys-
tallites with odd numbers of 2:1 layers significantly
increase in sample 1555 but maxima at even values
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Figure 2. TEM Pt-shadowing images. A-DV4, B-2218, C-1555, D-1603.

are still present in the histogram of the specimen pre-
pared from the bulk rock. Measurements of the <1
wm fraction of this sample show a smooth distribution
of crystal thickness with continuously decreasing fre-
quencies (Figure 5). The sample with the lowest ex-
pandability (1603, Figure 4B) also has this kind of
distribution both in the clay fraction and in the bulk
rock.

Expandability Calculation from HRTEM and TEM
Data

Expandabilities (maximum: %Sigy and %Surrems
and minimum: %S,,;y) were calculated from TEM and
HRTEM measurements according to the method de-
scribed by Srodon et al. (1990, 1992). The technique
of Srodofi et al. (1990) assuming 1.35 nm average
spacing of expandable layers was felt to be directly
applicable without any modifications, because the
samples were processed and imaged using exactly the
same conditions and in the same laboratory. Figure 4
presents examples of HRTEM images and specifies
how the mixed-layer crystals were measured. Maxi-
mum expandability (%Sgx) was also calculated from
the fixed cation content (Table 2, data from Sucha et
al. 1992) by equation %S = 95.42 — 106.76FIX
(Srodoii et al. 1992). All the data together with XRD
expandabilities (%Sxgp) from Sucha et al. (1992) are
summarized in Table 2. Maximum expandabilities

https://doi.org/10.1346/CCMN.1996.0440509 Published online by Cambridge University Press

DSy, PoStem and %Sygrem are similar for each sam-
ple, but significant differences were observed between
%S\ and %Sygp in samples 1617, 2218 and 1555.
Only sample 1603 has similar %S,y and %Sxgp val-
ues.

The relationship between expandability measured
by XRD and maximum expandability (%Sg,) is dem-
onstrated on the plot by Srodon et al. (1992, Figure
10). The data obtained for Dolnd Ves samples do not
follow the published relationship but for %Sy, >
20% they follow a different line with %Sxg, always
higher for given %SMAX (Figure 6).

The plot %S.g, versus fixed cations obtained for
Dolné Ves samples fits well with the line described by
equation %Sy;,x = 100 — 100FIX/0.9 (Figure 7) pub-
lished by Srodon et al. (1992) for I/S minerals. Two
trends were found when fixed cations were plotted
against %Sxgp (Figure 8). One trend exists for I/S min-
erals described by Srodori et al. (1992) and a different
trend for Dolna Ves I/S minerals (Figure 5). Dolnd Ves
data show higher %Sy, for a given content of fixed
cations in expandability intervals between 25 and
45%.

DISCUSSION & CONCLUSIONS

Table 2 and Figure 8 show very good agreement
obtained by 3 independent techniques of %S,,,x mea-
surement—Pt-shadowing, HRTEM and the calculation
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Figure 3. Histograms of fundamental particle thickness
measured by TEM (Pt-shadowing method). n—number of
measurements.

from fixed cations content. These measurements pro-
vide additional evidence in support of the conclusions
drawn by Srodoii et al. (1992) and they demonstrate
that the applied TEM and HRTEM techniques of mea-
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Figure 4. HRTEM images of the most smectitic -1617 and
the most illitic -1603 samples studied by HRTEM. Measured
cross sections of mixed-layer crystals are marked with ar-
rows.

suring mean particle thickness are precise and repro-
ducible.

The histograms of frequencies of thickness of par-
ticles (Figure 3, TEM measurements) and the mixed-
layer crystals (Figure 5, HRTEM measurements) are
internally consistent: the samples dominated by 2 nm
fundamental particles (bilayers) display local maxima
of crystal thickness distributions at even numbers of
layers, highest probability to find n X 2 layers in the
mixed-layer crystals. With decreasing %S, the distri-
butions of fundamental particles become more spread,
a maximum frequency becoming less dominant and
correspondingly, local even maxima less pronounced.
Mean thickness of crystals is always bigger than mean
thickness of fundamental particles. With decreasing
expandability, the 2 values converge, as expected (Sro-
don et al. 1992, eq. 9). All these observations hold for
the mixed-layer crystals measured in the bulk rocks
and in the <1 pm fraction (Figure 5). Both measure-
ments produced very similar histograms. The only ma-
jor differences are a general shift toward thinner crys-
tals and a big increase of % bilayers in <1 pm fraction
of sample 1617. They probably result either from split-
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the bulk rocks. N is the mean number of layers in a sample.
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Figure 6. Relation between %Sgy and %Sxgp. Solid line is
from Srodori et al. (1992).

ting of mixed-layer crystals or from fractionation in
the course of the separation process. Srodofi et al.
(1990) made similar observation on a sample of sim-
ilar expandability.

Figures 6 and 8 document the same phenomenon
using 2 independent sets of data (TEM and chemical
composition); the more smectitic samples from Dolnd
Ves are characterized by substantially higher %Syxp
for a given maximum expandability (or fixed cations
content) than the values measured for bentonites by
Srodon et al. (1992). For the most smectitic sample
(DV4) %S, 4x and %Sy are almost identical. This is
interpreted to mean that the coherent scattering do-
mains are so thick that the short stack effect (Eberl
and Srodori 1988) is almost eliminated. This conclu-
sion does not correspond to the measurements of
mixed-layer crystal thickness of both clay fractions
and rock chips done by HRTEM, where the average
numbers of layers per crystal are 3 to 5, so they are
even smaller than the 5 to 7 range reported by Srodon
et al. (1990) for bentonites of comparable expandabil-
ity. Correspondingly, calculated minimum expandabil-
ities (%Sy) are smaller than %Sxgp. It is also in con-
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Figure 7. Relation between %Sy, and the content of fixed
cations/O,,(OH),. Solid line is from Srodon et al. (1992).

tradiction with Srodor et al. (1990) who reported very
close agreement between the 2 measurements. The
only explanation for these observations is that the co-
herent scattering domains of Dolnd Ves clays do not
correspond to the mixed-layer crystals observed by
HRTEM, but they are thicker. A tentative conclusion
is that the Doln4 Ves crystals produce an “intercrystal
diffraction effect” resulting from their high ability to
build face-to-face contacts in the course of preparation
of the oriented specimens for XRD. It may be that the
large a, b dimensions of the Dolnd Ves clays (equiv-
alent radius of 120 to 160 nm as opposed to 40 to 90
nm reported by Srodon et al. (1992) for bentonites of
the same expandability range) together with the high
flexibility of these thin particles are responsible for
their unusual behavior. The closest %Sy and %Sxrp
values were obtained for sample 1603. In this sample,
the mean thickness of fundamental particles is highest
(Table 1), so the particles are more rigid and produce
less face-to-face contacts.

An opposite phenomenon, lower %Syg, for given
%Syax» described by Srodori and Elsass (1994), was

Table 2. Expandability calculations for studied samples based on TEM, HRTEM, XRD and chemical data.

XRD data TEM data HRTEM data Chemical data
Bulk rock Clay fraction
Sample %Syrp PoS1Em n %S irrEM DS N n Yo SprTEM %Spin N Fix PoSgx
Dv4 45 48 0,43 49
1617 40 100 36 21 52 90 43 15 3,1 0,46 46
2838 36 42 0,51 41
2218 29 38 127 36 11 3,6 108 40 16 3,5 0,48 44
1555 21 37 158 31 9 4,1 174 34 16 4.5 0,52 40
1602 14 26 0,56 35
1603 8 24 106 27 10 5.2 77 24 3 55 0,61 30

Key: %Sxrp = expandability measured by XRD; %S, = maximum expandability calculated from electron microscopy

data (Pt-shadowing technique); n

number of measured particles; %Syry = maximum expandability calculated from

HRTEM data; %Sy = minimum expandability calculated from HRTEM data; N = mean number of layers in mixed layer
crystals; Fix = content of fixed cations per half unit cell; and %Spx = maximum expandability calculated from Fix.
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Figure 8. Relation between %Sy, and the content of fixed
cations. Crosses represent data of Srodori et al. (1992), circles
are data from this study.

also explained as a result of particle shape. Combining
both effects, it is conceivable that by using the plot of
%0Smax Versus %Sxgp and the line representing ‘“‘nor-
mal”’ illite/smectites (§rodor’1 et al. 1992) it should be
possible to recognize ‘‘anomalous’ shapes of particles
without electron microscopy. Note that %S,,x can be
calculated from fixed cations content or from the mean
particle thickness measured by XRD. Significantly el-
evated %Sxgp for given %Sy.x should indicate ex-
tremely large, flexible particles, whereas, significantly
lower %Sxgp for given %Syax could be due to the
extremely elongated (filamentous illite) or barrel
shaped particles.
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