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Montmorillonite: Electron-Optical Observations 

Abstract. Fine-grained micas are consistent impurities in Camp-Berteaux (Mo- 
rocco) and Wyoming montmorillonites. These micas give selected-area electron 
difjraction spot patterns with triclinic, monoclinic, and hexagonal symmetries 
simlilar to those reported previously for montmorillonites. Camp-Berteaux mont- 
morillonite appears as folded and flexible polycrystalline aggregates with pro- 
nounced texturing along the [02], [11], and [11] directions. Wyoming montmno- 
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rillonite displays better crystallinity and 
is no longer truly "turbostratic." 

Montmorillonite is the principal 
mineral in bentonites, and therefore it 
is the most common smectite in nature. 
Because of its unusual physical prop- 
erties, this mineral has a wide range 
of technical applications in fluids used 
in drilling oil wells, in the ferrous metal 
industry, in paper and pharmaceu- 
tical products, and so forth. These 
unusual properties of the mineral are 
related to its crystal structure, mor- 
phology, and particle size. A combina- 
tion of a transmission electron image 
with a selected area electron diffraction 
(SAD) pattern provides probably the 
most effective means for studying the 
structure and morphology of this min- 
eral. Extensive investigations along this 
line were carried out by Mering and 
Oberlin (1), who made excellent con- 
tributions to our understanding of this 
subject. They believed that they had 
obtained SAD patterns from single 
montmorillonite layers. Recently, SAD 
patterns were also published for single 
montmorillonite layers by Roberson 
and Towe (2). The investigators men- 
tioned above, however, had no micro- 
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larger crystallite size, and its structure 

graphs of the single montmorillonite 
layers giving rise to these diffraction 
patterns. 

The symmetry determinations on 
montmorillonite single crystals by vari- 
ous investigators were not quite in 
agreement, although samples from the 
same type localities were studied. Spe- 
cifically, Mering and Oberlin (1) pro- 
posed the space group C2 for the 
Wyoming montmorillonite, whereas 
others suggested triclinic (2) and hexa- 
gonal (3) symmetry for it. A similar 
situation exists for the Camp-Berteaux 
montmorillonite from Morocco. 

I have carried out extensive electron- 
optical investigations on a large number 
of bentonites (4). Some of the results, 
which are summarized in this report, 
may provide an explanation for the 
discrepancy between the reports of 
other investigators. Observations on 
montmorillonites from two type locali- 
ties, Camp-Berteaux and Wyoming, are 
discussed here. 

The fractions of the samples less 
than 2 /tm in equivalent spherical di- 
ameter were separated by centrifugation 
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Fig. 1. Micas in a Camp-Berteaux montmorillonite sample with their superimposed 
SAD patterns: (a) mica flake displaying the plane point group 2 pattern, hence tri- 
clinic symmetry; (b) mica flake displaying hexagonal symmetry. 

Fig. 1. Micas in a Camp-Berteaux montmorillonite sample with their superimposed 
SAD patterns: (a) mica flake displaying the plane point group 2 pattern, hence tri- 
clinic symmetry; (b) mica flake displaying hexagonal symmetry. 
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and a drop of the suspension so ob- 
tained was diluted to a concentration 
of a few parts per million in a mixture 
(700: 1) of distilled water and tertiary 
butylamine (5). A drop of this dilute 

suspension was dried on a Formvar 
film and the grid was coated with gold 
at a shadowing angle of about 26?. 
This angle provides a simple 2: 1 ratio 
between the length of the shadow and 
the thickness of the particle. Shadowing 
with gold gives an excellent contrast to 
electron images so that very thin flakes 

may be identified by their white rims. 

Otherwise, these particles are practically 
invisible and one cannot see the flake 

giving rise to the diffraction pattern. 
Samples were also saturated with so- 
dium in case the mineral was not a 
sodium clay in its natural state. A JEM- 
7 electron microscope (Japan Electron 
Optics Laboratory Co.), equipped with 
a completely variable field-limiting 
aperture, was operated at 80 kv and 
the following observations were made. 

In the fraction of the Camp-Berteaux 
montmorillonite smaller than 2 ,tm there 
are minor amounts of mica flakes which 
escape observation by x-ray diffraction. 
But these micas frequently come under 
the electron beam and SAD then gives 
excellent spot patterns. Such a mica 
flake, with the SAD pattern superim- 
posed on the image, is shown in Fig. la. 
The SAD pattern has strictly the sym- 
metry of plane point group 2, indicating 
a triclinic symmetry with the possible 
space groups C1 or Cl. A similar SAD 
pattern was published by Roberson and 
Towe (2) for Camp-Berteaux montmo- 
rillonite. They assumed, however, that 
the fine fraction of the sample was pure 
montmorillonite and, therefore, as- 
signed the diffraction pattern to a single 
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Fig. 2. (a) Typical montmorillonite par- 
ticles in a Wyoming sample: A, large ag- 
gregates; D, thin, flat flakes; and T, a 
thicker flake representing an intergrowth 
of several individuals. (b) Selected area 
diffraction pattern of particle T in (a). 
The uniform rings belong to gold and the 
spotty rings to montmorillonite; a* and 
h* are reciprocal lattice directions. 

montmorillonite layer. Since they were 
working strictly in the diffraction mode, 
they were not able to see the images 
of the particles giving rise to the dif- 
fraction pattern. Another mica flake in 
the same sample displays hexagonal 
symmetry with the plane point group 
6mm, or very close to it (Fig. lb). 
Similar micas are also present in much 
smaller sizes and in thinner flakes. 
Some of them display the point group 
2mmZI in SAD patterns, indicating a 
monoclinic symmetry. 

Typically, montmorillonite flakes in 
the Camp-Berteaux sample seem to be 
rather irregular, flexible aggregates with 
folds and curled edges. For thin mont- 
morillonite flakes the hk diffraction 

rings are broken into a series of arcs 

indicating pronounced texture along the 

[11], [02], and [11] directions. These 

patterns represent polycrystalline aggre- 
gates with fine crystallite sizes where the 

crystallites have preferred azimuthal ori- 
entations along the texture directions. 

Particles in Wyoming montmorillon- 
ite display morphological features that 
are distinctly different from those of 
the Camp-Berteaux sample. They have 

larger dimensions and form rather flat 
flakes. Irregular folding and curling of 
the particles are still present, but to a 
much lesser extent. Figure 2a shows 
three types of particles: thin, flat ones 
(D), a thicker one (T), and two larger 
folded aggregates (A). Selected area 
diffraction on thin particles (D) gives 
a spotty ring pattern. The thicker mont- 
morillonite particle (T) also gives a 

spotty ring pattern (Fig. 2b), which 
illustrates some of the complications 
with SAD on montmorillonite particles. 
The intensities for a set of spots from 
an apparent single crystal are much 

stronger than those for the other spots 
along the same diffraction ring. There 
are five distinct spots between the 02 
and 11 reflections. Nine such spots are, 
however, resolved between the 06 and 
33 reflections. The formation of distinct 
spots indicates an increase of crystallite 
size. Furthermore, the stacking of the 
elemental layers in each crystallite can 
no longer be truly turbostratic (6). 
and they may have definite orientations 
about the direction normal to the layers 
in a random sequence. The intensity 
distribution over the main spots of the 
apparent single crystal has a symmetry 
close to hexagonal for the 02, 11; 20, 
13; and 06, 33 sets of reflections. The 
04 reflection has stronger intensity than 
the 22 and 22 reflections, which re- 
duces the symmetry of the pattern to 
monoclinic. A similar SAD pattern ob- 
tained by Mering and Oberlin (1) was 
attributed to the presence of a mont- 
morillonite single layer. The electron 
transmission image of particle T (Fig. 
2a) giving rise to the SAD pattern in 
Fig. 2b shows at least three major in- 
dividual crystallites in a somewhat trig- 
onal arrangement. If these individuals 
were of equal volumes, the SAD pat- 
tern would be exactly hexagonal. Un- 
equal volumes of crystallites or a par- 
tial preferred orientation in the stacking 
sequence of elemental layers within them 
may result in monoclinic or triclinic 
symmetry on the SAD pattern. The ad- 
ditional weak spot along the rings may 
indicate the presence of several other 
smaller crystallites with random azi- 
muthal orientations. Thus, my interpre- 
tations of the electron-optical data on 
Wyoming montmorillonite do not agree 
with those of Mering and Oberlin (1). 
I fully account for the discrepancies and 
question Mering's model for montmo- 
rillonite in a more detailed report else- 
where (7). 

Although Wyoming montmorillonite 
seems to be a very suitable sample in 
which to isolate single montmorillonite 

crystals, I was not able to do so. When- 
ever I found a single crystal pattern in 
the diffraction mode, it turned out to 
be a thin mica when I took a trans- 
mission electron image. 

Note added in proof: The impurities, 
which have been identified as micas in 
this report, may be chlorite or kaolinite 
in some cases. This is irrelevant to my 
argument. It is important to realize that 
these impurities are present and they 
give the SAD patterns discussed above. 

NECIP GUVEN 

Department of Geosciences, Texas 
Tech University, Lubbock 79409 
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analysis. 
Several methods were used to com- 

pare species diversity among the sam- 
ples. In the first, individual samples 
were treated by rarefaction methodol- 
ogy (5) to reduce sample sizes to a 
common number of individuals, and 
then the Shannon-Wiener information 
function was applied to the rarefied 
samples. The information function is 
expressed as 
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Deep-Sea Species Diversity: Decreased Gastropod Diversity 
at Abyssal Depths 

Abstract. Gastropod species diversity is low on the continental shelf, high on 
the continental slope and abyssal rise, and then decreases with increasing distance 
out onto the abyssal plain. Increased diversity below the continental shelf has been 
attributed to increased environmental stability. Decreased diversity on the abyss 
may result from extremely low productivity. 
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2000 m in depth) and abyssal rise 
(about 2000 to 4000 m in depth) are 
known to support very diverse deep- 
sea benthic communities (1). But there 
has been no detailed comparative study 
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on the abyssal plain (below 4000 m), 
which is the deepest and most exten- 
sive benthic region. In this report, 
benthic gastropod diversity is analyzed 
for 24 stations situated along the Gay 
Head (Massachusetts)-Bermuda tran- 

The continental slope (about 200 to 
2000 m in depth) and abyssal rise 
(about 2000 to 4000 m in depth) are 
known to support very diverse deep- 
sea benthic communities (1). But there 
has been no detailed comparative study 
of macroinvertebrate species diversity 
on the abyssal plain (below 4000 m), 
which is the deepest and most exten- 
sive benthic region. In this report, 
benthic gastropod diversity is analyzed 
for 24 stations situated along the Gay 
Head (Massachusetts)-Bermuda tran- 

sect (2) from 70 to 4970 m in depth 
(Fig. 1). 
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which were sampled with an anchor 
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soft oozes similar in particle size (2), 
so that the faunal comparisons made are 

probably "within habitat" (4). The 
total gastropod sample from the 24 
stations comprised 136 species dis- 
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H' =- ps log p 
i= 1 

where pi is the proportion of species i 
and s is the number of species in a 
sample. The function H' is influenced 
by both the number of species in the 
sample and the evenness of their dis- 
tribution among the individuals in the 
sample. Evenness was measured as J' = 
Ht/Hmax, where Hmax log s is the 
maximum value of H', which occurs 
when all species in the sample are 
equally distributed among the individ- 
uals (6). 

The spectrum of diversity with in- 
creasing depth among the 24 samples, 
all rarefied to 68 individuals, is pre- 
sented in Fig. 2. (Sixty-eight individuals 
was the smallest number that included 
all of the sample sizes.) The pattern of 
diversity depicted in Fig. 2 obtains for 
all rarefied sample sizes between 68 
individuals and the total sample size. 
H' at 68 individuals is correlated with 
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Fig. 1 (left). Localities of samples analyzed in this study. The numbers 
refer to Woods Hole Oceanographic Institution benthic stations. Fig. 
2 (right). Spectrum of gastropod species diversity with increasing depth 
along the Gay Head-Bermuda transect. H', Shannon-Wiener information 
function; J', Pielou's measure of species evenness; and s, number of 
species. All samples have been rarefied to 68 individuals. 

1051 

Fig. 1 (left). Localities of samples analyzed in this study. The numbers 
refer to Woods Hole Oceanographic Institution benthic stations. Fig. 
2 (right). Spectrum of gastropod species diversity with increasing depth 
along the Gay Head-Bermuda transect. H', Shannon-Wiener information 
function; J', Pielou's measure of species evenness; and s, number of 
species. All samples have been rarefied to 68 individuals. 

1051 

ao0- 9 
?0 ( 

2- 
V5 * * 9 

0 0 

1.0? 

l" 

)05 

-_, _:::: I _ . . . 1 
. 

.0 . * * . 

25 . * . 

.0 .- * * . 

.0 *a 

ao0- 9 
?0 ( 

2- 
V5 * * 9 

0 0 

1.0? 

l" 

)05 

-_, _:::: I _ . . . 1 
. 

.0 . * * . 

25 . * . 

.0 .- * * . 

.0 *a 


