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Ultrafine particles of North Sea illite/smectite clay minerals
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ABSTRACT

We have applied scanning tunneling microscopy (STM) and atomic force microscopy
(AFM) to study particle shape and thickness in illite/smectite (I/S) from the North Sea
Jurassic oil source rocks. We demonstrate that STM can be used on our I/S particles,
despite their poor conductivity, if they are ultrathin (~10 A) and, furthermore, that de-
tailed surface topography of our I/S particles can be mapped by STM and AFM and even
at the atomic resolution level by AFM. The accurate thickness measurements show that
our material contains lath-shaped particles 10 A thick, which are elementary smectite
particles according to the fundamental particle concept but can be both smectite and mica
(illite) according to the AIPEA classification. Surface adsorbed layers, probably of H,0,
can be seen in STM images of I/S particles that previously were cleaned for organic
compounds and iron and aluminum oxides. On I/S particles, STM and AFM give data
that hitherto have not been obtained by other methods and that provide insight into clay

mineral diagenetic processes and into adsorption on clay mineral surfaces.

INTRODUCTION

Mixed-layer illite/smectite (I/S) is one of the most
abundant clay minerals in nature (Weaver, 1988), and the
increase in the proportion of illite layers in I/S during
sediment diagenesis, especially during oil formation in oil
field source rocks, has been extensively studied (Perry
and Hower, 1970; Hower et al., 1976; Foscolos et al.,
1976; Bruce, 1984; Glasmann et al., 1989). Until now,
thicknesses of I/S particles have been calculated predom-
inantly from the length of their shadow cast at a low angle
in Pt-shadowed specimens for transmission electron mi-
croscopy (TEM). Thickness data thus obtained led to the
fundamental particle concept for the structure of I/S (Na-
deau et al., 1984) and to the development of a smectite
dissolution—illite crystallization model for formation of
illite layers in I/S (Nadeau et al., 1985). TEM thickness
measurements have also been used to distinguish be-
tween particles of smectite (10 A thick) and illite (20 A
thick or more) (Glasmann et al., 1989). However, the low
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accuracy (+4 A at a shadowing angle of 10°, Nadeau et
al., 1987) of particle thickness measurements in shad-
owed TEM specimens limits the significance of these data.

Previously, we have investigated about 50 samples of
Upper Jurassic shale from oil wells in the Danish and
Norwegian concession areas by X-ray diffraction (XRD),
high resolution transmission electron microscopy
(HRTEM), and TEM (Hansen and Lindgreen, 1989). In
the present paper, we report STM and AFM investiga-
tions on two of these samples, from a depth of 3365 m
in well 2/7-3 in the Eldfisk Field and from a depth of
4548 m in well 2/11-1 in the Valhall Field, both in the
Ekofisk Field complex. Upper Jurassic shales are the most
important source rocks for the North Sea oil (Barnard
and Cooper, 1981), and I/S is present in large amounts
in these rocks.

STRUCTURE MODELS FOR ILLITE/SMECTITE

Mixed-layer 1/S is assumed by the Markov theory to
consist of thick (5-15 layers of 10 A thickness) MacEwan
particles with smectite and illite layers (Reynolds, 1984)
and by the fundamental particle theory (Nadeau et al.,
1984) to consist of thin particles (elementary smectite
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particles 10 A thick and illite particles 20 A and thicker,
Nadeau et al., 1984, 1985). In such a mixture of funda-
mental particles, I/S XRD patterns should result from
interparticle diffraction (Nadeau et al., 1984): smectite
XRD spacings result from one smectite layer 10 A thick
plus one interparticle spacing or one particle-terminating
illite layer (10 A) plus one interparticle spacing, whereas
the illite XRD spacings result from illite layers 10 A thick
(Nadeau et al., 1984). The Markov theory for I/S was
based on XRD of thick specimens prepared from dis-
persed I/S, whereas the fundamental particle theory was
based on XRD in combination with particle thickness
measurements by TEM on shadowed specimens also pre-
pared from dispersed I/S. Later, HRTEM has shown that,
in intact bulk rock, I/S is present as MacEwan particles
(Ahn and Peacor, 1986; Hansen and Lindgreen, 1987,
1989; Ahn and Buseck, 1990; Lindgreen and Hansen,
1991) and that the dispersion procedures are responsible
for the formation of the thin, fundamental particles seen
by TEM in dispersed 1/S.

MINERALOGICAL DATA FOR THE INVESTIGATED
ILLITE/SMECTITE

Comparison of experimental XRD patterns and those
obtained by computer simulation by the Newmod pro-
gram of R. C. Reynolds showed that the I/S from well
2/7-3 (3365 m) contains 60% smectite layers and is RO
ordered and that the I/S from well 2/11-1 (4548 m) con-
tains 15% smectite layers and is IS ordered (Lindgreen
and Hansen, 1991). (RO ordering means that illite and
smectite layers in I/S are randomly distributed, whereas
IS ordering means that a layer of the minor component
is always followed by at least one layer of the major com-
ponent in the I/S sequence of layers.) Particle thicknesses
were calculated from TEM micrographs of shadowed 1/S
from the lengths of the shadows. 1/S particles from well
2/7-3 (3365 m) are largely 10 A thick (70%) and 20 A
thick (20%), and I/S particles from well 2/11-1 (4548 m)
are about equally (~20%) 20, 30, 40, 50, and 60 A thick
(Lindgreen and Hansen, 1991).

Lath-shaped particles are abundant in the I/S from well
2/7-3 (3365 m), and their thicknesses are, from the TEM
measurements, predominantly 10 A. These particles are
thus elementary smectite particles according to the fun-
damental particle concept (Nadeau et al., 1984). Lath-
shaped smectite particles were present in large propor-
tions in Upper Jurassic sediments in the Atlantic Ocean
(Holtzapffel and Chamley, 1986) and have probably
formed by dissolution and crystallization in the sedi-
ments (Holtzapffel and Chamley, 1986). However, ac-
curate thicknesses of the lath-shaped particles have so far
not been determined.

EXPERIMENTAL DATA

The AFM (Binnig et al., 1986) gives topographic im-
ages by scanning a sharp tip over a surface (Hansma et
al., 1988) and has been used to produce atomic resolution
images of both conductors (Binnig et al., 1987) and non-
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conductors (Albrecht and Quate, 1987; Drake et al., 1989).
The STM records electron tunneling between a sharp
metal tip and a conducting surface and thereby gives in-
formation on the electronic and geometrical structure of
semiconductor and metal surfaces (Binnig and Rohrer,
1986; Hansma and Tersoff, 1987). We have used the su-
perior resolving power of STM and AFM to investigate
I/S. The use of STM should seem impossible since clay
minerals are in general poor conductors. We were, how-
ever, able to obtain tunneling conditions during investi-
gation of isolated, very thin (10 A-30 A) I/S particles on
freshly cleaved HOPG (highly oriented pyrolytic graph-
ite). Although the exact mechanism is not well under-
stood, tunneling through thin insulating objects has pre-
viously been observed and utilized in several cases, mainly
in the field of biology (Hansma et al., 1988; Engel, 1991).
In mica crystals, electrical conduction can take place by
polaron hopping between Fe’* sites in mica crystals, and
conductivity measurements on mica have to be carried
out on samples > 50 A thick to prevent tunneling between
electrodes (Meunier et al., 1983). This agrees with our
finding of tunneling in ultrathin particles of I/S from well
2/7-3, 3365 m, which has a total Fe content of 5.9%
Fe,0, and a Fe>*/Fe** ratio of 0.25 (Lindgreen et al., 1991).

Our samples were cleaned of organic matter and iron
and aluminum oxide coatings, and after dispersion, 1/S
was isolated by centrifugation (Hansen and Lindgreen,
1989).

The specimens with isolated particles were obtained by
leaving a drop of 0.2 mg Na*-saturated 1/S in 1 mL dis-
tilled H,O to dry on a mineral surface, on HOPG for
STM, and on freshly cleaved mica for AFM. This low
concentration of I/S is essential for achieving high reso-
lution images. For STM, we have taken advantage of a
new high-stability, fully automated Tunnelscope 2400
from Struers (Lzgsgaard et al., 1989). The experiments
were performed in ambient air with electrochemically
etched Pt-Ir tips. The sample bias was —181 mV and the
tunneling current 0.5 nA. The dimensions of the images
were calibrated from the atomic structure of the graphite
(Legsgaard et al., 1989), which was clearly resolved at all
sides of the clay particles. The substrate was scanned ex-
tensively to rule out any confusion with surface defects
that have quite a different character. For AFM, we used
a Nanoscope II Force microscope from Digital Instru-
ments (Santa Barbara, California) that was calibrated with
the mica lattice. It worked routinely and was ideally suit-
ed to those measurements.

PARTICLE THICKNESSES

The particle thicknesses calculated from shadow lengths
in TEM photos and used so far (Glasmann et al., 1989;
Nadeau et al., 1984, 1985; Eberl et al., 1987) are only
accurate within +4 A (Nadeau et al., 1987) at most, and
it may be difficult to detect them if the particles are lying
flat on the surface or rest on other particles. Particles can,
however, be scanned accurately by STM and AFM. The
thickness plots in Figures 1 and 2 show that the lath-



Fig. 1. Scanning tunneling microscope image of lath-shaped
particle in illite/smectite from well 2/7-3 (3365 m), with profile
of the particle along the line shown in the top view. The particle
is a single layer of 10 A thick, probably a smectite particle.

shaped particles are 10 A thick. The accuracy of thickness
measurements on poorly conducting material cannot be
determined from the accuracy obtained from the con-
ducting graphite support. The thickness of 10 A for part
of the particle in Figure 2 (profile a) corresponds well to
the thickness of a 2:1 silicate layer (9.3-9.5 A) and 4(001)
of muscovite of 10.0-10.3 A (Bailey, 1984). The accurate
STM data therefore confirm the data from shadowed TEM
pictures, i.e., the lath-shaped particles in our samples are
elementary smectite particles according to the fundamen-
tal particle concept (Nadeau et al., 1984). The fundamen-
tal particle concept (Nadeau et al., 1984) used the term
illite and used the thickness of particles as a classification
criteria, whereas the AIPEA classification (Bailey, 1980)
used the term mica and used the amount of charge in the
layers as a classification criteria, mica having a charge of
—1.0 per O,,(OH), and smectite a charge of —0.2 to —0.6
per O,,(OH), (Bailey, 1980). Because of their high charge,
mica (or illite) layers should be able to dehydrate and fix
K between layers (Eberl, 1986) to form 20 A or thicker
particles. Smectite layers should, because of their lower
charge, be able to remain single layered in dispersed I/S.
We cannot, however, exclude the possibility that single
layers of mica (after the AIPEA classification) exist and
that some of the 10 A particles in Figures 1 and 2 and in
previous investigations (Nadeau et al., 1984, 1985) are
mica (or illite, if that term is used).

SURFACE CHARACTERIZATION

The particle in Figure 1 has steps of approximately 4
A on the surface. Na*-saturated smectite has, from XRD
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Fig. 2. Scanning tunneling microscope image of lath-shaped
particle in illite/smectite from well 2/7-3 (3365 m),with profiles
of the particle along lines a and b. The particle consists of a
single layer 10 A thick (probably smectite) partially superim-
posed by minor layers of variable thickness, which may be ad-
sorbed H,0.

determinations of basal spacings, one layer (~2.5 A thick)
of H,O molecules at relative humidities of 0.1-0.5, one
to two layers at 0.5-0.7, and two layers (~5 A thick) at
0.5-0.9 relative humidity (Glaeser and Méring, 1968). In
our STM laboratory, the humidity was ~0.7. The steps
on the particle in Figure 1 may therefore well be H,O
adsorbed around the Na+ cations. The particle in Figure
2 has irregularly shaped surface coatings. These cannot
be organic matter or oxides of Fe or Al, as these have
been removed by chemical pretreatment, but may be one
or more layers of adsorbed H,O. Part of the particle has
an even surface corresponding to 10 A particle thickness,
the thickness of the 2:1 clay mineral layer, and thus has
not adsorbed H,O. Adsorption (or eventually fixation) of
cations and H,O molecules on clay surfaces results from
the negative layer charge arising from substitutions in the
2:1 layer. If the surface coatings are adsorbed H,O then
the particle in Figure 1 could well have an even distri-
bution of charge, whereas the particle in Figure 2 has an
uneven distribution of charge. Previous data for H,O ad-
sorption on layer silicates (Glaeser and Méring, 1968) are
average values per layer, and STM provides the possibil-
ity for new insight in H,O adsorption and its localization
on single sheet surfaces of clay minerals.

The insulating properties of clay minerals do not per-
mit STM to be used on thicker particles, but these can
be examined by atomic force microscopy (Figs. 3 and 4).
A particle ~70 A thick from the I/S in well 2/11-1 (4548
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Fig. 3.
illite/smectite from well 2/11-1 (4548 m). The image shows a
thick particle with an area of ~0.05 um2 (b) Profile of the par-
ticle in a along the line shown in the top view. The particle is
~70 A high and has one step markers of ~10 A on the top.

(a) Atomic force microscope image of a particle from

m) is shown in Figure 3. A 10 A step is, from the profile,
present on the surface. The picture in Figure 4 shows
high-resolution AFM of the surface of the particle in Fig-
ure 3. Recently, AFM resolution at unit-cell level on stan-
dard illite and smectite minerals was achieved (Hartman
et al,, 1990). A Fourier transform of the raw data in Fig-
ure 4a showed two lattice spacings of 4.5 and 2.6 A, with
a relative angle of 30°. The 5.2 A distance between large
minima in Figure 4 corresponds to the unit-cell resolu-
tion of 5 A seen before (Hartman et al., 1990), whereas
the 2.6 A period corresponds to the O-O distance in the
O hexagons of the tetrahedral sheet. Highly resolved STM
images of thin particles also revealed 5 and 2.6 A periods.
The contours on the surface (Fig. 4) could thus represent
the hexagonal O surface of the tetrahedral sheet of the
2:1 layer if some tetrahedra were tilted slightly to bring
some O atoms slightly out of the plane. Figure 4 would
then be the first atomic resolution image of a silicate sur-
face. According to the image, however, the hexagonal holes
are empty. This suggests that the scanning tip pushes in-
terlayer cations out of the holes. This could easily happen
for the adsorbed, hydrated cations (in our samples Naj)
but is less likely for fixed, dehydrated cations (K* or
NHy). Fixed, dehydrated K* or NH; may, however, not
be present in this top tetrahedral sheet. An alternative
explanation for the contours in Figure 4 is that the con-
tours represent the H,O layers adsorbed on the clay min-
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Fig. 4. Atomic force microscope image of the surface of the
particle in Figure 3. (a) Raw data (except for slight low-pass
filtering during data acquisition). (b) Processed data obtained by
unit-cell averaging over more than 50 unit cells. The inserted
model shows the arrangement of O atoms on the surface of the
tetrahedral sheet. The scan area is 2.6 x 2.6 nm.

eral surface. Both the recent investigation (Hartman et
al., 1990) and our experiments were carried out at rela-
tive humidities at 50-80%, where 1-2 layers of H,O are
adsorbed on clay mineral surfaces. It has been suggested
that the silicate surface acts as a template for the adsorbed
H,0 molecules (Davidtz and Low, 1970; Ravina and Low,
1972, 1977). The raw data in Figure 4a show rather ir-
regular contours, as such a layer adsorbed on the silicate
surface should have. We believe that the image in Figure
4 shows the O hexagons of the surface of the tetrahedral
sheet but cannot exclude that it is an image of the surface
of the first or second layers of adsorbed H,O.

CONCLUSIONS

We conclude that STM and AFM has given accurate
three-dimensional data for ultrafine clay particles and that
AFM has provided information about the structure of the
surface of the 2:1 layer. In the future, AFM and STM can
be used to study the atomic structure of clay minerals
and the adsorption of molecules on their surfaces.
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