
GEOLOGICA CARPATHICA - SERIES CLAYS, 2, BRATISLAVA, DECEMBER 1992
55-61

APPLICATION OF HIGH RESOLUTION ELECTRON MICROSCOPY TO 
SOIL CLAY ORIGIN AND ORGANIZATION IN A TEMPERATE CLIMATE

FRANCOISE ELSASS and MICHEL ROBERT

Station de Science du Sol, INRA, F 78026 Versailles Cedex

(Manuscript received September 4,1992; accepted November 16,1992)

Abstract: Soil clay most commonly encountered in temperate regions can be defined as a complex assemblage resulting 
from combined degradation and aggradation phenomena during paleoalteration and present day weathering. High resolu­
tion and analytical electron microscopy have been used to investigate clay texture and cryslallochemistry of primary mine­
rals and their alteration by products, lllites occur under two main facies: micromica and illite stricto sensu. Micromicas of 
clay size come from the microdivision of former larger micas, involving both mechanical and chemical alteration pro­
cesses. Their composition is close to that of micas with a high К content (around 10 %). Illite stricto sensu is from se­
dimentary origin, typically barrel shaped, with 5 - 7 layers and heterogeneous in composition with a moderate К content 
(around 7 %). Mixed layer clays are also of two different types. The structural type, either ordered or semi-ordered is pro­
duced by alteration of micas. It displays an irregular opening of interlayer spaces due to the leaching of K. The textural 
type is disordered and formed by subparallel aggregation of small size units (1 - 4 layers) into quasicrystals. Clay organi­
zation appears to be closely related to the origin of the clay minerals.
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Introduction

Extended studies have been carried out by soil scientists in order 
to correlate clay content, mineralogy and soil properties. But the 
interpretations fail to explain the mechanism of evolution of clay 
minerals and predict further changes.

We know that clays can originate in soils through three differ­
ent mechanisms: a - inheritance from parent material, b - neo­
genesis/neoformation and c - transformation of pre-existing 
layer silicates. As temperate regions located in the northern part 
of Europe and the USA have relatively low precipitation and 
temperature, weathering is considered moderate and clay gene­
sis mainly governed by bisialitisation (Pedro & Siefferman 
1979). In other words 2:1 phyllosilicates are either stable in­
herited material or neoformation products, but their origin and 
the processes of evolution are still difficult to understand, since 
clear criteria are lacking.

Transmission electron microscopy (ТЕМ) has been available 
since the forties, but most studies of soil clays have been based 
on data obtained by classical methods such as X-ray diffraction 
(XRD) and wet chemistry. The interpretations are very rarely 
supported by electron microscopic data. The study of the organi­
zation at a micrometric scale of randomly oriented clay minerals 
started with embedment in resin. Primarily developed for curing 
biological samples (Spurr 1969), the embedding technique for 
hydrated samples has been used by mineralogists and clay scien­
tists and can be applied either to clay fractions, soil lumps or rock 
chips. This type of preparation can also include the fixation of 
organic components (Villemin & Tbutain 1987).

In this study, high resolution and analytical electron micro­
scopy (HRTEM and AEM) have been used to investigate in situ 
transformation processes at a nanometric scale. This method 
essentially provides pinpoint information on some genetic asso­

ciations which can be correlated to more general data obtained 
by XRD, electron diffraction, or wet chemistry. Some criteria 
based on the clay organization at the layer scale have been se­
lected to trace the evolution of 2:1 minerals from their origin 
to their present day state. The same criteria could be useful to 
describe the mechanisms of transformation and predict the 
general trends of evolution.

The soils investigated cover a large range of the most wide­
spread bedrocks present on the French territory, which are es­
sentially of acidic type, plutonic or from detritic origin. The soils 
were developed from granites or from clayey and silty sedimen­
tary rocks. Soils developed from basic bedrocks such as basalts 
were not investigated.

Methodology

Material

The sampling concerns surface horizons developed from dif­
ferent bedrocks: clayey sedimentary rocks (Ihassic to Quater­
nary formations), silty sedimentary rocks (mainly from Quater­
nary eolian deposits) and granitic rocks from the Alps and 
Central Massif. Samples come from A and В horizons of soils. 
Some arenes, coarser fractions or C horizons were also studied 
for comparison. Iwo glauconite-type illites formed in lacustrine 
environments were taken as references.

Clay fractions have been separated from coarser fractions by 
dispersion in pure water with mild mechanical agitation without 
any chemical dispersive agent. Extraction of the <2цт fraction 
was done by sedimentation after Stokes’ law at room tempera­
ture followed by centrifugation (Robert & Tfcssier 1974). The 
day pastes were randomly oriented and conserved hydrated.
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Sample preparation

An agar coating is recommended as a preliminary step before 
further treatments and permits to handle the sample with 
tweezers without deformation. The sample is dipped in 2 % agar 
around the point of solidification, usually below 40 °C. The agar 
cake constitutes a porous net around the sample and permits all 
kinds of exchanges with solutions at the same ion diffusion rate 
than in pure water. The coated sample is then put in a pF tube 
for 24 to 48 hours for equilibration at a given water potential 
(Tfessier & Pedro 1987). The agar coating preserves the sample 
fabric during rehydration, avoiding splitting and dispersion phe­
nomena which tend to happen if the cohesion forces are drasti­
cally modified during changes of osmotic and matricial poten­
tials.

The next step consists in the dehydration and impregnation of 
the sample. Dehydration is the replacement of all the water 
molecules by acetone or alcohol, and impregnation the replace­
ment of the dehydrating agent by resin. In order to ensure rapid 
and complete substitution, the sample volume should be of the 
minimum size required for further microscopic study, i.e. 1 mm, 
and the agar coating reduced to a thin shell. As a consequence, 
the resin penetrates all interlayer spaces of swelling minerals as 
well as the intra-aggregate microporosity and the inter-aggre­
gate macroporosity. The impregnated sample is then embedded 
in a block of resin.

After polymerization of the resin, the sample is sliced in ultra- 
thin sections in a REICHER ULTRACUTE microtome; the 
maximum acceptable thickness for HRTEM is 50 nm.

High resolution and analytical electron microscopy

HRTEM and AEM data were obtained in a PHILIPS EM 
420 microscope equipped with a LINK AN 10000 microana­
lyser. The device permits the acquisition of HRTEM and AEM 
data sequentially on the same area of interest, that is on indivi­
dual particles or domains of 0.1 to a few micrometers.

One dimensional HRTEM has been performed, selecting 
(001) reflections and bright field lattice fringes at 120 kV and a 
40 pm aperture eliminating lattice periodicities smaller than 
0.35 nm. In the proper orientation, electron diffraction patterns 
display symmetric dots of equal intensity along the (001) row 
while the lattice fringes of silicate layers parallel to the optical 
axis of the microscope show a maximum of contrast.

Photographs have been taken in underfocus conditions, the 
optimal defocus being determined between 100 and 150 nm in 
order to visualize both 1.0 and 1.4 nm periodicities simulta­
neously with a favorable transfer efficiency in the microscope. 
Zero focus is obtained on the carbon support.

The thickness and number of interlayers inside sets of strictly 
parallel lattice fringes can be measured with a 10 % relative error 
on negatives using a binocular with a micrometric scale. Stacking

Fig. 1. Micromica in coarse fraction of silt from Ménard (France). A - detail of bands in a 10pm grain; В - clay particles in a process of microdivision.
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periodicity is calculated from measures made between two in­
tensity maxima corresponding to the center of layers. After im­
pregnation with resin as described above, swelling interlayers of 
smectite type will be filled with one sheet of resin and display 
1.36 nm periodicity of layers against 1.0 nm for collapsed inter­
layers ( Srodort et al. 1990, 1992).

Elemental composition of individual particles or domains 
were obtained by X-ray analysis using an energy dispersive sys­
tem (EDS) with a windowless Si/Li detector. The analyses were 
performed in transmission mode and convergent beam, using 
two criteria for minimizing irradiation damages, i.e. ion mobility 
and mass loss. The spot size was adapted to the selected area 
and the beam intensity reduced to the value required to get a 
count rate not exceeding 1000 counts/sec., which combined with 
an acquisition time of 100 sec. gives the minimum counting sta­
tistics corresponding to an acceptable relative error of 10 % for 
major elements.

Results

In all types of surface formations, the mineralogy of the clay 
fraction can be depicted as a mixture in variable amounts of the 
three main types of phyllosilicates: kaolinites, 2:1 non-swelling 
minerals and 2:1 swelling minerals.

Kaolinites

Kaolinites are widespread in soils formed on sedimentary 
rocks. They are abundant in Tfertiary sediments (flint clays or 
ancient alluvia) as inherited weathering products formed under 
a tropical climate. Unlike reference kaolinites described in lite­
rature which exhibit typical platey and well developed rigid mor­
phologies with hexagonal boundaries, they generally are of small 
size of about 100 nm in diameter with smoothed edges and wavy 
sections of 2 to 10 layers. They always contain traces of Na or К 
as impurities (Robert et al. 1991a).

In recent formations such as arenes developed from crystal­
line rocks they may form micrometric aggregates of small crys­
tals resulting from the microdivision of larger particles also con­
taining traces of Na and K. On recent weathering we can often 
notice the formation of halloysite and not of kaolinite.

Non-swelling 2 :1 phyllosilicates

Non-swelling 2:1 phyllosilicates present a large suite of mor­
phologies and chemical compositions. They can be classified into 
two groups (Robert et al. 1991a) with respect to their crystal- 
lochemical properties: micromicas and illites stricto sensu 
(AIPEA Nomenclature Comitee report, Bailey et al. 1984).

Micromicas: From the point of view of crystallochemistry, 
micromicas present in the studied samples are most of time dioc- 
tahedral (muscovite type) more rarely trioctahedral (biotite 
type), but always with a high K# content (around 10 %). 
Micromicas are abundant in the coarse clay fraction of soils de­
veloped from granitic rocks and in soils developed from silty 
rock, as well preserved particles with large coherent electron 
scattering domains of up to 100 parallel layers. They usually 
display bands of 12 to 20 layers which may be interpreted as 
primary zonation or growing defects (Fig. la). Micromicas also 
occur as smaller particles of 12 to 20 layers, distributed within 
an amorphous mineral groundmass (Fig. lb). These may orig­
inate from the disaggregation of the larger banded micromicas.

Micromicas are also found in lower amount in soils developed 
from sedimentary rock as particles of less than 1 pm in diameter, 
with very sharp edges and a thickness of at least 10 layers. They 
often display surface indentation and channels across the par­
ticles which can be interpreted as dissolution features (Fig. 2a). 
Such features are widespread in soils derived from alluvium of 
acidic composition.

Illites stricto sensu: The chemical composition of illites pre­
sent in the samples varies from one sample to another and within 
one sample, particles have different compositions. The mean 
K2O content is around 7.5 %. Such illites occur in almost all soils 
developed from sedimentary rocks. They are of less than 0.5 pm 
in diameter, most of the time less than 0.1 pm, with a small 
number of layers usually not exceeding 5 layers in coherent do­
mains. HRTEM pictures of perpendicular sections of these par­
ticles reveal a considerable density of stacking faults of corner 
type and/or random shift or rotation defects in the stacking di­
rection (Fig. 2b). The barrel shape is another typical feature. 
This shape does not permit coherent stacking of several particles 
either by face to face or edge to edge grouping. These illites 
stricto sensu are abundant in Keuper formations and more re­
cent lacustrine or marine sediments of Upper Tfertiary or Qua­
ternary age.

Their barrel shape morphology is similar to those of illites 
from lake sediments like the illites from Le Puy (France) and 
Muloorina (Australia) (Fig. 2c). The chemical composition of 
these lake illites (Duplay 1988; Norrish & Pickering 1983) com­
pares well with illitic chemistry as determined by Weaver & Pol­
lard (1975) and Caillere et al. (1982). As the illites found in soils, 
they have a high amount of stacking faults. These illites were 
determined for many years as lMd polytype by XRD, meaning 
random disorder in the stacking direction. The lack of parallel­
ism induced by stacking faults of corner type corresponds to 
what used to be called ’’poor crystallinity”.

Swelling 2:1 phyllosilicates

Mixed layer 2:1 clay minerals containing illitic non swelling 
interlayers (I type) and smectitic swelling interlayers (S type) can 
be observed in all types of soils. They can be classified into two 
groups: structural mixed layer clay and textural mixed layer clay 
according to their stacking mode.

Mixed layer clays of the structural type (interstratifled stricto 
sensu) are mainly found in the coarse clay fraction of soils de­
veloped from granitic rock. This structural type has been defined 
by Robert et al. (1991a) when the three dimensional order of 
the particles seems to be preserved through the transformation 
process. The alteration of 10 A minerals induces the opening of 
some interlayer spaces, starting at one edge of the particle, pro­
gressing laterally and leading to mixed layer crystals of Mac 
Ewan type (Fig. 3a). The sequences of layers in the crystals are 
either ordered with regular alternance of I and S interlayers (R 1 
type or rectorite type) or semi-ordered with random sequences 
of I and S interlayers, S type interlayers being always surrounded 
by two I. In both cases the layers are strictly parallel over large 
distances and in all directions. At this stage it is not possible to 
distinguish between low charge vermiculite and smectite inter­
layers. The three dimensional order is considered to be 
preserved when the sixfold symmetry of the (hkO) diffraction 
patterns testify to coherent orientation of illitic domains with 
respect to a and b axes. With this approach, n60° or nl20° ro­
tational defects as well as +/- b/3 translational defects will not 
be detected.
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In the same samples, loose particles of illite are also observed 
(Fig. 3b). They have a facies similar to the illitic domains con­
tained in the mixed layer particles, and may origininate from the 
disaggregation of these larger particles. Such loose particles 
have been found in acid brown or podzolic soils on granite. In 
the coarse fraction, the bilayers represent the last step of physical 
breakdown. In the fine fraction, thin illite coexists with mono- 
layers apparently released by larger particles. Thus smectite 
could be produced by extreme physical breakdown.

In acid conditions (in the case of granites or even some de­
graded luvisols on eolian deposits) opening of micas give 1.4 nm 
which can be interpreted as Al-hydroxy vermiculites.

Mixed layer clays of the textural type are common in se­
dimentary rock soils (Robert et al. 1991) and also widespread in 
silty rock soils (Fig. 3c). Coagulation of thin illites of 2 to 5 layers 
gives rise to mixed layered coherent domains when the stacking 
of crystallites is strictly parallel to the (a, b) plane. Such particles 
can include monolayers of smectite, thus containing several con­
secutive S interlayers (which never happens in the structural 
type). Even if coalescence along the stacking direction can be 
obtained in rather thick domains, mixed layer particles rarely 
exceed 10 layers. The lateral extent of the parallel domains is 
very reduced, especially in sedimentary rock soils where it con­
cerns less than 0.2 цт illites which are only partially overlapping.

Microdiffraction patterns of such kind of mixed layer particles 
along the c* axis correspond to a 10 Ä lattice. Microdiffraction 
patterns in the (a, b) plane are of polycrystalline type and suggest 
a turbostratic stacking mode of illites inside the particles. More­

over we can observe that the interlayer spacings of S type appear 
most often irregular on HRTEM pictures, not constantly corre­
sponding to 1.36 nm as expected, even when tracing along the 
same interlayer inside a particle.

Discussion

Illite is a general term for non-swelling 2:1 minerals of clay 
size, usually identified by their basal reflexions in XRD patterns. 
As these minerals generally occur in soils as a mixture with 
diverse fine grained minerals, precise chemical composition and 
detailed identification of their unit cell polytypism are difficult 
to accomplish by classical global methods.

Several authors have pointed out the difference between 
micromicas and sedimentary illites (Gabis 1963 ; Porrenga 
1968). HRTEM and AEM observations seem to confirm this 
distinction and bring new clues about the genetic origin of the 
two main species.

Micromicas present in clay fractions of soils may be con­
sidered as chips produced by the physical breakdown of bigger 
micaceous particles. As a matter of fact, micas formed under 
high temperature (T) and/or pressure (P) conditions such as 
those prevailing in plutonic rock crystallization, deep diagenesis 
or metamorphism will be submitted to destabilization factors 
when put in low PAT and oxidizing environment. Thus they will 
be highly sensitive to surface weathering, leaching and acidity 
(Ross et al. 1982; Ŕighi & Meunier 1991).

Fig. 2. Micromica and illites in sedimentary rocks.
A - dissolution features in micromica from Thianges (France); В - illite from Thianges displaying a lot of staking faults; C - lake illite from 
Muloorina (Australia).
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Fig. 3. Mixed layer clays.
A - structural type in a soil developed from granite in Central Massif (France); В - in the same sample, disaggregation in loose bilayered illites; 
C - textural type in a clayey soil developed from sedimentary rock in Thianges (France).
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Leaching of К leads to swelling of interlayers and producing 
of S interlayers that can be observed by HRTEM. The so-called 
structural mixed layer minerals are of ordered or disordered 
type along the c* axis and ordered or semi-ordered in the (a,b) 
plane. Such structural mixed layer particles remain stable 
through very dispersive preparation methods (Righi & Jadault 
1988). They correspond to MacEwan crystals in the sense of 
Altaner & Bethke (1988). The release of individual units from 
larger mixed layer particles could originate by mechanical scaling 
or when the layer charge has been sufficentty lowered by К leach­
ing to allow infinite swelling (Robert & Barshad 1972). When 
infinite swelling can be reached after Na saturation and in very 
dilute suspensions, illite units will behave as fundamental par­
ticles in the sense of Nadeau (1984)

Illite stricto sertsu is widespread in clayey soils. Their barrel 
shape might be mistaken for eroded clastic micromicas, but, 
unlike micromicas, they display abundant stacking defects of 
corner type. Determination of the polytypism (Sakharov et al. 
1990) describes these minerals as belonging to the glauconite 
type, which can be either ferric or aluminous. They contain a 
variable amount of randomly distributed n60° rotational stack­
ing defects and no expandable layers. The authors suggest that 
these minerals were formed, regardless of the age and type of 
the rocks, according to one and the same mechanism, which is 
probably a solid phase transformation of smectite. When a high 
content of stacking defects can be observed by HRTEM in the 
cross sections of some of these minerals, it speaks in favor of a 
solid state transformation, i.e. the coagulation of smectitic layers 
of irregular shape and size followed by aggradation with К fixa­
tion. But some glauconitic illites have well-defined shapes and 
straight edges and are therefore unlikely to have formed from 
transformed smectite.

Geothermometry deduced from the poles contribution to the 
solid solution (Duplay 1988) indicates for illite from Le Puy a 
poor correlation with 25 and 200 °C models, so the temperature 
of formation should be intermediate. As a comparison, the best 
correlation for glauconite from Odin is obtained for 25 °C. So 
the illite from Le Puy is apparently formed from smectite which 
has undergone a diagenetic evolution.

Ifextural mixed layering appears to be built up by the aggrega­
tion of small particles of highly various size, shape and compo­
sition. Coagulation mainly occurs in a stepwise manner and is 
not coherent over long distances so that XRD gives no clear 
evidence of interstratification. Particles made by such type of 
aggregation would be better described as quasicrystals in the 
sense of Aylmore & Quirk (1971) and Tfessier (1991). As the 
surfaces in contact are very limited and the S interlayers are 
uneven, the quasicrystals will have a poor cohesion under dis­
persive conditions.

In soils, the matrix is a continuous solid phase made of clay 
minerals organized in a porous network. In the case of textural 
mixed layering, the matrix network can be very loose and display 
unexpectedly high swelling properties even when no smectite 
stricto sensu is present.

Conclusion

High resolution electron microscopy (HRTEM) and analyti­
cal electron microscopy (AEM) show that whereas the global 
clay content and crystallochemistry of phyllosilicates is relatively 
stable within the horizons of soils of temperate regions, the clay 
organization is very diverse and strongly dependant on para­

meters such as crystallochemistry, shape and size, related to the 
genesis of the clay.

Such studies about clay genesis must take into account the 
whole chain of events starting from the origin with the type of 
parent material (acidic or mafic) and P/Г forming conditions. 
Most of the bedrocks are reworked deposits in which clay mine­
rals are essentially inherited 2:1 minerals formed or trans­
formed by paleoweathering (clays, silts, sands or limestones). 
These minerals might have undergone several cycles of severe 
alteration by mechanical agents (transport, glaciations, burial) 
and/or chemical agents (leaching, acidity). The last event in the 
alteration sequence is the present day weathering, which is con­
sidered moderate. As concluded in most studies concerning 
mineralogical evolution in soils, no striking differences in the 
mineralogy between fine and coarse clay fractions or between 
different horizons reveal any strong present day weathering 
(Jamagne et al. 1984). Reactions such as cation exchange, diffu­
sion and oxido-reduction are preponderant and 2:1 minerals 
undergo a solid state transformation (Robert & Tfessier 1991).

The main process governing mineralogical genesis which can 
be observed by HRTEM involves inheritance followed by 
microdivision and opening of interlayers until pervasive physical 
breakdown is achieved, leading to bilayered illites of rectorite 
type and even to monolayers of smectite type. Neogenesis after 
dissolution, due to present day weathering, could be evidenced 
in soils by HRTEM only in the absence of paleoalteration, that 
is rankers (or saprolites) developed from plutonic or eruptive 
rocks (Romero et al. 1991).

The clay organization, pore size distribution and rheological 
properties will be determined essentially by the geometry of the 
particles, and the way of aggregation to build up the clay fabric. The 
geometry, shape, size and curvature are linked to the mineralogy 
and more precisely to the stage of physical breakdown. The clay 
layer extension and particle thickness decrease with increasing 
weathering. No marked global change in the mineralogical compo­
sition will be detected by XRD, but this geometric evolution will 
correspond to a completely different organization.

This study focused on 2:1 primary phyllosilicates as being the 
main source for 2:1 clay minerals. Feldspars are either relatively 
stable or transformed into 1:1 clay minerals when not sub­
jected to complete dissolution. Chlorite was not found in suffi­
cient amounts or was already too much altered to permit clear 
observations of its alteration process in such types of clay genesis 
and weathering conditions.

In the samples studied, soil clay composition is dominated by 
transformed inherited 2:1 minerals under the moderate 
weathering conditions of temperate regions. Evolution of 2 :1 
minerals is expected to be still reduced from a chemical point of 
view in arid or semi-arid areas, whereas it will lead to much more 
drastic and irreversible changes in equatorial or subtropical 
areas which are controlled by monosialitisation processes.
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