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Abstract— This paper aims at characterizing the morphology, texture, and microstructure of three hydrated
kaolin rich clays (f < 0.2 um) from volcanic soils. These clays represent a weathering sequence in which
CEC, halloysite content with respect to kaolinite, as well as smectite content in the halloysite-smectite
mixed-layer clays decrease with increased weathering. The clay samples were made homoionic (K* or
Mg?*) and hydrated under a low suction pressure (3.2 kPa). After replacing water by a resin, ultrathin
sections were cut and examined by TEM. Particle shape varies with increased weathering, as follows:
spheroids — tubes — platelets. Higher aggregation and dispersion are observed by TEM after Mg?* and
K* saturation, respectively, at two levels of the clay-water system organization: intraparticle and inter-
particle. The microstructure variations induced by the nature of the exchangeable cation become less
pronounced with decreasing layer charge of the 2:1 layers. They are thus related here to the presence of
smectite layers localized in the halloysite habitus, mostly at the particle periphery. These results show
that small amounts of smectite largely affect the organization of clays rich in kaolins at a high water

content, and that K* behaves here as a dispersing ion.
Key Words —Exchangeable cation, Halloysite, Interstratification, Microstructure, Smectite, TEM.

INTRODUCTION

The texture and microstructure of strongly hydrated
clay minerals vary mostly according to their CEC and
the nature of the exchangeable cation. Na* and K+
smectites at low suctions are much more hydrated, and
thus dispersed, than the same Ca?* and Mg?* saturated
clays. These hydration properties distinguish smectites
from kaolinites and illites sensu stricto (Tessier, 1984
and 1987). As far as homoionic 2:1 swelling clays are
concerned, water content and dispersion at low suc-
tions increase with decreasing layer charge, i.e., from
vermiculite to low charge smectite (Touret et al., 1990).

Morphological features and charge properties of hal-
loysite are documented in several studies recently re-
viewed by Bailey (1990), but the microstructure of hal-
loysite at low water suction potential has not yet been
fully investigated. Hydrated halloysites are widespread
in the clay fraction of soils derived from pyroclastic
materials. Under humid tropical conditions, halloy-
site-rich soils often represent a specific weathering stage
antecedent to older soils richer in anhydrous 1:1 clay
minerals of kaolinite type. The mineralogical sequence
halloysite — kaolinite generally involves a decrease in
the clay’s CEC (Quantin, 1990). This sequence is ob-
served in volcanic ash soils from Western Cameroon,
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where the high charge of halloysitic soil clays has been
related to the presence of smectite within halloysite-
smectite (H-Sm) mixed-layer clays (Delvaux et al.,
1990b).

The purpose of this paper is to characterize by TEM
the shape, texture, and microstructure of soil clays (<0.2
um) representing that mineralogical sequence in which
H-Sm mixed-layer clays progressively transform into
kaolinite as weathering proceeds. For this study, the
fine clays were previously made homoionic with re-
spectively K+ and Mg?*, and then strongly hydrated.

MATERIALS AND METHODS
Clay samples

The clay samples were extracted from the major B
horizons of three basaltic ash-derived soils from West-
ern Cameroon: SN5 (Tropept), SN2 (Udalf), and MK1
(Udult). The pedons derive from similar parent ma-
terial and have reached different stages of weathering
(Delvaux et al., 1989). The clays differ in their relative
halloysite content with respect to kaolinite [H/(H +
K)], CEC and K+ affinity. With increasing soil weath-
ering, a decrease is observed in relative halloysite con-
tent, CEC, K affinity, and also content and layer charge
of the smectite units involved in the halloysite/smectite
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(H/Sm) mixed-layer clays (Delvaux et al., 1990a,
1990b).

These clays thus depict a weathering sequence illus-
trated as follows:

Tropept - Udalf - Udult
H/Sm with high H/Sm with high kaolinite
charge smectite charge smectite H/Sm with

(31% Sm) (27% Sm) lower
kaolinite charge smectite
(21% Sm)
H/(H + K) H/(H + K) H/(H + K)
= 0.82 = 0.63 = 0.38.

Dispersion was achieved without any chemical pre-
treatment by the Na*/resin method (Rouiller et al,
1972; Bartoli et al.,, 1991). Four clay subfractions of
respective nominal size <0.1, 0.1-0.2, 0.2-0.5, and
0.5-2 um were obtained after continuous flow ultra-
centrifugation of the whole clay fraction. Their con-
tents were determined after pipetting. Clay subfrac-
tions were then deferrated with dark oxalate-oxalic acid
pH 3 buffer solution (Blakemore, 1981) and dithionite-
citrate-bicarbonate (DCB) (Mehra and Jackson, 1960).

Table 1 gives the respective contents of the clay
subfractions as well as their CEC, H/(H + K) ratio,
and K* affinity.

Two main features appear from the table: (1) The
clays extracted from the three pedons are dominated
by fine particle size classes; fine clays (<0.2 pum) indeed
represent between 68 and 75% of the total clay contents
(<2 um). (2) For each pedon, there is a clear relation-
ship between the clay particle size, CEC, relative hal-
loysite content, and K* affinity: the fine clays (<0.2
um) exhibit the highest CEC, H/(H + K) ratio and K*
exchange selectivity.

The materials examined in this study consist of the
deferrated fine clays of particle size class <0.1 um and
0.1-0.2 um, respectively.

X-ray diffraction and FTIR spectroscopy

XRD patterns and IR spectra were obtained by the
methodologies described in Delvaux ef al. (1990b).

TEM

The fine clays (<0.1 and 0.1-0.2 um) were saturated
with K* or Mg?*. Respective clay pastes were then
homogenized by mechanical stirring and placed in the
filtration cells (Tessier and Berrier, 1979) for equili-
bration with water at a suction pressure of 3.2 kPa
(0.032 bar) for 4 days at 20°C. After equilibration,
interstitial water was replaced successively by metha-
nol, propylene oxide, and finally Spurr resin. After the
resin had hardened, thin sections about 400 A thick
were cut with a diamond knife on a Richert-Jung Ul-
tracut E microtome. TEM observations (120 kV) were
carried out using a Philips STEM 420 microscope.

Focusing and photography were accomplished on
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Table 1. Characteristics of the clay fractions : content of each
particle size class relative to total clay; CEC; relative halloysite
content with respect to kaolinite; and K* exchange selectivity

(KG 0.05)'

Weight
percent
of total CEC
Clay particle clay pH 7»
size fraction meq/ H/ Kg, 005
Pedon um % 100g (H+ K)® (mole/Ly"
SNS <0.1 46.4 32.2 1.0 56.2
0.1-0.2 25.5 32.1 0.89 63.0
0.2-0.5 10.4 25.4 0.80 39.5
0.5-2 13.9 232 0.73 324
SN2 <0.1 34.3 26.4 0.79 39.6
0.1-0.2 329 24.5 0.69 34.4
0.2-0.5 14.9 18.3 0.37 222
0.5-2 15.9 14.7 0.25 20.9
MK1 <0.1 50.5 25.0 0.38 14.8
0.1-0.2 24.1 23.0 0.29 11.2
0.2-0.5 12.0 17.1 0.21 7.6
0.5-2 11.7 13.5 0.19 6.4

® CEC measured at pH 7 by M ammonium acetate (Mac-
kenzie, 1952).

@ Relative halloysite content estimated from the XRD in-
tensity ratio 1,,/(I,, + 1) (Churchman ef al., 1984).

® Gapon’s coefficient (K) for equilibrium solutions with
5% K (equivalent fraction) at pH 4 (Delvaux ef al., 1988).

adjacent areas, so that all images were recorded from
areas exposed to the electron beam for the same length
of time. The average number of particles per unit area
was computed after numbering the particles in an area
of 3.95 um? on 18 micrographs.

Terminology

For a comprehensive characterization of clay min-
erals, it is necessary to describe clays not only at the
scale of the interlayer spacing, but also at higher levels
of their structural organization. Clay texture refers to
particle size (Tessier and Pedro, 1987). The term clay
microstructure is used for describing both particle size
and spatial arrangement involving interparticle void
space (Tessier, 1990). Microstructure thus involves both
intraparticle and interparticle organization of the clay-
water system. Particle frequency accounts for the num-
ber of particles per unit area.

RESULTS AND DISCUSSION
XRD and FTIR characterization

XRD patterns and FTIR spectra are illustrated in
Figures 1 and 2, respectively.

XRD data confirm that these fine clays are domi-
nated by 1:1 layer silicates with a decrease in relative
halloysite content with respect to kaolinite and increas-
ing weathering (stage SN5 —» SN2 - MK1).

The presence of 2:1 swelling clays in halloysite-smec-
tite mixed-layer clays (H/Sm) can be detected in the
XRD patterns in the following ways (Delvaux et al.,
1990b). (1) The ethylene-glycol saturation of the clays
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Figure 1. X-ray (CuKa) diffraction patterns of oriented clays SN5, SN2, MK of particle size class <0.1 ym and 0.1-0.2

um after various treatments. Mg-Unt. = Mg?* clay, untreated; Mg-EG = Mg?* clay, ethylene glycol; K-EG = K* clay, ethylene
glycol; K-300 = K+ clay, 300°C; K-550 = K* clay, 550°C. Spacings in A.

induces a differential swelling of the reflection close to
10 A, which depends on the nature of exchangeable
cation (dyg2-—gc > dx+_ec). (2) The thermal treatment
at 300°C produces a 7 A reflection, which is larger than
expected for pure anhydrous dioctahedral 1:1 clays,
and/or a tailing of that reflection towards the low angle
region. Diffraction bands can also be observed around
10 A. (3) Broad diffraction bands persist in the 10-13
A region after dehydroxylation of the 1:1 clays (550°C:
SN2, MK1).

The FTIR spectra (Figure 2) also show that these
clays are dominated by kaolin minerals either rich in
halloysite or in kaolinite.

IR spectra performed for fine clays SN5 show all the
bands characterizing halloysite (Farmer, 1964; Anton

and Rouxhet, 1977). Distinct IR features point to the
presence of kaolinite in the clays SN2 and MKI1.

The results obtained from XR diffraction and IR
spectroscopy clearly complement each other, as illus-
trated in Table 2. The appearance of the 3652 cm~' IR
absorption band as well as the decrease of the absor-
bance ratio A3700/A3620 (Parker, 1969; Nagasawa
and Miyazaki, 1976) are both in good agreement with
the decrease of relative halloysite content [H/(H + K)]
vs A3700/A3620 (r = —0.991), i.e., with increasing
kaolinite content and soil weathering stages.

Transmission Electron Microscopy

TEM micrographs are illustrated in Figures 3-7 at
various magnifications for very fine (<0.1 um) or fine

Table 2. Comparison between relative halloysite content with respect to kaolinite [H/(H + K)], IR absorbance ratio A3700/
A3620" and the absence (—) or presence (+) of a discrete IR absorption at 3650 cm™'.

Sample
SNS SN2 MK1
Particle size class (um) <0.1 0.1-0.2 <0.1 0.1-0.2 <0.1 0.1-0.2
H/(H + K) 1.00 0.89 0.79 0.69 0.38 0.29
A3700/A3620! 0.94 0.98 1.01 1.07 1.30 1.35
3650 cm™! - - + + + +

! Ratio (absorbance of the 3700 cm~! band)/{(absorbance of the 3620 cmm™' band).
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Figure 2. FTIR spectra of dehydrated clays SN5, SN2, MK of particle size <0.1 gm (left) and 0.1-0.2 ym (right).

(0.1-0.2 ym) clays saturated with K* or Mg2?* and hy-
drated under a low suction pressure (P = 3.2 kPa).

Methodological considerations. Figure 3 illustrates the
microstructure of the hydrated Mg?* clay SN5 <0.1
um. Thin sections recorded at low magnification show
a very homogeneous distribution of particles at this
scale. A similar homogeneity was observed for all sam-
ples.

Comparison of Figures 4 and 5 obtained for <0.1
and 0.1-0.2 um Mg?* clays, respectively, illustrates the
efficiency of the dispersion with Na* resin prior to con-
tinuous flow ultracentrifugation. Whatever the shape
of the particles, their size is indeed distinctly larger in
the fraction 0.1-0.2 um (Figure 5).

An important observation from Figure 4a (see h la-
bels) is that there is no evidence of dehydration stress
for halloysite spheroids, revealed by gaps between books
of crystal layers with a typical “core and crust” ap-
pearance (Kirkman, 1977; Kohyama et al., 1978, 1982;
Saigusa ef al., 1978).

Lack of dehydration stress, also supported by Figures
5a and 6a (see h labels), suggests that replacement of
water by the solvents used before preparing the ultra-
thin sections does not disturb the general arrangement
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of the hydrated particles (Tessier, 1984; Ben Rhaiem
et al., 1987).

Particle shape and weathering stage. Important vari-
ations occurring with increasing soil weathering (SN
— SN2 — MKI1,; Figures 4a, 4b, and 4c, respectively)
can be seen by the morphology of the clay particles.
The dominant particle shape in SN (a) is spheroidal
(S), but a few particles have a tubular shape. The most
frequent morphology in SN2 (b) is tubular (T). In MK 1
(c), the particles have a planar shape (P). The dominant
particle morphologies are thus associated here with the
three soil weathering stages: spheroids (SN35), tubes

Figure 3.
saturated with Mg?* and hydrated (P = 3.2 kPa).
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Figure 4. TEM micrographs of Mg?* saturated clays <0.1 um prepared at 3.2 kPa suction pressure. (a) SN5; (b) SN2; (c)

MKI. Lack of dehydration stress is labeled by h arrows. Spheroidal, tubular, and platy shapes are labeled by S, T, and P
arrows, respectively.
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Table 3. Average number of particles per um? as influenced
by exchangeable cation for the particle size class 0.1-0.2 um
(average values computed from 18 micrographs of 3.95 pm?
area).

Ex-

cha&ge— Average number of particles per zm?

a

cati:n SN5 SN2 MKI1
Mgt  63.52+6.08 5094 £ 595 31.66 £4.09
K+ 44.82 £ 3.05 35.83 £2.66 27.86 + 3.07

(SN2), and platelets (MK1). Similar trends in mor-
phological features appear from Figures 5 and 6 where
subscripts a, b, and c also refer to SN§, SN2, and MK,
respectively. Spheroidal and tubular shapes are char-
acteristic of halloysite while planar morphologies are
more typical of kaolinite (Dixon, 1989). Such varia-
tions in particle shape are in good agreement with XRD
and IR data. In tropical soils from other volcanic areas,
similar variations in morphology are also related to the
weathering stage: spheroids dominate in recent halloy-
sitic soils, tubes predominate in more weathered soils
and, at a more advanced stage of weathering, kaolinite
(platelets) is the dominant clay mineral (Quantin, 1991).

Literature data generally indicate that various hal-
loysite shapes may coexist in the same clay fraction
(Tazaki, 1982). They suggest that halloysite morphol-
ogies may vary according to the type of “precursor”:
Spheroids would form from allophane and volcanic
glass (Nagasawa and Miyazaki, 1976; Kirkman, 1981)
and tubes from feldspars (Parham, 1969). Our results
support the view that the shapes of pedogenic halloysite
can also be related to the soil weathering stage, con-
firming the observations carried out by Quantin (1990
and 1991).

FParticle frequency and weathering stage. Variations in
particle frequency, i.e., the amount of particles per unit
area, are also related to the soil weathering stage. Par-
ticle frequency (Figure 4) sharply decreases when soil
weathering increases, with the highest number of par-
ticles per unit area in SNS5 (a) and the lowest in MK 1
(c). A similar decrease in particle frequency is also
observed for the clays 0.1-0.2 um in Figures 5 and 6,
and is supported by Table 3. The decrease in particle
frequency from increasing soil weathering can be re-
lated to a decrease in the layer charge of the clay min-
erals from SN5 to MK, as inferred from Table 1. In
strongly hydrated systems made of pure homoionic 2:1
swelling clays, it is established that the number of par-
ticles per unit area decreases with decreasing layer charge
(Tessier, 1984; Tessier and Pedro, 1987; Touret et al.,
1990).

Microstructure and the nature of exchangeable cation.
Figures 5 and 6 present TEM micrographs obtained
for fine clays 0.1-0.2 um saturated with Mg?* and K+
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respectively. Related values of the average number of
particles per unit area are shown in Table 3.

They point out two main features. (1) For each clay
of distinct origin (a, b, ¢, i.e., SNS5, SN2, MK1), both
the number of particles per unit area and particle size
decrease distinctly after K* saturation. The decrease in
particle size after K* saturation is particularly visible
for clay SN'5 (Figures 5a and 6a), with an average par-
ticle size of about 800 A and 600 A after Mg+ and K*
saturation. (2) The decrease in particle frequency and
particle size induced by the exchangeable cation (Table
3) become less pronounced as soil weathering increases
[SN5 (a) -~ MK (¢)], i.e., CEC decreases (Table 1).

The exchangeable cation has a marked effect on clay
particle aggregation (size and frequency of occurrence).
Aggregation involves regrouping of initial K* particles,
which not only affects particle size but also the number
of particles per unit area, i.e., the spatial arrangement.
Marked aggregation due to Mg?* saturation is observed
at both intraparticle and interparticle levels, particu-
larly for clay SN5.

After Mg?* saturation (Figure 5a), the particles them-
selves indeed show a larger average size and the average
interparticle size is lower compared to K* saturation
(Figure 6a). These observations suggest a higher av-
erage number of layers per particle and a lower water
content for the Mg?* saturated clays than for the K*
saturated clays.

The replacement of K+ by Mg?* on the exchange sites
induces an increase in cohesion forces at intraparticle
and interparticle levels. This variation in the organi-
zation as a function of the nature of exchangeable cat-
ion is similar to that of smectites (Tessier, 1984). For
the clays studied, exchangeable K+ thus behaves at high
water content as a dispersing ion. This occurs also for
hydrated K* and Na* low charge smectites (Tessier,
1987).

At high water content (P = 3.2 kPa), the texture and
microstructure of these kaolin rich clays thus depend
markedly on the nature of the exchangeable cation and
the layer charge of the clay minerals. Such a behavior
is not typical for either pure 1:1 clays or high charge
illites, but is well-known for 2:1 low charge swelling
clays (=0.4 charge unit per half cell) (Tessier, 1984;
Ben Rhaiem et al., 1987; Tessier and Pedro, 1987).
Furthermore, for a given cation, particle size and water
content (i.e., interparticle void space) increase and de-
crease, respectively, as the layer charge of the 2:1 swell-
ing clays increases (Tessier, 1984; Tessier and Pedro,
1987; Touret ez al., 1990). The TEM observations pre-
sented here therefore suggest a decrease in layer charge
of the clay minerals which is effectively in agreement
with the CEC values and K* selectivity coefficients
given in Table 1.

These relationships are in good agreement with the
results obtained for the whole clay fractions (<2 um)
extracted from the same soils: the presence of smectite
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Figure 5. TEM micrographs of Mg?* saturated clays 0.1-0.2 um prepared at 3.2 kPa suction pressure. (a) SN5; (b) SN2;
(c) MK1. (h, S, T, P: see legend of Figure 4).
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Figure 6. TEM micrographs of K* saturated clays 0.1-0.2 um prepared at 3.2 kPa suction pressure. (a) SN5; (b) SN2;
(c) MK1. (h, S, T, P: see legend of Figure 4).
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L
R

Figure 7. TEM observations of K* saturated clay SN5 0.1-0.2 um (3.2 kPa). {a, b) 2:1 layers are labeled; (c) spheroidal (S)
and sheet-like (SL).
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in H/Sm mixed-layer clays, and the decrease in smec-
tite layer charge, relative halloysite content, CEC and
K+ affinity, with increasing soil weathering stage (Del-
vaux et al.,, 1990b). '

Identification of 2:1 layers. The presence of 2:1 layers
in these materials is illustrated for K* clay SNS (0.1-
0.2 um) in Figures 7a and 7b. These micrographs show
that 2:1 layers are present in the quasi spheroidal shape
of halloysite, as previously observed (Quantin et al.,
1988). The 2:1 layers mostly appear at the periphery
of the particles. Such a localization may explain (1) the
distinct variations in texture and microstructure of these
clays, as influenced by the pature of the exchangeable
cation, and (2) the important effect of small amounts
of smectite on the behavior of these kaolin rich clays.

In the same K* clay SN'§ (0.1-0.2 um), some particles
exhibit a sheet-like appearance: This shape (SL label)
can be seen in Figure 7c together with a typical hal-
loysite spheroid (S label). As far as the sheet-like par-
ticle is concerned, the lateral extension of the layers is
wide (=1400 A) and the thickness reaches about 110
A. This sheet-like organization is similar to that of low
charge smectites (Ben Rhaiem et al., 1987).

Figure 7c further suggests that the central part of the
sheet-like particle consists of a “remnant” spheroid. In
halloysite, the dissymmetry of the 1:1 layers and the
surface tension, due to the hydrophobic nature of the
external surface of uncharged 1:1 layers, are likely to
be the main mechanisms for curved and rolled shapes
(Bailey, 1990). By contrast, the symmetry of the 2:1
layers, associated with strong interlayer cohesion forces
due to exchangeable cations, tends to make flat and
large clay particles in hydrated media (Kohyama et al.,
1982). Thus, Figure 7¢ illustrates in sample SN5 that
there are a few particles made of enough adjacent 2:1
layers to prevent the development of rolled or curved
shapes due to halloysite.

CONCLUSIONS

Results obtained from XRD, FTIR, and TEM con-
verge to show that the clays studied are rich in kaolin
minerals. They depict a sequence where kaolinite con-
tent progressively increases at the expense of hydrated
halloysite with increased soil weathering. Accordingly,
particle shape varies in the following way: spheroids
— tubes — platelets.

Smectite, in small amounts, is closely associated with
halloysite. 2:1 layers are localized in the halloysite hab-
itus, but mostly at the particle periphery.

At high water content, both clay texture and micro-
structure are influenced by the nature of the exchange-
able cation and layer charge of the 2:1 layers. Particle
size and number per unit area both decrease after K+
saturation and the effects of the nature of exchangeable
cation become less pronounced with the decreasing
layer charge of the 2:1 units, i.e., with increased soil
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weathering. These important variations in microstruc-
ture are related to the localization of the 2:1 layers at
the periphery of the clay particles. These variations
show that, at high water content, small amounts of
smectite have a major effect on the organization of clay
systems dominated by kaolin minerals, at both the
intraparticle and interparticle levels.

The good agreement between the results presented
here and in previous related studies carried out on these
clays (Delvaux et al., 1990a and 1990b) has to be point-
ed out. CEC, K* affinity, smectite content, layer charge,
and the effect of the nature of exchangeable cation on
clay texture and microstructure all decrease with an
increase in soil weathering.

Finally, these results are applicable to the condi-
tioning of homoionic clays at water potentials which
are realistic with respect to field conditions. Both tex-
ture and microstructure can be observed and discussed
at equal water energy levels. These advances improve
our ability to predict soil properties.
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