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ABSTRACT

Mixed-layer kaolinite/smectite minerals constitute the principal clay assemblage in
the Quaternary alluvium type red-burning clay resource in Liloan, Cebu, Philippines,
based on analytical testworks employing x-ray diffraction (XRD), differential thermal
analysis (DTA), thermogravimetry (TG), infrared (IR) absorption spectroscopy,
scanning electron microscopy (SEM), and energy dispersive x-ray (EDX) performed
on several clay samples obtained from the area. Careful examination of diffraction
curves indicate that the main constituent mineral is randomly interstratified kaolinite/
smectite. Computer-simulated x-ray diffractograms of the mixed-layer kaolinite/
smectite show good agreement with the observed x-ray diagrams in (001) and (002)
basal reflections. Calculated values derived from simulation, moreover, illustrate the
ratio of kaolinite to smectite to be generally higher at surface horizon but gradually
becomes of almost equal proportion at depth. The slight variability in ratio may be
linked to the effect or degree of differential weathering. Quartz and feldspar are
ubiquitous accessory minerals detected in the non-clay fraction.

Key words: Mixed-layer kaolinite/smectite, Red-burning clay, Kaolinite, Smectite,
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INTRODUCTION

The rarity of occurrences of 1:1 type and 2:1 type interstratification of kaolinite/
smectite minerals is attested by seemingly limited literatures dealing it. Mixed-layer
kaolinite/smectite were earlier reported in acid clays in Ishikawa, Japan by Sudo &
Hayashi (1956) and Shimoyama et al. (1969). Interstratified kaolinite/smectite assemblage
is also reportedly found in central Florida (Altschuler et al., 1963); in Yucatan Peninsula,
Mexico (Schultz et al., 1971); and in Lower Silesia, Poland (Wiewiora, 1971, 1973).
Earning substantial advancement in the established diagnostic criteria for mineral iden-
tification, such mixed-layer clay combination have, in recent years, gained recognition in
other parts of the globe as in Scotland (Wilson and Cradwick, 1972); in France (Thiry &
Weber, 1977); in Itoigawa, Japan (Yoshimura et al., 1979); in Burundi, Central Africa

(Herbillon et al., 1981); in South Wales (Robinson & Wright, 1987); in Transvaal
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Province, Republic of South Africa (Buhmann & Grubb, 1991); in Argentina (Bertolino

et al., 1991); and in Java Island, Indonesia (Nurcholis & Tokashiki, 1998a). Cradwick and

Wilson (1972) also made re-examination of the interstratified clays reported from Poland,

Mexico and Japan. Gleaned from these literatures, the mixed-layer kaolinite/smectite

minerals are shown to have formed from a broad variety of parent rocks, complex

modification of hydrothermal, weathering and diagenetic processes, and varied in‚†‚Œuence of 

physical, chemical, and mineralogical factors.

The present paper provides another find of the interstratified kaolinite/smectite mineral

phase associated with the red-burning clay deposit in Cebu Province, Philippines. As part

of research program, it is the objective of this study to provide additional knowledge and

better understanding of such clay deposit; the foremost aim is particularly focused in

defining the mineralogy and nature of the clay components.

EXPERIMENTAL MATERIALS AND METHODS

Specimen 

The soil/clay samples used in this study were collected from locally well known red-

burning clay deposit area, underlain by Quaternary alluvium (BMG, 1981) in Liloan, Cebu

Province, Philippines (fig. 1). The specimens were taken from different depths of the soil/

clay profile (fig. 2 and 3), made exposed by test pittings at various locations. The

sampling network covers an in‚†‚Œuence area of about 2 sq. km.

The Quaternary alluvium is brie‚†‚Œy described as a type of formation dominantly made

up of unconsolidated sediments from extremely fine size fractions to very coarse size

fractions. It generally includes clay, mud, silt, sand, pebble, gravel, cobble, and boulder.

The accumulation is typically along river channels and deltas, in ‚†‚Œoodplains, and along

coastal fringes. Most of the red-burning clay deposits in Cebu Province are dispersed

within this lithological formation.

Methods

Selected bulk samples and fine clay samples were subjected to XRD, micro DTA-TGA,

IR, SEM and EDX techniques. Preparation of bulk samples involves the pulverization of

few grams each of the raw materials using agate mortar and pestle. For XRD test,

oriented samples were prepared. The preparation of selected fine samples involves the

segregation of <2ƒÊm fraction from coarser fraction by dispersion, sedimentation and

centrifugation in distilled water. The fine slurry of each sample was spread evenly and

smoothly and allowed to dry naturally on glass slide. XRD analyses of bulk and <2ƒÊm

oriented samples were made using a Rigaku (Geigerflex) x-ray diffractometer (30 kV and

15 mA) with a Ni-filtered CuKa radiation. Untreated, ethylene glycol solvated, mild HCl

acid treated, CaC12 treated, and thermally treated fine oriented clay specimens were

included in a series of XRD analyses. Thermal analysis was carried out with a Rigaku

differential thermal-thermogravimetric analysis (DTA-TGA) apparatus using about few mg

of air-dried sample. Measurements were made in the range from room temperature to

1100•Ž, with a heating rate of 10•Ž/min. The infrared (IR) spectra were determined with

a Nihonbunko infrared spectrophotometer using KBr pellets. Scanning electron microscopy
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FIG. 2. Schematic cross-section along NW-SE grid cutting across clay deposit site.
Liloan, Cebu Province, Philippines. Lithological symbols used are the same as
in Fig. 1.(Depth of clay deposit is exaggerated).

A - Top horizon. Gray to grayish
brown color. Sandy. Slightly

to moderately plastic.

B - Middle horizon. Grayish brown

color. Moderately to highly

plastic.

C - Bottom horizon. Light gray to

brown color with strong orange
discoloration. Moderately to

highly plastic.

FIG. 3. Generalized soil-clay profile in the clay deposit area. Liloan, Cebu

Province, Philippines.

(SEM) (Hitachi S-4000 FESEM equipped with EDX facilities) was utilized in the ex-
amination of the morphology of aggregate clay and non-clay materials and discrete
crystals. Energy dispersive x-ray (EDX) analyzer along with SEM microanalysis were used
in the quantitative determination of the chemical composition of each element or com-

pound in the clay fractions as well as in whole samples.
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RESULTS

X-ray Diffraction (XRD) Analysis
Mineral assemblages of fine oriented specimens exemplified by XRD patterns showed

the dominancy of mixed-layer kaolinite/smectite in the clay component and the ubiquity of

quartz and feldspar in the non-clay fraction. The XRD diagrams generally displayed
consistently large basal reflections at an average of about 16.3A against the usual 15

15.5 theoretical norm (Brown, 1961) accepted for ordinary smectite (fig. 4). After

performing series of tests, which include among others, 5% HC1 treatment and 1N and 2N
CaC12 treatments, present interpretation postulates the disparity as caused by random
order stacking of layers of kaolinite and smectite rather than by the existence of ap-
preciable amount and variety of exchangeable cations in the interlayers of smectite mineral
alone. Sawhney (1977), cited that Schultz et al.(1971) used the position of the basal
diffraction peak resulting from the combination of 7.15A(001 of kaolinite) and 7.7A (002
of air-dried smectite) peaks. The combination peak at 7.45A in some Mexican clays was
interpreted as a 1:1 random interstratification of kaolinite/smectite. In figure 4, the

A combination peak from A, B and C horizons is traced near 7.43A for Philippine clays.
Combination peak determined by computer simulation falls somewhere within 7.44A to
7.50 A. Treatment of fine oriented samples with ethylene glycol (EG) disclosed significant
expansion of basal distance at an average of about 18.5A which essentially lends support
to the explanation that the samples are mixed-layer mineral of kaolinite/smectite. Common

A smectite minerals expand its basal dimension to constant values near 17A after ethylene

glycol solvation (Brindley and Brown, 1980).
Calculated values (fig. 4; shown below each observed x-ray pattern) derived from

simulation illustrate the ratio of kaolinite to smectite to be higher (67:33) at surface
horizon, slightly lower (60:40) at middle horizon, and gradually becomes of almost equal

proportion (50: 50) at depth. For A zone, simulation was carried out using the following
values: PK=.67 (probability of existence of kaolinite layer), Ps=.33 (probability of
existence of smectite layer), PKK=.665, PKS=.33 (probability that smectite layer succeeds
a kaolinite layer given that the first layer is kaolinite layer), PSK=.67 and Pss=.33 (PKK,
PSK and Pss are similarly defined); for B zone PK=.6, Ps=.4, PKK=.595, PKS=.4,
PSK=.6, and Pss=.4; and for C zone PK=.5, Ps=.5,PKK=.495, PKS=.5, PSK=.5
and Pss=.5. A layer value N=20 was used for all the zones. Schematic diagram in

Figure 5 shows the crystallographic parameters of kaolinite and smectite layers used for
calculation of X-ray powder diffraction patterns indicating kaolinite layer dimension of

7.16Aand smectite layer of 15.4A. The slight variation in ratio may be linked to the effect

or degree of chemical weathering.

Generally, samples subjected to 1 hour heat treatment at lower temperature ranges

(<700•Ž) reflected rehydration capability in few hours. Figure 6 shows x-ray diagrams

derived from a sample (L-1 BB) after series of heat treatment. Reflections of about 7A

peaks were observed to have gradually decreased intensity towards higher temperature.

However, at temperature of 700•Ž and above, the smectite structure collapsed to nearly

10 A while 7 A-peak patterns entirely disappeared. Sawhney (1977) cautioned that the
0A

-halloysite , 7.45Apeak from untreated mixed-layers could be confused with 7-halloysite, however,

the layer thickness of 7A-halloysite decreases to 7.2 after (300•Ž) heat treatment. The
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A

B

C

FIG. 4. Typical x-ray diffraction patterns of fine-oriented samples compared with
simulated x-ray diagrams (shown under each observed XRD pattern) of mixed-layet
minerals of kaolinite/smectite.(A) top horizon,(B) middle horizon, and (C) bottom
horizon. Kaolinite to smectite ratios based on calculation are (from top to bottom)-
67:33, 60:40, and 50:50 respectively.
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FIG. 5. Model of kaolinite and smectite layers used in calcu-

lation of X-ray powder diffraction patterns.

A-halloysite specimens dispel the possibility of occurrence of 7A-halloysite as shown by peak

migrations that are greater than that of collapsed halloysite's after 300•Ž thermal

treatment.

Differential Thermal Analysis (DTA)-Thermogravimetric Analyses (TGA)

As shown in Figure 7, the DTA curves in A, B, and C layers exhibit two endothermic

peaks. The first peak at temperature of about 100•Ž correlates to loss of interlamellar and

adsorb water and the second peak at temperature of around 500•Ž indicates dehy-

droxylation reaction. The removal of interlayer water and hydroxyl ions is noticed to be

intense in C layer due to the dominance of expandable layers of smectite mineral.

Conversely, the moderate increase of clay proportion from surface to bottom of the soil/

clay profile is indicated by the observable increase in intensity of dehydration and

dehydroxylation peaks of the DTA curves from A zone to C zone. Two-step weight loss is

displayed by TG curves from B and C layers which coincide with both expulsion of
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FIG. 6. X-ray diffraction diagrams of a <2 pm sample (B-layer) after a series of one (1)
hour heat treatment at varying temperatures.
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A

B

C

FIG. 7. TGA-DTA curves of selected fine samples: A-top layer, B-middle

layer, and C-bottom layer.
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interlayer H2O and structural OH, respectively. The apparently three-step weight loss

shown by TG curve from A layer seems to arise from the influence of organic matter and

appears to jibe at about 300•Ž exothermic peak of the DTA curve. The weight loss in A

appears to be gradual until a final 10% loss is attained. The weight loss in B is also

observed to be moderate but with a more conspicuous bend between 500•Ž and 600•Ž.

The total weight loss reached about 7.5%. The weight loss in C seems to be most rapid

and pronounced as vividly seen from the sharp inflections of the TG curve between 50•Ž

and 200•Ž and between 500•Ž and 600•Ž. The nearly 18% total weight loss is the highest

among the three which may be attributed to much amount of mixed-layer kaolinite/

smectite in the sample.

Infrared (IR) Absorption Spectra
The infrared (IR) absorption spectra of the <2 pm fraction specimens display distinctly

intense absorptions, as shown in Figure 8. The prominent absorption bands at 3600 cm-1
and 3400 cm-1 are attributed to the OH-stretching vibrations of structural water and of
H2O molecules in the interlayers respectively. The spectral band at 3600 cm-1 may be
associated with the internal OH- groups in kaolinite similar to the one observed by
Wiewiora (1973) in interstratified samples from Poland but at approximately 3620 cm-1
absorption band. The broad spectra at 3400 cm-1 may be related to interlayer molecular
water in smectite. Noticeable increase of absorption intensity in 3400 cm-1 from A to C is

perceived to be the result of increased interlamellar water with the corresponding increase
of smectite proportion at depth. The strong band at 1640 cm-1 due to adsorbed water may
also be related to smectite. The absorptions in the region 910 cm-1 and 920 cm-1 due to
AI-O-H vibrations may be correlated to kaolin minerals (Oinuma and Hayashi, 1965).
The absorptions between 690 cm-1 and 700 cm-1 and between 750 cm-1 and 800 cm-1 are
also associated to kaolinite (Oinuma and Hayashi, 1965). Farmer (1974), cited that 700
cm-1 to 1200 cm-1 associated with Si-0 stretching vibrations are also weakly coupled
with other vibrations of the structure.

Scanning Electron Microscopy (SEM) Observation
As shown in Figures 9, 10, and 11, the morphology of the clay minerals displayed by

electron micrographs manifests irregular fluffy masses of distinctly thicker flakes than
ordinary smectite. The particle aggregates appear mosaic with subtle hexagonal outlines
and with various thickness. Most flakes exhibit curled edges. Variety of blobs apparently

grow on the surfaces and margins of the flakes and eventually coalesce to form new flakes.
This evidence possibly indicates diagnostic growth of kaolinite crystal on the smectite
crystal. Such manifestation is generally typified in clays of hydrothermal origin or clays
that have undergone low grade metamorphism. Current definition, however, dictates that
the origin is strongly sedimentary with no known hydrothermal interference. The con-
spicuous appearance of blobs may be speculated as product and function of strong
weathering. The original clays may have been smectite suite deposited in paludal envi-
ronment, which may have gradually transformed into mixed-layer kaolinite/smectite phase
upon the intense influence of chemical weathering under tropical conditions.



Mineralogical and Characterization Studies 21

A

B

C

A

B

C

WAVENUMBER cm-1

FIG. 8. Infrared (IR) spectra of interstratified kaolinite/smectite minerals in A-
top layer, B—middle layer, and C-bottom layer.
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Flu. 9. Scanning electron micrographs (SEM) of the mixed-layer kaolinite/
smectite minerals in a bulk sample from A layer. Top photo shows inter-
stratified kaolinite/smectite with inclusion of amorphous silica. Bottom photo
exhibits interstratified kaolinite/smectite admixed with non-clay impurities.
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FIG. 10. Scanning electron micrographs (SEM) of the mixed-layer kaolinite/smectite minerals in a
fine sample from B layer.showing characteristic aggrcgations and morphologies. The 2 photos on

top. set at lower magnification correspond respectively to the 2 photos at the bottom. set at

higher magnification.

Energy Dispersire X-ray (EDX) Analysis

An array of EDX results of some bulk and fine samples portrays almost homologous

bulk composition. The SiO2 generally hovers between 58-65" and AI,Oz between 20-

25%. Notable amount of FeO exists in the range 8-15% and minimal K20 between 1-3%.

The CaO and TiO2 occur in negligible amount. Sodium and magnesium cations are

apparently absent. Single crystal analyses of same set of selected samples depicted

composition closely similar to the above values. Example of results obtained from fine

samples in different horizons is shown in Figure 12.
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FIG. II. Scanning electron micrographs (SEM) of the mixed-layer kaolinitc/
smectite minerals in a fine sample from C layer. Both photographs reveal
stacked flakes of the interstratified minerals with faint irregular outlines and
curled edges.
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A %
Al2Q3 21.45
Sio2 62.85
K2O 0.93
CaO 1.26
TiiO2 0.94*
FeO 12.58

B %

A12O3 17.57
SiO2 65.33
K2O 1.23
CaO 1.13
TiO2 1.28*
FeO 13.45

C %
A12O3 20.17
SiO2 57.07
K2O 2.06
CaO 1.49
TiO2 1.93
FeO 17.28

FIG. 12. Chemical composition data of mixed-layer kaolinite/smectite minerals in A, B,
and C layers based on analysis using energy dispersive x-ray (EDX) analyzer.
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DISCUSSIONS

The consistent display of virtually large basal (001) dimension of smectite reflected from
diffractograms of fine parallel oriented specimens yield some ambiguous indication of
"disorder" in the clay structure. Various analytical treatment verified that the sort of
"disorder" recognized does not plausibly relate to the quantity and variety of cations in the

interlayers of smectite as causative factors. Acid and heat tests performed on the <2 pm
aggregates also emphasized the absence of chlorite. Grim (1953) explains that if the
mixture is a random interstratification of layer clay minerals, with the second type of layer
present in considerable abundance (>10% +/-), new diffraction effects will rise; in
particular, a non integral series of reflections is obtained from the basal planes. Buhmann
& Grubb (1991), noted the works of Oberholster (1969), and Taylor (1972), concerning
similar observations. According to these authors, the characteristic "disorder" in the
smectite structure, inferred from the broadening of smectite XRD basal reflections is more
likely the result of the presence of kaolin layers, randomly interstratified with smectite.
Studies of Tomita & Takahashi (1986), also posited that if XRD pattern is similar to that
of kaolinite and if the reflection at about 7 A shows larger d-values than that of (7 A)
halloysite and expands by treatment with ethylene glycol, the specimen can be identified as
an interstratified kaolinite/smectite. According to Herbillon et al.(1981), interstratified
kaolinite/smectite should be common in any sequence where smectite is transformed into
kaolin. The smectite to kaolin transformation process may constitute a solid state reaction,
involving kaolin/smectite interstratifications as a genetic intermediate phase (Buhmann &
Grubb, 1991). Kaolin/smectite interstratifications therefore attest to a specific mechanism
and degree of smectite degradation. They represent a definite pedogeochemical stage in the
development of a soil; the higher the proportion of kaolin, the more advanced the stage of
transformation (Buhmann & Grubb, 1991). Nurcholis et al.(1998b) shared the same
observations that kaolin minerals reflect an advanced stage of weathering and maturity and
that 2: 1-1: 1 clay intergrade may develop during transformation process.

The seeming absence of typical absorption bands of kaolinite at range 3696-3624 cm-1
in the samples analyzed may perhaps be provisionally attributed to the overlapping in-
fluence in vibrational spectra of OH in the strocture and bonding of kaolinite and smectite

minerals in the interstratification. Oinuma and Hayashi (1965), in their study proffered that
the kind of absorptions in the K/S interstratification are not separate absorptions such as
those found in kaolinite, but supposing the absorptions are overlapping those of mont-
morillonite they may not be necessarily represented by several clearly separate absorptions.
Thus, probably in this case, the spectra of high wavenumbers found generally in standard,
well-ordered kaolinite at about 3700 cm-1, 3670 cm-1 and 3650 cm-1 related to OH on
the outerside of octahedral layer possibly may not always reflect as distinct absorption of a
kaolin mineral when interstratification is already involved. The 3620 cm-1 related to OH
between the octahedral layer and the tetrahedral layer in kaolin may have possibly blended
with other absorptions of the smectite. Oinuma & Hayashi (1968) however cited that
examination of the three high wavenumber absorptions is still deficient, so that more
detailed study is required. McMillan (1992) in a broader sense, also conveyed that in

general, not all vibrational modes of a given sample are active in the infrared or the
Raman spectrum-this is determined by the molecular symmetry. In well-ordered kaolin
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study of Farmer (1998) he mentioned that crystals much thinner than the wavelength of
the exciting radiation exhibit a higher frequency for the 3697 cm-1 vibration which
corresponds to that of the longitudinal optic mode. Watanabe et al.(1992) noticed en-
hancement of characteristic OH band at 3697 cm-1 due to detection of small amounts of
kaolin minerals. Discrete kaolin minerals may probably be non-existent in the present
sample and the kaolin intergrades may have low degree of crystallinity that no remarkable
sharpness is recorded near 3700 cm-1 region. In contrast, the spectral bands of the samples
studied have closer semblance to that of Yoshimura et al.(1979) where some absorptions
are observed in the lower spectral 0-H stretching region proximal to 3600 cm-1. Despite
the studies of samples in the same locale by Watanabe et al.(1992) and Yoshimura et al.

(1979) it may also be recognized that minor degree of differences in their spectral results
exist.

Examination of the SEM photographs depicts strong dissimilarity in morphological
characteristics of these specimens in comparison to those studied by Altschuler et al.(1963)
for central Florida clay; Wiewiora (1972) for Silesia, Poland clays; Schultz et al.(1971) for
Yucatan, Mexico clays; Yoshimura et al.(1979) for Itoigawa, Japan clay; and Herbillon
et al.(1981) for central Africa clay. Viewed from the photomicrographs of these authors,
their clay specimens have rather defined outlines and relatively thin flakes and smooth

planes. Watanabe et al.(1992) from their series of microphotographs, presented char-
acteristic morphological changes in their samples from the crumpled sheet texture of
montmorillonite from the lower zone to denser, compact and platy clay aggregates from
the middle zone and finally to a honeycomb-like fabric of interstratified kaolinite/smectite
in the upper zone. In contrast, the present specimens demonstrate comparatively irregular
and curling edges, thicker flakes and blistered planes. This kind of clay nature and
appearance could be the one that Altschuler et al.(1963) describes as the development of
hexagonal outgrowths of new kaolinite at the edges of smectite flakes and nucleation of
new vertical growth. Kaolin-like layers are nourished by lateral epitaxy, as the smectite
decomposes (Altschuler et al. 1963).

Electron microprobe analysis of each of the characteristic morphologies of Watanabe
et al.(1992) disclosed that the samples with crumpled sheet morphology have an Al: Si
ratio very similar to montmorillonite and also contains small amounts of Fe, K, Ca, and
Mg, and its overall composition is said to be consistent with aluminous dioctahedral
smectite. The honeycomb-like material was determined to have a higher Al content which
approaches, but does not quite reach that of kaolinite. This morphology is, therefore
thought to represent K/S. Comparatively, the samples subject of this study, generally typify
elemental composition similar to that of Watanabe et al.(1992) except for the seemingly
non-detection of Mg and Na but with the appearance of small traces of TiO2. The Al: Si
ratio that generally fall somewhere in the range 34%-38% relates some affinity with the
interstratified K/S of Watanabe et al.(1992).

CONCLUSIONS

The application of several analytical techniques on mineral identification and char-

acterization explicitly provide ample data and evidences indicative of the interstratified
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kaolinite/smectite as the principal clay minerals in the red-burning clay resource. The
random order interstratification and the variably large basal dimensions are significant
diagnostic feature of the mixed-layer kaolinite/smectite phase. Mineralogical and com-
positional evolution indicate that the progression of clay transformation, with assumption
that smectite as precursor, proceed from bottom to top of the soil pedon. The relative
maturity of surface horizon brought about by kaolinization and concomitant smectite
degradation, is evidenced by the slightly higher ratio of kaolinite to smectite in the clay
assemblage. Chemical weathering under tropical conditions is believed to have contributed
substantial modifications in the development of the clay deposit and the transformation of
transitional mineral phases.
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