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Identification and quantification of clayminerals, particularly those that are responsible for susceptibility of soils
to expansion and shrinkage, is a constant focus of research in geotechnical engineering. The visible, near infrared
and short wave infrared wavelength regions are well explored. However, little is understood about the spectral
characteristics of such clay minerals in the wavelength longer than 2.5 μm. The objective in this study was to
explore the potential of laboratory spectroscopy in the 2.5–14 μm wavelength region for characterizing clay
minerals. Montmorillonite, illite and kaolinite were investigated, for these clayminerals are key indicators of soil
expansion and shrinkage potential. Characteristic absorption bands and their changes for mixtures of clay
minerals were determined. Partial least squares (PLS) regressions in combination with continuum removal
analyseswere used todeterminewavelength regions that bestdiscriminate differences inmineralogical contents.
Spectral contrast was high in the 3–5 μm wavelength region but overall low in the 8–14 μm. The clay minerals
were characterized by strong, diagnostic absorption bands.Much of the variation in compositions of themixtures
was explained by the PLS models (coefficients of correlations of N0.90). Thus, spectroscopy in the 2.5–14 μm
wavelength region is a useful technique for characterizing clay minerals.
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1. Introduction

Montmorillonite, illite andkaolinite are themost commonsoil forming
clayminerals (Fitzpatrick, 1980; Galan, 2006; Gray andMurphy, 2002). In
geotechnical engineering, they are key indicators of soil expansion and
shrinkage potential (Al-Rawas, 1999; Chen, 1988; Fall and Sarr, 2007;
Karathanasis andHajek, 1985;Mitchell, 1993; Seed et al., 1962; Thomas et
al., 2000; Yong andWarkentin, 1975). These clay minerals are distinct in
composition, structural arrangements and physicochemical characteris-
tics (Brigatti et al., 2006;YongandWarkentin, 1975).Montmorillonite can
be formed from parent materials with high levels of calcium, ferro-
magnesiumoxides in low content of silica under favorable environmental
conditions; poorly drained environment and seasonallymoderate rainfall
where evaporation exceeds precipitation (Fitzpatrick, 1980; Galan, 2006;
Gray and Murphy, 2002). Primary illitization can be favored by an
abundance of feldspars and mica (biotite, muscovite) such as in silicic to
intermediate geologic environment (Fitzpatrick, 1980; Galan, 2006), at
high levels of aluminum and potassium at the expense of calcium and
sodium. Illite oftenoccurs asmixed smectite–illite interstratifiedminerals,
exhibiting a property between the two clayminerals (Brigatti et al., 2006;
Yong and Warkentin, 1975). Low concentrations of basic cations, high
feldspar and silica contents, accompanied with high rainfall and
temperature easing extensive leaching, favor kaolinite formation (Galan,
2006). All the three clayminerals can be found in a variety of sedimentary
rocks such as mudstones, claystone and shale (Galan, 2006).

Soil expansiveness constitutes a significant challenge in geotechnical
engineering (Al-Mukhtar et al., 2010; Al-Rawas, 1999; Bell, 1999; Kariuki
et al., 2004; Morin and Parry, 1971; Seco et al., 2011; Shi et al., 2002;
Snethen, 1975; Sridharan and Gurtug, 2004; Thomas et al., 2000). It is an
intrinsic property caused by the presence of active clay minerals in soils
(Fityus and Buzzi, 2009; Seed et al., 1962; Skempton, 1984; Snethen,
1975). Detection of the presence of such clay mineral is a key factor for
differentiating potentially expansive soils. Identification and quantifica-
tion of their abundance are essential for rating soil expansiveness.
Conventional mineralogical analysis involves X-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), differential thermal analysis (DTA), thermogravi-
metric analysis (TGA), and various chemical analysis methods. These
methods are vital in research laboratories for exploring the basic
properties of clay minerals. However, they are costly and require
sophisticated laboratory procedures. Thus, they are not commonly used
in soil mechanics laboratories for routine analysis of soil geotechnical
characteristics. An easier alternate identification and quantification of
expanding clay minerals are thus a constant focus of research in
geotechnical engineering, including the application of remote sensing
techniques.

Reflectance spectra of clay minerals were subjected to intensive
research in the visible near infrared (VNIR) and short wave
infrared (SWIR) wavelength regions (Bourguisnon et al., 2007;
Chabrillat et al., 2002; Clark, 1999; Kariuki and Van der Meer, 2003;
Kariuki et al., 2003; Kruse, 1991; Kruse et al., 1990; Rowan et al., 1977;
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Rowan et al., 2003; Van der Meer, 1995; Viscarra Rossel et al., 2009;
Yitagesu et al., 2009). Particularly in the SWIR, clay minerals exhibit
diagnostic absorption bands (Clark, 1999; Kariuki et al., 2004;
Mustard et al., 2008; Van der Meer, 1999) resulting from vibrational
processes related with their structural water molecules and hydroxyl
groups (Farmer, 1974). Spectral responses of clayminerals result from
vibrations of structural water molecules, hydroxyl groups, the silicate
framework, and the octahedral, tetrahedral and interlayer cations
(Farmer and Russell, 1964). Spectral characteristics differ, depending
on the chemical composition, structural arrangement and bonding
characteristics (Clark, 1999; Van der Meer, 2004) and provide a
significant potential for discriminating clay minerals (Bourguisnon et
al., 2007; Chabrillat et al., 2002; Frost et al., 2001; Goetz et al., 2001;
Kariuki et al., 2004; Mustard et al., 2008; Roush et al., 1987; Yitagesu
et al., 2009). Absorption band analysis (Clark and Roush, 1984; Goetz
et al., 2001; Kariuki et al., 2003; Kariuki et al., 2004; Van der Meer,
2004) and multivariate regression analysis (Martens and Naes, 1989;
Wold et al., 2001) were extensively used for estimating soil properties
(Cloutis, 1996; Gomez et al., 2008; Rainey et al., 2003; Selige et al.,
2006; Shepherd et al., 2005; Viscarra Rossel et al., 2006; Viscarra
Rossel et al., 2009; Waiser et al., 2007), including soil geotechnical
characteristics (Yitagesu et al., 2009). However, research in this
respect is limited in the wavelength region longer than 2.5 μm. In this
wavelength region, molecules exhibit strong, fundamental vibrations
of high frequency (Arnold, 1991; Clark, 1999; Farmer and Russell,
1964; Ludwig et al., 2008). Therefore, this wavelength region is often
termed a fingerprint region (Griffiths and de Haseth, 2007). The
spectral sensitivity of clay minerals in this wavelength region is
associated to their structural and compositional variations (Farmer
and Russell, 1964). Furthermore, Famer (1974) presented infrared
transmission spectra and assigned wavelengths with vibrations of
clay mineral constituent molecules. Frost et al. (2001) studied
absorbance spectra of sepiolites and palygorskites. They reported
that the spectral changes of these minerals were related to differences
in their structural arrangements and compositions. Although trans-
mission and absorbance spectra contain similar spectral information
(Michalski et al., 2006), they are not directly applicable to remote
sensing, for emission or reflectance than transmittance and absor-
bance are detected. Roush et al. (1987) discussed reflectance spectra
of kaolinite, montmorillonite and palagonite in the 2.5–4.6 μm
wavelength region; and spectrally discriminated these minerals
based on characteristic absorption bands at ~3 μm. Michalski et al.
(2006) linked spectral emission bands of clay minerals and clay
mineral bearing rocks to crystal chemical properties. They also
reported detection of poorly crystalline clay minerals in the 6–
25 μm wavelength region with the thermal emission spectrometer
(TES) on Mars that were previously not easily detectable in the VNIR
and SWIR wavelength regions. Other researchers (Cooper and
Mustard, 1999; Hecker et al., 2010; Johnson et al., 1998; Salisbury
and D'Aria, 1992, 1994; Salisbury et al., 1994) demonstrated the
spectral behavior of different minerals and discussed various issues
related with spectral data acquisitions and interpretations. Among the
clay science society, there is a growing interest in Fourier transform
infrared (FTIR) spectroscopy, as it allows a rapid, economical and
nondestructive method for investigating clay minerals (Petit, 2006).

The objectives in this study were to explore the potential of
laboratory spectroscopy in the 2.5–14 μm wavelength region for
detection, identification and quantification of clay minerals, thereby
determining characteristic absorption bands and their variation in
clay mineral mixtures. Experimental investigations were carried out
with the three clay minerals that were established to be vital with
respect to soil expansiveness. This study on pure clay minerals, and
known mixtures of these clay minerals, aimed at an understanding of
the manifestations of such clay minerals in natural soils. Emphasis
was given to the 3–5 μm and 8–14 μmwavelength regions, to provide
an outlook for a remote sensing implication.
2. Materials and methods

2.1. Sample preparation

Experimentswere conducted on pure clayminerals:montmorillonite,
illite, kaolinite and their proportioned mixtures. The clay mineral
specimens were commercially supplied by VWR international (https://
www.vwrsp.com), as powders (particle size b2 μm). Mixtures were
prepared at 20% by mass increments composing totals of 100 g. The
specimens were weighted on a top loading precision balance (of ±1 g
precision, model: Mattler PE 360), then poured into a porcelain mortar
bowl and stirred by a spatula for about five minutes to get homogenous
mixtures. Spectralmeasurementsweredoneon loosely packed, randomly
oriented specimens. The spectra were acquired in the 2.5–14 μm
wavelength region, using a Bruker Vertex 70 Fourier transform infrared
spectrometer (http://www.brukeroptics.com). The spectrometer was
equipped with an accessory mode integrating sphere, coated inside
with a diffusely reflecting gold surface, whichwas attached to its external
port. This enabled directional hemispherical spectral reflectance mea-
surements. With such a setup, Kirchhoff's law can be used to derive the
directional spectral emissivity (Johnson et al., 1998; Salisbury and D'Aria,
1994). The spectrometer was configured to provide spectral reflectance
with 4 cm−1 spectral resolution at 512 scans per each measurement and
eightmeasurements per specimen,whichwere later averaged for a better
signal to noise ratio. Referencing was done before each sample
measurement against a gold-coated plate having the same surface as
the inside wall of the integrating sphere. The spectrometer was
continuously purged with nitrogen gas, to remove any water vapor and
carbon dioxide from the system. Liquid nitrogen was used for cooling the
detector. The OPUS spectroscopy software version 6.5 (Bruker Optik
GmbH, 2007) in a desktop system which is integrated with the
spectrometer was used for parameter setting and visualization of the
acquired spectra.
2.2. Spectral analysis

Two approaches were followed. The first was an evaluation of the
shape and intensity of the spectra, absorption bands and their changes
such as the depth, position, width and area (Gaffey, 1986; Van der
Meer, 1995, 2004) relative to compositions of the mixtures. Second, a
quantitative estimation of the compositions of mixtures from the
spectra using a multivariate calibration technique, partial least
squares regression analysis (Shepherd et al., 2005; Viscarra Rossel
et al., 2006;Waiser et al., 2007; Yitagesu et al., 2009). Themultivariate
quantitative analyses were limited to the 3–5 μm and 8–14 μm
wavelength region. The analyses were conducted on continuum
removed spectra. A continuum is a mathematical function used to
isolate specific absorption bands (Clark and Roush, 1984). It
corresponds to the background or overall albedo of the reflectance
curve (Van der Meer, 2004). The continuum can be calculated using
straight lines, Gaussians and modified Gaussians, polynomials and
splines (Clark and Roush, 1984; Fu et al., 2007; Sunshine et al., 1990;
Van der Meer, 2004). A classical continuum removal modeled by
straight line segments tangential to the spectra (Clark and Roush,
1984; Clark et al., 1987; Van der Meer, 2004) built in the ENVI
software (ITT Visual Information Solutions, 2009) was used. ENVI
uses an automated algorithm described by Clark et al. (1987) to
find maximum tie points for fitting straight line segments and
establish the continuum line, then remove the continuum by div-
iding it into the original spectrum. Van der Meer (2004) reported
that continuum removal enhances all absorption bands including
noise. Hence, careful selection of wavelength regions is essential.
The continuum removal was done independently for the 3–5 μm
and 8–14 μm wavelength regions, due to differences in spectral
contrast.
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http://www.brukeroptics.com


583F.A. Yitagesu et al. / Applied Clay Science 53 (2011) 581–591
2.3. Partial least squares regression analysis

Partial least squares (PLS) regression analysis is a fundamental
statistical tool for estimating soil properties from reflectance spectra
(Cloutis, 1996; Rainey et al., 2003; Shepherd et al., 2005; Viscarra
Rossel et al., 2006; Waiser et al., 2007; Yitagesu et al., 2009). PLS1
(Martens and Naes, 1989), built in The Unscrambler software (CAMO
Process AS, 2005) was used to establish relationships among the
spectra and clay mineral contents. The 3–5 μm and 8–14 μm wave-
length regions were analyzed separately. Before the PLS regression
analyses, the distributions of variables were checked, and appropriate
transformations were carried out on variables that showed skewed
Fig. 1. Spectra of (A) montmorillonite, (B) illite, and (C) kaolinite in the 2.5–14
distribution. As described byMartens and Naes (1989) andWold et al.
(2001), the data were mean centered and scaled to unit variance
before calibration, for enhancing variance in the explanatory data and
removing any systematic bias. A full cross validationmethod based on
a leave one out principle was used to calibrate and validate the
prediction models. PLS component selections were based on evalu-
ation of residual and explained variances, and corresponding root
mean square errors. Thus, factors with low residual variances
accompanied with low root mean square errors were selected. The
model performance was assessed by various statistics and graphical
outputs, as outlined by Martens and Naes (1989). Coefficients of
correlations (R) and coefficients of determinations (R2) served to
μm wavelength region, with spectral characteristics annotated with lines.
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evaluate the goodness of fits. Expected prediction errors were
assessed using the root mean square errors of predictions (RMSEP).
Standard errors of performance (SEP), which were computed as the
standard deviation of the residuals indicated the precision of the
predictions over the whole samples. Bias showed interference errors
and was computed as an average value of the variations that were not
taken into account by the models. Offset showed the point where
regression lines crossed the ordinate in the scatter plots, summarizing
the relationship between measured and predicted values of the
response variables, thus showed possible deviations from ideal one to
one correspondences. Graphical outputs such as score plots, stability
plots, scatter plots of X–Y relation outliers, and scatter plots of the
measured versus predicted responses were also examined. These
graphs were used to check sample distributions, identify samples
causing perturbation, detect outliers and assess the nature of
relationships among the predictors and responses such as deviation
from linearity, and the quality of the regression models in terms of
fitting the data respectively. Plots of B-coefficients were used to
visualize significant wavelengths for predicting clay mineral contents.
These coefficients were used to build model equations. Weighted
coefficients Bow and raw coefficients B were identical, because no
weighting was applied on the variables.

3. Results

3.1. Spectral characteristics of the clay minerals

3.1.1. Montmorillonite, illite, kaolinite
The spectra of montmorillonite (Fig. 1A), illite (Fig. 1B), and

kaolinite (Fig. 1C) were well resolved in the 2.5–14 μm wavelength
region. All spectra exhibited strong, broad absorption bands in the
2.5–3.7 μm wavelength region, with absorption minima at ~2.75 μm
and ~3.1 μm for montmorillonite and illite, being generally broader in
the illite spectrum. The kaolinite spectrum showed asymmetric and
sharply defined absorption minimum centered at ~2.75 μm.

The montmorillonite spectrum was further characterized by
rounded troughs at ~5.1 μm and ~5.4 μm. The prominent absorption
band centered at ~6.1 μm, according to Farmer (1974) is typical of
water bearing clay minerals and is associated with the bending
vibrations of structural water molecules (Frost et al., 2001). Near
9.4 μm, montmorillonite exhibited reflectance maxima following an
absorption deep at ~9 μm.

In the illite spectrum, weak troughs were seen at ~3.48 μm and
~4.67 μm. The doublet with absorption minima at ~3.84 μm and
Fig. 2. Spectra of montmorillonite, kaolinite and their mixtures, annotated with numbers, sh
with changing montmorillonite/kaolinite ratio. (2) Shifts in position at ~3.1 μm. (3) Slope dif
at ~4.7 μm, and (6) doublet with minima at ~5.2 μm and ~5.5 μm for kaolinite. (7) Change
intensity of absorption bands at ~6.1 μm, and (9) ~9 μmwith changingmontmorillonite/kaol
content. (k = kaolinite and m = montmorillonite with prefix numbers showing contents i
~3.98 μm was intense and sharp at the later. The narrow, intense
absorption band at ~5.56 μm was followed by a broader absorption
band at ~6.1 μm.

A slight minimum at ~3.69 μm and a doublet at ~5.2 μm and
~5.5 μm seemed to be diagnostic of kaolinite. In addition, the kaolinite
spectrum showed weak troughs at ~4.7 μm, ~8.6 μm, ~9.8 μm,
~10.6 μm and ~12.4 μm; and reflectance peaks at ~6.3 μm, ~9.4 μm
and ~11.7 μm.

3.1.2. Mixtures of montmorillonite and kaolinite
Overall line shapes and reflectance intensities of the spectra of

montmorillonite, kaolinite and their mixtures exhibited characteristic
differences (Fig. 2). The absorption bands at 2.5–3.7 μm varied with
the montmorillonite/kaolinite ratio. The sharp, asymmetric absorp-
tion minimum at ~2.75 μm in kaolinite became poorly defined with
increasing montmorillonite content. The absorption minimum at
~3.1 μm, which is typical of water bearing clay minerals (Farmer and
Russell, 1964; Roush et al., 1987), subtly shifted to lower wavelengths
as the kaolinite content increased. The weak trough at ~3.69 μm in
kaolinite gradually disappeared with increasing montmorillonite
content. The slopes of the spectra in the ~3–3.5 μm increased with
the kaolinite content. The continuum removal enhanced the changes
in absorption bands in the 3–5 μm (Fig. 3A) and 8–14 μm (Fig. 3B)
wavelength regions. The changes seemed to correspond to the
montmorillonite/kaolinite ratio. While the depth of the band centered
at ~3.1 μm increased with increasing montmorillonite content, its
position shifted to longer wavelengths. Similarly, the depth of the
water molecule absorption band at ~6.1 μm increased with increasing
montmorillonite content. In a 100% kaolinite spectrum, the ~6.1 μm
absorption band entirely disappeared. Its position slightly shifted
towards longer wavelengths with increasing kaolinite content
(Fig. 3C). The doublet with minima at ~5.2 μm and ~5.5 μm in
kaolinite became rounded and less pronounced with increasing
montmorillonite content; and disappeared at b40% kaolinite. The
rounded troughs in montmorillonite at ~5.1 μm and ~5.4 μm, subtly
disappeared in the spectra of samples at high kaolinite contents.
Additionally, the sharp absorption band at ~9 μm slightly varied in
depth, and the ~11.6 μm reflectance intensity increased with
increasing kaolinite content.

3.1.3. Mixtures of illite and kaolinite
The spectra of illite, kaolinite and their mixtures differed in overall

shapes and reflectance intensities (Fig. 4). The absorption bands at
2.5–3.7 μm varied with changes in the mineralogical compositions.
owing changes in characteristic bands. (1) Changes in absorption minima at ~2.75 μm
ferences at 3–3.5 μm. (4) Variations in the absorption band at ~3.7 μm, (5) modest band
s in the rounded troughs at ~5.1 μm and ~5.4 μm for montmorillonite. (8) Changes in
inite ratio. (10) Differences in reflectance intensity at ~11.6 μmwith increasing kaolinite
n percent.).

image of Fig.�2


Fig. 3. Continuum removed spectra ofmontmorillonite, kaolinite and theirmixtures, showing variations corresponding to changes inmineral contents: at the (A) 3–5 μm, (B) 8–14 μm
and (C) 5–8 μm wavelength regions. Note the changes at the band centered (A) ~3.1 μm, (B) ~8.5 μm, ~10.6 μm, and ~12.4 μm to ~13.5 μm, (C) ~6.1 μm, and the intensity of the
doublet at ~5.2 μm and ~5.5 μm for kaolinite. (k = kaolinite and m = montmorillonite with prefix numbers showing contents in percent.).
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The sharp absorption minimum at ~2.75 μm became poorly defined
with increasing illite content. The slopes of the spectra at ~3–3.5 μm
progressively increased with increasing kaolinite content. The
continuum removal of the spectra in the 3–5 μm wavelength region
(Fig. 5A) enhanced differences in depth and position of the band at
~3.1 μm. While the depth increased with increasing illite content, its

image of Fig.�3


Fig. 4. Spectra of illite, kaolinite and their mixtures, annotated with numbers, showing characteristic spectral differences. (1) Changes in absorption minima at ~2.75 μm. (2) Shifts in
positions at ~3.1 μm. (3) Slope differences at 3–3.5 μm. (4) The weak trough at ~3.48 μm for illite that disappeared in the spectra of samples with high kaolinite content. (5) The
modest absorption band at ~3.69 μm for kaolinite that disappeared in the spectra of samples at b80% kaolinite. (6) Changes in intensity of the doublet at ~3.84 μm and ~3.98 μm for
illite. (7) The weak trough at ~4.7 μm for kaolinite that disappeared as illite content increased. (8) The doublet for kaolinite that gradually disappeared in the spectra of samples with
high illite content. (9) Changes in the intensity of the narrow absorption band at ~5.56 μm for illite. (10) Changes in intensity of the band at ~6.1 μm. (11) Variations in reflectance
intensity at ~8.10 μm, and (12) ~11.6 μm, with changing illite/kaolinite ratio. (k = kaolinite and ill = illite with prefix numbers showing contents in percent.).
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position shifted to longer wavelengths. The weak trough at ~3.48 μm
for illite disappeared with increasing kaolinite content. The modest
deep in the kaolinite spectrum at ~3.69 μm disappeared at b80%
kaolinite. The depth of the doublet at ~3.84 μm and ~3.98 μm in the
illite containing samples spectra lowered with increasing kaolinite
content. The intensity of the narrow absorption band at ~5.56 μm for
illite also decreasedwith decreasing illite content. The doublet band in
the kaolinite spectrum gradually disappeared with increasing illite
content and was absent at illite content N60%. The water molecule
absorption band at ~6.1 μm decreased with increasing kaolinite
content (Fig. 5C). This decrease in intensity was accompanied with
a shift of the position towards longer wavelengths.

3.1.4. Mixtures of montmorillonite and illite
The spectra of montmorillonite and illite overlapped at the water

absorption bands centered at ~3.1 μm and ~6.1 μm. The positions of
these absorption bands subtly varied with changing montmorillonite/
illite ratio. Both bands became broad with increasing illite content
(Figs. 6 and 7A). The spectra of montmorillonite containing samples
showed rounded troughs at ~5.1 μm and ~5.4 μm. The spectra of illite
containing samples showed modest deeps at ~3.48 μm, doublets
with absorption minima at ~3.84 μm and ~3.98 μm, and narrow,
intense absorption bands at ~5.56 μm. The intensity of the doublets
with absorption minima at ~3.84 μm and ~3.98 μm, and the narrow
absorption bands at ~5.56 μm decreased with decreasing illite
content. Both bands appeared in the presence of illite. Therefore,
these bands were the prominent bands for differentiating illite and
montmorillonite.

3.2. Estimation of clay mineral contents

Pair-wise correlation analyses showed that themean reflectance in
the 2.5–14 μm wavelength region were strongly correlated with the
clay mineral compositions at 0.01 significance levels. The clay mineral
compositions in montmorillonite–kaolinite, illite–kaolinite, and
montmorillonite–illite mixtures were negatively related to the mean
reflectance at Pearson correlations of −0.99, −0.98 and −0.90,
respectively. These correlations indicated that absorption bands and
clay mineral compositions are linearly related. The correlation in the
montmorillonite–illite mixtures was lower than for montmorillonite–
kaolinite and illite–kaolinite mixtures. This is probably due to the
similar structure of the two water bearing clay minerals, which might
in turn, determine their spectral characteristics.
Significant wavelengths for estimating the contents of montmo-
rillonite and illite from the spectra of montmorillonite–kaolinite
(Fig. 8A and B), illite–kaolinite (Fig. 8C and D), and montmorillon-
ite–illite (Fig. 8E and F) mixtures are presented for the 3–5 μm and
8–14 μm wavelength regions. Table 1 shows; the correlation
coefficients, root mean square error of the predictions, standard
error of performances, biases and offsets. Much of the variation in
the clay mineral compositions was explained by the PLS models. A
better agreement was achieved at 3–5 μmwavelength region than at
8–14 μm. The relation was again weaker, particularly for the
montmorillonite–illite mixtures, where the coefficient of correlation
was lower, and the model error terms were higher (Table 1) than
those obtained for montmorillonite–kaolinite and illite–kaolinite
mixtures.

4. Discussion

Montmorillonite, illite, kaolinite, and their mixtures showed
spectrally distinct bands. The overall shape and intensity of the
bands varied with the clay mineral contents. Thus, as described by
Clark and Roush (1984), Gaffey (1986) and Van der Meer (1995 and
2004) these spectral changeswere effectivemeasures of compositions
of the mixtures. The strong absorption band in the 2.5–3.7 μm
wavelength region, in the spectrum of montmorillonite (Fig. 1A),
exhibited minima at ~2.75 μm and ~3.1 μm. Hunt (1977) assigned the
band at ~2.75 μm to fundamental vibrations of hydroxyl groups, at
~2.9 μm to asymmetric stretching of hydroxyl groups, at ~3 μm to
overtone bending vibrations of water molecules, and the band at
~3.1 μm to asymmetric stretching vibration of H–O of the water
molecules. The overlapping vibrations of structural hydroxyl groups
and water molecules (Farmer, 1974) broadened absorption bands in
the illite spectrum (Fig. 1B). In kaolinite, the asymmetric stretching of
hydroxyl groups (Farmer, 1974; Farmer and Russell, 1964) produced a
deep and narrow absorption band centered at ~2.75 μm (Fig. 1C).
Changes took place when montmorillonite and kaolinite were heated
(Roush et al., 1987). The ~2.75 μm band became narrower in
montmorillonite due to the loss of water molecules. Little changes
occurred in kaolinite spectrum due to the absence of water molecules.
The wide absorption band exhibited in the illite spectrum can be
associated with the substitution of Al for Si (Yong and Warkentin,
1975). The bands at ~3.1 μm and ~6.1 μm were prominent in the
spectra of montmorillonite and illite containing samples (Figs. 2, 3A,C,
4, 5A,C, 6, and 7A), due to the similar structure of these clay minerals
(Brigatti et al., 2006). The band intensity decreased with increasing

image of Fig.�4


Fig. 5. Continuum removed spectra of illite, kaolinite, and their mixtures showing variations of bands corresponding to changes in compositions of the mixtures: in the (A) 3–5 μm,
(B) 8–14 μm and (C) 5–8 μm wavelength region. Note the changes at the band centered (A) ~3.1 μm, (B) ~8.5 μm, 10.6 μm, ~12.4 μm to ~13.5 μm, and (C) ~6.1 μm. The doublet for
kaolinite became rounded at high illite contents. The narrow, intense absorption band at ~5.56 μm for illite subtly decreased as kaolinite content increased. (k = kaolinite and ill =
illite with prefix numbers showing contents in percent.).
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image of Fig.�5


Fig. 6. Spectra of illite,montmorillonite, and theirmixtures, annotatedwith numbers, showing characteristic spectral differenceswith changingmontmorillonite/illite ratio. (1) Changes in
absorption minima at ~2.75 μm. (2) Subtle shifts in positions to longer wavelengths of the ~3.1 μmwith increasing illite content. (3) Slope differences at 3–3.5 μm. (4) Variations in the
weak trough at ~3.48 μm for illite. (5) Variations in intensity of the doublet at ~3.84 μm and ~3.98 μm for illite. (6) Changes in the rounded troughs for montmorillonite at ~5.1 μm and
~5.4 μm.(7)Changes in thenarrow, intensebandat ~5.56 μmwithdecreasing illite content. (8) Faint variations inpositionand intensityof thebandat ~6.1 μm.(9)Variations in reflectance
intensity at ~8.10 μm, and (10) at ~9.4 μm with changing montmorillonite/illite ratio. (m=montmorillonite and ill=illite with prefix numbers showing contents in percent.).

Fig. 7. Continuum removed spectra of montmorillonite, illite and their mixtures, showing changes in spectral characteristics: in the (A) 3–5 μm and (B) 8–14 μmwavelength region.
The intensity of the water absorption band at ~3.1 μm increased subtly accompanied with slight shifts of positions to shorter wavelengths as montmorillonite content increased.
Conversely, as the illite content increased the intensity of this band slightly decreased associated with shifts in positions towards longer wavelengths. (m=montmorillonite and ill
= illite with prefix numbers showing contents in percent.).
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Fig. 8. PLS analyses results for estimating the claymineral contents from spectra of montmorillonite–kaolinite mixtures in the wavelength region (A) 3–5 μmand (B) 8–14 μm; illite–
kaolinite mixtures in the wavelength region (C) 3–5 μm and (D) 8–14 μm; montmorillonite–illite mixtures in the wavelength region (E) 3–5 μm and (F) 8–14 μm. Statistically
significant regression coefficients (wavelengths) are highlighted in black circles.
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kaolinite contents in montmorillonite–kaolinite (Fig. 3A and C) and
illite–kaolinite (Fig. 5A and C) mixtures. This strong, negative
relationship between the kaolinite content and intensity of these
absorption bands is attributed to lack of water molecules in kaolinite.
In the PLS models, the significant, opposite contributions of the
wavelengths between 3 and 3.2 μm in the montmorillonite–kaolinite
(Fig. 8A), montmorillonite–illite (8E) and illite–kaolinite (Fig. 8C)
mixtures were similarly attributed to differences in the structure and
water molecules. Concerning the structural hydroxyl groups coordi-
nated to the octahedral cations (Brigatti et al., 2006; Gillot, 1987),
substitution of cations can shift the positions of the absorption bands
(Farmer, 1974). This probably explains the shifts in positions of
absorption bands in the claymineral mixtures as suggested by van der
Meer (1995) as shifts in positions are characteristics of cation
substitutions. Therefore, shifts in the band positions, in the spectra
Table 1
Summary of the models performance, showing correlation coefficients in the 3–5 μm
and 8–14 μm wavelength regions with corresponding RMSEP, SEP, Bias and offsets.
Better agreement was achieved at 3–5 μm wavelength region.

Spectral
region

Clay mineral
mixtures

Correlation
coefficient

RMSEP SEP Bias Offset

3–5 μm Montmorillonite–kaolinite 0.99 3.46 3.79 ‐0.12 2.96
8–14 μm Montmorillonite–kaolinite 0.96 10.86 11.56 ‐2.58 9.07
3–5 μm Illite–kaolinite 0.99 2.11 2.29 0.26 ‐0.46
8–14 μm Illite–kaolinite 0.99 4.08 4.46 ‐0.34 3.78
3–5 μm Montmorillonite–illite 0.99 2.87 3.13 ‐0.28 ‐0.37
8–14 μm Montmorillonite–illite 0.90 15.33 16.33 3.61 15.05
of montmorillonite–illite mixtures (Figs. 6 and 7A) are probably
related with reorientation of the hydroxyl groups, due to substitution
of Fe and Mg for Al, or Al for Si (Farmer and Russell, 1964; Yong and
Warkentin, 1975). The broad absorption band centered at ~3.1 μm in
the spectra of samples with illite might be further associated with
distortion in the structure to accommodate longer bonds resulting
from replacement of Al for Si (Farmer and Russell, 1964; Yong and
Warkentin, 1975). Illite exhibited distinct doublet bands at ~3.84 μm
and ~3.98 μm. The unique presence of this doublet in all spectra of
illite containing samples (Figs. 4, 5A, 6 and 7A) and the narrow,
intense absorption band at ~5.56 μm, which also appeared in the
presence of illite can be considered diagnostic bands. These bands and
the weak absorption at ~3.48 μm were significant PLS regression
coefficients in estimating illite contents from mixtures of illite–
kaolinite (Fig. 8C) and illite–montmorillonite (Fig. 8E).

As established by many experts, the 8–14 μmwavelength region is
dominated by absorption bands resulting from SiO, hydroxyl and
metal–hydroxyl vibrations (Clark, 1999; Farmer and Russell, 1964;
Frost et al., 2001; Michalski et al., 2006). Michalski et al. (2006)
reported that clay minerals exhibited absorption bands centered in
the 9–10 μm wavelength region, due to the SiO stretching vibration.
They assigned absorption bands in the 10–14 μm wavelength region
to metal–hydroxyl bending vibrations. Frost et al. (2001) associated
the bands at ~8–10 μmwavelength region with the SiO stretching and
those at~10–14 μm with hydroxyl groups bending vibrations. Farmer
and Russell (1964) similarly assigned wavelength regions of 8–10 μm
to (Al, Si)-O stretching vibrations in the tetrahedral sheets, and those
of 10–14 μm to the hydroxyl and metal–hydroxyl bending vibrations
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in the octahedral sheets. The spectra of the clay minerals investigated
here showed a sharp absorption band near 9 μm, which is probably
due to the SiO stretching vibration. However, this band seems to be
not a diagnostic band because it showed overlapping bands of
kaolinite and montmorillonite, while it appeared shallower, with its
shoulder shifted to the longer wavelength in the illite spectrum. The
appearance of this band in illite might also be influenced by distortion
in structure caused by substitution of Al for Si, shifts the positions to
longer wavelengths (Farmer and Russell, 1964; Michalski et al., 2006).
Other bands centered at ~8.6 μm, ~10.6 μm and ~12.4 μm showed
significant variations that seemed to correspond to changes in the
mineralogical composition (Figs. 3B, 5B and 7B). Thus, they were
useful in discriminating the clay minerals as well as in estimating
content of the clay minerals in the mixtures (Fig. 8B,D and F). The
bands at ~10.6 μm and ~12.4 μm appeared strong and well structured
in the presence of kaolinite (Figs. 3B and 5B) probably due to higher
contents of aluminum relative to the other cations in the octahedral
sites (Brigatti et al., 2006; Farmer and Russell, 1964). Overall, the
spectral variation in the clay mineral mixtures was largely due to
mineralogical variation. The absorption bands were strong and
enabled a clear differentiation of the clay minerals. The presented
data are seen useful to estimate the claymineral contents in expansive
soils, and thereby making rational spectral–compositional
correlations.

5. Conclusions

Spectroscopy in the 2.5–14 μmwavelength regionwas explored for
clay mineralogical characterization. The clay minerals and mixtures
exhibited distinct spectral characteristics. Spectral shape, reflectance,
absorption bands, and spectral contrast differed in the 3–5 μm and 8–
14 μm wavelength regions. The PLS models explained much of the
variations in the clay mineral compositions. Significant bands that
appeared diagnostic in differentiating the clay minerals were
identified. For all mixtures, the 3–5 μm wavelength region was more
suited than the 8–14 μm wavelength region. The 5–8 μm wavelength
region also provided valuable spectral differences among the clay
minerals andmixtures. The approach demonstrated that spectroscopy
in the 2.5–14 μm wavelength region is a useful technique for
characterizing (detecting, identifying and quantifying) clay minerals.
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