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A B S T R A C T

This study aims to use spectral analysis and hyperspectral Hyperion remote sensing images of the Egyptian Abu
Zenima Carboniferous and Cretaceous kaolin deposits, located in West-Central Sinai Peninsula, for mapping the
spatial distribution of their qualities determined by their mineralogical and geochemical parameters. Mineral
quantification has been made by X-ray diffractometry and chemical analysis, and kaolinite structural order-
disorder degree was measured by mean of the Hinckley (HI), Stoch (IK) and Liètard (R2) indices. The geo-
chemical characteristics classified the studied samples into ferruginous and non-ferruginous deposits. The mi-
neralogical composition discriminated the studied sample grades into kaolin (> 75% kaolinite), silty kaolin
(75–50% kaolinite) and kaolinitic siltstone (< 50% kaolinite). Abu Zenima kaolin quality is mainly influenced
by quartz and Fe-Ti minerals contents. The Carboniferous kaolin samples are characterized by ordered kaolinite
(HI or R2 > 1 and IK < 0.7), while the Cretaceous kaolins exhibited mainly disordered kaolinite (HI or
R2 < 1 and IK > 0.7). Five EO-1 Hyperion Level 1 GST radiometrically and geometrically corrected images of
April and May 2011 were used to identify the spatial distribution of Carboniferous and Cretaceous kaolin grades
and the structural characteristics of kaolinite. The position, depth, full-width-half-maximum and 22SP-Index of
the absorption features were calculated for the continuum-removed spectra in the range 350–2500 nm.
Prominent absorption features spectra occur around ~1400, ~1900, ~2200 and 2300 nm, and there are shifting
and changes in their position and morphology with the kaolinite richness and the structural order-disorder
degree. Spectral Angle Mapper (SAM) supervised classifications proved successfulness for identifying the kao-
linite spatial distribution on the Hyperion images using the measured spectra of kaolins with different qualities
and structural order-disorders.

1. Introduction

Kaolin is a fine usually white clay mainly made up of the clay mi-
neral kaolinite and/or halloysite (> 75%; Kogel et al., 2006). It is a
naturally abundant and inexpensive geomaterial and exhibits many
various suitable properties that make it useful in numerous industrial,
agricultural, civil, environmental and health-care applications (Ciullo,
1996; Murray, 1999; Carretero et al., 2013; Awad et al., 2017b). The
remarkable kaolin resources are mined worldwide form giant districts
located in the United States (the upper coastal plain areas of Georgia
and south Carolina), Brazil (eastern Amazon region), the United
Kingdom (Cornwall–Devon) and Germany (Bavaria and Saxony).

However, numerous other significant kaolin occurrences, either
exploited or not, are recorded in many countries of the world's con-
tinents except of Antarctica (Kogel et al., 2006).

According to the global statistical Mundi Index (2007), Egypt is the
first kaolin producer in Africa and the Middle East, with the rank 19th
worldwide (Ekosse, 2010). The total production of Egyptian kaolins in
the last decade is about 3,702,000metric tons, with an average of
375,000metric tons per year, representing 1% of the worldwide pro-
duction (Taib, 2015; Virta, 2015). Based on supply and demand of the
local market of industrial minerals in Egypt, these deposits are essen-
tially exploited, since the mid of the 20th century, as raw materials for
ceramics, refractories, Portland cement, fillers, paints and paper
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industries (Abdel Shafy, 1967; Hegab et al., 1992; Rashed and Amer,
1994; Kamel et al., 1997). Awad et al. (2017a) have recently char-
acterized some of the Egyptian kaolins, evaluating their mineralogical
and chemical composition, purity, crystallinity, color, and rheology,
trying to find alternative applications in health-care uses (i.e., phar-
maceutical and cosmetic applications).

The grade and quality of economic kaolin deposits, as a raw mate-
rial for industrial uses, are mainly determined on the basis of the kao-
linite content and its structural order-disorder degree, as well as the
associated quartz and Fe-Ti mineral impurities as mainly host of heavy
metals (Vie et al., 2007; Teh et al., 2009; Gupta et al., 2011; Ptáček
et al., 2013; Wardhana et al., 2014; Ndlovu et al., 2015).

Kaolin chemistry and mineralogy are normally affected by its gen-
esis, from the source rock weathering, sediment transport till the de-
positional and diagenetic conditions, which have a strong influence on
its physical properties such as color, opacity and whiteness, compact-
ness, plasticity, and rheology, or its physicochemical properties, in-
cluding sorption or cationic exchange capacities (Murray and Lyons,
1955, 1959; Vasilev et al., 1976; Cabrera and Eddleston, 1983; LaIglesia
and Aznar, 1996; Fialips et al., 2000; Awad et al., 2017a).

The kaolinite structural order-disorder (i.e., the perfection degree of
the phyllosilicate layers stacking) was calculated by first time by
Hinckley (1963) who proposed an index (HI) that is considered as the
most common. Beyond the HI, other six structural order indices were
also introduced, including the QF index (Range and Weiss, 1969), the
IK index (Stoch, 1974), the R2 index (Liétard, 1977), the H&B index
(Hughes and Brown, 1979), the expert system (Plançon and Zacharie,
1990) and FWHM indices (Amigo et al., 1994).

The color spectrophotometric analysis (wavelength range from 400
to 700 nm) proved to be a helpful tool for discriminating mineralogical
quality of kaolins, as strong relationships exist between the iron oxide
contents and the CIE-lab chromatic and lightness parameters (Awad
et al., 2017a). On the other hand, kaolinite and most of the mineral
surfaces show diagnostic spectral signatures in Visible/Near Infrared
(VNIR) and Shortwave Infrared (SWIR) of electromagnetic spectrum,
which enables their detection (Hunt, 1977; Clark et al., 1990; Rowan
et al., 2003; Kruse et al., 2006). Absorption features at specific wave-
lengths result from both, electronic and vibrational processes in mole-
cules (Hunt and Salisbury, 1970, 1971), and they are caused by elec-
tronic processes that generally occur at wavelengths < 1 μm (VNIR
spectrum), whereas the vibrational process occurs at wavelengths >
0.94 μm (SWIR spectrum, Hunt, 1977). Mineral absorption features are
usually generated by the overtone or the combination of fundamental
and overtone transitions of the vibrations of atom bonds. Absorption
features at ~1400 nm and 2200 to 2400 nm are used in the identifi-
cation of hydroxylated minerals, while minerals with absorption fea-
tures at ~1910 nm and 2200 to 2400 nm are likely hydrated minerals.
Minerals with three absorption features at ~1400 nm, ~1910 nm and
2200 to 2400 nm are usually identified as hydrated phyllosilicates
(Poulet et al., 2005; Mustard et al., 2008). For example, clay minerals
(like kaolinite, illite, and montmorillonite) have an absorption peak
around 2206 nm, corresponding to the combination of(OH) stretch and
Al-OH bending modes (Goetz, 1992; Kruse et al., 1993), and carbonate
minerals (e.g. calcite) has an absorption peak around 2348 nm corre-
sponding to CO3 overtone vibrations (Gaffey, 1986). Spectral analysis
of clay minerals indicated that their absorption features shift due to
variations in composition and crystal structure (Kruse and Hauff, 1991;
Hauff, 1991). Zhang et al. (2001) reported that the SWIR reflectance
spectroscopy is capable of detecting clay minerals at abundances as low
as 1 wt% and quantitatively estimating the structural order-disorder of
kaolinite by defining a “14Sp Index” (calculated as A-B/A), where A
and B correspond to the depths of the absorption feature doubled found
around 1400 nm on the kaolinite spectra. Hyperspectral sensors acquire
simultaneously images of the Earth surface in tens to hundreds of
narrow spectral bands in such a way that a complete spectral pattern of
each pixel can be derived for target detection, discrimination and

classification (Kerekes and Baum, 2003).
Remote sensing techniques have been widely and successfully used

for geological mapping and mineral exploration for decades (Goetz and
Strivastava, 1985; Sultan et al., 1986; Boardman and Kruse, 1994;
Rowan and Mars, 2003; Perry, 2004; Zhang et al., 2007; Amer et al.,
2010; Amer et al., 2012a, 2012b, 2015; Pour and Hashim, 2011, 2012).
The Hyperion hyperspectral images were used for several surface mi-
neral mapping with significant accuracy (Jafari and Lewis, 2012;
Kusuma et al., 2012; Farifteh et al., 2013).

With these premises and for an optimum valorization, it could be an
interesting objective to functionalize the mineralogical and geochem-
ical aspects integrated with hyperspectral parameters for discriminating
grades of kaolin deposits (kaolinite richness and structural order-dis-
order), on regional scale occurrences, by means of the reconnaissance
satellite imageries. Hence, the aim of this study is to use the measure-
ments of VNIR and SWIR reflectance and Hyperion imagery with mi-
neralogical and geochemical data to evaluate the usefulness of remote
sensing techniques in mapping and detecting the kaolin purity and
kaolinite structural order of the Egyptian Abu Zenima kaolin deposits.
The proposed methodologies were applied on six lithological sections,
located at Abu Zenima district, and related to different geologic for-
mations and ages. The results could be also used as local and regional
model for prospecting the high purity kaolin zones in the outcropped
relevant bearing rock units.

2. Study site and geologic setting

Abu Zenima sedimentary kaolin resource, located between long-
itude 33° 14′ 00″ and 33° 24′ 00″ E and latitude 28° 52′ 00″ and 29° 10′
00″ N at West-Central Sinai Peninsula, is one of the greatest reserve of
economic interest in Egypt. It represents the highest quality amongst all
the Egyptian kaolins and recorded by 120million tons (Abd El Razek,
1994). The sedimentary basin of Abu Zenima district covers about
333 km2 of cultivated and accessible lands, generally elevated up to
680–1000m above sea level. The major outcrops of kaolin-bearing
rocks at Abu Zenima district are exposed at Wadi Khaboba (K) and
Gabal Hazbar (H) areas, located to the northern part of Abu Zenima
district, and Wadi Abu Natash (N), Farsh El Ghozlan (F), Wadi Budra
(B) and Gabal El Dehessa (D) sites, located to the South (Fig. 1).

The stratigraphic succession of the studied Abu Zenima district is
ranged from the basement Pre-Cambrian rocks till the Quaternary de-
posits. The Pre-Cambrian basement rocks are considered as probable
sources of the studied sedimentary kaolin deposits (Baioumy et al.,
2012; Baioumy, 2014a, 2014b). These are mainly included by meta-
morphic schists, gneisses and migmatites, dark amphibolitic xenoliths
of dioritic to quartz dioritic rocks and old granitoids intruded by
younger pink granites and variable composition sets of dykes. The se-
diments were intruded by Triassic dolerite sills scattered in the central
and southern portions of the area. The successions at the northern re-
gion were generally extruded by Miocene basaltic dykes with a main
trend NE-SW direction (El Aref et al., 1988; Abdel Karim, 1996). The
kaolin-bearing member at the studied Wadi Khaboba, Gabal Hazbar and
Wadi Abu Natash sections is related to the Abu Thora Formation, with a
the Lower Carboniferous (Visean) age (Kora, 1989, 1995). The kaolin-
bearing member exposed at Gabal El Dehessa, Farsh El Ghozlan and
Wadi Budra belongs to the Malha Formation, with a the Lower Cre-
taceous (Albian) age (Abdallah et al., 1963; Saied, 1990). Fig. 2 sum-
marizes the lithology of the studied sections and location of studied
samples. Lithology was described in detail in Awad et al. (2017a).

3. Materials and methods

Twenty-nine rock samples were collected from the Carboniferous
outcrops, and thirty-six samples were collected from the Lower
Cretaceous ones. The methods used for chemical composition, mineral
identification and quantification were explained in Awad et al. (2017a).
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The Al2O3/SiO2 and Log(Fe2O3/K2O) vs Log (SiO2/Al2O3) ratios was
used to discriminate the kaolin grades (Kogel et al., 2006) and iron
content variabilities (Herron, 1988).

The spectral analyses were performed to the raw samples with>
50% kaolinite, for two modules, consolidated and powdered samples,
by using an Analytical Spectrometer Device (ASD) Portable
Spectroradiometer FieldSpec Pro JR (A109200), with spectral ranges
350–2500 nm. The spectral resolutions are 3 nm at 700 nm, and 30 nm
at 1400 and 2100 nm, with a total number of 2151 spectral bands. The
measuring interval was 1.4 nm for the spectral range 350–1000 nm and
2 nm for the range 1000–2500 nm. The system is incorporated by a
contact probean high intensity contact probe A122307 with halogenous
light source and measurement surface area equivalent to a circle 2 cm in
diameter, and a maximum specular reflectance of 5%. White level was
calibrated on a Spectralon of 3.62″ diameter (Analytical Spectral
Devices Inc.), material with approximately 100% reflectance across the
entire spectrum.

Spectra were visualized by SigmaPlot-13® and ENVI 5.4 software.
The continuum spectral data was calculated by using the Origin® soft-
ware, on the basis of mathematical polynomial fitting approach of the
spectral curve (at equation order= 9 and total number of coordinal
points (λ,R0) equals 2151) to obtain new y-coordinate data of the re-
flectance (RC) corresponding to the wavelength values in the range
(350–2500) of each spectral curve (λ, RC). The continuum was then
removed from the reflectance data according to the method of Clark
and Roush (1984) by dividing the initial reflectance (R0) data by the

values (RC) obtained from the curve fitting to get the new continuum-
removed data. The continuum-removed ratio data were plotted against
the corresponding wavelength values using again SigmaPlot® software
to obtain new normalized curves at the baseline (y= 1). Then, the
spectral parameters were determined by fit multi-peak analysis using
Origin® software. Continuum-removal normalizes the reflectance
spectra from a common baseline. The position attribute is the wave-
length of the lowest point, the depth is the reflectance of the low point,
and FWHM is the width of the feature at half of the depth (Kruse et al.,
1993). Because the absence of the 1400 nm doublets on all the spectral
curves, a 22SP-Index was calculated for the 2200 nm doublet absorp-
tion feature using a similar relationship (A− B)/A to that introduced
by Zhang et al. (2001) (Fig. 3).

The kaolinite structural order-disorder degree was determined by
three indices: (1) the Hinckley index (HI, Hinckley, 1963) was de-
termined by using the reflections (02l) and(11l) in the range from 19° to
26° 2θ in random oriented powdered samples, as they are very sensitive
to the structural defects (i.e., random and interlayer displacements) in
kaolinite structure; it was calculated as the ratio of summation (1−10)
and (11−1) reflection heights above their background from 20° to 22°
2θ to the (1–10) reflection height above the total background from 19°
to 26°2θ; (2) the Stoch index (IK, Stoch, 1974) was measured in the
same 2θ range of the HI as the ratio of the (020) to the (1–10) reflection
heights above the background from 19° to 24° 2θ; and (3) the Liétard
index (R2, Liétard, 1977), was calculated by heights of the (1−31) and
the (131) reflections and the height of the valley between them, all

Fig. 1. Geological map of the study area (modified from Conoco, 1987).
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measured above the background between 37° and 40° 2θ. The con-
fidence of using the HI, R2 and IK, amongst all other indices, for de-
tecting the spatial distribution of the studied kaolinite order-disorder
degree, is based on their influence by the mineral impurities. Hence,
such indices values calculated for high grade kaolin samples are more

objective (Aparicio and Galán, 1999).
Five EO-1 Hyperion Level 1 GST radiometrically and geometrically

corrected images of April and May 2011 were used to study the spatial
distribution of kaolinite in Abu Zenima area. The image consists of 242
spectral channels in the wavelength ranges 400–2500 nm of the elec-
tromagnetic spectrum, with a spectral and spatial resolution of 10 nm
and 30m, respectively. The Hyperion visible-near-infrared (VNIR)
sensor has 70 bands (1–70), and the shortwave-infrared (SWIR) sensor
has 172 bands (71–242). Hyperion image has some bad bands which
include bands 1–7, 58–76, and 225–242 which already set to values of
zero (Barry, 2001). Bands 121–126, 167–180 and 222–224 have severe
noise that corresponds to strong water vapor absorption, and are typi-
cally removed from processing (Datt et al., 2003). Hyperion image
consists of 175 bands after removing all of the bad bands. The five
images were radiometrically calibrated for retrieving spectral re-
flectance using ENVI 5.4 automated module FLAASH and mosaicked
into one image. Image processing and analysis were carried out using
ENVI 5.5 and ArcGIS 10.5 software packages. Spectral Angle Mapper
(SAM) algorithm was used to identify the spatial distribution of the
kaolinite using the measured spectra. SAM is a deterministic method
that looks for an exact pixel match by measuring the spectral similarity
between the pixel and reference spectra by calculating the angle be-
tween the two spectra, treating them as vectors in n-dimensional space,
the smaller the angle the more likely the spectra are similar (Kruse
et al., 1993).

Fig. 2. Lithology and sampling of the Carboniferous and Cretaceous sedimentary kaolin deposits, from North to South, of the Abu Zenima district, Sinai Peninsula.

Fig. 3. Calculation procedure method for the spectral measured parameters: position,
depth, FWHM and 22SP-index.
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4. Results

4.1. Kaolin grade

The kaolinite content in the studied samples range from 9 to 96wt%
(Table 1). Hence, the sample grades are controlled by variable amounts
of other mineral phases, mainly quartz, and lesser quantities (normally
below 10%) of muscovite-illite, anatase, hematite, carbonates, sul-
phates and others (Awad et al., 2017a). According to Kogel et al.

(2006), the kaolinitic mudrocks can be classified, based on kaolinite
and/or halloysite contents and quartz and/or feldspars in the clay
matrix, into kaolinitic sand-or-siltstone, sandy-or-silty kaolin and kaolin
grades, with 10–50%, 50–75% and>75% kaolinite respectively. The
mean size of detrital fraction in the studied samples does not exceed the
silt-sized grains (10 μm), as indicated by petrographic observations.
Therefore, 48% of the studied samples are considered as kaolin grade,
40% of the samples are silty-kaolin and 12% are kaolinitic siltstone.

Finally, if we take into account the iron content variabilities, and

Fig. 4. Shortwave Infrared (SWIR) spectra of Carboniferous and Cretaceous Abu Zenima kaolins.
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according to Herron's (1988) model, the Abu Zenima samples can be
classified into two different types of kaolin deposits: ferrugineous (Log
[Fe2O3/K2O] > 0.6, most of the Cretaceous samples) as they contain
Fe-oxides and titanium minerals contents > 3%, and non-ferrugineous
(Log[Fe2O3/K2O] < 0.6, most of the Carboniferous samples), as they
do not exceeded 3% Fe-Ti oxide mineral contents.

4.2. Kaolinite structural order-disorder

The structural order of kaolinite in the studied kaolin grade deposits
(> 75% kaolinite) varied widely. The Hinckley Index (HI) ranges from
0.27 to 1.50, the Stoch Index (IK) ranges from 0.54 to 1.5 and the
Liétard Index (R2) ranges from 0.48 to 1.20. The larger the value of the

Fig. 5. Continuum removed spectra of Carboniferous and Cretaceous Abu Zenima kaolins.
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HI and R2 indices, the greater the structural order, while the larger the
value of the IK, the greater the disorder. Carboniferous kaolinite
(samples N, K and H) exhibits high structural order (HI and R2 > 1;
IK < 1), while most of the Cretaceous kaolinite (samples B, D and F)
have structural disorder (HI and R2 < 1; IK mainly> 1, Table 1). It is
observed that there are strong positive correlations (R2=0.96) when
Hinckley Index (HI) and Liétard index (R2) are compared, and strong
negative correlation (R2= 0.90) to Hinckley Index (HI) against Stoch
Index (IK), while the R2 versus IK illustrated relatively lower negative
correlation (R2=0.89). Hence, the Hinckley index measurements
showed high accuracy with quartz contents < 20%, titaniferous mi-
nerals content is< 5% and the other phyllosilicates and K-feldspar
contents is< 4% (Table 1).

4.3. Spectral features and parameters

Kaolinite spectral analysis shows that the prominent absorption
features occur around ~1400, ~1900, ~2200 and 2300 nm (Fig. 4).
The wavelength regions from 1400 to 2450 nm have been assigned to
the first harmonic of inner-surface (OH) stretching fundamentals vi-
bration modes, the combination of outer-surface (OH) stretching
overtone and AleOH bending (Brindley et al., 1986; Johnston et al.,
1998). The position, depth, and full-width-half-maximum (FWHM) of
the cited absorption features were calculated for all of the continuum-
removed spectra measured in samples with kaolinite content > 50%,

that are defined as silty-kaolin and kaolin grades (Table 1 and Fig. 5).
The 22SP-Index was calculated only for the kaolin grade samples (i.e.
kaolinite > 75%, Table 1). The results indicated that there are shifting
and changes in the morphology of the absorption features around the
regions 1400 and 2200 nm, as well as the calculated 22SP-Index with
changes of the kaolinite contents (%) and the structural order indices
HI, IK and R2.

4.4. Image classifications

Spectral Angle Mapper (SAM) supervised classifications was used to
identify kaolin distribution on the Hyperion images using the measured
spectra of samples with different crystallinity and quality. Results show
that the kaolin zones with high kaolinite richness (> 90%) are con-
centrated in the northeast part of the study area around field site “H”
(Fig. 6, identified by red color pixels). There are also few red pixels
distributed in the northwestern and southern parts of the study area.
Kaolin grade with kaolinite contents 75–90% were identified by green
color pixels and concentrated along the north western side of the study
area and around field sites B, D, and F. There are also few green pixels
distributed over the southeastern part of the study area. The low grade
kaolin outcrops with kaolinite contents 50–75% are identified with blue
color and concentrated in the central part of the study area. There are
also some blue pixels distributed around sites N, D, F, and B.

Kaolinite order-disorder degrees were also identified using SAM
supervised classification. Fig. 7 shows the distribrution of very high

Fig. 6. Spectral Angel Mapper (SAM) classification of Hyperion for discrimination of Abu
Zenima kaolin quality based on kaolinite richness (area inside dashed borders in Fig. 1).

Fig. 7. Spectral Angel Mapper (SAM) classification of Hyperion for identification of Abu
Zenima kaolinite order-disorder based on Hinckley Index (HI) (area inside dashed borders
in Fig. 1).
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ordered kaolinites (HI > 1, red piexels) and disordered (HI < 1,
yellow pixels) kaolinites, which includes lower ordered to disordered
kaolinites. Red pixels close to the D, F, and B outcrops correspond to
Carboniferous outcrops belonging to the Abu Thora Formation, in
concordance with the geological map (Fig. 1).

5. Discussion

It is almost impossible to find kaolin deposits with pure kaolinite,
given that lesser amounts of accompanying minerals are normally
present. A 100% pure kaolin must exhibit around 46.5% SiO2, 39.5%
Al2O3 and 14% H2O, and hence highest SiO2 values are normally as-
sociated with quartz, K2O and Na2O to mica and/or feldspars, MgO and
CaO to smectite, but remarkable CaO and/or MgO contents to carbo-
nate minerals (calcite, dolomite), TiO2 to anatase or rutile, Fe2O3 to
iron oxi-hydroxides minerals (and rarely to ferric iron substituted for
aluminum in kaolinite), and considerable Cl− or SO3

−− to halite or

gypsum, respectively. Trace amounts of Ni, Cr, V and Nb in raw kaolin
deposit are mainly due to substitution for Ti in anatase (Wilson, 1961;
Schroeder et al., 2004; Kogel et al., 2006). The selection of the bene-
ficiation method for upgrading and improvement of crude kaolinitic
rocks depend mainly on the abundance of kaolin minerals, as well as
concentrations, grain or particle size distributions and densities of the
detrital clastic impurities (e.g. quartz, feldspar, anatase, etc) and con-
centrations of the iron oxi-hydroxides minerals (e.g. hematite, goethite,
etc).

The kaolin quality was discriminated by plotting kaolinite and
quartz concentrations versus the Al2O3/SiO2 ratios (Fig. 8). All the
kaolin samples with>75% kaolinite exhibited Al2O3/SiO2 values
ranged from the minimal limit 0.52 (at kaolin sample D8 with 77%
kaolinite, 20% quartz and free of other silicate phases) and increased
normally up to the stoichiometric limit (Al2O3/SiO2=0.85) of kaoli-
nite. The lower grades silty-kaolin and kaolinitic siltstone samples
(kaolinite < 75% and<50%, respectively) exhibited Al2O3/SiO2 ratio

Fig. 8. Abu Zenima kaolin grades and quality classified based on the ratio Al2O3/SiO2 versus kaolinite (A) and quartz (B) as main impurity, contents.
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mainly< 0.52 (except some B samples) and these are influenced sig-
nificantly by quartz, mica and carbonate contents.

Aparicio and Galán (1999) studied the interference and sensitivity
of all the kaolinite structural order indices (i.e., HI, QF, IK, R2, FWHM
and others) in relation to the kaolin mineralogical composition as well
as their mutual empirical relationships. They interestingly concluded
that all of these indices cannot be measured with kaolinite con-
tents < 20wt% as their precision increases with the high kaolin
grades. The precision of the HI and QF measurements are highly in-
fluenced by any impurities, while the R2, FWHM and IK exhibit higher
accuracy as they are not influenced by the associated quartz, feldspars

and iron hydroxide mineral phases, but the FWHM is sensitive to
chlorite and halloysite, and the IK is influenced by any phyllosilicate
impurities.

The studied Carboniferous kaolin samples exhibited high kaolinite
structural orders (HI and R2 > 1 and IK < 1), high Al2O3 and low
Fe2O3 contents, and they can be regarded as soft kaolins (the majority
of these samples are laminated and easily fractured in the field struc-
ture). Conversely, the Cretaceous samples were mostly characterized by
kaolinite structural disorder, relatively low Al2O3 and higher Fe2O3

contents, so they can be considered as hard kaolins (the majority of
these samples are massive and compact in the field structure).

Fig. 9. Position, depth and FWHM of absorption features attributes of 1400 and 2200 nm spectral peaks versus kaolinite content (> 50% grades).
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Correlation analysis of the absorption features attributes indicated
that the shifting and changes in the morphology of the absorption
features around the regions 1400 and 2200 nm of the kaolinite spectra,
as well as the calculated 22SP-Index, seem to be in a certain way spe-
cifically related with both the kaolinite richness (wt%) and the struc-
tural order-disorder indices (HI, R2 and IK) for the measured powdered-
module samples, but not good correlations were observed for the con-
solidated-module samples. This could be due to the higher color
homogeneity of the powdered samples when compared to the con-
solidated samples, which exhibit a rough surface.

Hence, in the kaolin samples with kaolinite content > 50%, the
measured absorption features around 1400 nm showed negative cor-
relations when kaolinite richness and peak position and depth are
compared (R2= 0.81 and 0.73, Fig. 9A and C), while kaolinite richness
showed positive correlation with FWHM (R2= 0.60, Fig. 9E). By the
same way, when peak around 2200 nm is analysed, negative correla-
tions are found between kaolinite richness and peak position and depth
(R2=0.87 and 0.77, Fig. 9B and D), while exhibited positive correla-
tions (R2= 0.79) with FWHM (Fig. 9F). By its hand, the 22SP-Index
showed negative correlations with kaolinite richness (R2= 0.63,
Fig. 10A).

With regards to the structural order-disorder, good correlations
have been found between the proposed 22SP-Index and the order-dis-
order indices for samples with kaolinite contents > 75%. The 22SP-
Index showed positive correlations with Hinckley (HI) and Liétard (R2)
indices (R2= 0.79 and 0.81, Fig. 10B and C) and negative correlations
with the Stoch Index (IK) (R2= 0.77, Fig. 10D).

It could be stated, therefore, that the peak position, depth and

FWHM of the spectral peaks around 1400 and 2200 nm, as well as the
22SP-Index, are related to kaolinite richness for samples with kaolinite
contents > 50%, and that the 22SP-Index is also related to the struc-
tural order-disorder degree in samples with kaolinite contents > 75%.
This limited extend of the 22SP-Index applicability to the cited struc-
tural order-disorder indices can be attributed to the influence of the
mineral impurities on their measurements.

In over all, the obtained results indicated that spectral analysis of
VNIR and SWIR and SAM classification methods could be successfully
applied and they can be considered as promising for identifying and
mapping kaolins with different qualities and structural order-disorder
degrees.

6. Conclusions

The studied Abu Zenima kaolins are differentiated on the basis of
their age, mineralogical and geochemical characteristics and structural
order. The soft Carboniferous kaolins are characterized by ordered
kaolinite (HI and R2 indices > 1, IK index < 1) of relatively high
alumina and low iron oxide content, while the hard Cretaceous kaolins
exhibited disordered kaolinite (HI and R2 < 1, IK > 1) with relatively
low alumina and higher iron oxide contents. The spectral absorption
features, especially those at 1400 and 2200 nm, can be considered as
the most important characteristic attributes for discriminating qualities
of the Abu Zenima kaolin deposits as provided good correlations with
kaolinite richness for deposits containing> 50% kaolinite. The 22SP-
Index only is related with the structural order-disorder degree in kaolin
grade deposits (> 75% kaolinite).

Fig. 10. Effects of kaolinite richness and structural order-disoeder degree (by HI, R2 and IK indices) on the proposed 22SP-Index (at 2200 nm).
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