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Abstract
Phyllite clays are applied as a layer on a surface to be waterproofed and subsequently compacted. For
this purpose, phyllite clays deposits can be grouped by their chemical and mineralogical
characteristics, and these characteristics can be connected with their properties, mainly permeability,
in order to select those deposits with the lowest permeability values. Several deposits of phyllite clays
in the provinces of Almería and Granada (SE Spain) have been studied. The results of applying a
multivariate statistical analysis (MVA) to the chemical data analysed from 52 samples determined by
XRF, mineralogical analysis by XRD and permeability are reported. Permeability, a characteristic
physical property of phyllite clays, was calculated using the results for experimental nitrogen gas
adsorption and nitrogen adsorption-desorption permeability dependence. According to the results,
permeability values differentiated two groups, i.e. group 1 and group 2, with two subgroups in the
latter. The influence of chemical as well as mineralogical characteristics on the permeability values
of this set of phyllite clays was demonstrated using a multiple linear regression model. Two regression
equations were deduced to describe the relationship between adsorption and desorption permeability
values, which support this correlation. This was an indication of the statistical significance of each
chemical and mineralogical variable, as it was added to the model. The statistical tests of the residuals
suggested that there was no serious autocorrelation in the residuals.
Keywords: Multivariate analysis, permeability, phyllite clays
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1

Introduction

Phyllite clays or phyllites are foliated rocks, metamorphosed to a low extent, because they are formed
by low-temperature regional metamorphism, of slate clay materials. Their essential components are
an abundance of very fine-grained phyllosilicates, which gives them an unctuous feel, and quartz;
occasionally, they may contain calcite (calcareous phyllites). The existence of preferential cleavage
gives them the property of being easily breakable into thin sheets (Garzón et al., 2009a, 2009b;
Garzón et al., 2010; Oliva-Urcia et al., 2010; Oliveira et al., 2015; Ramamurthy et al., 1993; Valera
et al., 2002). Their colours range from beige to violet and from reddish to gray and black. Although
found in several parts of the world, phyllite clays are abundant in the Betic Cordilleras (Andalusia, S
Spain), e.g. in the provinces of Almería and Granada, mainly in Alpujarride and Malaguide Complex
(Alcántara-Ayala, 1999; Azañón et al., 1995; Crespo-Blanc, 1995; Gómez-Pugnaire et al., 1978;
Lonergan and Platt, 1995; Sanz de Galdeano, 1990; Sanz de Galdeano et al., 2001; Sanz de Galdeano
and López-Garrido, 2014). The nature of the contact between Alpujarride and Malaguide complexes
has been discussed by Lonergan and Platt (1995). The tectonic map of the central Betics, geological
setting and structure of the Alpujarride Complex, cross-sections and other notable features have been
reported by Azañón et al. (1995). Sanz de Galdeano et al. (2001) concluded that the presence of the
Intermediate Units indicates that the change from the Alpujarride to Malaguide complexes was not
abrupt, but rather occurred with a wide transitional domain between them.
In Sierra Nevada (SE Spain), phyllites form a band of Permo-Triassic materials (slate, marble, and
clay phyllites). In Sierra Alhamilla (Almería) there is a phyllite area in blue, violet, and reddish
colours in which limestone and dolomite can be found, separated by a transition area of calco-schists.
All these materials belong to the Alpujarride Complex (Alcántara-Ayala, 1999; Crespo-Blanc, 1995;
Gómez-Pugnaire et al., 1978; Lonergan and Platt, 1995; Sanz de Galdeano, 1990; Sanz de Galdeano
and López-Garrido, 2014). The northern and western borders of the Sierra Cabrera (Almería) have
several outcrops considered to belong to the Malaguide complex with dark Palaeozoic lutites and
Jurassic and Tertiary sediments: its Triassic sequences are formed by phyllites (Sanz de Galdeano et
al., 2001). Small outcrops are also found in the Sierra de Alhamilla (Almería), in particular on the
northern border, some in the south, and a few in the east where this sierra joins the Sierra Cabrera
(Sanz de Galdeano et al., 2001). The geological setting and morphology of the Sierra de Lújar, crosssections and main features of the other units, have been studied and reported by Sanz de Galdeano
and López-Garrido (2014). Phyllites have been described by these authors on studying the
stratigraphic series of the Lújar unit. In other parts of eastern Andalusia, such as the Baza mountain
range (Granada), the presence of phyllites has also been reported in an early work by Gómez-Pugnaire
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et al., 1978. Furthermore, the Alpujarra phyllites have undergone several en-masse movements as a
consequence of sliding and/or flow processes. These movements are conditioned, among other
factors, by the dipping angle of the slopes, and the low shear strength and the humidity of the material
(Alcántara-Ayala, 1999).
In recent years, a few publications have reported on different applications of phyllite clays in materials
technology, for instance in concrete (Ramamurthy et al., 1993), as a filler in plastic (Valera et al.,
2002) and mortar (Oliveira et al., 2015) products. In SE Spain, due to their low water permeability,
their compacting properties, their relative low cost and their abundance, phyllite clays in a variable
state of trituration have been traditionally used for very specific purposes, such as: a covering and
waterproofing for roofs; layers and subsequently compacted, of buildings; in the central area of ponds;
core material in zoned dams and also for urban waste landfill applications (Alcántara-Ayala, 1999;
Garzón et al., 2010; Garzón et al., 2015a, 2015b; Suárez et al., 2005). Garzón et al. (2010) studied
and reported the physical and geotechnical properties of phyllite clays. Garzón et al. (2015a, 2015b)
reported phyllite clay-cement composites having improved engineering properties and material
applications, such as roofs, building construction, and flexible pavements. Waterproof compositions
have also been developed using phyllite clays as raw materials (Spanish Patent by Garzón et al.,
2015a, 2015b). Recently, Garzón et al. (2016) studied the effect of lime on stabilization of phyllite
clays. Potential applications of these mixtures include earth construction, building materials, and
impermeabilization. However, due to the variability in the chemical and mineralogical composition
of phyllite clays on which their properties depend, as well as on their potential applications, it
becomes useful to characterize these clay materials from each zone. Only through a good state-ofthe-art knowledge of the chemical and mineralogical composition and the physical properties of the
phyllite clays in each zone will it be possible to understand their traditional uses and to try to improve
them. This knowledge is also important to assess the properties of phyllite clays in other regions and
to evaluate their potential uses in applications other than traditional ones. Statistical methods prove
helpful for this purpose. For instance, Galán et al. (1995) proposed the multivariate statistical analysis
as a tool for genetic approaches in clay mineralogy and further to study the correlation of some
properties of kaolin with its mineralogical and chemical composition (Galán et al., 1998).
The aim of the present work was to assess the application of multivariate statistical analysis to study
a set of phyllite clay deposits (52 samples) in a study zone (Almería and Granada, SE Spain), where
the main geological features have been previously described, as pointed out above, and to examine
the possible existence of correlations between both the chemical and mineralogical characteristics on
a physical property of these samples. The most relevant physical property of the phyllite clays is
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permeability and, hence, this was examined. These phyllite clay deposits can thus be selected with
the lowest permeability values for their applications.

2
2.1

Experimental
Samples

In this study, a total of 52 phyllite clay samples from several deposits in Almería and Granada
provinces (Andalusia Region, Spain) were studied. The identification, description, and their GPS
location of all these samples have previously been reported (Garzón et al., 2009b; Garzón et al., 2012).
Fig. 1 shows the spatial location of each and includes the different deposits, identification, and
localization data with X and Y coordinates and altitudes in the study areas. The selection of the
sampling areas was based on the geological and mining maps available and precludes the possibility
that all these samples were of similar origin. A previous study was performed using the geological
maps MAGNA scale 1:50,000 and the Mineralogical-Geological Map of the Region of Andalusia
scale 1:400,000. Thus, the zones with phyllite clays at the surface were selected and later, in situ, the
samples were mined. In general, the thickness of phyllite clay deposits was variable, but after
removing the first surface layer (1–30 cm), the thicknesses were 1–2 m.

2.2

Chemical analysis by X-ray fluorescence

X-ray fluorescence analysis (XRF)were performed on pellets obtained from pressed powered samples
using an Axios PANalytical B.V. equipment located at the ‘Centro de Investigación, Tecnología e
Innovación de la Universidad de Sevilla (CITIUS)’, with a sample handling maximum of 51.5 mm
diameter and 40 mm height, 0.5 rev/s spinner. The X-ray tube was a super-sharp end-window tub
with Rh standard anode, ceramic insulation and ultra-high transmission. The goniometer type was
θ/2θ decoupled with Direct Optical Position System, angular accuracy 0.0025°θ and 2θ, angular
reproducibility 0.0001°θ and 2θ and temperature stabilization ± 0.05 °C at 31 °C cabinet temperature.
The electronic counting was carried out with a dual multi-channel analyser with a digital signal
processor having automatic dead-time correction. The crystals were: LiF420, LiF220, LiF200, Ge111
(flat/curved), TlAP coated, PX1, PX4, PX5, PX6, PX7, and PX9. The quality of the analytical results
concerning their precise and accurate characteristics was checked by measurements using standard
certified materials at the CITIUS, such as GEOPT19, GEPT20, and NCS DC7 1301 of the
International Association of Geoanalysts, recommended after proficiency tests for analytical
geochemistry laboratories (Sena et al., 1995).
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2.3

Mineralogical analysis

The mineralogical analysis of the 52 samples was determined by Xray powder diffraction (XRD).
The samples were gently ground in an agate mortar. Samples were scanned in random preparations
using a X-ray diffractometer Bruker D-501 at the ICMS with Ni-filtered CuKα radiation, graphite
monochromator, at 36 kV and 26mA and a scanning speed of 1° in 2θ min−1. The mineralogical
composition after crystalline phase analysis was determined using the methods proposed by Schultz
(1964) and Biscaye (1965) applied in previous research by several authors such as López et al. (1971);
Parras et al. (1996); Jordán et al. (1999); Dolinar et al. (2007), and Carretero et al. (2014). In the
present study, however, the modifications provided by Galán and Espinosa de los Monteros (1974)
were considered for all the samples in order to perform these calculations (García-Ramos et al., 1985;
Mesa López-Colmenar, 1986; Garzón et al., 2010). From the X-ray diagnostic peaks of each mineral
phase, the peak areas were measured. The source of errors that influence the shape of XRD diagrams,
such as background, orientation of phyllosilicates, and grinding of the samples, were avoided.

2.4

Surface area and nitrogen adsorption-permeability dependence

The surface area and pore structure of the natural samples were determined using nitrogen adsorption
at liquid nitrogen temperature. Micromeritics-ASAP 2010 equipment was used. Surface areas were
estimated from the Brunauer, Emmett, and Teller (BET) model along the adsorption branch (Brunauer
et al., 1938; Sing et al., 1985). The pore size distribution and cumulative pore area were estimated
following the Barrett, Joyner, and Hallenda (BJH) method using the adsorption desorption
information (Barrett et al., 1951; Sing et al., 1985).
Although it was possible to determine permeability by direct measurements, it was informative to
investigate the dependence of this parameter with adsorption-desorption of nitrogen gas at liquid
nitrogen temperature for the 52 samples but for small pore sizes. Several mathematical methods have
been developed to correlate nitrogen-adsorption results with saturated-water permeability, such as
capillary, hydraulic radius, and probabilistic models (García-Bengochea et al., 1979; Juang and Holtz,
1986a; Juang and Holtz, 1986b). Predictive equations enabled us to demonstrate the dependence of
permeability on pore-size distribution and reflected its changes induced by different stress paths. The
different models were based on the Hagen-Poiseuille equation for laminar flow through a cylindrical
capillary of diameter x (García-Bengochea et al., 1979; Lapierre et al., 1990; Vicol, 1990). The main
difference arises in the way two cross-sections (i and j separated by a distance L), with identical poresize density function and defining a flow region, are considered to be connected.
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The probability P(xi, xj) of pores of sizes between xi and xi + dxi on cross-section i to be connected to
pores of sizes between xj and xj + dxj on cross-section j, presents the following extreme cases (Juang
and Holtz, 1986b):
• For L >> x, the connection can be assumed to be completely random, where each section is
independent of the other, and hence the probability is P(xi, xj)=f(xi)f(xj) dxi dxj. The term f(x)dx
represents the fraction of pore volume, which is assumed to be equal to the area ratio, contributed by
pores between x and x + dx, where f(x) is the pore size density function.
• For L→0 the pores considered are correlated, and hence the probability is P(xi, xj) = f(xi)dxi or
f(xj)dxj.
For the sake of simplicity, an expression equivalent to the classical capillary concept of correlated
pores has been selected for the permeability model, though it is clear that the porous media is
extremely disordered. For a distribution of capillaries, García-Bengochea et al. (1979) formulated the
following equation for calculating the permeability kw:

kw 

 w gx 2
;
32

k w (x m ) 

 w gn
32

m

 x i2 f (x i )

(1)

i

where ρw is the water density at a certain temperature, g the gravitational acceleration, μ the coefficient
of absolute viscosity of water at a specified temperature, n the porosity of the soil and f (x i ) the
frequency histogram. The second moment about the origin of the histogram represents the number of
pores of size xi multiplied by the pore area. The area frequency of the capillary diameter xi is admitted
to be equivalent to the volumetric frequency, which is the quantity measured in the nitrogen
adsorption method. The factor n converts the Srnw values to equivalent ones related to gross crosssectional areas.
Relative permeability values kw(xi)/kw(xm) for different pore sizes (xm represents the maximum pore
diameter) can also be calculated.
Finally, in order to introduce the pore-size density function as suggested in the second case for
correlated pores, Eq. (1) transforms to:
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Thus, indirect values of permeability in the range of small pore sizes 0.17–25 nm were estimated
using this model for the 52 phyllite clay samples.

2.5

Multivariate statistical analysis

To isolate and estimate the statistic validity of those groups that showed a similar profile, we analysed
the permeability (determined in the adsorption and desorption phases) with two exploratory
multivariate-analysis techniques: cluster analysis and discriminant canonical analysis, which include
the Mahalanobis distance calculation (Mommsen, 2001). Finally, a multiple-regression analysis of
permeability using adsorption (ADS) and desorption (DESOP) experimental results was performed
to assess the influence of both chemical and mineralogical characteristics of the 52 phyllite samples.
For this purpose, the program Statgraphic-plus was used. Autocorrelation in the residuals and the
results of fitting a multiple linear regression model were examined. The confidence levels were also
determined for both ADS and DESOP.
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Results

The results of the chemical analyses by XRF in the 52 phyllite samples have been previously reported
(Garzón et al., 2009a, 2009b; Garzón et al., 2010; Garzón et al., 2012). The chemical composition
demonstrated a predominance of silica (maximum66.61wt.% in sample 45) and alumina (maximum
27.32 wt.% in sample 5), with variable content of iron oxides (maximum 8.99 wt.% in sample 11),
calcium oxide (maximum14.24wt.% in sample 6) and other minor components (Table 1). The
numerical analyses indicated that there were 41 variables: 10 macroelements and 31 trace elements.
The macroelements were the following: SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2,
and P2O5. The remaining variables represented only 0.06%. Consequently, the trace elements were
not significant.
The results of mineralogical analysis by XRD have been previously reported (Garzón et al., 2012).
From these results, as summarized in Table 2, it was found that the mineral content ranges (in wt.%):
30–85% of quartz, 5–25% mica (illite), 2–23% chlorite, 3–18% feldspar (microcline), 0–15% iron
oxide (hematite and/or goethite), and dolomite (0–32%). However, smaller proportions of the
8

following crystalline phases have also been identified: calcite (0–8%) and an interstratified or mixedlayer clay mineral (IS), although it was difficult to estimate their relative proportion. In general, the
relative proportion of IS is < 2 wt.% or not detected.
Concerning the indirect permeability results determined and reported in the present work (Table 2),
the cluster analysis was carried out following the results of permeability found in the adsorption
(namely ADS) and desorption (namely DESOP) phases, using the nearest-neighbour method and an
Euclidean distance matrix. The results gave a dendrogram with two clearly differentiated groups (Fig.
2a):
Group 1: sample 23, which include the samplewith the highest permeability value.
Group 2: the rest of the samples.
Within this group 2 there were further groupings:
Subgroup 1: samples 47 and 10, which consisted of a set of phyllite clay samples with the highest
impermeability in the adsorption phase.
Subgroup 2: the rest of the samples.
In this subgroup 2, two more blocks appeared:
Block 1: samples 6, 14 linked to very high permeability levels.
Block 2: The rest of the samples.
These groups were confirmed by a discriminant canonical analysis, in which the Mahalanobis
distance of each sample was calculated with regard to the centroid of each group (Fig. 2 b). The
analysis of permeability values in the range of small pores (0.17–25 nm) revealed separate samples
6, 14, and 23, which had the highest degree of permeability, while sample 6 for instance had the
lowest proportion of SiO2, as well as highest quantities of CaO (Table 1). Furthermore, sample 23
was included in a mineralogical differentiated subgroup, as shown in Garzón et al. (2012).
With the chemical and mineralogical analysis made through XRF and XRD, respectively, a
correlation can be seen (Table 3) for the 52 phyllite clays concerning the adsorption and desorption
permeability values. Observed and predicted plots resulted from the statistical treatments of the data
(Figs. 3 and 4). From these results, as previously expected, both chemical and mineralogical
characteristics influenced this physical property because multiple-regression analysis enabled us to
deduce such as a relationship.
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4

Discussion

Multivariate statistical analysis is a useful tool (Baxter, 1994; Mommsen, 2001) that introduces the
importance of chemistry and chemometrics into classification of samples, for instance by linear
discriminant analysis assuming that the variables are drawn from a population with multivariate
normal distributions and determined variables have equal variances (García et al., 2005). Even more
to find some correlation, if it is examined the influence of chemical and mineralogical characteristics
of a group of samples on a physical property, such as permeability in this case. Permeability can be
considered the most relevant physical property of phyllite clays according to their applications
(Garzón et al., 2010; Garzón et al., 2015a, 2015b; Garzón et al., 2016). The application of multivariate
statistical analysis was examined to study the possible correlations between the chemical and
mineralogical characteristics of indirect permeability, but for small pores in the range 0.17–25 nm.
Thus, two correlations were found for adsorption and desorption permeability values.
The present results concerning multivariate statistical analysis demonstrated that the chemical as well
as mineralogical characteristics correlated with indirect permeability. Two scenarios were
considered: adsorption and desorption. A correlation was found between the permeability of small
pores in the phyllite clays and the chemical composition data compiled by XRF. In the first approach
(Fig. 3), the variable with the strongest influence on permeability (adsorption phase) was the chemical
content of K2O, which was associated with illite and feldspar (microcline), and the mineralogical
variables with the strongest influence were quartz and chlorite (P > 0.05). The results of fitting a
multiple linear regression model are presented in Figs. 3 and 4 at 90% confidence level. Furthermore,
the R-squared statistic indicated that the model as fitted explains a high percentage of the variability
in ADS.
On the other hand, the highest probability value of the independent variables is P = 0.1175, belonging
to feldspar. Since this P-value is > 0.05, the highest-order term was statistically significant at the 90%
confidence level. Thus, it is not necessary to remove any variables from the model presented. In the
case of desorption, this value was at the 90% of confidence level.
The discussion about the statistical conditions of the variables subjected to multivariate statistical
analysis was checked for normality and homoscedasticity. For adsorption, according to the
Kolmogorov-Smirnov statistical tests, the residuals would be normal because the P-value was higher
than or equal to 0.05, as reflected in Fig. 3 (P = 0.9867). In Fig. 3, homoscedasticity of the residuals
was considered as follows. The Durbin-Watson statistical test was performed to determine whether
10

there was any significant correlation based on the order in which they occurred in the data file. Since
the Durbin-Watson values were > 1.4 (in Fig. 3, 1.83821 > 1.4), we deduced that there was no
autocorrelation in the residuals and they were independent.
In the case of desorption, according to the Kolmogorov-Smirnov statistical tests, the residuals would
be normal because the P-value was higher than or equal to 0.05 (in Fig. 4, P = 0.3544 > 0.05). The
homoscedasticity of the residuals were found to be independent. In other words, on applying the
Durbin-Watson statistical tests, the value was 2.57197 and we also deduced that there was not
autocorrelation in the residuals because this value was higher than 1.4.
Finally, Table 3 included the multivariate correlation between paired variables. This Table of results
shows the correlation of Pearson coefficients between two variables. The correlation range of the
coefficients was between −1 and 1. These coefficients measure the strength of the linear relation by
a comparison of variables. The P-values indicate the statistical significance of the estimated
correlation. Thus, P-values lower than 0.05 indicate significant correlations different of 0 with a
confidence level of 95%. For instance, according these results, the following pairs of variables had
P-values lower than 0.05: ADS and CaO (%), ADS and Illite, ADS and Dolomite, ADS and Feldspar,
ADS and Chlorite, ADS and I/S; Desop and Calcite.
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Summary and conclusions

In this paper, several deposits of phyllite clays in the provinces of Almería and Granada (SE Spain)
were studied. We report the results of applying a multivariate statistical analysis to the chemical
analysis data of 52 samples determined by XRF, mineralogical analysis estimated by XRD, and
indirect permeability.

First of all, the multivariate statistical analysis was used to study and classify the phyllite clay
samples. Secondly, the chemical and mineralogical data were used to examine whether there was any
correlation with indirect permeability. A correlation between chemical and mineralogical
characteristics and permeability was found. Two regression equations were deduced in the present
study considering a model which supports the correlation. The results of fitting the multiple linear
11

regression model indicated that for adsorption and desorption, this value was lower (90%), without
any serious autocorrelation in the residuals according to the statistical test. The multivariate
correlations between pairs of variables were provided.

The present results are valuable as a contribution to ascertain the physico-chemical characteristics
and properties of phyllite clays of similar origin from several Spanish deposits. In particular, to
develop waterproof types of compositions based on their applications working with the samples
having the lowest permeability levels. Only through a better knowledge of the chemical and
mineralogical composition and properties of the phyllite clays will it be possible to understand their
traditional use for impermeabilization, to optimise them, and to propose new or improved
applications.
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TABLES:
Table 1. Chemical composition (wt.%) of the 52 phyllite clay samples as determined by XRF.
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Table 2. Mineralogical composition of the 52 phyllite samples as determined by XRD (wt.%) and
indirect permeability obtained in the adsorption (ADS) and desorption (DESOP) phases.
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Table 3. Multivariate correlation.
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FIGURES:
Figure 1. Identification (ID) and localization by GPS of the samples.
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Figure 2. Permeability results obtained by statistical treatment of the data: a) dendrogram and b)
discriminant analysis.
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Figure 3. Multiple Regression Analysis of permeability (Adsorption).
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Figure 4. Multiple Regression Analysis of permeability (Desorption).
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