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ABSTRACT

It is presented the results obtained of a multivariate statistical analysis concerning the chemical and phase composition,
as a characterization purpose, carried out with 52 rock phyllite samples selected from the provinces of Almeria and
Granada (SE Spain). Chemical analysis was performed by X-ray fluorescence (XRF). Crystalline phase analysis was
performed by X-ray powder diffraction (XRD) and the mineralogical composition was then deduced. Quantification of
weight loss (100" and 1000°C) was carried out by thermal analysis. The aims of this investigation were to analyze and
compare the chemical and mineralogical composition of all these samples and to find similarities and differences be-
tween them to allow a classification. Several correlations between results of the characterization techniques have been
also investigated. All the data have been processed using the multivariate statistical analysis method. The XRF macro-
elements (10) and microelements (39) data generate one macrogroup with two new subgroups (1 and 2), and an isolated
sample. In subgroup 1 of macroelements, a positive correlation was found between XRF results and geographic location
characterized by lower MgO content, which is associated to its geological origins. When multivariate statistical analysis
is applied to results obtained by XRD, two groups appear: the first one with a sample with zero percentage of iron oxide
and the second one with the rest of the samples, which is classified in two groups. A correlation is observed between the
alkaline content (XRF) and illite (XRD), CaO and MgO with dolomite and indirectly between the weight loss after
heating at 1000°C and the contents of phase minerals that lose structural water (illite + chlorite) or carbon dioxide
(dolomite). The present investigation has interest and implications for geochemistry and analytical chemistry concern-
ing earth rocks and silicate raw materials.
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1. Introduction Phyllites have been used traditionally in very specific

Phyllites are foliated and metamorphized rocks with a areas of the Southeast of Spain, for sUch purposes as

low degree of schistosity. They can occasionally contain

calcite, besides quartz, moscovite, talc, albite and chlorite,

among other minerals. They have a silky sheen and feel
greasy to the touch in a similar way to talc. They flake
easily and have relatively little cohesion. Moreover, their
colours vary from grey, greenish-grey, bluish-grey, violet
or even brown or reddish [1-3].

In the Southeast of Spain, they can be found in abun-
dance, linked with the Alpujérride complex and the basis
of the Maé&guide complex: Sierra Nevada and Sierra de
Baza in Granada, the Cuevas de Almanzora area and Si-
erra Alhamilla in Almeria, Cerro de la Peluca in Malaga
and in the Murcia region [3-5]. They have aso been
found in large areas of the Andes, like Venezuda and
México [6], and in other parts of the world, such as:
Créete[7], China[8] 6 Brasil [9].

"Corresponding author.
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cover and waterproofing in roofs, ponds, for some parts of
heterogeneous cross section dams, (Beninar dam) and for
urban waste landfills (e Gorguel tip in Cartagena) due to
its compacting properties and its scarce permeability to
water [10-13]. On flat roofs, several compressed layers of
phyllites of different sizes are placed on a cane matting
basis supported by a framework of wooden beams. In
other regions of the Southeast of Spain, where snowfall is
frequent, they have gable or hip roofs. In these instances,
they use clay tiles to cover the phyllite layer and even
date leaves[14,15].

At present, there are several applicable aternatives for
waterproofing roofs, and impermeabilizing ponds and
tips. Some of them are based on the use of high density
polythene (HDPE) and polyvinyl (PVC). These materials
eventually deteriorate despite their long durability and
have to be replaced. Besides, being oil derivates, their
relative cost has increased significantly in the last few

AJAC



348 E.G.GARZON ET AL.

years[6].

Another highly developed aternative is based on the
use of materials of natural origin, such as bentonite.
These can be classified as highly expandable (with Na),
little expandable (with Ca) and intermediate. However,
the most commonly used waterproof material is sodium
bentonite [16]. Besides those mentioned above, other
mixtures have been developed which combine polythene,
polypropylene or geotextile layers with a layer of sodium
bentonite, which acts as the waterproofing agent.

Another possibility exists, based on the use of natural
materials which are plentiful in a particular area, such as
phyllites. But this alternative is hardly developed, since it
is currently applied as a cover for surfaces that require
waterproofing, and is subsequently compacted manually
[17]. After some time, it is necessary to carry out main-
tenance every year, replacing part of the materials that
have been washed away by therain. In terms of the above
statements, it is necessary to classify phyllite deposits by
their chemical and mineralogical characteristics using an
adequate method. The purpose of the present investiga
tion is to analyze and compare the chemical and minera-
logical composition of a set of rock phyllite samples to
find smilarities and differences between them to allow a
classification. The data have been processed using the
multivariate statistical analysis method. Severa correla-
tions between results of the characterization methods have
been also investigated. The significance of this contribu-
tion is addressed to geochemistry and analytical chemistry
of earth rocks and silicate raw materials.

2. Materialsand M ethods

2.1. Materials, Techniques and Operating
Conditions

In this study, a total of 52 phyllite samples from Almeria
and Granada (provinces South Spain) have been analyzed.
In Figure 1 the spatial location of each one of them is
shown. For the analysis of the chemical composition of the
samples under study, a Siemens SRS-3000 X ray Fluo-
rescence sequential spectrometer (XRF) was employed
and an Rh tube as X-ray source. Pressed pellets were made
with the original samples by pressing them at 400 Mpa,
after placing them on acylindrical metal matrix.

The bulk mineralogical composition of the samples was
determined by an analysis performed using X-ray powder
diffraction (XRD). The samples were ground in an agate
mortar and disoriented mounting for XRD was prepared.
The X-ray diffractometer Siemens, D-501 model, was
used. The instrument was operated at 36 kV and 26 mA
using Ni-filtered CuKa radiation and graphite mono-
chromator. The semiquantitative mineralogical composi-
tions after crystaline phase analysis were calculated using
the methods proposed by [18,19], applied by [20-22] and

Copyright © 2012 SciRes.

more recently by [23] with successful results considering
clay minerals and accessories such as those identified by
XRD in the 52 phyllite samples.

This method is adequate for mineral content higher
than 5% in weight. When the mineral phase is identified
but it is not possible to use X-ray peaks of relative inten-
sity 100 to perform the calculations, the content is as-
sumed to be “<2%" in weight. Source of errors which
influence the shape of XRD diagrams and X-ray diag-
nostic peaks, such as background, orientation of phyllo-
silicates and grinding of the samples, were avoided
[24,25].

The weight loss quantification was carried out using
thermal treatments at temperatures of 110°C and 1000°C,
using a sample amount of 1 g, after heating it in an oven
for one hour. To calculate total weight loss the mean of
three measurings was taken.

2.2. Statistical Analysis

In order to isolate and estimate the statistic validity of
those groups that showed a similar chemical profile, the
chemica composition data obtained by XRF (of both
macroelements and microelements) and by XRD were
analyzed using MVSA exploratory techniques. cluster
analysis, main-component analysis and discriminant ca
nonical analysis, which includes the Mahaanobis [26]
distance calculation using the programme statgraphic-plus.

The XRF and XRD concentrations became logarithmic
values to compensate the differences in magnitude be-
tween magjority and minority values when calculating
similarity coefficients [6,27]. In the statistical analyses
the concentrations of microelements Lu and Tm were not
taken into account because it was impossible to deter-
mine them in any of the samples. Discriminant canonical
analyses were also carried out between the data of XRF,
XRD and weight loss. In the latter, the data have not
been transformed.

3. Results and Discussion
3.1. XRF and Multivariate Statistical Analysis

The results of the chemical analyses obtained by means
of XRF in the 52 samples were transformed into loga
rithmic values and subjected to an exploratory statistical
analysis using a Cluster analysis and an analysis of the
main components. The purpose of this was to carry out
an initial approximation to the general features presented
by the set of data, and to determine the variables that
showed a higher discriminating power to separate groups
of phyllites with a similar chemical profile. These pre-
vious numerical analyses indicated that there were 49
variables: 10 macroelements and 39 microelements.
The macroelements were the following: SiO,, Al,Og,
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Figure 1. Location of phyllite sampling points (a) and illustration detail of pictures taken with a digital camera of the place
wher e the samples wer e collected, which arelinked to the yellow sample (b).

Fe,O3, MnO, MgO, Ca0, Na,O, K50, T|02 y P,Os. The
remaining variables only represent 0.06%. The compo-
nent analysis showed that the first three components rep-
resent 79.50% of the total data variation (Figure 2). With
regard to the first component which accounted for
43.167% of the variation, variables MnO, P,Os and others
correlated positively, while the rest of the variables did

Copyright © 2012 SciRes.

SO in a negative way. In the second component with
19.04% of the variation, they were the variables Fe,0s,
TiO,, K20, MnO, P,Os and others which correlated posi-
tively, while SIO,, MgO, Ca0O and N&,O correlated nega
tively. For the third component with 17.29% of the varia-
tion, variables SiO,, Al,0; and K0 correlated negatively
and the rest did so positively (Figure 2).
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Figure 2. Plot of component weights of phyllites samples.

A Cluster analysis was carried out starting from the 10
macroelements mentioned, using the nearest-neighbour

method and a Euclidean distance matrix gave a dendo-
gram in which most samples cluster within a group (51)
with different similarity levels, whilst sample 26 appears
without a group, due to the fact that MnO y P,Os con-
centrations are null (Figure 3 and Table 1). Within the
first group, 2 subgroups appear. Likewise, within each
subgroup there are new groupings.

Subgroup 1 (samples): 43, 44, 45, 46, 47, 48, 50, 51,
52.

Subgroup 2 (samples): 1, 2,3,4,5,6, 7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,41, 42y
49.

The first subgroup is geographically located in areas
which are very close to one another (between Castro de
Filabres and Gérgal) and its main characteristic is lower
concentrations of MgO (Figure 4).
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Figure 3. Dendogram of phyllite sample groups.

Table 1. Cluster analysis using the near est-neighbour method and a Euclidean distance matrix (XRF macr oelements).

Clusters Combined

Clusters Combined

Stage Cluster 1 Cluster 2 Coefficient Stage Cluster 1 Cluster 2 Coefficient
1 4 8 0.632 27 1 25 2182
2 3 35 0.703 28 1 5 2217
3 29 30 0.714 29 1 7 2275
4 1 3 0.793 30 1 17 2283
5 12 23 0.800 31 1 27 2335
6 12 22 0.874 32 28 29 2.775
7 10 11 0.880 33 44 45 2.924
8 21 24 0.882 34 1 16 3.066
9 2 33 0.892 35 43 24 3.215
10 32 37 0.899 36 1 19 3.385
11 2 32 0.905 37 1 28 3.790
12 2 18 0.943 38 3 50 4421
13 4 12 1.007 39 51 52 4.766
14 21 31 1.024 40 48 51 4813
15 2 14 1114 41 43 47 5.272
16 9 10 1.179 2 3 48 5537
17 2 34 1.335 43 1 42 6.155
18 1 9 1.340 44 38 39 6.166
19 15 20 1.376 45 1 41 6.253
20 1 21 1.391 46 1 49 7.115
21 1 15 1.404 47 1 38 7.243
2 4 13 1,526 48 1 6 7.403
23 43 46 1,563 49 1 40 7.843
24 1 4 1.605 50 1 43 8.400
25 2 36 2,061 51 1 2 100.921
26 1 2 2.093

Copyright © 2012 SciRes.
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Figure 4. Subgroup 1 (macroelements) located between Castro de Filabres and Gérgal, with the characteristic of lower MgO

concentrations.

To estimate the statistical validity of the groups ob-
tained with the Cluster analysis and of the main compo-
nents a final discriminant canonical analysis was carried
out with which the Mahalanobis distance of each sample
was calculated with regard to the centroid of each group-
ing. The results of this analysis confirmed the groupings
that had been established. In all cases, the samples pre-
sented a 100% likelihood of belonging to the group in
question. As to the Mahalanobis distance, group 1 proved
to be very homogeneous, as its scores were between 0.545
and —0.275 with regard to its centroid. And Group 2 (26)
is situated at —6.9 with regard to the centroid of group 1
(Figure5and Table 2).

As to the microelements, an analysis of the compo-
nents reflects that the first 6 represent 82.91% of the total
variation of the data (Figure 6 and Table 3). The first
component accounted for 53.35% of the variation, va
riables Cl, Cs, Cu, Sy Sb correlated negatively and the
rest positively. The second component represents 15.52%
of variability, and they were variables As. Cl, Er, Eu, F,
Gd, Hf, La, Mo, Nb, Pb, Sm, Sn, Th, Th, Tl, V, W, Y,
Yb, Zn and Zr that correlated negatively. For the third
component with 4.58% of the variation, They were vari-
ables Ba, Cl, Co, Cr, Cs, Cu, Ga, Hf, La, Mo, Pb, Rb, Sc,
Sm, Sr, Ta, Th, V, W, Zn that correlated negatively. As
to the fourth component, it represents 3,53% of the varia-
tion, variables Ba, Cl, Dy, Er, Eu, F, Gd, Hf, La, Mo, Nb,
Ni, Sm, Ta, Th, Th, Y, Zn, Zr correlated negatively. And
finaly, the other two main components represent 3.31%
and 2.6% of the total variation (Figure 6).

Copyright © 2012 SciRes.

The Cluster analysis carried out (Figure 7 and Table 4)
using the Nearest-Neighbor method and a Euclidean dis-
tance matrix, provided a dendogram in which most of the
samples clustered within group 1, except sample 23
which remained ungrouped, as it registered the lowest
values among the following microelements: Eu, Gd, Nb,
Th, Zny Ba, Dy, Er, Ga, Hf, Sm, Th, V, Y, Yb, Zr (these
microelements are aways followed by 49). Likewise,
within group 1 two subgroups appeared. One where al
the samples appeared and the other one with ungrouped
sample 24, which had the highest values of Ta, next to
the lowest value of U. And within subgroup 1 once more
two blocks appeared:

Plot of Canonical Variables #1

7k ‘ . ‘ -
-7 -5 -3 -1 1
Set 1 (Ca0, K,0, Na,0, P,O, TiO,, Others)

Set 2 (Si0,, ALO,, Fe,0,, MnO, MgO)
b
T
|

Figure 5. Representation of the samples and their groupings
according to the scores of the first five components, from
the logarithmic transformation of element concentration
given by WDXRF.
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Table 2. Discriminant canonical analysiswith the calculation the M ahalanobis distance (XRF macr oelements).

Samples Set-Variable 1-1 Set-Variable 2-1 Samples Set-Variable 1-1 Set-Variable 2-1
1 0.373 0.145 27 0.327 -0.09
2 0.1 0.163 28 0.2 0.093
3 0.442 0.339 29 0.082 0.092
4 0.222 0.446 30 0.079 0.018
5 0.274 0.306 31 0.259 0.347
6 -0.175 -0.275 32 0.119 0.137
7 0.129 -0.09 33 0.272 0.182
8 0.008 0.187 34 0.19 0.295
9 0.139 0.257 35 0.226 0.409
10 0.186 0.122 36 0.097 0.103
11 0.36 0.283 37 0.106 0.284
12 0.161 0.261 38 0.412 0.164
13 0.185 0.177 39 0.135 0.175
14 0.214 0.099 40 -0.012 0.157
15 0.251 0.18 41 —0.106 -0.181
16 0.12 0.034 42 0.175 0.032
17 0.162 0.24 43 -0.164 -0.151
18 0.13 0.153 44 -0.233 -0.19
19 0.033 0.019 45 —-0.153 —-0.342
20 0.231 0.545 46 -0.129 -0.198
21 0.287 0.177 47 -0.022 0.142
22 0.133 0.204 48 0.139 0.416
23 0.211 0.064 49 0.269 0.189
24 0.185 0.167 50 -0.161 -0.218
25 0.162 0.309 51 0.123 0.299
26 —6.989 —6.944 52 0.224 0.255
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Figure 6. Scree plot of phyllite samples (39 micr oelements).
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Table 3. Table of component weights of phyllites samples (39 micr oelements).
Microelement Component 1 Component 2 Component 3 Component 4 Component 5 Component 6
As 0.035 -0.168 0.068 0.505 -0.024 0.335
Ba 0.204 0.091 -0.103 —0.005 —-0.002 —-0.002
Ce 0.164 0.248 0.014 0.024 -0.043 -0.019
Cl -0.092 -0.025 -0.419 -0.012 0.006 -0.091
Co 0.198 0.111 -0.019 0.040 -0.019 —-0.064
Cr 0.209 0.016 -0.078 0.044 0.049 0.039
Cs —0.030 0.205 -0.394 0.225 0.320 —0.055
Cu —0.006 0.249 -0.021 0.323 0.123 -0.323
Dy 0.211 0.019 0.057 -0.036 0.091 0.001
Er 0.213 -0.023 0.049 —-0.002 —0.003 0.008
Eu 0.195 -0.154 0.028 -0.063 -0.035 0.054
F 0.173 -0.075 0.060 -0.014 0.239 0.026
Ga 0.216 0.023 -0.047 0.016 0.005 0.022
Gd 0.204 -0.013 0.006 -0.027 0.035 0.0006
Hf 0.144 —0.006 —-0.060 -0.077 0.039 -0.172
La 0.181 -0.020 —-0.205 -0.074 -0.037 -0.143
Mo 0.033 —0.386 -0.139 -0.069 0.015 0.010
Nb 0.202 -0.089 0.110 -0.015 0.022 —0.0001
Ni 0.215 0.017 0.0006 -0.019 0.023 -0.033
Pb 0.025 -0.112 -0.135 0.315 -0.539 —-0.426
Pr 0.183 0.201 0.129 0.026 0.019 0.022
Rb 0.208 0.105 —-0.036 0.019 0.069 0.056
S -0.097 0.088 0.177 0.212 0.101 0.122
Sb -0.007 0.390 0.149 0.070 -0.016 —0.006
Sc 0.177 0.156 -0.068 0.059 -0.102 0.034
Sm 0.207 -0.062 —0.040 -0.012 0.004 —0.005
Sn 0.020 -0.168 0.177 0.185 0.390 -0.290
Sr 0.128 0.273 —0.009 0.112 -0.121 -0.038
Ta 0.029 0.149 —-0.348 -0.058 -0.260 0.501
Tb 0.011 -0.334 -0.241 -0.007 0.148 0.016
Th 0.211 —0.090 0.029 -0.012 —0.0005 0.030
Tl 0.009 -0.160 0.254 0.047 -0.350 -0.180
u 0.053 -0.119 0.303 0.333 0.129 0.342
\ 0.214 0.008 -0.110 0.012 0.033 0.003
w 0.002 -0.156 -0.269 0.490 0.140 0.038
Y 0.213 —-0.076 0.006 -0.012 -0.005 0.037
Yb 0.216 —-0.005 0.064 0.002 -0.005 0.030
Zn 0.193 -0.070 —0.0009 -0.030 —0.096 -0.184
Zr 0.209 —0.045 0.026 -0.013 -0.017 -0.041
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Figure 7. Dendogram of phyllite sample groups (39 microelements, 52 samples)
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Table 4. Cluster analysis using the near est-neighbour method and a Euclidean distance matrix (XRF micr oelements).

Clusters Combined

Clusters Combined

Stage Coefficient Stage Coefficient
Cluster 1 Cluster 2 Cluster 1 Cluster 2
1 12 13 2492 27 48 52 13.770
2 18 20 3173 28 1 30 14.066
3 3 8 3.854 29 15 31 14.521
4 16 25 3.896 30 1 6 14.709
5 3 10 5.106 31 46 48 14.930
6 16 18 6.190 32 46 50 16.415
7 3 36 6.214 33 4 15 16.541
8 26 42 6.688 34 1 29 16.779
9 16 26 6.897 35 4 14 17.048
10 16 37 7.132 36 1 40 17.155
1 50 51 7.132 37 4 33 18.141
12 2 21 7.223 38 4 9 18.359
13 11 22 7.470 39 4 17 18.486
14 2 3 7.504 40 1 39 24.438
15 16 28 7.525 41 1 38 26.270
16 2 16 7.983 42 46 47 27.824
17 2 1 8971 43 43 44 28592
18 2 12 9.065 44 1 4 29.180
19 2 27 9.413 45 1 41 31.531
20 2 5 9.884 46 45 46 32.878
21 2 35 10.560 47 43 45 33.679
22 29 34 11.402 48 1 43 34.298
23 9 19 12.103 49 1 49 37.260
24 2 32 12,143 50 1 24 48.038
25 2 12.460 51 1 23 56.351
26 1 13.016
Block 1 (samples): 1, 2, 3, 4,5, 6,7, 8,9, 10, 11, 12, lite), 2% - 23% chlorite, 3% - 18% feldspar, not de-
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 25, 26, 27, 28, 29, tected-15% iron oxide (hematites y goethite) and dolomite
30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 (not detected-32%). Smaller proportions of the following

45, 46, 47, 48, 50, 51, 52.

Block 2 (samples): 49.

Block 2 registered the lowest values of Ni y de Ce, Co,
Cr, La, Pr, Rb, Sc, Sr (higher than 23) or the highest
chlorine values (in this case lower than sample 9).

Finally, a discriminant canonical analysis was carried
out in which the Mahalanobis distance for each sample
was calculated too with regard to the centroid of each
grouping in order to verify the groups established with
the Cluster analysis. The results of this analysis con-
firmed the groupings established. In al cases, the sam-
ples showed a 100% likelihood of belonging to the group
in question. As to the Mahalanobis distance, group 1 was
very heterogeneous with regard to its centroid. And
group 2 (23) is located at —2.51 with respect to the cen-
troid of group 1 (Figure 8 and Table5).

3.2. XRD and Statistical Analysis

A semi-quantitative analysis was carried out by X ray
diffraction of the phyllite samples, yielding the following
global results: 30% - 85% of quartz, 5% - 25% mica (il-

Copyright © 2012 SciRes.

have also been identified: calcite (not detected-8%) and
an interstratified phase [28], athough it is difficult to es-
timate the exact proportion. All these results are presented
in Table6.
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Figure 8. Representation of the samples and their groupings
according to the scores of the first twenty components, from
the logarithmic transformation of element concentration
given by WDXRF.
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Table5. Discriminant canonical analysiswith the calculation the M ahalanobis distance (XRF microelements).

Samples Set-Variable 1-1 Set-Variable 2-1 Set-Variable 1-2 Set-Variable 2-2 Set-Variable 1-3
1 -0.337 -0.336 0.255 0.298 1.159
2 0.324 0.316 0.329 0.473 0.771
3 0.237 0.278 0.560 0.520 0.511
4 —-1.528 -1.563 0.562 0.401 0.579
5 0.284 0.263 0.512 0.517 1312
6 1.403 1.404 0.314 0314 -1.570
7 0.445 0.473 0.023 0.042 0.281
8 0.332 0.343 0.427 0.487 0.515
9 -2.270 -2211 0.480 0.473 -0.251
10 0.539 0.533 0.448 0.547 1.082
11 0.584 0.515 0.664 0.569 1.179
12 0574 0.626 0.381 0.425 -0.028
13 0.704 0.706 0.410 0.408 -0.069
14 -0.971 -0.961 0.471 0.426 -1.226
15 -1.536 —1.546 0.439 0.604 -0.234
16 0.111 0.057 0.652 0.572 -0.253
17 -1.885 -1.876 0.412 0.468 0.496
18 0.093 0.103 0.321 0.421 0.334
19 -1.862 -1.915 0.555 0.589 -1.274
20 0.133 0.101 0.690 0.740 -0.523
21 0.341 0.368 0.648 0.564 -0.001
22 0.352 0.346 0.607 0.532 0.943
23 —2.517 —2.536 0.479 0514 —1.224
24 0.211 0.202 0.567 0.569 1614
25 -0.192 -0.232 0.628 0.609 -0.371
26 0.413 0.415 0.429 0.525 —0.446
27 0.047 0.084 0.609 0.512 1311
28 0.422 0.374 0.527 0.497 0.109
29 1.012 1.007 0.443 0.474 —-0.706

30 0.591 0.546 0.321 0.413 1.088
31 —1.442 —-1.402 0.770 0.735 -0.573
32 0.723 0.742 0.529 0.571 -0.862
33 -0.856 -0.845 0.555 0.447 0.269
34 1.208 1.216 0.477 0.444 -0.515
35 1.235 1.215 0.354 0.294 -0.843
36 0.373 0.414 0.280 0.383 0.573
37 0.222 0.285 0.637 0.577 0.540
38 0.329 0.296 0.388 0.379 0.531
39 0.670 0.701 0.794 0.812 -1.407
40 0.722 0.746 0.433 0.430 -0.685
41 1.017 0.986 —-0.0004 0.025 -2.207
42 0.308 0.321 0.622 0.450 -0.248
43 0.195 0.202 -2.220 —2.248 -1.788
a4 1.323 1.320 -1.890 -1.877 -1.914
45 0.678 0.681 —2.087 -2.111 —1.569
46 0.831 0.845 —2.041 —2.051 1.095
a7 0.205 0.202 —1.906 -1.914 1.455
48 0.108 0.108 —1.665 -1.669 0.765
49 -2.822 -2.828 -1.953 -1.961 -1.066
50 -0.804 -0.771 —2.087 —2.098 1.003
51 -0.522 -0.536 —2.055 —2.024 1.440
52 0.235 0.202 -2.114 —2.113 0.898
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Table 6. Mineralogical composition of the 52 phyllite samples as deter mined by X-ray diffraction (wt %).

1D | Do Fd Cl f Qz Ca .S 1D | Do Fd Cl F Qz Ca 1.S
1 10 16 16 6 15 37 <2 <2 27 15 ND 10 15 3 52 5 <2
2 11 30 5 6 5 43 <2 <2 28 15 5 11 7 6 56 ND <2
3 13 32 3 4 6 42 ND <2 29 12 7 10 5 7 59 <2 <82
4 16 31 4 4 5 40 ND <2 30 13 10 12 3 5 57 <2 N9D
5 14 26 4 3 6 47 <2 <2 31 20 10 15 10 8 37 <2 <2
6 15 30 5 4 5 41 ND <2 32 15 15 10 5 5 45 5 ND
7 15 5 10 5 5 55 <2 <2 33 7 10 5 5 3 70 <2 <2
8 16 10 9 5 10 50 <2 ND 34 15 20 8 5 5 47 <2 <2
9 15 12 10 5 11 47 ND ND 35 12 23 6 4 5 50 <2 ND
10 15 8 10 7 8 52 <2 ND 36 13 14 10 6 4 53 ND ND
11 25 3 15 18 7 32 <2 ND 37 10 12 8 7 6 57 <2 <2
12 18 12 9 6 10 45 ND ND 38 22 10 12 3 8 45 <2 <2
13 14 7 10 10 6 53 <2 <2 39 13 6 10 2 8 61 ND <2
14 10 10 7 4 7 62 <2 <2 40 9 22 4 8 3 54 <2 <2
15 16 15 7 8 5 49 ND <2 41 7 8 3 8 2 72 <2 <2
16 15 3 6 12 8 56 <2 <2 42 8 6 5 4 2 67 8 <2
17 20 2 10 10 10 48 <2 <2 43 6 ND 4 5 2 83 <2 <2
18 8 5 10 8 5 64 <2 <2 44 5 ND 4 4 2 85 <2 <2
19 10 5 5 5 5 70 ND <2 45 6 ND 4 6 2 82 <2 <2
20 16 11 12 7 6 48 <2 <2 46 5 ND 5 5 2 83 <2 <2
21 20 5 18 15 7 35 ND <2 47 18 ND 6 12 2 62 <2 <2
22 18 6 15 15 8 38 ND <2 48 23 2 8 6 2 57 2 ND
23 8 20 7 5 10 45 <2 <2 49 22 ND 8 20 ND 50 ND <2
24 28 8 17 11 6 30 <2 <2 50 23 ND 5 23 2 47 ND <2
25 12 5 10 5 5 63 ND <2 51 25 ND 11 12 3 49 ND ND

26 10 5 10 10 7 58 ND <2

52 25 ND 10 8 2 53 2 ND

Legend: ID = Samples, | = Illite, Do = Dolomite, Fd = Feldspar, CI = Chlorite, f = iron oxide, Qz = Quartz, Ca= Cdcite, |.S = Interstratified, ND = non detected.

The components analysis applied to the results of X-ray
diffraction showed that three components account for
72.94% of the total data variation (Figure 9). With regard
to the first component, which accounted for 31.62% of the
variation, variables chlorite, illite, feldspar, dolomite and
iron oxides correlated positively, while the quartz va-
riables and the interstratified illite-smectite did so nega-
tively. In the second component, with 22.9% of the vari-
ation, the variables were calcite, feldspar, dolomite, iron
oxides and the interstratified illite-smectite that correlated
positively, while the variables quartz and illite correlated
negatively. For the third component with 18.42% of the
variation, the variable iron oxide was the only one to cor-
relate negatively, the rest did so positively.

A Cluster analysis carried out from the minerals men-
tioned using the nearest-neighbor method and a Eucli-
dean distance matrix provided a dendogram in which
most of the samples cluster within agroup 1 (51samples),
with different similarity levels, while sample 49 appears
ungrouped, as no iron oxide is present in it (Figure 10
and Table 7). Within the first group, two subgroups ap-
pear. Likewise, within subgroup 2 further groupings can
be seen.

Subgroup 1 (samples): 7, 23.

Copyright © 2012 SciRes.

Subgroup 2 (samples): 1, 2,3, 4,5, 6, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 50, 51y 52.

In order to estimate the statistical validity of the
groups established by the cluster analysis, a discriminant
canonical analysis was carried out in which the Maha
lanobis distance was calculated for each sample in re-
spect of the centroid of each group (Figure 11 and Table
8). The results of these analyses confirmed that the
groups established presented a 100% likelihood of be-
longing to the group in question. As to the Mahalanobis
distance, group 1 proved to be very heterogeneous, with
scores between —1.94 (52) and 1.56 (23) with regard to
the centroid. And group 2 (49) scoring —3.35 with regard
to the centroid of group 1.

3.3. Correlations XRF, XRD and Weight L oss

When the MgO content is correlated with chlorite one
can see that the latter does not exist, as p > 0.05. How-
ever, correlations are indeed appreciated between the
alkaline concentrations (K,O+Na,O) and illite, which
separated samples 41, 43, 44, 46, 50, 40, 45, 6, with
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Figure 9. (a) Scree plot of phyllite samples (XRD); (b) Plot of component weights of phyllites samples (XRD). Note: symbols
meaning asin Table 1.
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Table 7. Cluster analysis using the near est-neighbour method and a Euclidean distance matrix (XRD).

Stage Clusters Combined Coefficient Stage Clusters Combined Coefficiert

Cluster 1 Cluster 2 Cluster 1 Cluster 2
1 25 29 0.102 27 8 17 0.963
2 43 45 0.123 28 8 14 0.995
3 10 28 0.162 29 8 19 1.006
4 9 0.201 30 11 24 1.125
5 6 0.265 31 3 8 1.132
6 34 0.266 32 3 16 1.156
7 10 36 0.311 33 3 30 1.183
8 10 20 0.311 34 2 3 1.807
9 21 22 0.341 35 2 38 1.934
10 8 12 0.364 36 2 11 2.049
11 43 44 0.372 37 2 41 2.067
12 43 46 0.414 38 2 40 2.268
13 10 25 0.437 39 32 48 2.653
14 10 13 0.511 40 1 2 2.919
15 8 10 0.524 41 27 52 2.933
16 18 26 0.649 42 47 51 3.327
17 3 4 0.671 43 47 50 3.389
18 21 31 0.675 44 7 23 3.622
19 11 21 0.698 45 27 32 5.769
20 18 37 0.722 46 1 47 5.845
21 19 33 0.762 47 1 43 7.213
22 18 0.772 48 27 42 7.616
23 15 0.798 49 1 27 8.614
24 3 5 0.869 50 1 7 27.122
25 30 39 0.885 51 1 49 44.449
26 8 35 0.908
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Figure 11. Representation of the samples and their groupings according to the scores of the first four components, from the
logarithmic transformation of element concentration given by XRD.
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Table 8. Discriminant canonical analysiswith the calculation the M ahalanobis distance (XRD).

Samples Set-Variable 1-1 Set-Variable 2-1 Samples Set-Variable 1-1 Set-Variable 2-1
1 0.293 2.025 27 —1.906 -1.278
2 0.897 1.230 28 0.199 -0.572
3 0.992 1.689 29 0.300 —-0.034
4 0.849 1.633 30 0.237 0.737
5 0.844 1.499 31 0.192 0.389
6 0.751 1.608 32 0.367 0.921
7 1.155 0.026 33 0.550 —0.085
8 0.429 0.324 34 0.500 0.684
9 0.419 0.780 35 0.639 1.018
10 0.331 -0.242 36 0.335 0.079
11 0.016 —0.090 37 0.450 -0.117
12 0.453 0.379 38 0.285 1.097
13 0.284 -0.741 39 0.293 1.010
14 0.497 0.301 40 0.750 0.073
15 0.517 -0.251 41 0.693 -0.876
16 0.414 -1.335 42 0.440 0.294
17 0.168 —-0.769 43 -1.564 -0.641
18 0.220 -0.528 44 -1.564 -0.641
19 0.510 —0.555 45 -1.564 -0.191
20 0.268 0.029 46 -1.657 -0.401
21 0.008 0.062 47 -1.734 -2.028
22 0.123 -0.165 48 0.095 —-0.954
23 1.562 1.747 49 -3.353 —2.058
24 0.079 0.744 50 -1.657 —2.039
25 0.220 -0.326 51 —1.946 -1.413
26 0.254 —0.699 52 —1.948 -1.147

negative values and higher than 1, on the other hand,
samples 38 and 49 appear separated from the rest with a
value higher than 1.5 (Figure 12 and Table 9). Equally,
a correlation exists between the CaO + MgO content and
dolomite, clearly separating sample 6 with a positive
value (3.35), conversely, we have samples 51, 45, 47, 50,
52, 44, 49, 46, 48 and 43 with values lower than -1 (Fig-
ure 13 and Table 10). Lastly, the correlation was studied
between weight loss at 110°C y 1000°C and minerals that
lose water and carbon dioxide (illite + chlorite + dolo-
mite), observing that a correlation existed, clearly sepa-
rating sample 6 (1.97) and samples 43, 45, 47 with values
higher than —2.5 (Figure 14 and Table 11).

4. Conclusions

From the present study, we can conclude that XRF of 52
phyllite samples (Almeria and Granada, SE Spain) for
chemical analysis of macro-elements (10), and after
multivariate statistical analysis of the results, generates 2
groups. one in which the majority of samples are in-
cluded, with two new subgroups, and a second group
where we have only a sample (sample 26). By the same

Copyright © 2012 SciRes.

methodology, when microelements (39) are analyzed, a
main group and an isolated sample appears (sample 23).
Within the main group an isolated sample appears again
(sample 24) and the rest of samples in another subgroup,
where new blocks appear. One of them (block 2) con-
tains an isolated sample (sample 49).
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Figure 12. Canonical correlations between K,O + Na,O
(XRF) content and Illite (XRD) content.
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Table 9. Canonical correlations between K,O + Na,O (XRF) content and Illite (XRD) content.

Samples Set-Variable 1-1 Set-Variable 2-1 Samples Set-Variable 1-1 Set-Variable 2-1
1 0.893 -0.785 27 0.303 0.094
2 —0.490 -0.609 28 0.171 0.094
3 0.821 -0.257 29 0.881 -0.433
4 1121 0.270 30 0.941 -0.257
5 0.893 -0.081 31 1.350 0.975
6 -1.248 0.094 32 -0.393 0.094
7 -0.201 0.094 33 -0.321 -1.313
8 0.857 0.270 34 -0.297 0.094
9 0.772 0.094 35 -0.153 -0.433
10 0.207 0.094 36 -0.694 -0.257
11 0.760 1.855 37 -0.321 -0.785
12 0.700 0.623 38 1.747 1.327
13 0.063 -0.081 39 0.472 -0.257
14 -0.201 -0.785 40 -1.392 -0.961
15 0.219 0.270 41 -2.330 -1.313
16 0.159 0.094 42 -1.308 -1.137
17 1.230 0.975 43 —-2.174 —1.489
18 -0.706 -1.137 44 -1.969 -1.666
19 0.063 -0.785 45 -1.368 -1.489
20 0.520 0.270 46 -1.621 -1.666
21 0.881 0.975 47 -0.598 0.623
22 0.568 0.623 48 -0.935 1.503
23 0.833 -1.137 49 1.542 1.327
24 1.025 2.383 50 -1.416 1.503
25 1.338 -0.433 51 -0.490 1.855
26 -0.321 -0.785 52 -0.381 1.855
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Figure 13. Canonical correlations between CaO + MgO (XRF) content and Dolomite (XRD) content.
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Table 10. Canonical correlations between CaO + MgO (XRF) content and Dolomite (XRD) content.

Samples Set-Variable 1-1 Set-Variable 2-1 Samples Set-Variable 1-1 Set-Variable 2-1
1 —0.445 0.709 27 -0.344 -1.079
2 0.691 2.274 28 —0.556 -0.520
3 -0.113 2497 29 -0.918 —-0.296
4 -0.388 2.386 30 -0.737 0.038
5 -0.287 1.827 31 0.837 0.038
6 3.356 2.274 32 0.872 0.597
7 -0.588 -0.520 33 0.444 0.038
8 -0.265 0.038 34 1.303 1.156
9 0.026 0.262 35 0.888 1.491
10 0.060 -0.184 36 0.415 0.485
11 -0.011 —-0.743 37 0.501 0.262
12 0.026 0.262 38 —-0.347 0.038
13 0.567 —-0.296 39 -0.949 -0.408
14 0.232 0.038 40 1.375 1.380
15 0.764 0.597 41 1.198 -0.184
16 -0.182 —-0.743 42 1.239 -0.408
17 0.175 -0.855 43 -1.032 -1.079
18 0.951 -0.520 44 -1.377 -1.079
19 1.176 -0.520 45 -1.564 -1.079
20 1.100 0.150 46 -1.339 -1.079
21 0.605 -0.520 47 -1.551 -1.079
22 0.187 -0.408 48 -1.314 —-0.855
23 0.124 1.156 49 -1.364 -1.079
24 0.964 -0.184 50 -1.529 -1.079
25 -0.021 -0.520 51 -1.621 -1.079
26 0.194 -0.520 52 —1.425 -1.079
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Table 11. Canonical correlations between weight losses at 110°C and 1000°C and Illite + Clorite + Dolomite (XRD) content.

Samples Set-Variable 1-1 Set-Variable 2-1 Samples Set-Variable 1-1 Set-Variable 2-1
1 0.172 0.025 27 —-0.286 -0.166
2 1.078 1472 28 -0.102 -0.465
3 0.584 1.665 29 0.013 -0.745
4 0.324 1.858 30 -0.028 —-0.552
5 0.106 1.086 31 0.442 0.797
6 1.972 1.665 32 0.714 0.315
7 -0.141 —0.649 33 0.610 -0.938
8 0.426 -0.070 34 1.392 0.797
9 0.024 0.025 35 1.393 0.700
10 0.407 -0.166 36 1.049 0.122
11 -0.0001 1.376 37 0.691 -0.263
12 0.521 0411 38 0.233 0.315
13 0.581 -0.070 39 —-0.280 -1.034
14 0.288 -0.745 40 0.934 0.700
15 0.007 0.700 41 0.996 -0.841
16 -0.165 -0.166 42 0.640 -1.324
17 -0.045 0.025 43 —2.888 —1.999
18 0.500 -1.034 44 -1.727 -2.192
19 0.588 -1.131 45 —2.546 —-1.902

20 0.519 0.218 46 —-1.555 —2.095
21 0.338 0.797 47 -2.515 -0.166
22 0.049 0.700 48 -0.827 -0.070
23 -0.274 0.122 49 —-1.403 0.990
24 0.799 1472 50 —1.485 1.376
25 0.220 -0.938 51 -0.637 0.508
26 -0.488 —-0.649 52 -1.228 0.122

When we apply the multivariate statistical analysis to
the mineralogical results deduced by XRD, two groups
appear: one with sample 49, which shows zero percent-
age of iron oxide, and the rest of the samples. The latter
is classified in two subgroups: one with samples 7 and 23
and the other one with the rest of samples.

Hence, it is demonstrated that the methodology is ade-
guate to compare the chemical and mineralogical compo-
sition of al these 52 samples and to find similarities and
differences between them to allow a classification.

A correlation has also been observed between geo-
graphic location and XRF (macro-elements) separating
subgroup 1 (as described in Section 4), showing lower
proportion of MgO, which could be associated to its
geological origin. In the same way, the microelements
are more closely related to the mineralogical composition,
while samples 49 and 23 appear separated from the rest
in both analyses (XRF and XRD).

Severa correlations can be deduced from XRF and
XRD results, mainly between the alkaline content (Na,O
+ K,0) and illite, CaO and MgO with dolomite, and in-
directly between the weight loss after heating at 1000°C
and the contents of phase minerals that lose structural

Copyright © 2012 SciRes.

water of silicates (illite + chlorite) or carbon dioxide
(dolomite). The present investigation has interest and
implications for geochemistry and analytical chemistry
concerning earth rocks and silicate raw materials.
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