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Geochemistry and Mineralogy of Clays from the Algarve Basin, Portugal:
A Multivariate Approach to Palaeoenvironmental Investigations
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Abstract: Lower Cretaceous and Triassic-Hettangian clays from the Algarve Basin (South Portugal) were deposited in
distinct environments during basin subsidence due to Pangea break up. The mineralogy, geochemistry and granulometry
of 45 samples of both clay groups were studied, using X-ray diffraction, instrumental neutron activation analysis, X-ray
fluorescence and laser diffractometry by attenuation of X-rays. Multivariate statistical techniques (principal component
analysis and K-means clustering), after scandium normalization of chemical contents, were used to study simultaneously
all data, enabling to distinguish the different clay types by establishing the best discriminatory parameters: high contents
(in decreased order) of kaolinite, quartz, Chemical Index of Alteration (CIA), Ti, goethite, Hf, Si, > 63 um fraction and
Zr, characterize the group of clays from Cretaceous; while high contents of hematite, Mg, mobile elements (K, Cs and P),
illite, Ca, phyllosilicates in general, Mn and dolomite, are associated to Triassic-Hettangian clays. This approach revealed
useful to facilitate the integration of all data, as was possible to confront the geochemistry with the mineralogy, enabling
the best palaeoenvironmental interpretations. In fact, the clay mineral assemblage is significantly influenced by the domi-

nant weathering process and provides information on changes in aridity/humidity patterns.
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1. INTRODUCTION

The Algarve sedimentary basin (South Portugal) (Fig.
(1)) stands over a Carboniferous low-grade metamorphic
basement [1].

Lower Triassic to Upper Cretaceous deposition was con-
trolled by extensional tectonics associated with the breakup
of Pangea and development of the Neo-Tethys [2].

Sedimentary environments evolved from continental in
the Triassic (red terrigenous siliciclastics) through confined
littoral and evaporitic in Triassic-Hettangian to Sinemurian
(red shales, dolomites and evaporites), to open marine in
Early Pliensbachian (limestones, dolomites and marls) [3].
The rifting phase was manifested by a tholeiitic volcanic
event at the Hettangian—Sinemurian transition [4]. During
Lower Cretaceous the sedimentation was essentially marine,
but was characterized by important facies variations, trig-
gered by more or less pronounced sea-level fluctuations.
Intense tectonic movements were responsible for some epi-
sodes of siliciclastic fluvial discharges [3].

The main clay-rich units from the basin have been char-
acterized in several works [5-10]. They are illitic clays, ex-
ploited through time as common clays to the red ceramic
industry up to our days.

The best clay resources are the siliciclastic continental
units from Lower Cretaceous, and also the unit of shales,
dolomites and evaporites from the Upper Triassic-
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Hettangian. The larger quarries are localized in Cretaceous
units in specific regions of central Algarve, while the Trias-
sic-Hettangian clays have been exploited in smaller and
more traditionally factories along a narrow E-W belt that
span all over the basin, as shown in Fig. (1).

Considering these two types of clays formed under dif-
ferent palaeoenvironmental conditions, the aim of this work
is to explore a multivariate solution for geochemical and
mineralogical data together, in order to put in evidence those
differences and the variables that have greater contribution to
their differentiation. The inclusion of the mineral data facili-
tates the palaeoenvironmental interpretation of the geo-
chemical differences, like the illite/kaolinite ratio related
with aridity/humidity changes during the weathering of
source rocks.

2. MATERIALS AND METHODS

Twenty-four samples of Cretaceous clays and 21 samples
of Triassic-Hettangian clays were used in this study. X-ray
fluorescence (XRF) enabled to obtain major elements con-
centrations as wt% oxides (SiO,, Al,O3, Fe,O3t, MnO, MgO,
Ca0, Na0, K;0, TiO,, P,0s), using fused powder sample
with a Li-rich compound and analysed with a Philips PW
1410/00 spectrometer, with CrKo. radiation.

Instrumental neutron activation analysis (INAA) was
performed at the Portuguese Research Reactor (RPI) allow-
ing to obtain the concentrations of the following trace ele-
ments: Sc, Cr, Co, Zn, Ga, As, Br, Rb, Zr, Sb, Cs, Ba, Hf,
Ta, W, Th, U, La, Ce, Nd, Sm, Eu, Th, Yb, Lu. Powdered
samples and standard reference materials (GSD-9 and GSS-1
from the Institute of Geophysical and Geochemical Explora-
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Fig. (1). Simplified geologic map of the Algarve Basin.

tion) were irradiated for six hours, using a thermal flux of
3.589x10" n em™ s, @y/Dpy= 14.14, Opi/Dy= 1.4, and
then the y-spectra was recorded by a high-resolution Ge de-
tector. More details of the INAA method at RPI can be con-
sulted in the literature [11].

The study of non-clay and clay minerals was performed
by X-ray diffraction (XRD) on both bulk rock and < 2 um
fraction, respectively. A Phillips X Pert Pro diffractometer
with a PW 3050/6x goniometer and CuKa radiation, operat-
ing at 45 kV and 40 mA, was used.

Clay-sized fraction (< 2 um) was obtained after decar-
bonation of calcareous clays, washing with distilled water,
centrifugation, sand fraction (> 63 um) separation by wet
sieving and sedimentation according to Stoke’s law. Ori-
ented slides were prepared by pipetting the clay+silt suspen-
sion on a glass slide. Clay minerals were studied on oriented
preparations that were air-dried, ethylene-glycol solvated,
heated to 550°C or after subjected to other treatments if nec-
essary.

Semiquantitative estimates of the minerals were achieved
by measuring the diagnostic peak areas, considering the full
width at half maximum (FWHM), and then weighted by em-
pirically estimated factors [12-15]. The total proportion of
clay minerals was estimated taking into account the peak
area of the main reflection of phyllosilicates (d = 4.48 A) in
non-oriented preparations, and then the percentages of the
various clay minerals were obtained through their diagnostic
basal reflections in the glycolated diffractograms.

Granulometry was determined in two steps. Firstly, the
sand fraction was obtained by wet sieving and then the parti-
cle-size distribution of the silt+clay suspension was meas-
ured by laser diffractometry by attenuation of X-rays, using a
Micrometrics Sedigraph 5100.

3. RESULTS

The grain size distribution was studied using Shepard’s
classification [16] that considers the distribution of sedi-
ments in three classes: < 2 um, 2-63 um and > 63 um. In

general, the materials correspond to silty clays or clayey
silts; however, silty clays predominate in Triassic-Hettangian
samples, while Cretaceous samples more often correspond to
clayey silts or other coarser sediments (sand silt clays and
sandy silts).

Estimates of mineral abundances are presented in Table
1. For comparison of the two clay groups are also shown pie
diagrams (Fig. (2)) with the average mineralogical composi-
tion of the bulk rock and of the clay-sized fraction.

Triassic-Hettangian clays are compositionally more vari-
able than Cretaceous clays, being predominantly formed by
phyllosilicates and having quartz, carbonates (mainly dolo-
mite), feldspars, hematite, anatase and anhydrite as accessory
minerals. Illite is the main clay mineral and sometimes the
only one; smectite and iron-rich chlorites are accessory
phases in several samples, and kaolinite is rarely present.
Mg-rich minerals (smectite, corrensite, sepiolite, chlorite)
were also observed in few samples.

In Cretaceous clays quartz is more abundant than phyl-
losilicates. Accessory minerals include goethite, alkali feld-
spar, Ti-oxides (anatase and rutile) and, occasionally, calcite.
The clay fraction is mainly formed of illite, but kaolinte is
also very abundant (> 30 %). Other clay minerals present in
minor quantities are vermiculite, chlorite and smectite. The
main differences between samples are quartz/phyllosilicate
and illite/kaolinite ratios.

Chemical composition of the Algarve clays is given in
Tables 2 and 3. In addition, some specific chemical parame-
ters are available, namely the Chemical Index of Alteration
(CIA) [17], the total rare earth elements content (REE), the
europium anomaly (Eu/Eu*), the cerium anomaly (Ce/Ce*)
and the chondrite-normalized La/Yb ratio, representing the
fractionation between light and heavy rare earths.

The chemistry of the clays is dominated by Si and Al.
Cretaceous clays are richer in Si, but have very low Ca and
Mg contents, whereas in Triassic-Hettangian clays these
elements can be abundant (> 10 %) and they are richer in K.
Ca and Mg are associated with carbonates, justifying the
higher loss on ignition (LOI) values. Cretaceous clays have



Geochemistry and Mineralogy of Clays Current Analytical Chemistry, 2010, Vol. 6, No. 1 45

Table1. Mineral Composition of the Studied Clays Obtained from Semiquantification Based on XRD Data. The Identification of
the Minerals was Performed Using ICDD Files

Bulk Rock Mineralogy Clay Minerals
Sample
Qtz | Phy | Cal | Dol | Ank | Afs | PI | Hem| Gt Py | Ant | Rt | Anh 1l Kin | Sme | Chl | Vrm | Others
CL1 35 57 - - - 3 - - 3 - 2 - - 67 33 tr - - -
CL2 51 41 - - - 2 - - 1 - 5 - - 85 15 tr - - 1I-Sme
Etl 54 37 - - - 2 3 - 2 - 2 - - 69 31 - - tr 11-Vrm
Et2 41 33 - - - 2 3 - 4 - 16 1 - 70 27 3 - - 111-Sme
SL1 35 55 - - - 2 1 - 2 - 5 - - 72 27 1 tr - -
SL2 59 36 - - - - 1 - 2 - 2 - - 58 38 1 - 3 -
SL3 58 34 - - - 1 3 - 2 - 1 1 - 66 29 - - 5 -
MM1 39 55 - - - 1 1 - 2 - 1 1 - 65 35 - - - -
MM2 63 25 - - - 2 2 - 3 - 4 1 - 71 29 - tr - -
MM3 54 41 - - - 1 1 - 1 - 2 - - 59 41 - - - -
MM4 66 32 - - - 1 - - - - 1 - - 38 62 - - - -
MM5 66 30 - - - 1 1 - - - 1 1 - 60 40 - - - -
Pcl 71 22 2 - - 2 1 - - - 2 - - 88 8 - 4 - -
Pc2 69 15 12 - - 1 1 - 1 - 1 - - 75 20 - 5 - -
Val 34 60 - - - 1 1 - 2 - 1 1 - 71 28 - - 1.0 -
Va2 56 30 - - - 2 3 - 5 - 2 2 - 58 42 - - - -
Va3 40 47 - - - 2 2 - 5 - 3 2 - 73 27 - - - -
Vad 43 50 - - - 2 1 - - 1 2 1 - 64 36 - - - -
Va7 64 22 - - - 2 2 - 3 - 2 5 - 71 29 - - - -
Va8 52 41 - - - 1 2 - 2 - 1 1 - 62 38 - - - -
VS1 68 20 - - - 1 2 - 5 - 2 2 - 56 38 - - 6.0 -
VS2 64 30 - - - - 2 - 1 - 2 1 - 67 33 - - - -
VS3 58 32 - - - 2 2 - 3 - 3 - - 75 25 - - - -
VsS4 51 44 - - - 1 1 - - 1 2 - - 61 39 - - - -
Al3 28 52 2 11 - - 3 2 - - - - 2 97 3 - - - -
BSJ1 34 37 8 10 - 3 4 2 - - 2 - - 87 - 7 6 - -
BSJ2 7 86 4 - - - 1 1 - - 1 - - 99 - 1 - - -
BSJ3 9 77 3 2 - 3 3 - - - 3 - - 90 - - 10 - -
CM2 15 75 - 2 - 1 3 2 - - 2 - - 100 - - - - -
CM3 10 59 - 24 - 1 2 2 - - 1 - 1 100 - - - - -
CM4 27 48 - 11 - 2 5 4 - - 3 - - 99 1 - - - -
Crdl 18 72 7 - - 1 - 1 - - 1 - - 93 - 1 6 - -
Esl 11 62 - 19 - 1 2 2 - - 3 - - 100 - - - - -
Es2 17 75 1 1 - 1 2 2 - - 1 - - 99 1 - - - -
Es3 16 76 - 1 - 1 2 2 - - 2 - - 100 - - - - -
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(Table 1) contd....

Bulk Rock Mineralogy Clay Minerals
Sample
Qtz | Phy | Cal | Dol | Ank | Afs | PI |Hem | Gt Py | Ant | Rt | Anh 1 Kin | Sme | Chl | Vrm | Others
Ptel 12 70 5 2 - 6 - 1 - - 4 - - 70 - 23 7 - -
RA1 20 37 - 38 - 1 1 1 - - - - 2 98 tr - 2 - -
SCB5 31 39 23 - - 1 - 2 - - 3 - 1 69 16 15 - -
SCB6 22 67 - 3 - 2 3 1 - - 2 - - 100 tr - - - -
Svl 4 69 - 18 - - - 3 - - 6 - - 100 tr - - - -
Torl 4 20 1 70 - 2 - 2 - - - - 1 96 4 - - - Sep
VAl 10 75 2 7 - 2 2 1 - - - - 1 98 - - 2 - Cor
Vboil 17 56 3 7 10 4 - 1 - - 2 - - 70 - 19 11 - -
VBoi2 14 60 11 - 2 6 - 1 - - 5 - 1 80 - 9 11 - -
VIB1 1 67 2 26 - 2 - 1 - - - - 1 45 - 55 - - Chl-Vrm

Mineral abbreviations: Qtz (quartz); Phy (phyllosilicates); Cal (calcite); Dol (dolomite); Ank (ankerite); Afs (alkali-feldspar); Pl (plagioclase); Hem (hematite); Gt (goethite); Py
(pyrite); Ant (anatase); Rt (rutile); Anh (anhydrite); 11 (illite); Kin (kaolinite); Sme (smectite); Chl (chlorite); Vrm (vermiculite); Sep (sepiolite); Cor (corrensite); IlI-Sme (mixed
layered illite-smectite); 11I-Vrm (mixed layered illite-vermiculite); Chl-Vrm (mixed layered chlorite-vermiculite).

Bulk rock mineralogy Clay mineralogy
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Fig. (2). Pie diagrams with average mineralogical composition. Mineral abbreviations are the same of Table 1.

higher CIA values than Triassic-Hettangian clays (82 % and sic/mafic compositional variations in the source area of the
57 %, respectively). more olden clays. In addition, clays resulted from intense
recycling and mixture of sediments and sedimentary calibra-
tion, with enrichment of coarser fractions in heavy minerals
such as zircon.

Incompatible/compatible element ratios (La/Sc, Th/Cr,
Th/Sc and Zr/Sc) show that clayey materials resulted from
weathering of continental crust; however we observed fel-
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Table2.  Major (in wt.%) and Trace (in mg/g) Element Contents and Other Chemical Parameters of the Studied Clays from Cre-
taceous. The Meaning of the Symbols used is: LOI - Loss on Ignition; CIA - Chemical Index of Alteration; REE - Total
Rare Earth Elements Content; Eu/Eu* - Europium Anomaly; Ce/Ce* - Cerium Anomaly and (La/Yb)n - Chondrite-
Normalized Lanthanum and Ytterbium Ratio

CL1| CL2 | Et1 | Et2 |SL1| SL2 | SL3 |MM1|MM2 MM3|MM4 |MM5| Pcl | Pc2 | Val | Va2 | Va3 | Va4 | Va7 | Va8 | VS1 | VS2 | VS3 |VS4

SiO, |60.4| 63.5 | 64.7 |56.6|63.0| 75.5 | 69.2 | 68.6 | 68.3 | 71.5 | 81.9 | 81.3 | 74.0 | 725 | 66.5 | 62.0 | 62.4 | 64.6 | 66.3 | 68.1 | 64.4 | 75.3 | 68.3 |70.5

AlLO; 153|149 | 185 |20.618.6| 12.7 | 16.8 | 144 | 144 | 164 | 10.3 | 105 | 11.9 | 950 | 16.5 | 183 | 22.1 | 20.7 | 164 | 148 | 141 | 10.7 | 152 |17.4

Fe,Os(t) | 10.8| 8.48 | 5.33 |6.86 |6.65| 4.12 | 3.88 | 6.44 | 6.88 | 1.68 | 0.54 | 0.51 | 2.72 | 3.38 | 5.03 | 6.95 | 2.10 | 1.77 | 5.62 | 590 | 9.99 | 5.69 | 5.79 |1.46

MnO |0.22| 0.03 | nd. | nd. | nd. | nd. | nd. | 0.02 | 0.01 | 0.01 | 0.01 | nd. | 0.02 | 0.03 | 0.03 | 0.06 | 0.02 | 0.01 | 0.02 | 0.03 | 0.08 | 0.05 | 0.04 |0.01

MgO |1.25| 1.44 | 0.66 [0.53|0.65| 0.29 | 0.76 | 0.50 | 0.45 | 0.44 | 0.28 | 0.29 | 0.92 | 0.61 | 0.72 | 0.76 | 0.61 | 0.52 | 0.50 | 0.65 | 0.70 | 0.42 | 0.77 |0.48

CaO |0.54)| 039 | 001 |nd. |nd. | nd | 001|007 | 0.05]|0.06 | 008 | 004|138 |4.15| 017 | 0.17 | 0.14 | 0.08 | 0.11 | 0.11 | 0.14 | 0.14 | 0.15 |0.03

Na,0O |0.44| 0.39 | 0.11 |3.84|0.03| nd. | nd | 0.35|0.29 | 0.77 | 0.32 | 0.17 | 0.33 | 0.22 | 0.57 | 0.33 | 0.92 | 0.90 | 0.76 | 0.73 | 0.29 | 0.25 | 0.40 |0.44

K,O [3.97| 451 | 3.98 (408|431 | 247 | 3.73 | 2.08 | 2.26 | 2.36 | 0.99 | 1.30 | 2.70 | 1.90 | 2.55 | 2.46 | 2.66 | 254 | 1.92 | 1.97 | 1.75 | 1.29 | 2.31 |2.22

TiO, |0.98| 1.14 | 144 11.33|1.36| 098 | 1.54 | 1.29 | 1.05 | 1.15 | 0.74 | 1.42 | 1.24 | 0.98 | 1.18 | 1.15 | 1.23 | 1.25 | 1.27 | 1.26 | 1.20 | 1.01 | 1.19 |1.26

P,0s |0.02| 0.02 | 0.02 |0.12 | n.d. | nd. | nd. | 0.05 | 0.04 | 0.05 | 0.04 | 0.05 | 0.01 | 0.02 | 0.04 | 0.03 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.03 | 0.04 |0.06

LOlI |6.10| 5.20 | 5.30 |6.10 |5.40| 4.00 | 4.20 | 5.00 | 5.00 | 450 | 3.70 | 3.20 | 4.80 | 6.70 | 5.90 | 6.30 | 6.90 | 6.70 | 6.00 | 5.20 | 6.10 | 3.90 | 540 | 5.0

Total |100.0/100.0 |100.0|{100.0/100.1100.1|100.1| 98.8 | 98.8 | 99.0 | 98.9 | 98.7 | 100.0 | 100.0 | 99.2 |98.54 | 99.1 | 99.1 | 99.0 | 98.8 | 98.7 | 98.8 | 99.6 |98.9

Sc 15.0| 15.2 | 21.0 | 25.7|21.6| 125 | 18.0 | 139 | 155 | 158 | 104 | 119 | 134 | 10.7 | 17.0 | 188 | 234 | 19.1 | 140 | 164 | 156 | 10.1 | 144 |16.5

Cr 73.7| 822 | 97.4 | 124 |979| 64.6 | 839 | 69.7 | 76.9 | 835 | 67.4 | 59.3 | 63.4 | 50.6 | 88.7 | 92.6 | 125 | 105 | 73.2 | 94.3 | 79.5 | 59.9 | 79.2 |90.6

Co 143] 15.8 | 5.85 |6.81|4.30| 4.69 | 16.2 | 128 | 590 | 2.85 | 8.33 | 1.48 | 20.0 | 8.96 | 12.3 | 148 | 135 | 27.0 | 7.41 | 9.97 | 34.2 | 15.6 | 20.3 |2.66

Zn 153 | 69.1 | 24.7 |33.5|23.7| 295 | 86.1 | 49.5 | 42.1 | 35.0 | 33.2 | nd. | 80.2 | 62.8 | 40.5 | 53.5 | 48.7 | 117 | 37.8 | 36.4 | 59.6 | 27.5 | 41.6 |31.3

Ga 12.1] 143 | 145|169 |15.2| 855 | 12.1 | 126 | 16.0 | 136 | 7.49 | 835 | 13.9 | 116 | 209 | 241 | 9.70 | 19.3 | 146 | 11.1 | 19.1 | 8.06 | 12.0 |12.7

As 21.7| 31.0 | 3.34 |20.3|2.17| 485 | 482 | 7.84 | 9.71 | 1.53 | 215 | 3.73 | 515 | 4.09 | 854 | 9.84 | 8.76 | 234 | 6.82 | 7.92 | 11.2 | 7.07 | 553 |12.1

Br |0.675 1.35 | 2.06 |4.52|4.21| 1.56 | 1.70 | 3.28 | 1.05 |0.526 |0.605| 1.63 | 2.92 | 2.92 | 8.34 | 572 | 1.27 | nd. | 481 | 519 | 3.40 | 2.18 | 11.9 0.983

Rb 119 | 133 | 125 | 133 | 137 | 82.1 | 120 | 83.0 | 99.9 | 102 | 46.4 | 59.0 | 93.7 | 73.3 | 112 | 124 | 144 | 131 | 90.9 | 95.1 | 83.6 | 60.6 | 100 |92.6

Zr 211| 198 | 212 | 206 | 203 | 158 | 224 | 229 | 192 | 236 | 208 | 320 | 243 | 227 | 206 | 179 | 143 | 155 | 241 | 179 | 241 | 314 | 245 |350

Sh 1.13| 1.66 |0.582|1.58 |0.493|0.734|0.775|0.913 | 1.10 |0.683|0.731|0.862|0.736 |0.835|0.938 | 1.13 | 1.37 | 1.73 | 1.10 | 1.05 | 1.50 | 1.21 | 1.18 |1.14

Cs 7.29| 8.00 | 897 |9.51|9.14| 5.18 | 6.48 | 6.42 | 7.27 | 7.82 | 431 | 414 | 6.03 | 4.94 | 794 | 860 | 11.7 | 10.1 | 7.19 | 8.09 | 5.70 | 4.11 | 6.53 |7.5.0

Ba 441 | 348 | 359 | 603 | 420 | 276 | 373 | 168 | 178 | 229 | 215 | 161 | 205 | 211 | 176 | 238 | 328 | 242 | 336 | 320 | 211 | 220 | 179 |219

Hf 5.79| 6.04 | 6.41 |521|547|479 | 719 | 725|712 | 7.84 | 539 | 982 | 7.12 | 6.93 | 6.66 | 545 | 549 | 651 | 69 | 6.75 | 75 | 9.45 | 7.64 |10.8

Ta 1.06| 1.20 | 1.40 |1.30/1.19|0.828 | 1.47 | 1.37 | 1.22 | 1.31 |0.869| 1.57 | 1.46 | 1.16 | 1.40 | 1.38 | 1.50 | 1.53 | 1.31 | 1.46 | 1.41 | 1.05 | 1.19 |1.48

W 120 1.78 | 1.98 |1.67 |1.68| 1.25 | 1.97 | 1.99 | 1.96 | 1.71 |0.999| 1.84 | 1.91 | 1.47 | 2.36 | 2.02 | 1.83 | 235 | 1.64 | 1.80 | 2.05 | 1.53 | 2.08 |2.26

Th 9.57| 10.8 | 125 |146|13.0| 8.78 | 13.2 | 11.0 | 10.3 | 11.3 | 7.39 | 12.8 | 10.7 | 9.04 | 11.5 | 126 | 14.0 | 14.0 | 109 | 123 | 11.8 | 8.38 | 10.5 |12.3

U 3.13| 3.31 | 3.66 {3.90(3.33| 1.96 | 3.11 | 255 | 2.12 | 247 | 252 | 255 | 2.26 | 1.56 | 2.09 | 2.90 | 8.34 | 8.93 | 2.37 | 253 | 243 | 1.83 | 2.03 |3.24

La 27.3| 335 | 32.8 |103 |30.0| 20.4 | 46.8 | 27.7 | 26.4 | 28.1 | 36.6 | 36.2 | 30.0 | 29.0 | 27.0 | 41.3 | 51.3 | 51.7 | 30.7 | 40.4 | 34.9 | 30.3 | 40.6 |45.7

Ce 78.1| 60.7 | 57.2 | 119 |49.8| 34.6 | 85.3 | 41.8 | 49.0 | 52.0 | 76.7 | 85.5 | 58.1 | 58.4 | 49.4 | 79.4 | 97.2 | 943 | 60.2 | 75.0 | 97.1 | 61.5 | 48.5 | 108

Nd 31.4| 289 | 25.0 |78.7|25.7| 175 | 47.0 | 18.0 | 21.9 | 23.8 | 36.4 | 440 | 25.6 | 25.2 | 23.4 | 385 | 49.2 | 454 | 289 | 35.6 | 37.6 | 28.8 | 41.3 |47.6

Sm 6.40| 6.37 | 4.61 |13.7|4.16| 298 | 7.64 | 478 | 415 | 439 | 6.96 | 8.32 | 437 | 455 | 481 | 7.37 | 857 | 853 | 5.21 | 6.50 | 11.7 | 8.14 | 10.1 |12.6

Eu 1.63| 1.43 |0.953|3.19 |0.886|0.691| 1.66 |0.9950.864 |0.928 | 1.46 | 1.61 | 1.07 | 1.07 | 1.05 | 1.53 | 1.87 | 1.69 | 1.04 | 1.36 | 1.68 | 1.15 | 1.48 |1.76
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CL1| CL2 | Et1 | Et2 |SL1| SL2 | SL3 |MM1|MM2|MM3 | MM4 | MM5| Pcl | Pc2 | Val | Va2 | Va3 | Va4 | Va7 | Va8 | VS1 | VS2 | VS3 | VS4

Tb  |0.984/0.945|0.774|1.5.0|0.695/0.467 | 1.11 |0.728|0.698 |0.772|0.922 | 1.08 |0.769 |0.805|0.878|0.974 | 1.03 | 1.07 |0.659 |0.857 | 1.16 |0.767 | 1.01 |1.06
Yb 3.04| 3.22 | 3.04 |3.60|2.75| 1.61 | 258 | 3.05 | 2.94 | 3.11 | 259 | 3.79 | 3.01 | 2.63 | 3.41 | 3.37 | 3.27 | 3.49 | 2.75 | 3.11 | 4.05 | 3.04 | 3.48 |4.00
Lu (0.470]0.503|0.490|0.541|0.520|0.359 | 0.712 | 0.434 | 0.414 | 0.422 | 0.411 | 0.501 | 0.453 | 0.42 | 0.457 | 0.462|0.499 | 0.474|0.381 | 0.469 | 0.542 | 0.412 | 0.46 0.579
CIA |755| 738 |81.9|722|81.1|83.7 | 818 | 85.2 | 84.7 | 83.7 | 88.0 | 87.4 | 73.0 | 60.2 | 83.4 | 86.1 | 85.6 | 85.5 | 855 | 84.0 | 86.6 | 86.5 | 84.2 |86.6
REE |18.7| 169 | 15.6 (404|143 | 9.82 | 241 | 122 | 133 | 142 | 20.3 | 226 | 154 | 153 | 13.8 | 21.6 | 26.6 | 25.8 | 16.2 | 20.4 | 23.6 | 16.8 | 18.4 |27.7
Eu/Eu* |0.796| 0.710 | 0.627|0.815/0.647|0.720 | 0.692 | 0.652 | 0.631 | 0.631 | 0.689 | 0.640 | 0.731 | 0.701 | 0.644 | 0.682 | 0.740 | 0.662 | 0.666 | 0.688 | 0.519 | 0.520 | 0.528 |0.533
Ce/Ce* |1.25|0.871|0.874|0.578|0.800| 0.817 | 0.833 | 0.797 | 0.904 | 0.896 | 0.961 | 1.01 |0.934 | 0.966 | 0.878|0.901 | 0.880 | 0.871|0.915|0.886 | 1.24 |0.945 | 0.544 |1.07
(La/Yb)n|5.44| 6.31 | 6.54 |17.3|6.61| 7.68 | 11.0 | 5.50 | 5.44 | 5.48 | 8.56 | 5.79 | 6.04 | 6.68 | 4.80 | 7.43 | 9.51 | 898 | 6.77 | 7.87 | 5.22 | 6.04 | 7.07 |6.92

CIA = [AI203/(Al203+Ca0+Na20+K20)] x 100

Table3. Major (in wt.%) and Trace (in mg/g) Element Contents and Other Chemical Parameters of the Triassic-Hettangian
Clays. Symbols are According to Table 2
AI3 | BSJL | BSJ2 | BSJ3| CM2 | CM3 | CM4 | Crdl | Esl | Es2 | Es3 | PTel | RAL | SCB5 | SCB6 | Svl | Torl | VAL | VBoil | VBoi2 | VIB1
SiO, | 53.7 | 485 | 519 | 526 | 54.7 | 455 | 52.7 | 55.6 | 42.1 | 55.7 | 55.9 | 51.1 | 41.8 | 446 | 521 | 44.4 | 223 | 444 | 482 | 476 | 369
AlLO; | 168 | 131 | 165 | 158 | 19.1 | 164 | 17.7 | 151 | 153 | 18.1 | 155 | 133 | 111 | 123 | 185 | 177 | 6.70 | 124 | 122 | 145 | 118
Fe,Ox(t) | 6.98 | 6.54 | 8.45 | 5.69 | 7.90 | 7.10 | 7.25 | 5.88 | 7.08 | 751 | 408 | 8.14 | 519 | 956 | 12.0 | 957 | 844 | 105 | 503 | 6.71 | 9.80
MnO | 0.06 | 0.14 | 0.06 | 0.09 | 0.05 | 0.15 | 0.08 | 0.31 | 0.18 | 0.06 | 0.14 | 0.09 | 0.21 | 0.02 | 0.06 | 0.14 | 0.07 | 0.21 | 0.13 | 0.08 | 0.07
MgO | 312 | 882 | 6.27 | 6.92 | 2.20 | 5.16 | 3.03 | 580 | 581 | 2.06 | 3.63 | 8.87 | 7.84 | 472 | 2.12 | 587 | 12.3 | 820 | 846 | 594 | 9.33
CaO | 345 | 512 | 192 | 270 | 078 | 562 | 2.29 | 3.24 | 7.31 | 1.90 | 393 | 348 | 109 | 10.6 | 155 | 350 | 19.6 | 656 | 7.38 | 7.89 | 9.05
Na,O | 0.33 | 0.47 | 051 | 058 | 0.36 | 0.31 | 0.34 | 0.31 | 1.32 | 1.95 | 1.70 | 0.63 | 029 | 142 | nd. | 034 | nd. | nd. | 027 | 029 | 0.38
KO | 532|403 | 540 | 57 | 683 | 627 | 6.71 | 468 | 522 | 562 | 506 | 501 | 281 | 3.17 | 629 | 6.81 | 2.99 | 563 | 3.78 | 4.48 | 3.54
TiO, | 092 | 0.76 | 0.93 | 0.91 | 0.97 | 0.75 | 1.01 | 0.75 | 0.81 | 0.96 | 0.89 | 0.97 | 0.76 | 1.09 | 1.24 | 068 | 0.62 | 1.00 | 0.73 | 0.76 | 0.74
P,Os | 023 | 0.19 | 017 | 021 | 0.16 | 020 | 0.17 | 0.14 | 0.21 | 0.15 | 0.22 | 0.11 | 0.11 | 0.09 | 0.10 | 013 | 0.03 | 0.12 | 012 | 012 | 0.02
LOl | 910 | 11.0 | 7.60 | 850 | 6.30 | 124 | 8.30 | 8.20 | 147 | 6.70 | 9.30 | 830 | 184 | 120 | 6.10 | 109 | 27.0 | 11.0 | 137 | 11.6 | 184
Total | 99.9 | 98.7 | 99.7 | 99.7 | 99.4 | 99.9 | 99.5 | 100.0 | 100.0 | 100.7 | 100.3 | 100.0 | 99.4 | 99.6 | 100.1 | 100.0 | 100.1 | 100.1 | 100.0 | 100.0 |100.0
Sc | 156 | 143 | 174 | 167 | 183 | 156 | 167 | 153 | 154 | 169 | 159 | 134 | 116 | 165 | 182 | 155 | 182 | 151 | 127 | 141 | 310
Cr | 886 | 8.7 |87.7 | 103 | 819 | 69.1 | 77.2 | 67.7 | 796 | 89.4 | 82.9 | 68.7 | 553 | 826 | 79.5 | 80.1 | 539 | 86.0 | 67.8 | 70.7 | 144
Co | 195|179 | 161 | 156 | 122 | 141 | 12.7 | 21.0 | 109 | 11.0 | 162 | 157 | 168 | 158 | 115 | 183 | 832 | 254 | 147 | 17.3 | 177
Zn | 522 | 941|873 | 834 | 538 | 484 | 515 | 92.7 | 386 | 459 | 44.3 | 851 | 52.0 | 49.7 | 39.2 | 101 | 20.8 | 93.0 | 940 | 936 | 113
Ga | 130 | 101 | 134 | 180 | 17.9 | 19.7 | 22.8 | 19.0 | 124 | 127 | 951 | 209 | 142 | 104 | 172 | 27 | 6.19 | 105 | 130 | 159 | 119
As | 195 | 102 | 8.85 | 893 | 240 | 12.9 | 8.73 | 855 | 6.98 | 653 | 409 | 9.06 | 38.1 | 548 | 13.1 | 3.02 | 144 | 450 | 3.85 | 123 | 1.69
Br | 214 |0763| 1.93 | 116 | 1.99 | 368 | 1.84 | 157 | 4.84 | 2.02 | 3.38 | 593 | 532 | 3.99 | 142 | 1.93 | 10.2 | 478 | 255 | 1.83 | 9.35
Rb | 132 | 97.4 | 130 | 133 | 169 | 152 | 162 | 122 | 143 | 155 | 135 | 108 | 106 | 856 | 169 | 191 | 546 | 103 | 89.3 | 110 | 683
zr 247 | 162 | 171 | 130 | 195 | 153 | 154 | 117 | 104 | 172 | 191 | 158 | 157 | 170 | 180 | 53.7 | 67.4 | 152 | 213 | 163 | 622
Sb | 111 | 0.648 | 0.430 | 0.347 | 1.18 | 1.05 | 0.98 |0.773 | 0.907 | 1.08 | 0.634 | 0.629 | 0.747 | 0.34 | 1.15 | 0.842| nd. | 0.615| 0.602 | 0.61 | nd.
Cs | 263|183 | 293 | 302 | 409 | 36.0 | 464 | 19.1 | 51.1 | 441 | 39.7 | 193 | 551 | 6.19 | 455 | 45 | 315 | 187 | 20.6 | 20.3 | 149
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(Table 3) contd...

Al3 | BSJ1 |BSJ2 | BSJ3 | CM2 | CM3 | CM4 | Crdl | Esl | Es2 | Es3 | PTel | RAl | SCB5 | SCB6 | Svl | Torl | VAl | VBoil | VBoi2 | VIB1
Ba 559 | 276 | 341 | 233 | 794 | 386 | 467 | 455 | 329 | 827 | 1505 | 397 | 413 416 402 274 | 65.6 | 477 285 263 | 65.0
Hf 580 | 439 | 410 | 473 | 465 | 3.87 | 461 | 436 | 3.83 | 479 | 534 | 477 | 446 | 484 | 428 | 267 | 1.24 | 3.77 | 520 440 | 1.84
Ta 141 | 105 | 122 | 1.29 | 143 | 107 | 145 | 1.19 | 1.21 | 148 | 1.31 | 1.11 | 1.01 | 112 | 149 | 1.12 | 0.239 | 0.994 | 1.01 1.18 | 0.399
W 267 |0938| 145 | 136 | 1.63 | 1.71 | 1.71 | 1.74 | 164 | 194 | 1.74 | 1.09 | 1.23 | 1.15 | 238 | 1.62 | 0.303 | 0.931 | 1.08 1.39 | 0.337
Th 13.7 | 868 | 996 | 103 | 140 | 114 | 144 | 112 | 119 | 138 | 135 | 952 | 947 | 947 | 142 | 983 | 168 | 843 | 8.71 109 | 2.28
U 558 | 159 | 226 | 294 | 237 | 213 | 268 | 217 | 3.19 | 277 | 296 | 217 | 1.72 | 1.80 | 3.46 | 267 | 0.791 | 230 | 1.87 1.84 | 1.03
La 498 | 320 | 31.1 | 31.7 | 50.3 | 356 | 494 | 303 | 39.9 | 46.7 | 44.7 | 353 | 358 | 342 | 474 | 305 | 655 | 353 | 312 395 | 6.62
Ce 964 | 63.2 | 61.2 | 624 | 951 | 69.6 | 940 | 69.0 | 778 | 91.1 | 864 | 68.2 | 669 | 689 | 926 | 59.5 | 13.9 | 108 59.7 735 | 117
Nd 421 | 313 | 31.0 | 304 | 58.0 | 319 | 43.0 | 320 | 40.1 | 446 | 439 | 315 | 349 | 340 | 405 | 260 | 942 | 355 | 264 325 | 7.34
Sm 787 | 568 | 6.05 | 6.14 | 7.66 | 6.69 | 840 | 6.28 | 6.98 | 7.79 | 8.02 | 6.21 | 6.49 | 596 | 813 | 474 | 223 | 533 | 539 6.25 | 1.89
Eu 17 | 129 | 133 | 141 | 158 | 1.39 | 1.74 | 1.38 | 156 | 169 | 1.78 | 1.32 | 1.36 | 1.33 | 1.66 | 1.05 |0.709 | 1.19 | 1.17 1.32 | 0.619
Tb 1.01 | 0.767 | 0.822 | 0.837 | 1.01 | 0.935| 1.01 |0.828 | 0.939 | 1.03 | 1.11 | 0.872|0.911 | 0.882 | 0.95 | 0.57 | 0.413 | 0.677 | 0.727 | 0.817 | 0.436
Yb 325 | 242 | 248 | 255 | 3.01 | 277 | 3.41 | 259 | 2.85 3 231 | 247 | 288 | 276 | 3.05 | 1.82 | 143 | 2.08 | 2.38 248 | 159
Lu 0.493 | 0.369 | 0.398 | 0.39 | 0.531 | 0.449 | 0.589 | 0.403 | 0.402 | 0.451 | 0.476 | 0.342 | 0.427 | 0.414 | 0.47 | 0.305| 0.23 | 0.316 | 0.382 | 0.406 | 0.403
CIA 648 | 57.7 | 678 | 638 | 70.6 | 57.4 | 654 | 648 | 524 | 656 | 59.2 | 59.3 | 443 | 447 | 703 | 624 | 229 | 504 | 516 534 | 47.7
REE 253 | 171 | 168 | 170 | 271 | 187 | 252 | 179 | 213 | 245 | 236 | 183 | 187 | 186 | 243 | 156 | 44 | 235 | 159 19.6 3.8
Eu/Eu* | 0.717 | 0.741 | 0.716 | 0.747 | 0.678 | 0.670 | 0.702 | 0.723 | 0.730 | 0.713 | 0.718 | 0.684 | 0.675 | 0.706 | 0.699 | 0.751 | 0.933 | 0.743 | 0.708 | 0.696 | 0.894
Ce/Ce* | 0.937 | 0.911 | 0.901 | 0.914 | 0.825 | 0.928 | 0.912 | 1.02 | 0.891 | 0.907 | 0.890 | 0.918 | 0.863 | 0.924 | 0.941 | 0.941 | 0.860 | 1.40 | 0.926 | 0.909 | 0.783
(La/Yb)n| 9.29 | 801 | 760 | 753 | 10.1 | 7.79 | 878 | 7.09 | 848 | 943 | 11.7 | 866 | 753 | 751 | 942 | 10.2 | 2.78 | 103 | 7.94 9.65 | 2.52

Chondrite-normalized rare earths’ patterns are typical of
upper continental crust, characterized by fractionation be-
tween light and heavy rare earths and by a negative euro-
pium anomaly.

4. DISCUSSION

4.1. Multivariate Analysis

Multivariate statistical analysis was employed using the
Statistica program [18], in order to characterize and differen-
tiate possible clay groups. Principal component analysis
(PCA) and K-means clustering were performed after Sc
(conservative element) normalization of chemical contents.
This procedure allow to compensate for the influence of
natural processes, such as grain-size distribution and miner-
alogy effects on trace element concentrations, thus diminish-
ing erroneous interpretation of clays characterization and
differentiation [19]. In the chemometric analysis the whole
data set (mineralogical, geochemical and granulometric data)
was used, resulting in one matrix of 54 variables x 45 cases.
The preprocessing used was autoscale, which involves mean
centering and variance scaling of the data.

The loadings and scores provided by PCA are shown in
Fig. (3). The first two components supply more than 40 %
(PC1 = 26.3 %; PC2 = 15.6 %) of the information, being the
first principal component (PC1) the main responsible for the

separation between the Triassic-Hettangian clays and the
Cretaceous clays, the first one projecting along the positive
side (PC1+) and the second one along the negative side
(PC1-). The most contributing components to the definition
of this component are, in decreased order of importance: Mg,
Ca, hematite, K, Eu/Eu*, illite, dolomite, phyllosilicates, Cs
and P (PC1+); and quartz, CIA, kaolinite, Ti, Hf, Si, Zr, Sb,
W and > 63 um (PC1-). Also PC2 enable to distinguish the
two types of clays; Triassic-Hettangian clays are majority
located in the positive side of PC2, defined mainly by Rb,
Th, Al, REE, Ta, P, Cs and K, whereas Cretaceous clays tend
to be sited in the negative side of PC2. The two clays Torl
and VIB1 from Triassic-Hettangian age have a very different
composition of the remaining and can be considered as out-
liers. In fact, they present much higher dolomite, smectite
and Sc contents (not seen due to Sc-normalization of chemi-
cal contents; see Table 2) and the absence of europium
anomaly (Eu/Eu* values near the unit). These two samples
resulted from chemical weathering of more mafic sources

[9].
Other components account for small variations in the

composition of both clay groups, although they have no role
in their differentiation.

Considering that the Triassic-Hettangian clays and the
Cretaceous clays define two independent groups, even in-
cluding the two outlier samples, as seen from PCA, we can
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Fig. (3). PCA of variables and samples for the Cretaceous and Tri-
assic clays. Mineral abbreviations are the same used in Table 1.
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use K-means clustering, another unsupervised method, to
produce exactly two different clusters of greatest possible
distinction, and examine the means for each cluster on each
dimension to assess how distinct our groups are and which
variables contribute more for that distinction, validating the
conclusions obtained before.

Fig. (4) shows K-means clustering with variables ar-
ranged in order to facilitate the interpretation of the graph.
The clusters obtained correspond exactly to the two types of
clays: Cluster 1 = Triassic-Hettangian clays and Cluster 2 =
Cretaceous clays.

The magnitude of the F values from the analysis of vari-
ance (between and within clusters) performed on each vari-
able is indicative of how well the respective variable dis-
criminates between clusters. Taking into account the F val-
ues we can order the variables by decrease of importance in
defining the two clusters, according to Table 4.

The elements, minerals and granulometric classes pre-
sented in the previous table are the best discriminator pa-
rameters or fingerprints that enable the best differentiation
between Triassic-Hettangian and Cretaceous clays. The un-
derlined components (hematite, Mg, P, K, Cs, illite, Ca,
phyllosilicates, Mn and dolomite) are higher in the Triassic-
Hettangian clays, whereas high contents of the not under-
lined ones (kaolinite, quartz, CIA, Ti, goethite, Hf, Si, > 63
um, Zr, Sh, Rt) characterize the Cretaceous clays.

4.2. Palaeoenvironmental Interpretation

Some palaeoenvironmental considerations arise from the
tracers obtained by multivariate analysis, which enabled a
complete distinction of the clays.

Triassic-Hettangian clays have high contents of Mg and
Ca that are mainly present in dolomite, related with the
evaporitic conditions prevailing during deposition in the in-
cipient basin. From Triassic to Lower Jurassic, the early
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Fig. (4). Plot of means for each cluster on K-means clustering. Mineral abbreviations are according to Table 1.
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Table4 . Values of the Parameter F (> 10) Resulted from the Analysis of Variance. Mineral Abbreviations are according to Table

1.

F F F

Kln 101 Cs 46 Mn 20
Qtz 146 1 38 Si 19
CIA 86 Ca 32 > 63um 15
He 82 Phy 31 Dol 12
Mg 76 Ti 30 zr 12
P 74 Gt 30 Sb 12
K 62 Hf 21 Rt 12

breaking up of Pangea was accompanied by increased on-
shore humidity as seaways opened into the pangean interior
with the installation of epicontinental seas [20] characterized
by periods of sea incursion altering with long dry ones,
where high evaporation rates dominated.

The presence of smectite, sepiolite and corrensite (See
Table 1) corroborate this interpretation [9]. Clay minerals
associations, composed of marine Mg-rich minerals and de-
trital minerals, are in accordance with those formed in epi-
continental regions of Western Europe [21, 22].

The presence of hematite indicates warm temperate to
tropical areas, because it primarily occurs in well-drained
areas and its formation is favored by warm dry conditions
and small amounts of organic matter.

Phyllosilicates are more abundant in the Triassic-
Hettangian clays due to the predominance of tiny granulome-
try with high proportion of the < 2 um particle size, in aver-
age. lllite is the main clay mineral and has been interpreted
as detrital, resulting from erosion of Carboniferous strata
(slates and greywackes) without important chemical altera-
tion of the inherited products [7]. Physical weathering as the
main process to clays formation is also suggested by the low
CIA values that characterize these samples, pointing to the
prevailing of aridity conditions.

Mobile elements (K, Cs and P), probably associated with
illite, are also very abundant and enable a good distinction
between these clays and the Cretaceous ones. The enrich-
ment in these elements indicates that these aged clays proba-
bly suffered post-depositional potassium metassomatism.

Cretaceous clays have high kaolinite, quartz and CIA
contents. The granulometry is variable, but in general is
coarser than in Triassic-Hettangian clays, with high propor-
tion of sand fraction. This explains the high contents of Si,
Zr and Hf (usually present as heavy minerals such as zircon)
and Ti (in titanium oxides, such as rutile and anatase).

High quartz/phyllosilicate ratios, sometimes above the
unit in several samples, confirm their siliciclastic character.
In fact, these sediments resulted from fluvial discharges dur-
ing Late Berriasian and Barremian, due to the tectonic insta-
bility associated to compressive movements.

The abundance of kaolinite is related with the high
chemical weathering of felsic source rocks, as show the high
CIA values. It is interpreted as to reflect episodes of en-
hanced humidity and high meteoric flow-through, which
enabled leaching of most cations from the Paleozoic source
area rocks, forming residual kaolinite.

Goethite is the typical iron oxide present in these units.
Despite it can be formed under a broad range of climatic and
hydrological conditions, a cool temperature and the presence
of comparatively large amounts of organic matter, tend to
favour goethite formation.

The typical association illite+kaolinite+goethite of these
clays have been interpreted as a siderolithic facies related
with erosion and transport of laterites under tropical cli-
mates; however, illite still prevails over kaolinite, suggesting
hydrolysis was not extreme.

CONCLUSIONS

A detailed and independent geochemical and mineralogi-
cal study, mainly of the clay minerals associations, is indis-
pensable to a valuable palaecoenvironmental interpretation of
the depositional environment of the different clays. How-
ever, the illustrated example shows how multivariate analy-
sis, namely PCA and K-means clustering, is helpful when
exist varied and large amount of data and how the simulta-
neous analysis of geochemical, mineralogical and granulo-
metric data enable the definition of the best discriminatory
parameters, which can be used to emphasize some distinct
palaeoenvironmental aspects between Triassic-Hettangian
and Cretaceous clays.

The evaporitic transitional environment prevailing during
deposition of Triassic-Hettangian clays is mainly evident by
high contents of Mg, dolomite and hematite. Aridity condi-
tions promoted physical weathering and formation of abun-
dant illite. These Triassic clays were strongly transformed
after deposition with incorporation of highly mobile ele-
ments (K, Cs and P).

The continental (fluvial) environment of deposition of
Cretaceous clays is shown by high contents of kaolinite,
which indicate proximity of clays with the source area and
formation under conditions of humidity. High chemical al-
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teration of felsic source rocks is also indicated by high CIA [9] Trindade, M.J.F. Geoquimica e mineralogia de argilas da Bacia

values Algarvia: transformacdes térmicas, PhD thesis, University of Avei-
’ ro: Portugal, 2007.

[10] Heimhofer, U.; Adatte, T.; Hochuli, P.A.; Burla, S.; Weissert, H.
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