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Abstract—The aim of the present study was to discriminate between distinct types of clay units by
applying multivariate statistical techniques, which have seldom been applied to the exploitation of ceramic
clays. At the outcrop scale, texturally similar argillaceous or clayey layers of different ceramic types
cannot be effectively distinguished, which can result in the misuse and loss of raw materials.
Representative samples of clayey raw materials from central Portugal Cenozoic deposits with potential
use in the manufacture of structural clay products were first assessed for granulometric, mineralogical,
chemical, and technological properties. Based on those properties and the use of multivariate statistical
techniques, i.e., factor analysis (FA) and cluster analysis (CA), a novel statistical approach that combined
all these variable properties was produced. This approach made it possible to distinguish the ceramic
suitability and perceive which parameters most influence that suitability. The use of R-mode FA made it
feasible to differentiate and group samples based on the most influential variables: the contents of Al2O3,
Fe, illite, quartz, feldspars, and K2O. The use of R-mode CA substantiated the FA results in the
identification of influential variables, such as Al2O3, Fe, and illite. The use of Q-mode CA established two
main clusters: clayey-silt samples and sandy and/or feldspathic samples, the clayey-silt samples
encompassed three sub-clusters. These three sub-clusters match ceramic types with different suitabilities
and relate sample stratigraphic setting to the encompassing stratigraphic units. Diagrams that relate the
grain size, the content of different oxides, the content of different minerals, and the plasticity to the ceramic
suitability illustrate the CA groupings. An adequate blend of sand and clay for red stoneware (bricks and
tiles) manufacture was indicated as a major requirement for most raw materials of the clayey-silt cluster.
Raw materials represented by the sandy and/or feldspathic cluster can either be used to blend with
materials that lack sand or to blend with excessively plastic samples.

Key Words—Ceramic Behavior, Clay, Cluster Analysis, Factor Analysis, Mondego Planation,
Structural Ceramics.

INTRODUCTION

Multivariate statistical analysis is broadly used in

clay science for various applications. In the investigation

of ceramic raw materials, these techniques have also

been applied to assess deposits and manufactured

products (e.g. Mazzoleni and Summa, 1996; Galan et

al., 1998; Cravero et al., 2010; Marques et al., 2011;

Agha et al., 2012), more frequently applied in the study

of archaeological ceramics (e.g. Zhu et al., 2004;

Braekmans et al., 2011; Montana et al., 2011; Kramar

et al., 2012; Maritan et al., 2015), but has seldom been

used to assess ceramic raw materials for exploitation

(e.g. Oliveira et al., 1980; Decleer et al., 1981; Dondi,

1999). In these studies, multivariate statistical tools,

mostly factor analysis, have been applied to miner-

alogical, geochemical, textural, and stratigraphic data

and variables, but less frequently used for technological

variables/data (Galan et al., 1998). Clay resources occur

mainly in Meso-Cenozoic terrains of the Lusitanian

basin in western and southern Portugal. Outside the

Lusitanian basin, the clay resources occur in interior

basins, such as the study area (Figure 1, I.). The ceramic

industry, which established there at the beginning of the

XXth century, is based on the production of structural

clay products (270,000 t in 2010) and although the

potential area where raw materials occur is large, the pits

and plants are dispersed. This is attributed to the lack of

data on the location and types of clay deposits, which

occur in two formations that have similar lithofacies at

the outcrop scale, and thus make differentiation between

the two formations difficult. In a novel approach, the

applied methodology was based on investigating the

relationships between stratigraphic, compositional, and
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technological data from a collection of argillaceous

samples. This approach was expected to reduce the

complexity of the multiple variables that characterize the

materials and differentiate deposits with distinct ceramic

potential and to group and sort clay stockpiles. Specific

aims of this study were: to identify parameters which

enhance sample discrimination, to balance relationships

between parameters, to group samples using cluster

analysis based on the suitability for the manufacture of

different ceramic building bodies, and to demonstrate

that the method is useful for large numbers of samples.

Attempts have been made to distinguish and rank the

suitability of ceramic raw materials for different uses.

Various charts and diagrams for raw material classifica-

tion have been proposed and some have been widely

used, especially classifications that use grain size

(Winkler, 1954) and mineralogical and chemical para-

meters (Fabbri and Fiori, 1985; Fiori et al., 1989; Fabri

and Dondi, 1995). Regardless of the recognized utility,

the diagrams are generally limited by only considering

one type of variable (chemical, mineralogical, or other)

regardless of interrelationships between the variables.

Figure 1. Geological setting of the study area in the Mondego planation (modified from Lisboa et al., 2015) showing: (I) Meso-

Cenozoic terrains and study area location (rectangle) in Portugal; (II) sample locations (LSF: Lousã- Seia fault; MCF: Miranda do

Corvo fault); and (III) regions of the Mondego planation: A- Tábua, B- Coja, C- Sanguinheda, D- Santa Quitéria, E- Lousã, and F-

Miranda do Corvo.
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The classifications that result are only supported by

specific variables and thus do not truly reflect the

suitability of the material. The proposed method allows a

substantial number of interrelated variables to be

considered, which improves the suitability classification

because it can compare the similarity of whole datasets.

STUDY AREA AND GEOLOGICAL SETTING

The study area is located in the central zone of

Portugal, east of Coimbra and west of the Portuguese

Central Mountain range. The area consists of a large

polygenic planation surface (Mondego planation sur-

face) that truncates Precambrian and Paleozoic age

metasediments (Beiras Group) and Variscan granitoids.

Continental fluvial and alluvial deposits (Cretaceous and

Cenozoic age) were partly preserved in tectonically

depressed areas, which are confined by two major faults:

the Miranda do Corvo and Lousã-Seia (Figure 1, II). The

Cretaceous age deposits include kaolinite-rich felds-

pathic sands that constitute the Buçaco Group (Albian to

Upper Campanian), which is unconformably overlain by

the Buçaqueiro Formation (Campanian to Paleocene)

(Cunha, 1999, 2000). The Cenozoic infilling is silici-

clastic and unconformably overlies either the Cretaceous

sediments or the Hercynian basement. The older unit is

the Coja Formation (middle Eocene to Oligocene)

(Cunha and Reis, 1991; Pais et al., 2013). Upper

Miocene to Pleistocene sediments comprise a sequence

(340 m thick) mainly represented by conglomeratic and

clayey facies, which are interpreted as alluvial fan

deposits along tectonic scarps (Serra de Sacões Group)

and include Campelo, Telhada, and Santa Quitéria

formations from the base upward (Cunha, 1999; Pais et

al., 2012, 2013).

Raw materials that are used in structural ceramics

occur in the Coja and Campelo formations (Lisboa,

2009, 2014; Lisboa et al., 2013). Cunha (1992, 1999)

distinguished two members in the Coja Formation that

are separated by an unconformity: the lower member

consists of massive arkoses, and the upper member has

facies variations but encompasses massive lutites (i.e.

mudstones). The Campelo Formation (Upper Tortonian

to Messinian) consists of alternating conglomeratic shale

layers and lutites, which provide the main supply of

clays used for structural ceramics in the Mondego

planation. The lutitic facies of both formations probably

have the same source in terms of lithology and recycled

sediments of the Hesperian massif (Lisboa et al., 2015)

and so, despite a slight compositional difference, the

formations are texturally difficult to distinguish in the

field.

METHODOLOGY

Sampling, sample distribution, and analytical

procedures

Fifty-one samples of ceramic raw materials were

collected in pits and from outcropping clay layers

(Figure 1, II). For work organization, the samples were

geographically grouped into the 6 regions of the

Mondego planation (Figure 1, III, and Table 1). In the

study, grain size, mineralogy, and technological vari-

ables were statistically assessed. The >62 mm and <2 mm
fraction grain sizes were statistically assessed, but the

2�62 mm fraction (i.e. silt) was complementary to the

<2 mm and >62 mm fractions and more strongly deviated

from the normal. The 2�62 mm fraction, therefore, was

excluded from the statistical assessment.

Grain-size distribution was determined using a

Coulter LS 130 laser diffraction particle size analyzer

(Beckman Coulter, Inc., Brea, California, USA) on the

0.1 to 63 mm fraction and by wet sieving the coarser

fractions according to the American Society for Testing

and Materials (ASTM) C 371-09, (2014) standard.

Mineralogical analyses were made using X-ray diffrac-

tion (XRD) and by simultaneous differential thermal

(DTA) and thermogravimetric (TGA) analysis and

dilatometry. For the bulk sample XRD analyses, the

samples were dried in a kiln at 40ºC, ground with an

agate mortar and pestle, and passed through a 200 mesh

sieve (<75 mm). About 0.5 g of the samples (i.e.

randomly oriented powder mount) were packed into

standard aluminum sample holders. The <2 mm fractions

were separated from bulk samples using the following

method: approximately 50 g of each sample was weighed

Table 1. Mondego planation regions and geological units attributed to the collected samples.

———————————— Geological formations ————————————
Regions Buçaco

Group
Buçaqueiro

Fm.
Coja Fm.

(lower member)
Coja Fm.

(upper member)
Campelo Fm.

A � Tábua 6, 7, 18, 21 3, 4, 5, 11, 12, 16, 19, 20,
22, 23, 53

1, 2, 10, 13, 14,
15, 17

B �Coja 35, 39 33, 34, 36, 37, 38, 40
C �Sanguinheda 31 32
D � Santa Quitéria 27, 28, 29, 30 24, 25, 26, 41, 42
E � Lousã 50 51
F � M. Corvo 49 43, 52 44, 45, 46, 47, 48
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and placed in 1000-mL flasks with 600 mL of distilled

water and 10 mL of dispersing agent (solution of 35.7 g

of sodium hexametaphosphate and 7.4 g of sodium

carbonate in 1 L of distilled water) were added. The

suspensions were mechanically stirred at about 20

rotations per min for approximately 16 h. After the

material was stirred and the suspended particles were

allowed to settle for 3 h and 50 min (Stokes Law), a

20 mL pipette was placed at a depth of 5 cm in the

suspension and the clay fraction was siphoned off. About

20 mL of suspension with the <2 mm fraction was placed

in a test tube and centrifuged at about 24006g for up to

1 h to sediment the suspended solids. Two oriented slides

per sample were prepared as follows: the <2 mm
sedimented solids at the bottom of the test tubes were

mixed with a stick and some of the material was removed

using a pipette and was applied to one end (edge) of a

glass slide. Subsequently, the <2 mm samples were

rubbed from the edge of the glass slides to about 2/3 of

the slide surface using a stick until smooth and

homogeneous surfaces were produced on the slides.

The clay covered slides were air dried at room

temperature to facilitate orientation of lamellar clay

minerals or tabular crystals. The sample slides were dried

at 60ºC prior to X-ray diffraction analysis. The X-ray

diffraction (XRD) patterns of the oriented clay slides

were obtained using a Phillips diffractometer (Phillips

Analytical, Almelo, The Netherlands) equipped with a

PW1830 generator, a PW1820 vertical goniometer with

Bragg Brentano geometry, a 0.5º divergence slit , a 0.5º

receiving slit, 1º anti-scatter slits, a curved graphite

monochromator, and a 2.7 kW Co (l = 0.154 nm) tube.

The X-ray tube voltage and current were 40 kV and

40 mA, respectively. All samples were scanned from 2º

to 80º2y at 1º2y per min. The data were processed using

the PW1877 Automatic Powder Diffraction program

version 3.6 h (Phillips Analytical, Almelo, The

Netherlands). Thermogravimetric (TG) and differential

thermal analyses (DTA) were run using a Shimadzu

DTG-50 furnace and a Shimadzu TA-50 WSI thermal

analyzer (Shimadzu Corporation, Kyoto, Japan).

Dilatometry measurements were carried out using an

Adamel Lhomargy DI.10 Modèle 1 dilatometer (Adamel

Lhomargy SAS, Roissy en Brie, France) using alumina as

reference material. Qualitative and semiquantitative

mineralogical analyses followed the criteria recom-

mended by Schultz (1964), Thorez (1976), and

Brindley and Brown (1980). The relative mineral

abundances were estimated from the relative height/

area proportions of the main XRD reflections as

described in Lisboa et al. (2015). Bulk samples were

analyzed for major elements using X-ray fluorescence

(XRF) spectrometry on fused discs (1150ºC) using a

Phillips PW 2404 (PANalytical , The Spectris

Technology, The Netherlands) equipped with a 4 kW

Rh X-ray tube. The Mn and Fe contents were measured

using the Rh X-ray tube operated at 50 kV and 60 mA.

The other elements were determined using the Rh X-ray

tube operated at 30 kV and 100 mA. The accuracy and

precision were 1% and 5%, respectively, for all major

elements in general. Loss On Ignition (LOI) was

determined by heating at 1050ºC for 1 h. The pH was

determined following the ASTM D 4972-13 (2013)

method using a Sentron 2001 pH System instrument

(Topac Inc., Cohasset, Massachusetts, U.S.A.). For the

technological characterization, a few relevant properties

of the samples were studied. The plasticity properties

were obtained by determining the Atterberg limits: liquid

limit (LL), plastic limit (PL), and plasticity index (PI).

The plasticity index was calculated as the difference

between the LL and PL of the clays. Liquid limit and

plastic limit tests were carried out using a Casagrande

apparatus (Model 22-T0030/F, Ceramic Instruments

S.R.L., Sassuolo, Italy) following the ASTM 4318-10

(2010) method. Color was determined based on optical

reflectance in the visible zone using a DR colorimeter. A

Lange Micro Color Data Station (Braive Instruments,

Liege, Belgium) was used to measure color on both

unfired and fired powdered samples (<62 mm). The CIE

L*a*b* coordinates were estimated: brightness (L*), red/

green (a*), and yellow/blue (b*) (CIE, 1978). In order to

determine other technological properties, clay prismatic

test-pieces (trapezoidal section 2.3 cm62 cm61.5 cm

and 26 cm long) were shaped by extrusion. Unfired

samples were characterized by measuring the dry

shrinkage using the ASTM C 326-82, 1997 method and

the dry bending strength using the ASTM C 689-93, 1997

method. All samples were fired in an electric oven

(Fornocerâmica, model KS63/1400ºC, Fornocerâmica,

S.A., Leiria, Portugal) at a temperature of 900ºC.

According to significance, selected samples were fired

again at 1000ºC and 1100ºC, but the data for 1000ºC and

1100ºC were consequently not considered in the statis-

tical study. The firing profile consisted of four different

stages: 10ºC/min up to 60ºC, 11ºC/min from 60 to 110ºC,

4ºC/min from 110 to 580ºC, and 2ºC/min from 580ºC to

the maximum temperature. The specimens were main-

tained at the maximum temperature for 15 min. After

equilibrating at the maximum temperature, the samples

were cooled in the furnace to room temperature. Water

absorption (ASTM C 373�88, 1999), firing shrinkage

(ASTM C 326-82, 1997), and bending strength (ASTM C

674-89, 1999) were determined on the fired products.

The water absorption values were determined by

measuring the mass differences between the as-fired

and the water saturated samples (immersed in boiling

water for 2 h, cooled for 3 h, and the surface swept with a

wet towel). To determine the linear firing shrinkage, a

10 cm line mark was molded into the specimens and

variations in length were measured after the samples

were fired using the formula [(ld�lf) /ld]6100, where ld
and lf are the measured length of dried and fired

specimens. The bending strength was measured using

the three points technique in a Zwick Z010 (Zwick
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GmbH & Co, Ulm, Germany) apparatus operated at 2 kN,

10 mm/min, and was calculated using BS=3FL/(B+b)h2,

where F = breaking load (kg/cm2), L = distance between

supports (cm), B = larger base width (cm), b = smaller

base width (cm), and h = specimen thickness (cm).

Descriptive statistics and correlations

To better understand the analytical data structure, the

data distributions of 41 variables, which encompassed

grain size, chemical, mineralogical, and technological

parameters were first tested using descriptive statistics.

The kurtosis and skewness were the preferred tests of the

normality of each variable data set before any correla-

tions were assessed and before use of multivariate

analysis (Zhou et al., 2007). Given that most variables

in data sets are not normally distributed and a significant

number of variables must be expressed in percentages,

therefore, standardization was applied to overcome this

problem. Using the logarithm of variables is another

widely used method to normalize data (Kowalkowski et

al., 2006; Papatheodorou et al., 2006; Zhou et al., 2007),

but logarithms could not be applied in the present study

because several of the skewness and kurtosis values were

negative. The Spearman rank correlation coefficient was

used to assess the relationships between variables

instead of linear correlation (Bundy et al., 1966;

Davis, 1986; Rollinson, 1993; Singh et al., 2004)

because the Spearman rank correlation coefficient is

less sensitive to factors, such as outliers and non-normal

distributions.

Multivariate analysis

Data preparation. A major difficulty in applying

classical statistical methods is that a normal distribution

of data is assumed, which seldom occurs with geochem-

ical and technological data. Such data are spatially

dependent and are often based on inaccurate measure-

ments (Reimann and Filzmoser, 2000). Multivariate

analysis techniques were applied using STATISTICA

software version 6.1 (Statsoft, 2001). To ensure that the

statistical methods chosen were applicable, variables

with distributions closer to normal distributions were

selected. Different combinations were tested and

selected when the result was consistent with strati-

graphic, textural, chemical, mineralogical, and techno-

logical criteria. The need to transform data series

depends on the degree of asymmetry of the the data

and on the data, but no consensus exists as to

applicability (Child, 1970; Gorsuch, 1974). In this

context, after the data was assessed using descriptive

statistics and correlations, standardization was tested. To

effect standardization of the data, the distribution

average was subtracted from each observation and

divided by the standard deviation of the distribution. A

statistical multivariate analysis of robust data sets helps

to set up comprehensive models for geotechnical and

technological (such as ceramic) properties (Galhano et

al . , 1999; Zorski et al. , 2011). The Principal

Components method identifies, on one hand, the

variables that better characterize each formation/deposit

and, on the other hand, finds correlations between the

variables (Cravero et al., 2010).

Factor analysis (FA). An R-mode FA analysis was

performed on the data of 12 variables in order to group

the mutually correlated variables and to quantitatively

evaluate the clustering behavior. The number of

observations (samples) is one of the limitations in

obtaining reliable principal components and the sample

number should be >100 (e.g. Gorsuch, 1983; Stevens,

1986). Published research, however, supports (e.g.

Kumru and Bakaç, 2003; Papatheodorou et al., 2006;

Zhou et al., 2008) the use of FA to produce credible

results when the number of observations is in the same

range as the present study or lower.

Cluster analysis (CA). Cluster analysis is a technique for

agglomerative hierarchical classification (Everitt, 1977),

which has been a preferred aid to highlight relationships

between variables, to organize data, and to understand the

distribution of samples. The Pearson correlation coeffi-

cient was used for group definitions. After comparing the

results obtained using different aggregation criteria, the

Ward (1963) criterion was chosen. The obtained results

were advantageous in comparison to the other criteria

tested, though with minor differences between the results.

The resultant cluster structure depended on the variables

chosen and several combinations of all types of variables

were tested to avoid redundancy.

RESULTS

Analytical procedures

Compositional characterization. The data indicate that

silt size particles (sand = >63 mm, silt = 2�63 mm, clay =

<2 mm) were predominant for most samples, which were

fitted into two major granulometric (or textural classes)

sample groups (Shepard, 1954). One group included silt

and clayey silt and the other group encompassed sandy

silt, silty sand, and sand (Figure 2). The mineral analyses

of the clayey raw materials (Table 2) revealed that the

bulk samples contained similar proportions of quartz,

illite/mica, and, to a lesser extent, kaolinite. Smectite or

mixed-layer smectite/chlorite was observed in most

samples, often in significant amounts. Chlorite was

detected in a small number of samples. The occurrence

of a 14 Å (001) diffraction peak in untreated and heated

oriented samples (no (002) 7 Å and (004) 3.5 Å

diffraction peaks after heating at 550ºC) that occasion-

ally had an increased intensity after heating indicates

low-iron chlorite varieties (Thorez, 1976; Brindley and

Brown, 1980), but the diffractograms were not sufficient

to allow any other conclusions to be made about the

nature of the chlorites. Feldspars occurred in almost all
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samples and hematite was recognized to a limited extent.

The semi-quantitative mineralogical compositions of the

clay fractions naturally reflected a strong enrichment in

clay minerals (total content of non-clay minerals < 10%,

in most samples), which was mainly illite-kaolinite or

illite-kaolinite-smectite. These data were further supple-

mented with differential thermal (DTA) and thermo-

gravimetric (TGA) analyses (Figure 3). The DTA curves

exhibited endothermic peaks from about 50ºC to about

240ºC, during which water was lost with intense peaks

due to the predominantly illitic and/or smectitic

composition. The endothermic reactions between 294ºC

and 311ºC were explained by the dehydroxylation of

iron (oxyhydr)oxides (Singer and Singer, 1963; Jouenne,

1975). The DTA peaks between 485 and 557ºC were due

to dehydroxylation (Mackenzie, 1957, 1962; Blazek,

1972). The 485�516ºC peaks ( majority of samples)

were related to illite/mica and/or smectite and the up to

557ºC peaks were attributed to kaolinite. A weight-loss

peak in the TGA curve between 480 and 560ºC was

mainly related to illite/mica and kaolinite and partly due

to smectite and the intensities were dependent on the

mineral contents (Mackenzie, 1962). Related to the high

quartz content of most samples, characteristic quartz

endothermic peaks (573ºC) (Mackenzie, 1962) were

observed at 573-579ºC (Figure 3a), except for a few

samples (27, 44, 45, 46, and 48) due to the low quartz

contents (Figure 3b). Exothermic peaks observed at a

temperature between 970-995ºC were due to the

modification of metakaolinite to a new intermediate

phase prior to mullite formation (Mackenzie, 1962). In a

significant number of samples, an exothermic peak at

896-925ºC was frequently preceded by an endothermic

peak characteristic of illite/mica and depended on the

mineralogical composition, which can also be attributed

to smectite (Mackenzie, 1962; Singer and Singer, 1963). T
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Figure 2. Classification of raw material samples based on

proportions of sand, silt, and clay (Shepard, 1954).
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Dimensional changes observed in the probes after firing

can be assigned to four typical thermodilatometric

curves (each assigned to a representative sample),

which represent the main mineralogical composition

types. All samples registered a sharp expansion at 573ºC

(a?b-quartz modification) due to the quartz content

(Figure 4). Thermodilatometric curve A (sample 14)

showed no perceptible shrinkage up to ~120ºC. The

expansion up to ~510ºC was followed by slight

shrinkage due to kaolinite dehydroxylation and a slight

expansion effect between 580ºC and 820�880ºC, which
was related to the high illite/mica content (Jouenne,

1975). Above 880ºC, strong shrinkage with a maximum

at 950�970ºC was due to sintering and the formation of

vitreous phases (Singer and Singer, 1963; Jouenne,

1975). This lithotype encompassed quartz-illite-kaolinite

and sparingly abundant smectite or 10/14 Å interstrati-

fied clay minerals. Thermodilatometric curve B (sample

19) started with an accentuated shrinkage between

50�100ºC and 150�180ºC shrinkage that depended on

smectite and interstratified smectite clay minerals.

Following the first shrinkage, a second slight shrinkage

occurred at 490-510ºC, which is characteristic of

kaolinite (Jouenne, 1975). Above 573ºC (quartz struc-

tural modification) an expansion effect was observed up

to 830ºC and was a t t r ibu ted to i l l i t e /mica .

Thermodilatometric curve C (sample 28) had a relatively

fast progressive dilatation without significant shrinkage

starting at 510ºC (due to small amounts of kaolinite)

until the sudden expansion of quartz. Between 845 and

970ºC, strong shrinkage was observed and total shrink-

age exceeded 4.2%. Thermodilatometric curve D (sam-

ple 46) corresponded to illite-kaolinite samples with a

low quartz content. Minor shrinkage up to 175ºC that

was mainly related to small amounts of smectite and/or

interstratified clay minerals was followed by a slow

gradual expansion until further slight shrinkage started

at 510ºC, which was interrupted by the dilatation of

quartz (573ºC). In this type of curve, the effect of the

quartz structure inversion was reduced. A slightly

dilatant trend followed and was assigned to illite/mica.

Between about 580�820ºC, the sample underwent rapid

and pronounced shrinkage after 820ºC. The high illite/

mica content caused strong shrinkage above 800ºC and

made the shrinkage of kaolinite impossible to distin-

guish. At about 960ºC, the collapse of clay mineral

structures occurred and total shrinkage exceeded 8%.

Particular thermodilatometric curves were attributed to a

smectitic lithotype (sample 51) and quartzose/felds-

pathic lithotypes with sparingly abundant kaolinite

Figure 3. Sample DTA and TGA curves: (a) sample 4 and (b) sample 45.
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(samples 39 and 49). Apart from lithotypes represented

by curve D, all others required a processing cycle with a

moderately decreased rate of firing temperature increase

in the 500-600ºC range to compensate for the quartz

content and reduce the effects of sudden expansion. Clay

raw materials with significant contents of smectite or

interstratified smectite clay minerals show a significant

first shrinkage, such as type B materials, and require a

slow firing temperature on drying up to 200ºC to prevent

cracking and/or warping of the ceramic bodies. The

major element contents (Table 2) were correlated with

the mineralogical characteristics observed. Globally, the

chemical analyses showed a high silica content and a

relatively low alumina content. The high SiO2/Al2O3

average ratio (3.83) reflects compositions rich in quartz

and feldspars. The Fe content of most samples was high

(frequently >5%), but hematite and goethite were poorly

represented, therefore, Fe was probably associated with

amorphous and cryptocrystalline oxides in addition to

the Fe in clay mineral structures. The endothermic peaks

(294-311ºC) frequently observed in the sample thermo-

grams (except samples 6, 7, 12, 19, 20, 23, 24, 27, 30,

34-38, 40, 44, 45, 49-53) were explained by the

dehydroxylation of iron (oxyhydr)oxides, which con-

firmed the Fe content of the clays. The K2O was the

dominant alkaline oxide due to the illitic composition of

most samples and to the presence of K-feldspars. Minor

amounts of CaO and MgO reflected the absence of

carbonate minerals, gypsum, or talc and the slightly

higher MgO content was related to smectite or mixed-

Figure 4. Typical thermodilatometric curves for clay raw materials of types A (sample 14), B (sample 19), C (sample 28), and D

(sample 46), and samples 39, 49, and 51.
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layer smectite. Low TiO2 values were related to

muscovite, kaolinite, and probably vestigial rutile

associated with quartz. The Loss On Ignition (LOI)

values reflect the hydration water and hydroxyl contents

in the clay minerals. The LOI values were generally low

due to the high silica and illite content in most samples.

The pH values of about 65% of the bulk samples (after

15 min equilibration in water) were <7 (Table 2).

Technological characterization � properties and

ceramic behavior.

The CIE Lab parameters of dry sample slabs (Table 3)

showed a high dispersion of red (+a*) and yellow (+b*)

hues, especially the parameter a* that evidenced the

variety of red tonalities in all the samples. After firing at

900ºC, the whiteness (L*) diminished significantly, the

yellow hue showed a slight increase with minor changes,

and the strong increase in the red hue (Table 3) can be

attributed to chromophore elements (Fe and Ti oxides).

This corresponded to color changes from light brownish

yellow or reddish to darker brownish tonalities.

According to the classification by Bruguera (1985) and

Caputo (1998), most of the samples had high plasticity

indexes (PI >15) and only seven samples had low

plasticity indexes (PI <7) (Table 3). Although the raw

materials were predominantly silt size, high plasticity

was mainly due to the dominance of illite and particularly

the presence of smectite, rather than kaolinite. The dry

bending strength values obtained (Table 3) were moder-

ate to low (mean BSd = 20 kg/cm2), even when the

samples with higher sand wt.% were excluded. Low dry

bending strength values are usually attributed to high

contents of quartz and feldspar in the clay bodies. The

observed dry and fired bending strengths at 900ºC

(Table 3; mean BS900 = 83 kg/cm2) often satisfied the

minimum values of 15 kg/cm2 and 55 kg/cm2, respec-

tively, required for the manufacture of bricks (Santos,

1975). The values required for the manufacture of tiles

(BSd 5 30 kg/cm2, BS900 5 65 kg/cm2, Santos, 1975)

were attained by samples of the Campelo Formation in

the area of Miranda do Corvo and sometimes were

achieved by Coja and Campelo formation samples in the

Coja, S. Quitéria, and Tábua regions. Overall, the sample

wet-to-dry shrinkage values (Table 3) were moderate, but

excluded the low values for the sandy samples and the

wet-to-dry shrinkage was considered moderate to high.

The higher shrinkage values were related either to the

greater content of clay minerals or, specifically, with the

presence of smectite and illite. In the TGA curves, a

significant weight loss up to 220ºC was observed for

illite. After firing, dry shrinkage values (Table 3) were, in

general, moderate (LSw/d = 2 � 1%), which was mainly

due to the high amounts of non-clay minerals in most

samples. Dry-to-fired and wet-to-dry shrinkage were

associated with the smectite minerals and due to a higher

proportion of clay minerals rather than quartz/feldspar.

These characteristics resulted in a slower loss of water.

This applies to Miranda do Corvo and S. Quitéria

samples, which showed values of dry-fired shrinkage in

the same order as the wet-dry shrinkage. Additionally

these samples had the highest values of total shrinkage.

The significant weight loss (approximately in the

480�560ºC range) of these samples was due mainly to

the dehydroxylation of illite and kaolinite (Jouenne,

1975). The Coja Formation samples had higher average

total shrinkage values than those of the Campelo

Formation and the average total shrinkage at 900ºC was

9 � 3%. The firing of samples at up to 900ºC provided

high water absorption values (Table 3; average value

18%) mainly due to the granulometric characteristics of

samples with a low clay content.

Statistical analysis

Descriptive statistics and correlations. The descriptive

statistics (Table 4) revealed a high dispersion of the

data, but oxides, such as SiO2 and Al2O3, had the lowest

coefficient of variation (CV). This denotes a homo-

geneous distribution of related mineral species within

the study area, in particular SiO2 (CV = 0.12) due to the

quartzose composition of most samples. The interpreta-

tion of the results did not improve when the variables

were standardized, probably due to the heterogeneous

composition and ceramic behavior of the samples. As in

these conditions, standardization may eventually pro-

duce flawed results and, therefore, the untreated data

was used. Based on a comparison of the average and

median values, as well as the skewness and kurtosis

(Table 4), the variable data distributions deviated sig-

nificantly from the normal (2-63 mm, L*900, b*900, and

PL) and were rejected for correlation interpretations.

The MgO, >63 mm, and Fsp(t) (total feldspars) data

distributions did not follow a normal distribution, but

were considered because strong correlations were

observed. The MgO, >63 mm, and Fsp(t) data distribu-

tions were not used in multivariate exploratory techni-

ques, except Fsp(t) which allowed a good discrimination.

According to the statistical analyses, the Spearman rank

correlation coefficient (95% confidence level) deter-

mined for the sample ensemble (Table 5) had significant

negative correlations (>|0.60|) for quartz(t)/Al2O3, illi-

te(t)/quartz(t) as well as SiO2 with Al2O3, LOI, and K2O,

which indicated a strong distinction between sandy and

clayey facies and the SiO2 content was associated with

the >63 mm fraction. Positive correlations between

Al2O3/Fetot, Fetot/illite, and clay minerals/Fetot indicated

an association between Fe2+ and/or Fe3+ and clay

minerals. The positive correlation between Fetot and

LOI may indicate that part of the Fe is a component of

oxides and oxyhydroxides, as suggested by the DTA

curves (Figure 3a). The alkaline earths were usually

minor constituents of these clays. A significant part of

the Mg2+ was incorporated into smectite and interstra-

tified clay minerals, but given that the MgO distribution

significantly deviated from the normal, the significance
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of the positive correlations were diminished. The

positive correlation between LOI and BS900, LSt 900,

and PI indicated a strong relationship between these

ceramic properties and the clay mineral contents

(Table 5). Significant correlations between ceramic

properties indicate the expected interdependence of

these properties. Correlations between the variables

examined in the present study were usually not strong

and reflected the compositional heterogeneity of the

samples and the complexity of the variables, which were

often mutually dependent and dependent on variables

that were not considered in the system.

Factor analysis. According to the results of R-mode FA

applied to the full data set (12651, Table 6), the

principal component analysis (Kaiser, 1958; Cattell,

1966) extracted four factors, which explained a total

variance of 84.4%. Varimax normalized factor rotation

resulted in a better contrast between the maxima and

minima loadings and increased the interpretability.

Communalities were higher than 0.75, except for the

<2 mm variable. A communality value of 0.7 is the lower

limit for credible results using FA (Castaing, 1973);

hence, the four-factor model explained the variability of

almost all the variables and can be used to indicate

Table 4. Descriptive statistics for the 41 variables and 51 sample distributions. The abbreviations are: Ilt = illite; Kln =
kaolinite, Qz = quartz; Fsp = feldspar; ML+Sme+Chl = interstratified clay minerals, smectite, and chlorite; PL = plastic limit;
LL = liquid limit; PI = plasticity index; pH1’ = after 1 min; pH15’ = after 15 min; WA900 = water absorption 900ºC; BSd = dry
bending strength; BS900 = fired bending strength 900ºC; LSw/d = wet/dry linear shrinkage; LSd/f = dry/fired linear shrinkage;
LSt 900 = total linear shrinkage 900ºC; clay m. = clay minerals; n.clay m. = non-clay minerals; (t) = total sample, (c) = <2mm
fraction; and ND = not determined (zero values in the dataset).

Mean G. Mean Median Minimum Maximum Std-Dev. Coef. Var. Skewness Kurtosis

SiO2 64.64 64.20 63.76 49.79 84.52 7.63 0.12 0.33 0.18
Al2O3 16.90 16.53 17.19 8.08 23.73 3.45 0.20 �0.17 0.15
Fe tot 5.16 4.68 5.81 0.95 8.05 1.89 0.37 �0.76 �0.64
MgO 1.19 0.89 0.99 0.09 5.32 0.90 0.76 2.23 8.26
K2O 3.13 2.96 3.10 0.73 5.27 0.93 0.30 �0.08 1.01
TiO2 0.77 0.72 0.81 0.10 1.25 0.23 0.30 �0.57 0.36
LOI 7.39 7.03 7.35 2.63 13.33 2.24 0.30 0.32 0.68
Ilt(t) 30.45 25.55 33.00 3.00 61.00 13.86 0.46 �0.39 �0.28
Kln(t) 14.80 ND 13.00 0.00 37.00 9.20 0.62 0.56 �0.56
Qz(t) 37.76 35.31 38.00 14.00 74.00 13.99 0.37 0.73 0.16
Ilt(c) 40.33 36.49 40.00 7.00 72.00 15.56 0.39 �0.11 �0.15
Kln(c) 33.69 27.58 28.00 1.00 90.00 19.53 0.58 0.85 0.34
Qz(c) 6.39 4.60 5.00 1.00 22.00 5.38 0.84 1.44 1.47
<2mm 13.28 11.50 10.49 2.25 37.20 7.42 0.56 1.28 1.39
2�63mm 71.63 68.46 76.71 10.83 88.05 16.63 0.23 �1.81 3.14
>63mm 15.45 6.96 7.85 0.03 84.00 19.07 1.23 1.98 3.43
L*100 74.38 73.94 75.60 49.00 86.80 7.86 0.11 �0.90 0.98
a*100 9.18 4.82 6.40 0.10 32.60 8.97 0.98 1.12 0.12
b*100 22.02 20.09 22.20 6.10 35.40 8.44 0.38 �0.23 �1.08
L*900 60.28 59.97 58.70 49.40 82.90 6.45 0.11 1.50 2.83
a*900 23.32 22.34 24.90 8.00 32.50 6.17 0.26 �0.68 �0.42
b*900 27.15 26.90 27.80 14.90 31.60 3.35 0.12 �2.05 5.43
pH1’ 6.28 6.17 6.00 4.27 8.61 1.23 0.20 0.44 �0.99
pH15’ 6.16 6.03 5.84 4.26 8.58 1.28 0.21 0.53 �1.09
PL 31.52 30.55 31.77 12.80 56.83 7.74 0.25 0.46 1.83
LL 47.38 45.21 49.97 16.86 75.10 13.30 0.28 �0.31 �0.14
PI 16.59 14.69 17.14 1.85 37.11 6.89 0.42 0.04 0.68
WA 900 17.14 16.42 16.50 7.09 28.67 4.88 0.35 0.25 �0.27
BSd 19.82 15.15 19.00 2.00 55.00 12.92 0.65 0.76 0.34
BS900 85.88 53.70 72.00 4.00 271.00 68.43 0.80 0.73 �0.11
LSw/d 7.06 6.63 7.00 2.00 12.00 2.39 0.34 0.21 �0.64
LSd/f 2.10 ND 2.00 0.00 6.00 1.51 0.72 1.30 0.68
LSt 900 9.16 8.59 9.00 2.00 16.00 3.09 0.34 0.24 �0.16
Fsp(t) 8.16 ND 4.00 0.00 38.00 8.54 1.05 1.73 2.72
clay m.(t) 52.75 48.61 54.00 8.00 85.00 17.18 0.33 �0.74 0.37
n.clay m.(t) 47.24 44.25 46.00 15.00 92.00 17.15 0.36 0.74 0.39
ML+Sme+Chl(t) 7.51 ND 5.00 0.00 30.00 7.23 0.96 0.87 0.30
clay m.(c) 91.92 91.62 95.00 72.00 99.00 7.23 0.08 �1.56 1.69
n.clay m.(c) 7.55 5.59 6.00 1.00 27.00 6.22 0.82 1.54 1.99
ML+Sme+Chl(c) 18.29 ND 16.00 0.00 57.00 16.47 0.90 0.62 �0.36
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which variables to retain. Factor 1 explained 43.49% of

the total variance, had a high eigenvalue (5.22), and

indicated a good response of individual factors towards

defining the significant relationships and processes.

Factor 1 reflected the association between alumina and

illite, which was the most common clay mineral in the

sample ensemble. Factor 1 also reflected the chroma and

particularly the Fe, which correlated with the reddish

hues. The highest factor 1 scores reflected the red

structural clays (e.g. samples 5, 46, and 48) in contrast to

the raw materials with generally lighter colors and

negative factor 1 scores, which can be used for blending

with plastic clays (e.g. samples 7, 35, and 49; Figure 5a).

Higher positive factor 1 scores usually represented the

illitic clays with higher ceramic quality in terms of

technological properties. Factor 2 described 21.73% of

the variance and grouped the K2O and feldspars.

Negative factor 2 scores indicated samples with higher

feldspar contents and samples with greater illite contents

(e.g. samples 39, 46, and 51). In contrast, samples rich in

clay minerals other than illite or rich in quartz had

positive factor 2 scores (e.g. samples 43 and 53;

Figure 5b). Factor 3 explained 10.84% of total variance

and reflected the ceramic properties of clay minerals

(strong positive loadings on PI, BSd, and LOI). The

highest positive factor 2 scores were for clay-rich

samples and/or samples enriched in smectite or inter-

stratified clay minerals and indicated the samples of

higher ceramic quality (e.g. samples 23 and 45). Those

samples that lacked plasticity and strength (low clay

mineral content) had the lowest negative factor 3 scores,

namely, the Campelo Formation samples in Tábua (e.g.

samples 1, 2, and 17) and the feldspar-rich samples (e.g.

sample 39; Figure 5c). Factor 4 accounted for only

8.35% of the total variance and stressed the opposite

relationship between kaolinite and 14 Å clay minerals

(smectite, chlorite, and interstratified clay minerals).

The factor 4 scores indicate a distinction between

kaolinitic samples (higher negative factor scores) and

samples with smectite, chlorite, and interstratified clay

minerals (higher positive factor scores; Figure 5d).

Cluster Analysis. Despite the possible redundancy,

mineralogical and ceramic variables were considered

together with chemical variables for hierarchical CA and

the resulting dendogram (Figure 6). This procedure

resulted in a better discrimination between the clusters

of samples, in addition to an enhancement of the

variance explained by factor analysis. Two main

assemblages of variables were joined at the linkage

distance of approximately 2.9. A major assemblage

group A (GA) evidenced the relationship between clay

minerals, chemical variables, particle size, and plasti-

city. On a higher level of similarity, this group may be

subdivided into three sub-groups that reflect the affinity

between Fe and illite (A1), the plasticity of clay minerals

(A2), and kaolinite only (A3), which was related to clay

minerals in general. The other assemblage (group B, GB)

grouped non-clay minerals and 14 Å clay minerals. On a

higher level of similarity, this group may also be

subdivided into three sub-groups that reflect the feldspar

content in a significant number of samples (B1), the

smectite clay mineral relationship with bending strength

(B2), and quartz (B3). This is in contrast to clay minerals

and related variables, which were indicated by factor 1

in R-mode FA. The data were analyzed in Q-mode in

Table 6. Varimax normalized and unrotated (in brackets) factor loadings, communalities, eigenvalues, and the explained
values of the variance.

Factor Loadings (Varimax normalized)
—— Extraction: Principal Components (Loadings marked in bold print are >0.700) ——

Factor 1 Factor 2 Factor 3 Factor 4 Communalities

Al2O3 0.751 (�0.901) �0.150 (�0.227) 0.369 (0.141) �0.412 (�0.104) 0.893
Fe(t) 0.877 (�0.806) 0.146 (�0.105) 0.214 �0.012) 0.026 0.418) 0.837
K2O 0.404 (�0.500) �0.866 (0.403) 0.145 (0.688) 0.020 �0.225) 0.935
LOI 0.504 (�0.826) 0.019 (0.219) 0.767 (�0.324) 0.004 (�0.090) 0.844
Ilt(t) 0.951 (�0.840) �0.081 (�0.142) 0.088 (0.265) �0.074 (0.356) 0.924
Kln(t) 0.129 (�0.275) 0.164 (�0.755) 0.061 �0.037) �0.880 (�0.417) 0.821
Qz(t) �0.782 (0.851) 0.398 (�0.178) �0.315 �0.328) 0.001 (�0.075) 0.869
<2mm 0.466 (�0.659) 0.028 (�0.299) 0.370 (�0.066) �0.461 �0.199) 0.567
PI 0.277 (�0.724) 0.002 (0.235) 0.883 (�0.426) �0.093 (�0.322) 0.865
BSd 0.016 (�0.424) �0.222 (0.636) 0.796 (�0.310) 0.281 (�0.286) 0.762
Fsp(t) �0.499 (0.399) �0.728 (0.706) �0.016 (0.402) 0.383 (�0.326) 0.926
ML+Sme+Chl(t) 0.085 (�0.148) �0.024 (0.816) 0.411 (�0.282) 0.842 (0.344) 0.886

Eigenvalues 5.219 2.607 1.300 1.000
Explained Var 43.489 21.727 10.836 8.347
Cum Eigenv 5.219 7.826 9.126 10.128
Cum Var (%) 43.489 65.217 76.053 84.399
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order to highlight similarities between samples. The CA

classified the samples in two main groups (Figure 7):

clayey-silt samples and sandy and/or feldspathic samples

(non-clay minerals were dominant). The cluster of

clayey-silt samples was in turn subdivided into sub-

clusters I and II. The sub-cluster I was characterized by

samples that contained kaolinite with minor amounts or

no smectite, interstratified clay minerals, and chlorite.

On a higher level of similarity, this group may also be

subdivided into two sub-groups and both revealed a high

similarity between samples. Sub-group Ia samples

belong to the Campelo Formation in the Tábua region,

with the exception of samples 24, 32, and 52, which

belong to the Buçaqueiro Formation. Apart from sample

52, all the samples encompassed upper layers of the

Campelo Formation infilling. Sub-group Ib samples

Figure 5. Factor analysis (FA) scores of the 51 samples: (a) Factor 1, (b) Factor 2, (c) Factor 3, and (d) Factor 4.
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belong to the Campelo Formation and were collected in

the same area (Miranda do Corvo region) and strati-

graphic level. Sample 47 (sub-cluster II) was collected in

this area, but it belongs to a lower stratigraphic column

position. At a higher linkage distance from sub-cluster I,

the sub-cluster II comprised the largest number of

samples rendered in common with the presence of

14 Å clay minerals. Samples 27, 28, 29, and 30 were

linked at a low similarity level to samples 25 and 26 and

were considered to belong to the Coja and Campelo

formations, respectively, in the Santa Quitéria region.

The strong correlation between samples 36 and 38 (Coja

region) and samples collected in the Coja Formation in

Santa Quitéria was also noticeable. The samples inferred

Figure 6. Tree diagram produced by Cluster Analysis (CA) of variables in the composition of ceramic raw materials.

Figure 7. Tree diagram produced by Cluster Analysis (CA) of the 51 samples of ceramic raw materials.
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to the Coja Formation in Tábua were also included in

this sub-group, but the degree of similarity between

these and the rest of the samples were more difficult to

assess. Sub-group II encompassed samples of the upper

member of the Coja Formation and of the Sacões Group.

The group of sandy and/or feldspathic samples repre-

sented sediments that were either arenitic or had a low

clay mineral content and a significant content of

feldspars, which stratigraphically belonged to the

Buçaco Group formations, the lower member of the

Coja Formation, or even encompassed remobilized

sediments from the Coja Formation in the Campelo

Formation.

Samples 34 and 51 both had a high similarity, but

differed from all other samples of the group in which the

sand fraction was higher. The clusters through different

combinations of variables did not differ significantly and

certain groups remained regardless of the different

combinations. The stability of these groups enhanced

the relative confidence in the results.

DISCUSSION

The suitability of raw clays for use in the manufacture

of ceramic products is determined by the physical

properties, mineralogy, and chemistry of the material.

These factors will determine the behavior of the clay

during all phases of the manufacturing process with a

direct influence on the final product. The analytical results

showed that the particle size of the samples was

dominantly silt and was frequently deficient in sand,

especially clay, and was suitable for direct use in tile or

brickmaking. The significant amounts of feldspar and

more often quartz indicated poor technological properties,

such as low plasticity and bending strength (dry and

fired), which were the most obviously affected properties

(Table 3). Other factors or minerals can reduce the

influence of quartz and feldspar minerals and improve

the technological properties, such as expandable clay

minerals. Additionally, most samples required slow

ceramic firing in the 500�600ºC range to avoid sudden

quartz expansion. The balance of clay minerals in the

samples was frequently satisfactory, but clays with higher

contents of smectite or mixed-layer smectite/chlorite

require special attention during drying. The chemical

composition of the samples was deficient in CaO and

reflects the absence of calcite/dolomite. According to the

factor model, among the 12 variables selected, the

variables which most contributed to the sample groupings

were Al2O3, Fetot, Ilt(t), Qz(t), Fsp(t), and K2O and other

variables had a more discrete role. The R-mode CA

statistical techniques substantiated these results for the

relationships between variables. Both the R-mode FA and

CA techniques identified a strong relationship between

Al2O3, Fetot, and illite contents in contrast to quartz and

feldspar contents. An inverse relationship was found

between kaolinite and expandable clay mineral contents.

The interpretation of the bending strength relationships

was slightly different for the statistical analyses using R-

mode FA and CA. The FA indicated high positive factor

loadings (>0.7) for bending strength, plasticity index, and

LOI (factor 3), but in CA the bending strength had a

smaller linkage distance with expandable clay minerals.

This slight divergence was apparent because the variables

involved were closely interrelated, as the similar

Spearman rank coefficient values indicated (Table 4).

The statistical analysis allowed a limited set of parameters

to be selected to characterize the raw materials. This can

be used to first separate the open-stockpile materials

(preferably in the pit), which can later be blended into the

desired and distinct ceramic product compositions. The Q-

mode CA allowed the samples to be consistently grouped

to discriminate between lithological and mineralogical

attributes and also permitted the stratigraphic relation-

ships to be inferred and, hence, to relate the clusters to the

suitability of the corresponding raw materials for the

manufacture of ceramic bodies. Diagrams that relate grain

size and chemistry parameters to the ceramic suitability of

the materials (Figures 8 and 9) and the reference values

for ceramic blends that are used in the manufacture of

common ceramic products (Table 7) support the clusters

generated by the statistics. The samples of sub-group Ia

generally matched clays with a low ceramic propensity,

which need to be adequately blended with plastic clays

(Table 2) to improve the plasticity and the bending

strength (both dry and fired) and to diminish water

absorption for the manufacture of brick, vaulted brick, and

masonry. The Winkler diagram (Winkler, 1954) indicated

that the samples from sub-group Ia (apart from samples 14

and 24) and from sub-group Ib require the addition of clay

and sand, respectively. The latter sub-group of samples

showed the best properties for building bricks and require

the addition of sand (quartz and feldspar), especially for

the manufacture of tile and accessories in order to prevent

the excessive shrinkage that is observed (Tables 3 and 7).

The ceramic suitability of clayey materials from sub-

group II was variable and most samples required

modification of the initial composition and required

blending with clay and sand (Figure 8). Additionally,

the heating process must be conducted with precaution by

creating a low-heating rate stage on drying up to 200ºC

due to the presence of smectitic clay minerals. Raw

materials that encompassed the group of sandy and/or

feldspathic samples were both poor in clay and silt (Figure

8) and most had low BS900 and PI values. Such materials

can be used for blending with low sand content samples

and with excessively plastic clays with high PI (44 and

45) or PL (e.g. samples 20, 25, 30, 27) and were reflected

by the high shrinkage values (Bain and Highley, 1979;

Table 3). The chemical data were plotted on a ternary

diagram (silica-alumina-other oxides) to classify clay raw

materials and industrial ceramic bodies (Fabbri and Fiori,

1985; Figure 9). The diagram shows that most samples

fitted into the Portuguese red stoneware field (Lisboa,
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2014) apart from sub-group Ib and the sandy and/or

feldspathic samples. The former samples were more

enriched in clay minerals and contained less quartz than

average Portuguese red ceramic bodies. The majority of

the latter group plotted in the range between the white

stoneware and the quartz/feldspathic sands field.

CONCLUSION

Based on an assessment of the compositional and

technological data of 51 argillaceous samples, factor

analysis and cluster analysis were shown to be a

powerful tool in interpreting the ceramic types of raw

materials and also were an aid in differentiating the

stratigraphy of layers. Among the 41 mineralogical,

chemical, and technological variables, 12 variables were

selected based on a closer proximity to normal distribu-

tions. From those variables based on R-mode FA and

CA, the variables which contributed most to the sample

groupings were Al2O3, Fetot, Ilt(t), Qz(t), Fsp(t), and K2O.

The cluster analysis results were substantiated by the

ceramic suitability diagrams, which assigned most

Figure 8. Winkler diagram (Winkler, 1954) for the technical

classification of ceramic raw materials for use in structural clay

products. The fields indicate compositions suitable for 1- solid

bricks, 2- vertically perforated bricks, 3- roofing tiles, and 4-

thin-walled hollow bricks.

Table 7. Reference values for the ceramic blends used in the manufacture of common ceramic products and the mineralogical
composition types for hollow brick manufacture (Fabbri and Dondi, 1995; Martins, 2007); (a) values from Strazzera et al.
(1997); (b) values from Santos (1975); and (�) value not available.

Parameters Brick Vaulted brick Tile Mineral (%)

BSd (kg/cm2) 45�50 50�60 70�90 Quartz 3�40
BSd (kg/cm2) (a) 15�51 � 20�51 Illite/mica 2�30
BSd (kg/cm2) (b) >15 � >30 Calcite/Dolomite 0�25
LSw/d (max. value, %) 5 5 6 Chlorite 0�10
LSw/d (%) (a) 3�12 � 3�8 Kaolinite 0�15
Drying cycle (h) 24�48 24�36 48 Smectite 0�20

Feldspar 5�10
Firing temp. (ºC) 900 � 50 900 � 50 1000 � 50 Fe oxides, hydroxides 5�10
BS (kg/cm2) 5100 5130 5160
BS (kg/cm2) (a) 61�143 122�204 122�224
BS (kg/cm2) (b) >55 � >65
LSt (%) 5�6 5�6 5�6
WA (%) 10�17 10�17 10 (max.)
WA (%) (a) 15�32 � 15�20

Figure 9. Ternary diagram for SiO2/Al2O3/ Fe2O3+TiO2+

MgO+K2O+Na2O composition with plotted samples of the clay

raw materials where ri = red stoneware (Italy); qf = quartz/

feldspathic sands field; w, w’, and w’’ = white stoneware for the

German, English, and French industries, respectively (data from

Fabbri and Fiori, 1985); and rp and wp refer to Portuguese ‘red’

and ‘white’ ceramics, respectively (data from Lisboa, 2014).
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samples to red stoneware, which is suitable for brick and

tile manufacture after adequate blending. The majority

of the sampled raw materials were rich in silt and

required the addition of sand and/or clay. Due to the high

quartz and/or expansive clay mineral content of some of

the sampled materials, special attention is required for

firing and drying.

Apart from the recognized practical usefulness of

diagrams that relate specific parameters with the

suitability of materials for ceramics, the diagrams rely

on a very limited number of variables. Multivariate

analysis and particularly CA produced an interpretation

based on multiple variables and, therefore, improved

interpretation of the ceramic suitability of the material.

The groups and sub-groups that resulted from CA have

stratigraphical meaning: the group of sandy and/or

feldspathic samples encompass arkosic units that belong

to the Coja Formation lower member, Buçaqueiro

Formation, and Buçaco Group; in the clayey-silt group

of samples, sub-group I encompassed the Campelo

Formation samples and the sub-group II samples

belonged to both the Campelo Formation and Coja

Formation upper member. Additionally, within forma-

tions, groups can be discriminated by stratigraphic

position in the basin infill. The methodology and

statistical techniques applied herein can, therefore, be

useful in the assessment of clay deposits elsewhere, in

which a typological distinction may be a valuable tool to

discriminate clay bodies with apparently similar char-

acteristics.
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archaeological site near Mošnje (Slovenia). Applied Clay

Science, 57, 39�48.
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cenozóica de Portugal (R. Dias, A. Araújo, P. Terrinha,
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