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Abstract Aljustrel mine is located in SW Portugal, in the

western sector of the Iberian Pyrite Belt. The Aljustrel

village was developed around the exploitations of massive

polymetallic sulphides that occur in the area (4 orebodies

mined, 2 in exploration phase). The pyrite ore was exten-

sively exploited from 1850 to 1993, when production was

discontinued. A mining restart occurred in 2008, only

during a few months. The objectives of the study were to

assess the levels of soil contamination, to determine asso-

ciations between the different chemical elements and their

spatial distribution, as well as to identify possible sources

of contamination that can explain the spatial patterns of

soil pollution in the area. Principal component analysis

combined with spatial interpretation successfully grouped

the elements according to their sources and provided

evidence about their geogenic or anthropogenic origin.

From this study, it is possible to conclude that soils around

Algares/Feitais tailing deposits, Estéreis and Águas Claras

mine dams and S. João mine show severe contamination.

The highest concentrations of As (up to 3,936 mg kg-1)

and certain heavy metals (up to 321.7 mg kg-1 for

Bi, 5,414 mg kg-1 for Cu, 20,000 mg kg-1 for Pb,

980.6 mg kg-1 for Sb, and 22 mg kg-1 Cd) were obtained

near Algares area while the highest concentration of Cd

(up to 61.6 mg kg-1) and Zn (up to 20,000 mg kg-1) were

registered in samples collected in the S. João area. The

highest pollution load index ([4.0) was recorded at the

Algares area where the metal concentrations exceed typical

soil background levels by as much as two orders of

magnitude.

Keywords Soil � Multivariate data analysis �
Geostatistics � Aljustrel mine �
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Introduction

The mining industry is probably the anthropogenic activity

that produces the deepest impacts on the environment,

since it is responsible for a complete transfiguration of the

landscape and temporary elimination of the vegetation

(Kelly 1988; Nriagu and Pacyna 1988; Nriagu 1989; Allan

1995; Salomons 1995; Starnes and Gasper 1995; Ripley

et al. 1996; Alpers and Nordstrom 1999; Azcue 1999; Dold

2003). It also produces great amounts of solid, liquid and

gaseous waste materials (Moore and Luoma 1990;

UN/DTCD and DSE 1992; Alpers et al. 1994; Bigham

1994; Morin and Hutt 1997; Nordstrom and Alpers 1999;

Kimball et al. 2000).
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Mining gives rise to soil erosion and environmental

contamination by generating waste during the extraction,

beneficiation and processing of minerals. After closure,

mines can still impact the environment by contaminating

air, water, soil and wetland sediments from the scattered

tailings, as well as pollution of groundwater by discharged

leachate, unless the proper remediation is conducted.

Heavy metal contamination of agricultural soils and crops

surrounding the mining areas is a serious environmental

problem in many countries (Bobos et al. 2006). The envi-

ronmental impact on the mines surrounding is usually high

and the related problems are mostly determined by the type

of mineralization and by the procedures used during

exploitation (Moore and Luoma 1990, Santos Oliveira

et al. 2002). In short, the usually detected problems are (1)

geotechnical and erosive instability through, for instance,

large excavations and pits, (2) soils and waters contami-

nation by mechanical dispersion of tailings, (3) wind pol-

lution, (4) visual impact, urban and scenery disorder by the

abandoned edifications and equipments.

Particularly within the mining industry, areas where

polymetallic sulphides were extracted are important point

and non-point sources of heavy metals. Small portions of

metals occurring in mined ores, in general, are not totally

recovered by mill and processing operations, and thus are

left in tailings deposits. The piles of mine tailings (in gene-

ral, fragmented and finely ground materials) left in the

vicinity, constitute one of the greatest threats, since they

present high concentration of heavy metals (As, Cd, Cu, Hg,

Pb, Zn) and toxic chemicals. The presence of those piles

implicates in the occurrence of ‘‘environmentally’’ sensitive

locations, of unstable nature, in large number and often poor

to non-existent maintenance. These materials when exposed

to air and water, give rise to the oxidation of remaining

sulphides, through chemical, electrochemical, and biologi-

cal reactions, to form ferric hydroxides and sulphuric acid

combined in acidic mine drainage (AMD) (Cohen and

Gorman 1991; Merson 1992; Evangelou and Zhang 1995;

Larocque and Rasmussen 1998; Soucek et al. 2000).

The fine soil fraction is also usually enriched in metals,

due to the relative large surface area of fine particles for

adsorption, to metal binding to iron and manganese oxides

and to organic matter (Rasmussen 1998; Yukselen and

Alpaslan 2001). Wind-blown dusts generated in those soils

can be responsible for the atmospheric transport of trace

metals (Rasmussen 1998). Therefore, soils are important

sinks of heavy metals that could be inhaled, ingested, or

absorbed, thereby entering the biosphere (Larocque and

Rasmussen 1998). Heavy metals can persist in the soil over

a long period of time and many of them are bioaccumu-

lative or bio-magnified. This can result in long-term dam-

age to flora and fauna and give rise to detrimental effects in

humans, through introduction into the food chain and

drinking water system (NRC 1974, NRC 1977; Bowie and

Thornton 1984; Xu and Thornton 1985; Kabata-Pendias

and Wlacek 1985, 2001).

Abandoned mines are one of the most serious environ-

mental problems faced by many countries all over the world

and Portugal is not an exception (Pereira et al. 2004). In order

to characterize the number of old mines without owner or

property rights the Portuguese Government has taken the

responsibility to carry out an inventory and assessment of the

abandoned mine sites. With this objective a comprehensive

program has been developed in order to: (1) characterize and

identify the generated impacts; (2) assess the symptoms of

the risks inherent to former mining operations; and (3) pro-

mote measures that best fit the rehabilitation of the envi-

ronmentally affected sites (Santos Oliveira et al. 2002). In

the assessment, emphasis was given to several characteris-

tics, such as: geology and mineralogy of the ore deposit,

processes of ore extraction and processing, even size, com-

position and stability of the mine landfills (tailings), type and

magnitude of chemical anomalies in soils, stream sediments

and waters as well as actual mining safety, visual impact,

degree of land use and archaeological (museum) relevance.

About 80 derelict mine areas were studied in the Portuguese

territory, as part of a restoration project developed by a

partnership between the Portuguese Environmental Agency

[Direcção Geral do Ambiente (DGA)], and the Portuguese

Geological Survey [Instituto Geológico e Mineiro (IGM)],

which mediates concessions for the exploration of geologi-

cal resources. Presently, the Empresa de Desenvolvimento

Mineiro public Company (the owner of the Portuguese

mines rehabilitation program) is developing a rehabilitation

program at mine activities’ affected areas, before 1990

(Martins 2005; Nero 2005; Matos and Martins 2006). The

Aljustrel mine in this assessment was classified as high risk

and shows all sorts of problems occurring as consequence of

the industrial activity closure and resulting lack of mainte-

nance of the industrial-mining infrastructure.

The objectives of the present study were: (1) to evaluate

the extent of pollution in soils impacted by mining activi-

ties and by erosion of the tailings; (2) to determine the

associations between the different toxic elements and their

spatial distribution, (3) to identify possible sources of

contamination that can explain the spatial patterns of soil

pollution in the area; and (4) evaluate the anthropogenic

and lithogenic contribution.

Study area

Geographical location and physiographical aspects

Aljustrel is located in Beja district, approximately 175 km

SE of Lisbon and 125 km N of Faro (Fig. 1a). The
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Aljustrel complex mine is one of the great Iberian Pyrite

Belt mining (IPB) sites (Fig. 1b), a world class volcanic

hosted massive sulphides metalogenetic province (Barriga

et al. 1997; Carvalho et al. 1999; Matos and Martins

2006; Oliveira et al. 2006; Relvas et al. 2006; Tornos

2006).

The Aljustrel area is located in the hydrographical Roxo

River basin. The hydrographical network which drains the

Aljustrel mine area is parallel type and, from west to east,

the most important local streams are (1) Barranco do Far-

rôbo, (2) Água Azeda, (3) Água Forte. Like any other part

of southern Portugal, Mediterranean climate predominates

in the area. The area is much warmer and receives less

rainfall than the national average. The temperature reaches

a maximum of 40�C in summer (i.e., July and August) and

a minimum of 5�C in winter (i.e., December). The mean

annual rainfall in the area is estimated to be 550 mm, being

the period from May to September very dry and wet from

October to April (in average, 85% of the total annual

rainfall occurs during this period). The highest amount of

rainfall occurs in December, while July and August are the

driest months. The catchment is dominated by rolling

plains and arable lands. According to FAO soil classifica-

tion (FAO 1999), soils of the study area were classified as

Leptosols (occurring over a wide variety of parent rocks,

mainly metasediments and acid volcanic–sedimentary

materials), Luvisols (mainly associated to slates and

greywackes) and Vertisols, Luvisols, Fluvisols and Cam-

bisols associated to conglomerates and sandstones. Natural

vegetation is mainly composed by Quercus rotundifolia,

Cistus ladanifer, Genista hirsute, C. salviifolius, C. crispus,

C. monspeliensis and Lavandula luisieri. In Aljustrel area,

the Quercus forests have been replaced by eucalyptus

plantations (Eucalyptus camaldulensis).

Geology and mineralization

According to Schermerhorn and Andrade (1971), Barriga

(1990), Barriga and Fyfe (1988), Barriga et al. (1997),

Relvas et al. (1990), Dawson et al. (2001), Carvalho et al.

(1999) among others, the geology of Aljustrel region is

characterized by a Palaeozoic basement of the South Por-

tuguese Zone and by a modern sedimentary sequence of the

Upper Sado Tertiary Basin. The active NE–SW Messejana

fault defines the SE border of this basin, which is confined

to the NW block of the fault (Fig. 1c).

The Messejana fault presents an Iberian dimension and a

senestral strike–slip movement of 2.5 km. This fault sep-

arates the Sado Tertiary Basin (NW side of the fault) of the

Palaeozoic (SE margin). Along this major structure a

Jurassic Messejana dolerite (MD) is also observed

(Schermerhorn et al. 1987).

According to several authors (Andrade and Schermerhorn

1971; Silva et al. 1997; Leitão 1998; Matos 2005; Oliveira

Fig. 1 a Location of the Aljustrel study region (adapted from

http://google.brand.edgar-online.com/; http://www.agenda.pt/iframe.

php?subcat=ALJUSTREL), b location of the Iberian Pyrite Belt

region (adapted from Pacheco et al. 1998; Martins et al. 2003) and the

Aljustrel study area; c geological setting and overlapping of the

sampling grid, UTM coordinates in km (adapted from the Portuguese

Geological Map 1/50,000, Schermerhorn et al. 1987)
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et al. 2006), the Aljustrel’s Palaeozoic stratigraphic

sequence is formed by the following main units:

Baixo Alentejo Flysch Group: Mértola Formation

(Upper Visean)–shales and greywackes (flysch turbidites).

The IPB: Volcano–Sedimentary Complex (VSC) (Upper

Famennian–Upper Visean) represented by the following

units: Paraı́so Fm.–siliceous shales, phyllites, tuffites,

purple shales, jaspers and cherts; felsitic/mine metavolca-

nics and green metavolcanics sequences–sericitic felsic

volcanics, felsites, felsophyres, volcanic breccias, massive

sulphides, feldspar megacryst volcanics and lavas.

The IPB lower unit, the sedimentary Phyllite–Quartzite

Group (Frasnian-Upper Famennian), is not recognized in

the Aljustrel area. The VSC Aljustrel Anticlinorium is

represented by a NW–SE lineament (4.5 km length and

1.5 km across).

In the Aljustrel mining site, six massive sulphide ore-

bodies are recognized along a 6 km structure of VSC:

Moinho, Feitais, Estação, Gavião, Algares and São João,

the last two were mined since Roman times (Silva et al.

1997; Leitão 1998; Matos and Martins 2003, 2006).

Moinho deposit was exploited by the Pirites Alentejanas

Company (PA) for copper until 1993. The gossans and the

supergene zones of the Algares and São João orebodies

were exploited during roman era to 118-m deep in the first

case (Domergue 1983). These massive sulphide orebodies

have a mineralogy composed mainly by pyrite (FeS2)

([70%), with minor quantities of sphalerite (ZnS), chal-

copyrite (CuFeS2), galena (PbS), arsenopyrite (FeAsS),

tetrahedrite (Cu,Fe)12Sb4S13), bornite (Cu5FeS4), pyrrhotite

[Fe1-xS (x = 0 – 0.17)], cassiterite (SnO2) and sulfosalts

(Gaspar 1996).

Mining activity and environmental impact

in the Aljustrel area

As a result of thousands of years of intense pyrite ores

exploitation in Aljustrel, large areas are now occupied by

several waste tailings such as Roman slag, pyrite ore

(blocks and brittle massive pyrite ore—the most reactive

ones) and VSC host rocks (Matos and Martins, 2006).

Algares industrial area and S. João sector present the

highest volumes of mine waste. The total amount of waste

stored on the site exceeds 3 Mt. Those areas are affected by

strong pluvial erosion, no vegetation and visible intense

AMD.

The Algares and S. João outcropping massive sulphides

orebodies were exploited during Roman time for copper and

minor silver exploitation. The main objective of the Roman

mining exploitation was the oxidation zones of the pyrite

orebodies, characterized by extensive hematite supergene

zones (Matos et al. 2003, Matos and Martins 2006). Since

the nineteenth century and until the 1960s these orebodies

were mined at surface (small open pits) and at underground

galleries. The mine production was pyrite, roasted pyrite

concentrates and copper obtained by cementation process at

Pedras Brancas and Algares mine sectors (Martins et al.

2003). Between 1960s and the 1980s mining was dedicated

to the Moinho and Feitais pyrite orebodies exploitation. The

Moinho and Feitais ore deposits are formed by (Gaspar

1996): pyrite (FeS2), sphalerite (ZnS), chalcopyrite

(FeCuS2) galena (PbS) and arsenopyrite (AsFeS). At Feitais

also occurs tetrahedrite (Cu12Sb4S13) and tennantite

(Cu12As4S13). The modern Aljustrel mine phase charac-

terized by large volume of work ([1 Mt annual production

of ore concentrates) occurs with the Cu concentrate

production in 1990–1993 and with the Zn concentrate

production in 2008. Minor and variable ore grades and

problems with penalizing minor elements (e.g., Ta) were

responsible by the short period of exploitation. The mining

underground works are presently developed until *400 m

depth, focused again in the copper concentrate production

(current ALMINA Mining Company project—Moinho and

Feitais mining restart in 2010).

The small Mn–Fe mines located at the Aljustrel hills

were exploited in the 19th century. The mine production

was pyrolousite concentrates. Presently these abandoned

mines are represented by small open pits and associated ore

tailings, usually with less than 1 m thickness. Part of these

small mines is used for illegal waste disposals. The envi-

ronmental impact of these Mn–Fe exploitations is not

quantified but is certainly locally significant.

Other mining wastes are present in Aljustrel, with less

contaminant potential like host rocks, represented by felsic

well cleaved and coherent volcanics, siliceous, purple and

black shales, jaspers and cherts (Volcano–Sedimentary

Complex host rocks). This pyrite host rock wastes were

produced during the development of the pyrite under-

ground mining works. Related with the cut and fill mining

method important quarries were developed in areas were

volcanic rocks outcrops. The main quarries located at the

Malpique (Algares), Moinho and S. João mine sectors

present significant geotechnical instability. Some of the

mining infrastructures are unsafe and potentially dange-

rous, like open pits, quarries, galleries and mining shafts

very exposed to local urban areas (Matos and Martins

2006).

Materials and methods

Sampling and chemical analysis

To investigate the impact caused by the dismantling and

erosion of the tailings around the Aljustrel mine site, soil

samples were collected in the area and analyzed. Soils were
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sampled on two occasions: the first sampling campaign

occurred during the summer of 2005 and encompassed

soils from the VSC and Mértola Formation geological units

(the Palaeozoic basement), and the second occurred in the

summer of 2006 and encompassed soils from the Tertiary

Basin. The studied area was monitored with a sampling

network established on a 250 9 250 m grid in the centre of

the contaminated area and 500 9 500 m in the remaining

area (Fig. 1c). Each sampling point was georeferenced by

Global Positioning System. A total of 356 soil samples

were collected over an area of 44 km2, corresponding to a

sampling density of 8 samples km2. At each sampling

point, the surface of the soil was cleared of superficial

debris, vegetation and the O-soil horizon. A composite

sample consisting of three subsamples was collected (with

a minimum distance between subsamples of 3 m) from the

topsoil. According to the established grid the representa-

tiveness of the collected samples with the rock parent

material is: 42.4% of samples is related with Tertiary Sado

Basin Sediments (USTB); 36.5% with Baixo Alentejo

Flysch group (MFF); 14.9% with Volcano–Sedimentary

Complex (VSC); 4.5% with Phyllite–Quartzite Group;

1.7% with Messejana Dolerites (MD). After collection, the

soil samples were dried in an oven at a temperature of

40�C, until a constant weight was attained, disaggregated

and passed through a 177 lm aperture plastic sieve.

Superficial mine waste samples (upper 5 cm) were

sampled by collecting 10-increment composites. About

1 kg of each sample was crushed with a jaw crusher and

pulverized in a mechanical agate mill. The samples were

reduced to 250 g by coning and quartering, followed by

drying at 40�C. After homogenization aliquots of 30–50 g

of each dried sample were powdered in a mechanical agate

mill.

The fine grained fraction of soil and mine waste samples

were submitted to multi-elemental analysis in an accredited

Canadian laboratory (ACME Anal. ISO 9002 Accredited

Lab-Canada). A 0.25 g split was leached in hot (95�C)

aqua regia (HCl–HNO3–H2O) for 1 h and diluted with

10 mL of demineralized water. Total concentrations

(detection limits between brackets) of As (0.5 mg kg-1),

Cd (0.1 mg kg-1), Co (0.1 mg kg-1), Cr (1 mg kg-1), Cu

(0.1 mg kg-1), Ni (0.1 mg kg-1), Pb (0.1 mg kg-1) and

Zn (1 mg kg-1) were determined by Inductively Coupled

Plasma-Emission Spectrometry (ICP-ES OPTIMA). The

accuracy and analytical precision were determined using

analyses of reference materials (USGS standard C3 and

G-2) and duplicate samples in each analytical set.

Mineralogical studies

Minerals of the tailings samples were determined by

powder XRD using a Phillips powder diffractometer,

model PW3040/601, equipped with an automatic slit. A

Cu-X-ray tube was operated at 40 kV and 30 mA. Data

were collected from 2 to 70� 2h with a step size of 1� and a

counting interval of 0.6 s.

Data analysis

Statistical data analysis is a powerful tool in monitoring

soil properties and assists in the interpretation of envi-

ronmental data (Tuncer et al. 1993; Einax and Soldt 1999).

In recent times, statistical methods have been applied

widely to investigate heavy metals concentration, accu-

mulation and distribution in soils, fact widely documented

by a large number of reported studies which apply sta-

tistical methods to heavy metals in soils. Salman and Abu

Rukah (1999), Lin et al. (2002) and Qishlaqi and Moore

(2007) have used multivariate statistical methods to study

the behaviour, distribution and interrelationship of heavy

metals in soils. Therefore, statistical analysis of heavy

metals in soil can offer an ideal means through which one

can monitor not only the heavy metals accumulation in

soil, but also the quality of the overall environment as it is

reflected in soil.

Principal component analysis (PCA) this method aid in

reducing the complexity of large-scale data sets and are

currently broadly used in environmental impact studies

(Perona et al. 1999) by elucidate relations among variables

by identifying common underlying processes (Davis 1973,

1986; Webster and Oliver 1990; Wackernagel 1998). In

the present study, a factorial analysis, PCA, was per-

formed, using Statistica� (v. 6.0) software, allowing

reducing the size of the space of the variables (Massart

and Kaufman 1983). PCA main goal is to provide a small

number of independent factors (principal components)

which synthesize the associations between variables, being

the referred factors (or PCs) orthogonal linear combina-

tions of the variables. The first PC explains a major part of

the total variance of the data set, and each successive PC

explains a smaller part of the remaining variance. The

different PCs are then related with common processes that

affect the variables through expert knowledge of the

problem in hand. The number of significant principal

components for interpretation is selected on the basis of

the Kaiser criterion with eigenvalue higher than 1 (Kaiser

1960) and a total of explained variance equal or higher

than 70%.

Spatial estimation variography provides a description of

the spatial pattern of a continuous attribute Z (or an indi-

cator variable Ic), say a pollutant concentration of a

chemical element (Reis et al. 2005) or the anomalous

concentration of a metal orebodie with economic interest

(Reis et al. 2004; Patinha et al. 2008). Given a data set for

the variable Z at n locations xi, (Z(xi), i = 1, 2,…,n), the
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sample variogram cZ
*(h), the symbol * in this text will

indicate estimates, measures the average dissimilarity

between data separated by a vector h (Goovaerts 1999),

c�ZðhÞ ¼
1

2NðhÞ
XNðhÞ

i¼1

½ZðxiÞ � Zðxi þ hÞ�2 ð1Þ

where N(h) is the number of data pairs at a lag of h. For Ic,

the variogram is,

c�Ic
ðhÞ ¼ 1

2NðhÞ
XNðhÞ

j¼1

IcðxjÞ � Icðxj þ hÞ
� �2 ð2Þ

The variogram can be calculated for different directions of

h, allowing to know how the variable Z(x), or Ic(x), varies

in several directions of the space.

Ordinary kriging the main application of geostatistics to

soil science has been the estimation and mapping of soil

attributes in unsampled locations from nearby measured

points in sampled areas. Kriging is a generic name for a

family of spatial least-squares predictors. For the prediction

of the variable Z at a location x0, {Z(x0)}, the estimator

Z*(x0) is defined as (Goovaerts 1999):

Z�ðx0Þ ¼
Xn

i¼1

kiZðxiÞ ð3Þ

where the ki are weights found by solving the system of

equations,
Pn

j kjcðxi; xjÞ þ l ¼ cðxi; xÞ; i ¼ 1; . . .; nPn
j kj ¼ 1

�
ð4Þ

with c(h) being the theoretical model for the variogram of

the variable Z (fitted to the sample variograms) and l being

a Lagrange multiplier.

The software used to create variograms, to model

variograms and perform spatial estimation based on

Ordinary Kriging (including map generation) was Surfer�

(v. 8.0).

Pollution load index (PLI) a quantitative approach of

the multielement contamination was made based on the

PLI according the methodology proposed by Tomlinson

et al. (1980), by deriving the nth root of the n concen-

tration factors (CF1 9 CF2 9 CF3 9 _ 9 CFn where n

is the number of metals). The concentration factor (CF),

defined as the ratio between each trace element in the soil

sample and its background value (Galán et al. 2008). On

account of the lognormal distribution of elements in

geological materials (Salminen and Tarvainen 1997;

Reimann et al. 2005), we assume the median (value at the

50th percentile of the background data) as soil geo-

chemical baseline for each element, reflecting natural

processes unaffected or diffusely affected by human

activities.

Results and discussion

Statistical analysis, PCA analysis and spatial

geochemical interpretation

The anomalous structures presents at the study area were

described and resumed by the descriptive statistical analy-

sis used. Table 1 resumes the summary statistics for the

global dataset (soil and tailing samples), while Table 2

presents the summary statistics according to parent rock

lithology. Table 1 show that the variables with higher

distribution asymmetry are Cd [ Zn [ W [ Cu [ Bi [
Mn [ Pb [ Mo [ Co [ Sb [ As [ Sn [ Fe [ P, all of

them represent the elements of the common minerals of the

Aljustrel massive sulphides orebodies. These results show

contamination from brittle pyrite and ore host rocks tailings

and mine infrastructures. According to the results of

Table 2 is possible to see that soils collected in the

Palaezoic Basement (VSC and also in Mértola flysch) are

enriched in As, Bi, Cu, Fe, K, Mn, Mo, Rb, Sb, Sn Sr and

Zn when compared with soils from Tertiary cover and from

the Messejana dike. The median concentrations of As, Cu,

Mo, Sb and Sn seem to distinguish the soils of VSC from

the Mértola flysch, the first affected by hydrothermal

Table 1 Summary statistics for the global data set (soils and tailings

concentrations in mg kg-1)

Variable Mean Median Minimum Maximum Skewness

Al 68,101 68,600 13,000 137,300 0.07

As 99 18 6 3,936 7.26

Ba 375 374 4 1,147 0.71

Bi 5 0 0 322 8.74

Cd 0.6 0.2 0.1 61.6 16.55

Co 17 16 3 161 7.52

Cr 57 56 6 115 -0.05

Cu 135 39 10 5,414 9.04

Fe 40,389 36,400 10,500 341,300 6.18

K 15,226 15,100 3,100 32,400 0.37

Mn 1,184 811 19 27,522 8.67

Mo 1.6 0.8 0.2 41.8 7.89

Na 8,677 6,560 1,260 34,410 1.75

Ni 31 30 2 106 0.57

P 611 550 100 2,240 2.67

Pb 417 38 13 20,000 8.08

Rb 78 76 14 183 0.53

Sb 20.3 2.3 0.7 9,806 7.41

Sn 6 2 1 148 6.62

Sr 119 97 34 520 1.94

V 97 100 19 192 -0.07

W 2 1 0 39 9.37

Zn 233 88 22 20,000 13.92
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alterations (Na-rich sericite and minor chlorite) while low

median values in Ba are typical from soils related to Ter-

tiary basin sediments. High values of Cd, Cr, Ni and P are

typical from soils related to the Messejana dolerite. Such

an asymmetry observed in the data is due to the presence of

outliers, which can endanger the spatial continuity of the

variogram function and produce poor results when using

parametric techniques like ordinary kriging. However, in

this study these difficulties are overcome as PCA produces

new variables, the PCA components.

Principal component analysis reduces a set of observed

variables into a smaller set of artificial variables called

principal components (PC). This technique attempts to

reveal the correlation structure of the variables allowing

interpretation of geological processes affecting the soil

geochemical data. PCs were extracted from the analysis of

the matrix relating 356 soil samples 9 23 variables.

Table 3 shows the factor loadings of principal compo-

nents obtained by PCA statistical analysis using the ele-

ment concentrations of the soil samples. According to the

Kaiser criterion the number of significant principal com-

ponents with eigenvalue higher than 1 was selected (Kaiser

1960; Davis 1986). Five principal components were con-

sidered in the factor analysis, accounting for 78.7% of the

total variance of data.

The first component (PC1), explaining 28.87% of total

variance, defines two groups of variables: Sb, Sn, Bi, Pb,

As, Cu and Fe positively related, in opposition to Cr, V, Al

and Ba variables, with high negative loadings. The second

component (PC2), explaining 19.34% of total variance,

reveals a group with high positive loading composed by K,

Ni and Rb. Third component (PC3), which describes

12.39% of variance, has a high negative factor loading for

the Cd, Zn and Co variables. Fourth component (PC4),

accounting for 10.20% of total variance, has a high factor

loading for W, Mn and Mo variables. PC5, explaining

7.90% of the total variance, has a high negative factor

loading for Sr and Na. P variable is not explained by none

of the five first principal components.

The overview of most representative variables projec-

tions allows distinguishing existing proximity and opposi-

tions (Cardoso 1995). In Fig. 2a graphical projection of the

PCA results discloses the position of the selected 23 varia-

bles coordinates, representing the correlation coefficients

between the variables, in the different factorial plans. Five

groups of variables can be identified in the four factorial

plans.

In the first factorial plan (PC1/PC2, representing 48.21%

of the global information of the data set), the selected

variables could be separated into two groups. A first group

(Group i—Fe, Cu, Pb, Sb, As, Bi and Sn) with positive

loadings in PC1, reveals an association of elements

strongly correlated between them with strong positive

skewness. This group appears to be controlled by the mixed

sulphide mineralization, as all elements presented in this

factor are characteristic of the sulphide ore chemistry of

Aljustrel representing the residual contamination within the

study area. The antagonism between this group of variables

and the metal concentration of V, Cr, Ba, Al, Ni, K and Rb

(Group ii) could be clearly observed. This group shows

small variability and represents an association of litholog-

ical elements driven by local geology.

In the second factorial plan (PC1/PC3, representing

41.26% of the global information of the data set), the asso-

ciation of Co, Cd and Zn (Group iii) variables is outlined.

This association shows strong variability and skewness,

as Group i, and represents an association of contaminant

elements with strong mobility in acidic environments. Zinc-

rich ores (common in the upper part of the Aljustrel pyrite

lenses) usually present a good correlation with Cd values.

Table 3 Factor loadings of each variable, variance, explained and

cumulate variance of the principal components (PC)

PC1 PC2 PC3 PC4 PC5

Al -0.5417 0.6571 0.2565 -0.2082 -0.3106

As 0.7754 0.2294 0.2932 -0.0845 -0.0227

Ba -0.5328 0.4550 0.0570 0.2794 -0.1732

Bi 0.8466 0.2467 0.2598 -0.1365 0.0534

Cd 0.3268 0.1993 -0.8321 -0.2114 -0.2388

Co 0.2666 0.5113 -0.6460 -0.2523 -0.0050

Cr -0.6238 0.5601 0.0859 -0.3168 0.0949

Cu 0.6223 0.3049 -0.3334 -0.1594 -0.2016

Fe 0.5888 0.4995 0.1603 -0.0013 0.0271

K -0.3472 0.7825 0.2754 -0.2491 0.0117

Mn 0.0202 0.3699 -0.3532 0.7895 -0.0367

Mo 0.4513 0.4281 0.0513 0.5853 0.0038

Na -0.0831 -0.2793 0.2107 -0.1176 -0.8206

Ni -0.4916 0.6810 -0.2757 0.0830 0.2142

P -0.0765 0.2398 0.1726 0.2181 -0.0913

Pb 0.8385 0.2519 0.3059 -0.1274 0.0593

Rb -0.2954 0.6747 0.2348 -0.1155 0.0656

Sb 0.8914 0.2665 0.2330 -0.1412 0.0523

Sn 0.8617 0.2704 0.2860 -0.0925 0.0417

Sr 0.0030 0.0449 0.2660 0.1018 -0.8764

V -0.5941 0.6165 0.0719 -0.1504 0.0137

W 0.2404 0.3317 -0.0142 0.8525 -0.0801

Zn 0.3550 0.2271 -0.8120 -0.2240 -0.2529

Eigenvalue 6.64 4.45 2.85 2.35 1.82

Explained

variance (%)

28.87 19.34 12.39 10.20 7.90

Cumulative

variance (%)

28.87 48.21 60.60 70.80 78.70

Bold values represent factor loadings values higher than 0.5
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The third factorial plan (PC1/PC4, representing 39.07%

of total variance) is dominated by the association of W, Mn

and Mo variables. This association indicates the presence

of small manganese deposits related with jaspers and cherts

horizons and siliceous and haematitic slates of the VSC

forming the upper part of this Complex. These small

nineteenth century old mines are located in the top of

several hills of the Aljustrel region, related with the dif-

ferential erosion of the jaspers and cherts. The Mn

mineralization is composed, essentially, by Mn oxides,

namely pyrolousite [MnO2] and psilomelane [Ba(Mn)2?

(Mn)8
4?O16(OH)4 or (Ba,H2O)2Mn5O10], where is also

possible to find limonite [2Fe2O3�3H2O], hematite [Fe2O3]

and baritine [BaSO4]. The areas surrounding mineraliza-

tions are characterized by presenting high contents of Ba,

Mn, Mo, Ni and W.

The fourth factorial plan (PC1/PC5, representing

36.77% of total variance) is characterized by the associa-

tion Na and Sr, which is characteristic of shales and

greywackes of the flysch Mértola Formation.

Once interpreted the PCA results, according to expert

knowledge of geochemical/geological processes within the

study area, is now possible to assess the spatial distribution

of the factors.

The first step was to determine the spatial structure of the

new variables, for that experimental variograms were cons-

tructed and modelled according to the parameters given in

Table 4. All variograms presented nugget effect (C0) and

were modelled with spherical functions. Graphical vario-

grams and model fitted can be observed in Figs. 3, 4, 5, 6, 7.

PCs 1 and 3 are related with contamination while all the

others are related with local geology, as seen previously.

The amplitudes (a1) achieved for PCs 1 and 2 are very

similar as well as the respective variogram main direction,

therefore revealing some similarities in contamination

spatial pattern distribution.

PCs 1, 2 and 5 present a high nugget effect (62, 36 and

54% of total variance, respectively), in opposition to PCs 3

and 4 that present nugget effect not higher that 5% of total

variance. Since PCs are a variable that reflects the general

behaviour of a group of elements, the existence of micro-

scale variability of the field under investigation tends to

increase. This aspect is even more highlighted when

working in a mining area, where distribution of some

elements in soils is influenced by the proximity to pollution

sources, particularly in this mining area where mine waste

deposit content has varied though out centuries.

Fig. 2 Projection of the 23

variables on the four factorial

plans a PC1/PC2, b PC1/PC3,

c PC1/PC4, d PC1/PC5

Table 4 Parameters of model function fitted to the experimental

variograms of the five PCs retained

PCs C0 Structure

Model Main

Direction

C1 a1 (m) Anisotropy

Ratio

1 0.180 Spherical E–W 0.1085 1,640 2.00

2 0.070 Spherical Isotropic 0.1235 1,200 1.00

3 0.002 Spherical N83�E 0.1120 1,500 1.50

4 0.005 Spherical N52�W 0.0970 2,000 1.25

5 0.043 Spherical Isotropic 0.0360 3,300 1.00

C0 nugget variance, C1 sill, a1 range
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In PCs 2 and 5 isotropic variograms were constructed,

while the remaining PCs presented geometric anisotropy,

as evidenced in Figs. 3, 5 and 6.

Estimation of the spatial distribution of each PC was

then achieved by Ordinary Kriging and respective maps

were produced (Figs. 3, 4, 5, 6, 7).

The estimated map of PC1 spatial distribution can be

observed in Fig. 3. High positive values indicate geo-

chemical anomalies, lie within the Algares/Feitais tailings

(A) and the area of Estéreis Dam and Águas Claras Dam,

near the S. João mine (B).

The spatial distribution of PC2 (Fig. 4), explained by K,

Ni, Rb, Al, V, Ba and Cr variables, shows a strong con-

nection to local geology, characterized by schist and grey-

wacke of the flysch Mértola Formation. The greywackes

turbidites are composed by quartz [SiO2], feldspar (albite-

oligoclase [NaAlSi3O8] and andesine [(Na,Ca)Al(Al,Si)-

Si2O8]) and, rarely potassic feldspar [KAlSi3O8]. Biotite

[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] is the most frequently

mica. Grey hornblend [Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2]

and piroxen [(Na,Ca)(Fe,Mg)Si2O6] also occur. As addi-

tional occurrences: titanite [CaTiSiO5], apatite [Ca5(PO4)3

(OH,F,Cl)], epidote [Ca2(Al,Fe)3(SiO4)3(OH)], ilmenite

[FeTiO3] and rarely rutile [TiO2] and tourmaline [(Na,Ca)

(Mg,Li,Al,Fe2?,Fe3?)3 (Al,Mg,Cr)6 B3Si6 (OH,O,F)4]. The

shales are fundamentally composed by quartz [SiO2] and

sericite [KAl2(OH)2(AlSi3O10)]. Commonly are present

carbonates and minor sulphides in the shales and greywacke

matrix. This composition supports the argument of a litho-

genic control for this principal component.

Variables such as V, Cr, K and Rb define clearly the

geological characteristics of VSC, represented essentially

by felsic volcanic, black shales, green schists, haematitic

purple shales and lenticular cherts and jasper. These rocks

were formed in submarine environment. Regional hydro-

thermal alteration is responsible by the presence of alkalis

(Na- and K-rich sericite). The porphyritic volcanics are

quartz- and feldspar-rich whit a matrix sericitic to sili-

ceous, locally chloritic. Near the massive sulphides the

hydrothermal alteration system is characterized by proxi-

mal chlorite and silica-rich zones and distal sericite-rich

zones (Barriga 1983, Relvas 1990; Relvas et al. 1990).

The spatial distribution of PC3 (Fig. 5) reveals a sepa-

ration of soil samples related to the Sado Tertiary sedi-

ments, located at NW of the Messejana Fault, and the

samples collected in the Palaezoic basement units (SC

Fig. 3 Map of PC1 spatial

distribution projected on the

simplified map of the area (a)

and respective variograms (b).

High positive scores indicate

geochemical anomaly for the

element association: Fe, Cu, Pb,

Sb, As, Bi and Sn well

correlated with pyrite ore mine

tailings (A Algares mine,

B S. João mine)
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volcanics and sediments and Mértola Formation turbidites).

The Tertiary is Palaeogene and Miocene age and, composed

by conglomerate, brechias, sandstones, claystones and

carbonates (Schermerhorn et al. 1987). On the upper side of

the sequence is possible to find a set of clays, sometimes

atapulgite, marls with lime concretions, limes, sometimes

with pebbles, and rosy or reddish argillaceous sandstone.

The spatial distribution PC4 indicates increased element

concentrations at sample locations of high positive scores

(Fig. 6), where is possible to observe a connection between

the anomaly associated with small manganese deposits of

the VSC and one of the oldest manganese mine (C), located

near the Algares/Feitais area (A).

The separation between the geological units west of

Mértola Formation, with sediments of Sado Tertiary Basin,

by east of same fault, with volcanic rocks is patent on

Fig. 7, which represents the spatial distribution of PC5.

PLI and environmental considerations

As noted from the PCA results, the soils close to the

mining areas retain anomalously high concentrations of

several potentially toxic elements rather than only one

pollutant.

Considering the global data the As, Bi, Cd, Cu, Pb, Sb,

Sn, and Zn are the most important variables to the PLI

estimation (Table 5). PLI was calculated for each sample

and estimated for the study area as shown on Fig. 8, where

a constant behaviour (PLI \ 2.0) over the Aljustrel area is

to be highlighted.

The highest pollution load indices (PLI [ 4.0) were

recorded at the Algares mining area where the metal con-

centrations exceed typical soil background levels by as

much as two orders of magnitude. By far, the largest Bi,

Pb, Sb, As and Cu concentrations (outlier values) were

recorded in soils near the Algares mine, while the most

extreme value of Zn and Cd were obtained in soils near the

S. João mine.

In the Algares area the concentration factor (CF) values

are very elevated particularly for Bi (up to 3,217), Pb (up to

526.3), Sb (up to 426.4), As (up to 218.7) and Cu (up to

138.8) indicating severe soil pollution. According to the

results this area contains very high levels of potentially

toxic trace elements, although the total contents vary a lot

Fig. 4 Map of PC2 spatial

distribution projected on the

simplified map of the area (a)

and respective variograms (b).

High negative scores indicate

geochemical anomaly for the

element association: K, Ni, Rb,

Al, V, Ba and Cr correlated with

the presence of Tertiary

sediments (C Água Forte

greywackes)
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depending on the location of the samples. Thus, the As

concentration ranges widely from 120 to 3,936 mg kg-1,

being 541 mg kg-1 as the median value. The total abun-

dances of Bi, Cu, Pb and Sb vary within more than two

orders of magnitude, reaching concentrations as high as

321.7, 5,414, 20,000 and 980.6 mg kg-1, respectively.

In the case of Co, Fe, and Mn, the CF fluctuates around

the unit value, as expected for geogenic elements, since the

average concentrations of such metals are within (or

slightly above) the local geochemical baseline values

(Table 5).

In the S. João mine area the PLI values ranges

between 2.9 and 11.2. In this area the concentration

factor (CF) values are also high particularly for Cd

(up to 308.0), Zn (227.3) and Bi (165.0). According

to the results this area contains very high levels of

Bi (0.8–16.5 mg kg-1), Cd (0.3–61.6 mg kg-1) and Zn

(205–20,000 mg kg-1).

In the Algares (A) and São João (B) (Fig. 8) areas, the

mine wastes consist of mixtures of weakly to strongly

sulphidic rock and non-mineralized host rock materials

(Matos and Martins 2006). In order to better explain the

processes occurring in these areas results obtained in seve-

ral representative samples from the different classes of

mining wastes are presented in Table 6.

The geochemical study of mining waste samples

revealed that pyrite ore present high concentrations of Fe,

Cu, Pb, Zn, Ag, Sb, Hg, Sb, Co, Au, Cd while roasted

pyrite ore shows high concentrations of Au, Pb, Ag, Fe,

Sb, Bi, Sb, Cu, Zn, Mo. Roman slag presents interstitial

pyrite and rare chalcopyrite with sparse distribution in the

iron silicate matrix. The roman slag had high concentra-

tions of Pb, Cu, Zn, Fe, As, Sb elements. Roman wastes

are represented by in situ and reworked slags and are

located in the upper stream sector of Água Forte stream

(Matos 2005; Matos and Martins 2006). The mineralogi-

cal and petrographical study of ore waste samples allowed

the identification of pyrite as the dominant sulphide, with

interstitial chalcopyrite, sphalerite, galena, arsenopyrite

and minor sulfossalts in the massive pyrite ore. The

results show clearly that tailing deposits have high con-

centrations of Fe, Cu, Pb, Zn, Ag, Sb, Hg, Se, Co, Au and

Cd. Roman tailings are enriched in Pb, Cu, Zn, Fe, As

and Sb while iron oxides (roasted pyrite) are enriched in

Fig. 5 Map of PC3 spatial

distribution projected on the

simplified map of the area (a)

and respective variograms (b).

High positive scores indicate

geochemical anomaly for the

element association: Co, Cd and

Zn reflecting the Paleozoic

basement units
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Au, Pb, Ag, Fe, Sb, Bi, Sb, Cu, Zn and Mo. These mine

waste materials are undergoing reactions with air and

rainwater, yielding white, green and yellow sulphate ef-

florescences and crusts, as well as leachates with very low

pH. Sulphates include gypsum, halotrichite, melanterite

type-phases, magnesiocopiapite, schwertmannite, and

jarosite (Bobos et al. 2006). Many of these sulphates

dissolve during rain events and subsequently precipitate

on drying periods. Also goethite and hematite occur in the

substrate material.

The presence of jarosite in topsoils and also in the

mine waste materials creates additional contamination

problems because jarosite act as temporary storage for

acidity and may release this stored acidity upon hydro-

lysis and redissolution. Natrojarosite and natroalunite

occurs also in veins in the Algares and São João gossans

(Matos et al. 2003).

The exposure of pyrite-rich materials to weathering

processes led to the dissolution of sulphide and gangue

materials and consequently to the production of low pH,

metal-rich waters and the associated chemical and physical

mobilization of heavy metals and metalloids into the local

drainage system. According to Luı́s et al. (2009) the AMD

is responsible for an important impact in the local streams,

namely: (1) Barranco do Farrôbo stream affected by the

Sto. Antão new industrial area where the ore processing

plant, the main acid water dam (Estéreis) and the Águas

Claras clean water dam are located; (2) Água Azeda (AA)

stream affected by the S. João mining sector (tailings and

open pit) and by the São João urban area; (3) Água Forte

(AF) main damaged area, stream affected by the Algares

large brittle pyrite and slag tailings. Extremely high con-

centrations of trace elements in stream sediments and

waters were registered, very different from background

values and a decrease of diversity in diatom communities,

elimination of sensitive taxa and shifts in taxonomic

composition occur.

Also, Fernandes and Henriques (1989) have measured

levels of Fe, Mn, Zn, Cu, and Pb in leaves and fruits of

holm-oak (Q. rotundifolia Lain.) trees growing at the out-

skirts of the mining area. The trees showed pronounced

stunting, reduced leaf size and extensive necrotic and

Fig. 6 Map of PC4 spatial

distribution projected on the

simplified map of the area (a)

and respective variograms (b).

High positive scores indicate

geochemical anomaly for the

element association: W, Mn and

Mo. A good correlation is

observed with the old Mn–Fe

oxydes exploitations: Feitais,

Malpique, Moinho, Mangancha

e Santo Antão (A Algares mine,

C Água Forte greywackes)
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Fig. 7 Map of PC5 spatial

distribution projected on the

simplified map of the area (a)

and respective variograms (b).

High negative scores indicate

geochemical anomaly for the

element association: Na and Sr

clearly associated with the

Paleozoic basement flysch units

(Mértola Fm.) geochemistry

background (A Algares mine)

Table 5 Mean and range of concentration factors of the global data (soils and tailings), Algares area and S. João area and related Pollution Load

Index (PLI) and the local geochemical baseline values (GBV)

Global area (n = 356) Algares area (n = 24) S. João (n = 9) GBV

Mean Min Max Mean Min Max Mean Min Max

CFAs 5.50 0.33 218.67 55.11 6.67 218.67 12.91 2.72 41.67 18

CFBi 47.42 1.00 3,217.00 610.83 15.00 3,217.00 53.11 8.00 165.00 0.1

CFCd 2.83 0.25 308.00 8.88 1.00 71.00 45.28 1.50 308.00 0.2

CFCo 1.05 0.19 10.06 1.19 0.25 5.06 2.29 0.44 10.06 16

CFCu 3.46 0.26 138.83 24.18 5.56 138.83 17.64 3.95 71.12 38

CFFe 1.11 0.29 9.38 2.64 0.90 9.38 1.59 0.98 3.46 36,400

CFMn 1.46 0.02 33.94 1.88 0.02 15.75 2.47 0.34 11.84 811

CFMo 1.96 0.25 52.25 8.44 1.50 52.25 3.79 1.00 13.63 0.8

CFPb 10.98 0.33 526.32 135.43 4.00 526.32 19.91 3.55 82.99 38

CFSb 8.83 0.30 426.35 102.45 4.61 426.35 18.64 3.96 64.26 2.3

CFSn 2.85 0.30 73.80 22.18 2.00 73.80 3.39 0.50 7.25 2.0

CFW 1.67 0.30 39.20 4.32 1.50 25.50 1.71 0.30 5.00 1.0

CFZn 2.64 0.25 227.27 9.67 1.18 92.06 38.87 2.33 227.27 88

PLI 2.03 0.43 26.67 10.53 4.27 26.67 5.52 2.91 11.21 –
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chlorotic spotting. The leaves from trees growing in the

area under study presented much higher concentrations of

metals than the controls 50 times higher for Cu, 20 times

for Pb and Zn, 10 times for Fe, and 2 times for Mn. The

acorns from the contaminated areas were also metal pol-

luted, particularly with Fe, Zn, and Cu, and this finding

raises the threat of animal and human health hazards, since

these fruits are commonly used for livestock feeding and

are occasionally consumed directly by humans.

Conclusions

The Aljustrel mining area presents large areas affected by

AMD related with dispersion of mining wastes: brittle

pyrite ore, roman slags and sulphide mineralization host

rocks. Soils near Algares and S. João areas have elevated

As, Bi, Cd, Cu, Pb, Sb and Zn concentrations.

The combination of geochemical studies with multi-

variate data analysis and geostatistics revealed to be a

powerful tool in the interpretation of processes in mining

areas. PCA and geostatistical studies, especially ordinary

kriging, gave an excellent support to estimate, with some

accuracy, not only the associations of variables related to

parent rocks but, mostly, the estimation of potential areas

contaminated with heavy metals, in terms of associations of

potential harmful elements instead of the common

approach focused on individual element distribution.

Nevertheless, presently, there are few available data to

assess the actual environmental hazard. Future research

efforts should be addressed to enhance our understanding

of the processes controlling metal speciation and bio-

availability in the soils, and their influence on pathways

leading to human and environmental exposures. This will

be crucial in implementing soil remediation management

strategies.

Fig. 8 Pollution load index

(PLI) mapping (a) and

respective variograms (b). PLI

values were estimated on the

basis of the concentration

factors of As, Bi, Cd, Co,Cu, Fe,

Mn, Mo, Pb, Sb, Sn, W and Zn

(A Algares mine, B S. João

mine)
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