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Abstract

This study characterized and mapped the spatial variability patterns of seven topsoil heavy metals (Cr, Ni, Pb, Cu, Zn, Hg and Cd)
within the Ebro river basin (9.3 million ha) by Multivariate Factorial Kriging. The variograms and cross-variograms of heavy metal
concentrations showed the presence of multiscale variation that was modeled using three variogram models with ranges of 20 km
(short-range), 100 km (medium-range) and 225 km (long-range). Our results indicate that the heavy metal concentration is influenced
by bedrock composition and dynamics at all the spatial scales, while human activities have a notorious effect only at the short- and med-
ium-range scale of variation. Sources of Cu, Pb and Zn (and secondary Cd) are associated with agricultural practices (at the short-range
scale of variation), whereas Hg variation at the short- and medium-range scale of variation is related to atmospheric deposition.
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1. Introduction

In the year 2000, the Spanish Ministries of the Environ-
ment and Agriculture initiated a collaborative research
program to establish the presence of Cr, Ni, Pb, Cu, Zn,
Hg and Cd trace elements in the soils of Spain. The present
study, as part of this project, addresses the characterization
and mapping of the spatial variability of these metals. The
characterization of the spatial variability of soil attributes
is essential to achieve a better understanding of the com-
plex relations between soil properties, environmental fac-
tors and land use (Veldkamp et al., 2001; Yemefack
et al., 2005). The problems associated with the character-
ization of heavy metals in the majority of sites are often
due to multiple sources of pollution (Serrano et al., 1984;

Boluda et al., 1988; Hanesch et al., 2001; Zarcinas et al.,
2004) which can act on different scales.

The natural concentration of heavy metals in arable soil
depends primarily on the geological parent material com-
position (Nan et al., 2002; De Temmerman et al., 2003).
However normal agricultural practices generally cause an
enrichment of these elements (Errecalde et al., 1991; Kas-
hem and Singh, 2001; Mantovi et al., 2003). These practices
are an important source of heavy metals, particularly Zn,
Cu, and Cd (Nicholson et al., 2003), due to the application
of either liquid and soil manure (or their derivates, com-
post or sludge) or inorganic fertilizers. Mining (Barghigiani
and Ristori, 1994; Richard et al., 2000; Miller et al., 2003;
Boularbah et al., 2006) and other human activities (Van
Den Hout et al., 1999; Colgan et al., 2003), including the
combustion of fossil fuels (Sanchidrian and Marifo,
1980; Martin and Kaplan, 1998) and waste incineration,
have significantly increased the emission of heavy metals
into the atmosphere. The contribution of metals from



anthropogenic sources in soils can be higher than the con-
tribution from natural ones (Liu et al., 2005). Irrespectively
of the origin of the source, heavy metals can produce
negative effects on the quality of agricultural products (Ale-
gria et al., 1991; Boluda et al., 1993; Gimeno-Garcia et al.,
1996; Andreu and Boluda, 1995; Baranowska et al., 2005).

The present study extends the results of that by Rodri-
guez Martin et al. (2006) by analyzing the concentration
of heavy metal correlations at multiple spatial scales. The
objective is to analyze the spatial structure of the topsoil
heavy metals content at multiple scales of variation and
infer (indirectly) the factors involved (soil parent material,
agricultural practices and human pollution activities) that
can influence their soil concentration. Our main hypothesis
is that the geostatistical theory can provide a natural way
to analyze and model multivariable correlations among
metal concentrations on different scales of variation. Mul-
tivariate Factorial Kriging (MFK), initially presented by
Matheron (1982), has proved to be a useful method in soil
science and geology (Goovaerts, 1992). The basic idea
behind this technique is that the spatial variation of multi-
ple variables may be due to factors that act on different
scales of variation. If this is true for a certain dataset, then
a logical partition of the total variance of the data into two
scales of variation or more, may reveal these factors. Essen-
tially, MFK is a method that may assist the identification
of those factors responsible for the observed spatial distri-
bution of the studied variables by (i) partitioning the total
variance and covariance of a series of variables into multi-
ple scales of variation, and (ii) quantifying correlations on
multiple scales.

Pais Vasco

2. Materials and methods
2.1. The study area

The region of the Ebro river basin (9.3 million ha) is an
important agricultural area in Spain (4.2 million ha of
intensively cultivated land). This area (Fig. 1), or stretch
of land (20% of Spain), with a population of around 3.25
million, is also intensively industrialized. The lithology is
of a great diversity, although the geological materials are
principally of a calcareous nature. Most exposed rocks
within the basin area are from the Oligocene-Miocene
age (including clastic, evaporite and carbonate facies) and
of an alluvial and lacustrine origin (Riba et al., 1983;
Simon-Gomez, 1989). The soil of this Mediterranean
region is mainly of a calcareous nature, of an alkaline
pH, with a low organic matter that helps to minimize the
effect of the heavy metals load.

2.2. Soil samples and analytical methods

Our analysis is based on 618 of the 624 samples collected
between 2003 and 2004. The sampling scheme was an
8 x 8 km grid nested within the 16 x 16 km grid designed
in the European ICP-Forest programme (Montoya Moren-
o and Lopez Arias, 1997). For each sample, a standard soil
analysis was carried out to determine the soil granulomet-
ric fraction (pipette method), the organic matter (organic
carbon %), the soil reaction (pH in 1:2.5 soil-water suspen-
sion), carbonates and electric conductivity. Metal contents
were extracted by an aqua regia digestion of the soil
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Fig. 1. General map of the study area showing the 624 samples in the agricultural areas.



fraction. Cr, Ni, Pb, Cu, Zn and Cd were determined by
Optical Emission Spectrometry. Mercury was determined
by the Cold Vapor Atomic Fluorescence Method (Perkin
Elmer model 2100 with FIAS 100). The accuracy of the
method was verified through an analysis of a calcareous
loam soil CRM 141 R, standard reference material (Que-
vauviller et al., 1996). Lopez-Arias and Rodriguez (2005)
have further detailed the sampling and analytical methods.

2.3. Soil properties and heavy metal contents

The soil in the area is predominately basic (the pH of
50% of samples is >8.2) and is due to the high percentage
of carbonate material present (Table 1). The samples (pre-
dominately agricultural) presented a low organic matter
content (average 2.20%). A high pH and a low organic mat-
ter content are the two typical characteristics which define
the general make-up of Spanish Mediterranean soils. Table
1 summarizes the statistics of some soil properties and the
seven heavy metals studied. The heavy metal concentrations
for the analyzed samples did not show signs of significant
soil contamination despite the intensive agricultural and
industrial activities within the study area. Only six samples
presented clear symptoms of pollution. These values were
discarded after the outlier identification, and after the distri-
bution analysis for the purpose of obtaining a distribution
of each metal which was not distorted by the extreme values
in the spatial analysis. As expected, soil characteristics and
granulometric fractions were related to heavy metal concen-
trations (Rodriguez Martin et al., 2006).

2.4. Statistical and geostatistical analysis

MFK was the main tool used in the analysis (Matheron,
1982; Goovaerts, 1992; Wackernagel, 1998; Chilés and Del-
finer, 1999). Experimental auto- and cross-variograms were
computed using ISATIS (ISATIS, 2001).

Table 1
Statistical summary of some soil properties and metal concentrations (in
mg kg~ for Cr, Ni, Pb, Cu, Zn, Cd and pg kg~ for Hg)

Mean S.D. Median Min. Max.
pH 8 8 5 9
S.O.M 2.2 1.4 2 0.2 13
CaCO; 30 16 31 0 79
E.C. 0.59 0.85 0.27 0.02 9
Sand (%) 38.6 17.1 38 3.9 96
Clay (%) 22.1 8.7 21 1.7 62
Silt (%) 39.4 13.1 39 2.0 89
Cr 20 12 18 <0.1 98
Ni 19 9 18 2 66
Pb 17 8 15 4 61
Cu 17 12 13 2 122
Zn 57 24 55 11 175
Hg 34 39 27 1 216
Cd 0.41 0.16 0.40 <0.01 1.00

S.O.M: Soil organic matter (%). CaCQOj;: Carbonates (%). E.C.: Soil
electrical conductivity (dS/m). S.D: Standard deviation.

The Linear Model of Coregionalization (LMC) (Goova-
erts, 1997, Wackernagel, 1998; Chilés and Delfiner, 1999)
for the set of analyzed variables (p) was used for modeling
the experimental auto- and cross-variograms. The LMC is
a set of auto- and cross-variogram models in which all its
variograms are linear combinations of the same set of ele-
mentary structures. An LMC with k= 1,...,q structures
may be written as:

) = b g 1 6Py + -+ 5P D M) Vi (1)

where v;j(h) is the variogram model for variables i and j (the
auto-variogram is obtained for i =), bff) is the partial sill
for the ijth variogram for structure k, while g (4) repre-
sents the type of variogram model (i.e. exponential, spher-
ical, etc.) for structure k. The first structure gV represents
the nugget effect model.

Using the LMC in Eq. (1), the problem of fitting a total
of p(p—1)/2 variogram models to their experimental coun-
terparts is reduced to the problem of deciding the total
number (g) of structures to use, as well as the type (i.e.
spherical, exponential, etc.) of each structure. The decision
on the number of structures to use for modeling was per-
formed upon the basis of the experimental variograms of
the seven heavy metal concentrations (previously standard-
ized to unit variance and zero mean), as well as on the
knowledge of the main geological and anthropogenic fac-
tors that may affect the spatial distribution of these
concentrations.

Once the number of structures and their range of spatial
correlation were decided, we used ISATIS (ISATIS, 2001)
to fit the LMC. In practice, LMC fitting means adjusting
the coeflicients bff) of (1) in such a way that variogram
models fit their experimental counterparts. ISATIS uses
the algorithm presented by Goulard and Voltz (1992) for
multiple-variogram fitting. This algorithm minimizes a
least squares criterion under the constraint that the coreg-
ionalization matrix for all the structures used in the LMC
are positive semi-definite (see Goulard and Voltz (1992)
or Wackernagel (1998) for details). A coregionalization
matrix for structure & is essentially a positive semi-definite
symmetric (p X p) matrix with diagonal and ofi-diagonal
elements the partial sill of the auto- and cross variogram
models, respectively, obtained form the LMC fitting:
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A separate principal component analysis (PCA) conducted
for each coregionalization matrix provided a set of trans-
formation coeflicients which were subsequently used in a
cokriging system to compute new composite regionalized
variables, called regionalized factors. For each matrix By
we retained only the first two regionalized factors, which
accounted for most of the dispersion in the data (trace
of By).



A regionalized factor is a model-derived unobserved
spatial variable specific to the kth spatial scale (note that
hereafter the term scale or spatial scale with be used instead
of structure), resulting by a decomposition of the original
variables. The relative importance of each of the original
variables in the composition of a regionalized factor should
be interpreted if possible (as in classical PCA), taking into
account the spatial scale of the analysis.

In order to facilitate this interpretation we used:

(i) the eigenvalues and the eigenvectors of the regional-
ized factors for each coregionalization matrix

(i1) the correlation coefficient between the extracted
regionalized factors and the initial variables. Further-
more, the pair of correlation coefficients between the
first two regionalized factors and the heavy metal
concentrations was presented in a circle of correlation
(Saporta, 1990).

(iii) the structural correlation coefficients (Goovaerts,
1997):

b (k)

i
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which is a unit-free measure of correlation among
variables i and j, reflecting variable associations only
at the kth spatial scale.

(iv) maps of the spatial components of each element,
which were generated using univariate factorial kri-
ging, (i.e. the univariate analogue of MFK see
Goovaerts (1997)).

(v) the product-moment correlation coefficients between
the estimated spatial components of each element
and other soil physicochemical variables (such as
pH, organic matter, etc.) measured in the sample plots.

3)

3. Results and discussion

The experimental variograms for the concentration of
the seven topsoil elements (Fig. 2) indicate that spatial cor-
relation is present at multiple spatial scales. Three elements
(Ni, Zn and Cd) present three scales of variation: local
(20 km approximately), intermediate (100 km) and regional
(more than 200 km) scales. Three elements show a varia-
tion only at the local-regional (Cu and Pb) or intermedi-
ate-regional scales (Cr). Finally, the variogram of Hg
indicates variation at a regional scale, and also a variation
at an intermediate scale between 20km and 100 km
(approximately 50 km).

Based on the observed experimental variograms and the
size of various lithology-type polygons, we decided to
adopt an LMC composed of 3 basic structures (apart from
the nugget-effect model):

7, () = by go + b SPHERy(h) + b} SPHER 00 (h)

+ b SPHER 2(h) (4)

where go and SPHER represent the nugget and the spheri-
cal variogram model, respectively (the range of the spheri-
cal model is indicated by its subscript). The fitted LMC is
presented graphically in Figs. 2 and 3. The structural cor-
relation coefficients resulting from this model are fre-
quently positive (Table 2), indicating positive correlations
among elements, with the exception of Cd that presents
negative correlations with all the other elements at the lar-
ger scale of variation (220 km).

3.1. Within-plot variability

A PCA based on the classical variance-covariance
matrix, as conducted in Rodriguez Martin et al. (2006) in
the same area, revealed that Cr and Ni contents were con-
trolled by parent material, while Cd, Cu, Hg, Pb and Zn
soil concentrations indicated a mixed source from both a
lithogenic and anthropogenic origin (mainly related to
agronomic practices) that could not be interpreted clearly
enough. According to several studies (Davies, 1997; Romic
and Romic, 2003; Mico et al., 2006), the association of
heavy metals with the factors in a PCA can indicate the
hypothetical sources of these elements (lithogenic, anthro-
pogenic, or mixed), although it is difficult, in some occa-
sions, to differentiate the effect of each of these factors on
the soil. The regionalized multivariate analysis presented
in this paper extends previous results by conducting the
factor analyses at the spatial scale at which they operate.

3.2. Short-range spatial variability

Two regionalized factors accounted for 63% of the total
variance at this spatial scale (Table 3). Cu, Zn, Pb and Cd
have a greater loading on F1 (Fig. 4a), and their concentra-
tion can be ascribed to anthropic input, primarily related to
agronomic practises. Agricultural treatments, such as the
use of fertilizers (commercial fertilizer, manure, sewage
sludge), pesticides and fungicides, substantially increase
the soil metals load in agricultural soils. These agricultural
practices which influence the concentration of heavy metals
in the soil were limited to a short-range effect. The applica-
tion of liquid and solid manure, or their derivatives, i.e.,
compost (Breslin, 1999) or sludge (Doelsch et al., 2006),
and contaminated organic waste (Tichy et al., 1997), in
which some metals can be particularly concentrated (Web-
ber, 1981), are considered an important sources that elevate
the concentration of these metals in soils. In particular,
copper and zinc (Mantovi et al., 2003) together with the
use of Cu-based pesticides over the years through the use
of copper sulfate in conventional viticulture, present a risk
for crops since more than 70% of copper is specifically
adsorbed (Atanassova, 1999). Zinc and cadmium concen-
trations increase through the use of fertilizers, but also
owing to the proximity to a metal-working industry (Lin,
2002; Azimi et al., 2005). Motor traffic is another anthropic
factor that has an influence on this scale, mainly on the zinc
and lead contents (Bloemen et al., 1995). Although this
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Fig. 2. Direct experimental variograms and models for seven heavy metal concentrations.

influence is affected by traffic density and road age, it is pre- The variability of Cr and Ni, associated with the second

dominantly limited to short road distances. Goovaerts  factor (Fig. 4a), suggests a lithogenic control on a local
(1997) also reflected a stronger relationship between lead  scale. Only the micro-sale components of Cr and Ni show
and copper at a local scale as a consequence of common  a high correlation with the percentage of sand and clay
sources of man-made pollution over short distances. (Table 4). Tt can be assumed therefore that there is strong
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Table 2
Structural correlation coefficients among the analyzed
different scales of variation

elements at

Cd Cr Cu Hg Ni Pb Zn
20 km Cd 1.00
Cr 0.02 1.00
Cu 0.50 —025 1.00
Hg 007 —-028 0.22 1.00
Ni —0.02 042 0.27 0.03 1.00
Pb 0.17 025 043 041 046 1.00
Zn 0.55 0.08 0.93 024 031 054 1.00
100 km Cd 1.00
Cr 0.95 1.00
Cu 0.94 098 1.00
Hg 0.04 033 0.28 1.00
Ni 0.82 096 0.92 0.59 1.00
Pb 0.96 1.00  0.99 028 094 1.00
Zn 0.99 091 090 —0.08 075 093 1.00
220 km Cd 1.00
Cr —0.64 1.00
Cu —0.26 0.65 1.00
Hg —0.04 024 0.54 1.00
Ni —0.12 042 0.53 0.20 1.00
Pb —0.38 048 0.60 0.40 049 1.00
Zn —0.07 027 0.60 029 092 0.69 1.00
Table 3
Percentage of explained variance in the PCA for each coregionalization
matrix
Factor 1 Factor 2 Total
Short-range variation 40 23 63
Medium range variation 93 7 100
Long range variation 50 20 71

relationship with the mineralogical structure of the study
area (low metal concentrations of Cr and Ni were found
on sand wares and reach high values on quartzites and
limestone). Cr and Ni are known to be geogenically influ-
enced (Hanesch et al., 2001). Generally, anthropic inputs
of Cr and Ni in fertilizers, limestone and manure are lower
than the concentrations already present in the soil (Facchi-
nelli et al., 2001). Therefore, other studies associated the
variability of Cr and Ni in order to control by the soil par-
ent rock. Facchinelli et al. (2001) in Piemonte (Italy) and

Brimelis et al. (2002) in Latvia also showed that Cr and
Ni grouped, and results in Facchinelli presented a litho-
genic control over the distribution of these metals. There
might also be a geochemical relationship with the parent
material (Hanesch et al., 2001). This is well-known, in par-
ticular in basic and ultramafic rock (Facchinelli et al.,
2001), principally in plutonic rocks with a low proportion
of silica and feldspars.

Hg seems to be an isolated element at both this spatial
scale and at higher ones. Its distribution, which is indepen-
dent of the other heavy metals, reveals man-made pollu-
tion, and should have a different source than Cu and Zn
(see the Discussion in the next section).

3.3. Medium-range spatial variability

The first regionalized factor for this scale, accounting
for 93% of the total variation (Table 3), was strongly and
positively correlated with Cd, Cr, Cu, Ni, Pb and Zn
(Fig. 4b). In addition, positive correlations were found
between these element’s estimated spatial components
and the organic matter and clay content whereas negative
correlations were noted with sand content (Table 4).
Fig. 5 indicates a common variation for these six heavy
metals at the medium range. The concentrations of these
metals pointed to the bedrock influence. The magnitude
of the variogram model at this scale (100 km), coincides
with most of the common lithologies in the study area,
which may influence the concentration of the analyzed ele-
ments in the soil. The spatial distribution of these metals
showed a good correlation with the surface evidence of
the mineralogical structure. The higher values were found
on quartzites, silt gravels and gypsums, contrary to lower
scores presented on claystones and marls. In other case
studies, Briimelis et al. (2002) showed that Cd, Pb, Cu
and Zn had high loadings on the first component, and
Davies (1997) showed similar metals grouped (Cu, Pb
and Zn) in the same factor and explained the results as aris-
ing from pedogenesis. Goovaerts (1997) suggested that the
source of Cd, Cr, Cu, Ni, Pb and Zn is geochemical when
studying their distribution at a regional scale (which
matched the scale of the stratigraphy).
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Fig. 4. Correlation circle for the 20 km (4a), 100 km (4b) and 220 km (4c) scales of variation.



Table 4

Product-moment correlation coefficients between elements’ spatial components and other physicochemical variables

Scale Metal Soil parameters
pH E.C. S.OM CaCO; Sand (%) Clay (%) Silt (%)
20 km Cd 0.04 0.08 0.16 0.05 —0.06 0.04 0.05
Cr 0.08 —0.04 0.06 0.01 -0.18 0.20 0.11
Cu —0.06 0.09 0.10 -0.13 —0.08 0.05 0.07
Hg -0.07 0.05 0.07 —0.11 0.02 0.01 -0.02
Ni —0.03 0.05 0.04 -0.18 -0.21 0.20 0.13
Pb -0.07 —0.01 0.16 -0.23 —0.14 0.14 0.09
Zn —0.04 0.09 0.15 -0.14 —0.14 0.12 0.11
100 km Cd 0.09 0.00 0.21 0.01 -0.19 0.18 0.13
Cr 0.08 —0.01 0.22 —0.03 -0.19 0.19 0.12
Cu 0.08 —0.01 0.22 —0.03 -0.19 0.19 0.12
Hg —0.06 —0.04 0.06 —0.20 —0.03 0.07 —0.01
Ni 0.06 —0.02 0.22 —0.08 -0.19 0.20 0.11
Pb 0.08 —0.01 0.22 —0.02 -0.19 0.19 0.13
Zn 0.10 0.00 0.21 0.03 -0.19 0.17 0.13
220 km Cd 0.34 0.20 —0.11 0.32 —0.06 -0.15 0.18
Cr —0.19 —0.15 0.16 —0.25 —0.10 0.21 -0.01
Cu —0.12 -0.12 0.13 —0.20 —0.08 0.08 0.05
Hg —0.13 —0.08 0.19 —0.12 —0.03 0.02 0.02
Ni —0.06 0.03 0.03 -0.22 -0.22 0.08 0.23
Pb —0.29 —0.14 0.23 —0.37 —0.09 0.07 0.08
Zn -0.11 0.01 0.08 -0.22 -0.19 0.02 0.22

S.0.M: Soil organic matter (%). CaCOj3: Carbonates (%). E.C.: Soil electrical conductivity (dS/m).

In accordance to the previous scale of variation, mer-
cury seems to be an isolated element in the regionalized-
component’s space. The mercury spatial variability at these
spatial scales is related with atmospheric deposition. Min-
ing and other human activities, including the combustion
of fossil fuels, emissions from coal-burning power plants
and industrial boilers, cement and lime kilns, petroleum
refineries or landfills, and waste incineration, have signifi-
cantly increased the emission of Hg into the atmosphere
and are the factors responsible for the observed spatial dis-
tribution (Fig. 5). Nonetheless, the specific sources of mer-
cury cannot be determined on the basis of data collected in
this study. In general, Hg accumulations were associated
with atmospheric deposition (Engle et al., 2005). Dreher
and Follmer (2004) estimated that 70% to 80% of mercury
currently emitted into the atmosphere is of an anthropo-
genic origin, as it around 50% of anthropogenic Hg enter-
ing the global cycle (Liu et al., 2003). According to Alloway
(1995), the annual anthropogenic release of Hg on a global
basis was approximately 3 x 10° kg around the year 1900,
and had increased to about three times that amount by
the seventies (around 45% was emitted into the air and
48% to the land). Mercury vapor resides for 0.5-2 years
in the atmosphere, and may travel far from its sources.
Nonetheless, Hg associated with ash and soot or mining
may be efficiently removed by precipitation and deposited
relatively close to the source (Miller et al., 2003).

3.4. Long-range spatial variability

Six of the seven elements (basically Zn, Ni, Pb, Cu, Cr
and Hg to a smaller extent) are correlated at this scale,

while Cd seems to be an isolated element (Fig. 4¢). This fact
is also reflected in the correlation coeflicients among the
estimated spatial components of the studied elements and
other soil variables. Only cadmium show a positive correla-
tion with pH and carbonate contents (Table 4). Neverthe-
less, most of the metals tend to be available in acid pH,
with the exception of Cd that tends to accumulate in cal-
careous soils (Boluda et al., 1988). Cadmium is specifically
adsorbed by crystalline and amorphous oxides of Al, Fe
and Mn. Metallic (copper, lead and zinc) and especially
alkaline earth (calcium and magnesium) cations reduce
Cd adsorption by competing for available specific adsorp-
tion and cation-exchange sites (Martin and Kaplan, 1998).
Apart from the bedrock influence, anthropogenic activities
may also increase Cd concentration in topsoils. However
this assumption is not applicable in our case study since
the highest Cd concentration was 1 mg kg ™!, and the sam-
ples with a higher concentration were localized on lime-
stone (average 0.502 mg kg '). Cd is considered to be a
contaminant when values are higher than 3 mg kg ' (Gala
et al., 1985), although contents above 0.5mgkg ' can
reflect the anthropogenic influence in the superficial hori-
zon of soils (Errecalde et al., 1991). The spatial distribution
of cadmium (Fig. 6) at this scale corresponded to the cal-
careous mineralogical surface.

4. Synthesis
The concentration of topsoil elements in the Ebro river

basin is the result of complex interactions between human
activities and natural processes. Multiscale geostatistical
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Fig. 5. Spatial components (100 km scale of variation) for the seven heavy metal concentrations. Estimation of spatial components was performed by

factorial kriging (univariate).

analysis has been essential to understand the heavy metals
spatial relations. As expected, natural processes act at all
spatial scales. The lithology is responsible for the concen-
tration of Cr (and secondary Ni) in the topsoil on a
short-range (20 km). At the medium scale of variation

(100 km), six out the seven elements are highly intercorre-
lated and are also correlated with the organic matter con-
tent and soil granulometric fraction, suggesting that their
mutual correlation is due to some pedogenic processes
and the subsequent bedrock influence. Finally, the larger
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Fig. 6. Spatial components (220 km scale of variation) for the seven heavy metal concentrations. Estimation of spatial components was performed by

factorial kriging (univariate).

scale of variation (220 km) reflects the tendency of cad-
mium to accumulate in calcareous soils.

To date, man is acting at local spatial scales and is
increasing the concentrations of Zn, Cu and Pb by using
fertilizers, pesticides and fungicides related to agricultural

practises in the studied area, or at the local to medium spa-
tial scales by increasing emissions of Hg into the atmo-
sphere, which in turn is deposited into the topsoil (this
phenomenon was particularly evident in the medium scale
of variation). At any rate, human activities may increase



the content of heavy metals in the soil to reach levels that
are considered to be hazardous. Although the geological
conditions of the region (carbonated lithologies which give
rise to a high pH) favor the fulfillment of the Directive for
agricultural (86/278/EEC) on soils with pH>7, mainly for
metals like Cu and Zn, their concentration in soil can
increase due to an intensification of farming practices and
may locally reach contaminating levels under other edaphic
conditions. On the other hand, mercury cannot currently
be considered contaminant, but it can constitute a risk in
the near future due to increased industrial activity.
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