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ABSTRACT: Agricultural management with chemicals may contaminate the soil with heavy metals.
The objective of this study was to apply Principal Component Analysis and geoprocessing techniques
to identify the origin of the metals Cu, Fe, Mn, Zn, Ni, Pb, Cr and Cd as potential contaminants of
agricultural soils. The study was developed in an area of vineyard cultivation in the State of Sdo
Paulo, Brazil. Soil samples were collected and GPS located under different uses and coverings. The
metal concentrations in the soils were determined using the DTPA method. The Cu and Zn content
was considered high in most of the samples, and was larger in the areas cultivated with vineyards that
had been under the application of fungicides for several decades. The concentrations of Cu and Zn
were correlated. The geoprocessing techniques and the Principal Component Analysis confirmed the
enrichment of the soil with Cu and Zn because of the use and management of the vineyards with
chemicals in the preceding decades.
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AVALIACAO DE METAIS PESADOS EM SOLOS DE REGIAO DE
VINHEDOS COM O USO DA ANALISE DOS COMPONENTES
PRINCIPAIS

RESUMO: O manejo agricola com agroquimicos pode levar a contaminacdo dos solos por metais
pesados. O objetivo deste trabalho foi aplicar a Analise dos Componentes Principais e técnicas de
geoprocessamento para identificar a origem dos metais pesados Cu, Fe, Mn, Zn, Ni, Pb, Cr ¢ Cd como
contaminantes potenciais em solos agricolas. O estudo foi desenvolvido em uma area cultivada com
vinhedos no Estado de Sdo Paulo, Brazil. Amostras de solos foram coletadas e georeferenciadas por
GPS sob diferentes usos e coberturas. As concentragcdes dos metais nos solos foram obtidas pelo
método de extragdo com DTPA. As concentragdes de Cu e Zn foram consideradas altas na maioria das
amostras pesquisadas, sendo maiores nas areas cultivadas com vinhedos sob aplica¢des de fungicidas
por décadas. As concentragdes de Cu e Zn apresentaram correlagdo. As técnicas de geoprocessamento
e a Analise dos Componentes Principais indicaram enriquecimento do solo com Cu e Zn devido ao uso
e manejo dos vinhedos com agroquimicos nas décadas anteriores.

Palavras-chave: ACP, SIG, polui¢do do solo, cobre, zinco
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INTRODUCTION

Soil conservation is fundamental for the sus-
tainable development and preservation of ecosystems
and biodiversity. Soil contamination by heavy metals,
exposes a risk to the productive capacity and the bal-
ance of the ecosystems. The soil is exposed to con-
tamination by several anthropic activities, mainly by
agriculture (Facchinelli et al., 2001).

The soil has a diverse heavy metal concentra-
tion that is dependent on the parent material on which
it is formed, the formation processes, and the com-
position and proportion of the components of the solid
phase (Fadigas, 2002; Alleoni et al., 2005a). This con-
centration may be affected by several anthropic ac-
tivities such as: irrigation, fertilizer and chemical ap-
plications, and industrial or urban sewage incorpora-
tion (Facchineli, 2001; Costa, 2002; Nicholson et al.,
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2003). The soil type, topography, geology, and the ero-
sive processes influence the concentration and distri-
bution of heavy metals in the environment, including
their bioavailability (Ramalho et al., 2000; Costa, 2002).

Cultivation may cause soil contamination by
heavy metals, and specifically, by copper in vineyard
areas (Deluisa et al., 1996; Giovannini, 1997; Brun et
al., 1998; Facchinelli et al., 2001; Parat et al., 2002;
Alleoni et al., 2003; Chaignon & Hinsinger, 2003;
Chaignon et al., 2003; Eijsackers et al., 2005; Felix,
2005). The effect of this contamination may be re-
flected in the plant behavior, microbiological processes
and the transfer of toxic levels of the elements to man
and animals (Nicholson et al., 2003).

Principal component analysis (PCA) is a mul-
tivariate statistical method in which each principal com-
ponent (factor) is a linear combination of the original
variables. It is useful for simultaneous analysis of sev-
eral factors and is a technique that explains the vari-
ability of the data during the reduction of a great num-
ber of variables to a few unrelated components.

The objective of this study was to apply the
PCA method to assess the origin of the metals Cu, Fe,
Mn, Zn, Ni, Pb, Cr, and Cd, potentially toxic elements
of agricultural soil pollution.

MATERIAL AND METHODS

The study was performed in a 59.8 ha catch-
ment area in Jundiai, Sdo Paulo state, Brazil (23°11'
S, 46°53' W), occupied by 2.9 ha vineyard, ten to sixty
years old, with natural vegetation, pastures and other
kinds of orchards in the vicinity, at 672 to 755 m alti-
tude, with a rolling and hilly landscape in a geomor-
phological province dominated as ‘half-orange’ type
relief. The soil types in the area are Inceptisols, Ultisols
and Oxisols (Valadares et al., 1971), and the main origi-
nal rock is the schist. The basic characteristics, pH,
sum of bases, CEC, base saturation, C, sand, silt, and
clay contents are presented in Table 1.

The spatial data was made uniform and GPS
located based on satellite images of high spatial reso-
lution. An interpretation of land use/cover was made

Table 1 - Descriptive statistics of the element concentrations in the soils.

Measure Cu Fe Mn
0-0.15m e
Maximum 18.5 481.0 66.1
Minimum 0.6 19.0 2.7
Mean 3.9 113.4 17.4
Standard deviation 3.5 94.5 12.2
Coefficient of variation 89.5 83.4 69.8
Measure pH Sum of bases CEC
0-0.15m - mmol, dm™ -----
Maximum 6.5 298 313
Minimum 3.6 6 41
Mean 4.8 49 91
Standard deviation 0.6 49 44
Coefficient of variation 13.2 99.3 48.4
Measure Cu Fe Mn
0.15-0.30 m  mmmmm e
Maximum 15.5 438.0 70.3
Minimum 0.4 10.0 0.7
Mean 3.2 87.2 12.7
Standard deviation 3.2 81.2 11.6
Coefficient of variation 99.3 93.2 91.4
Measure pH Sum of bases CEC
0.15-030m  ----- mmolc dnr3 -----
Maximum 6.4 333 347
Minimum 3.7 5 33
Mean 4.7 33 75
Standard deviation 0.6 37 37
Coefficient of variation 12.9 113.3 49.3

Zn Cd Cr Ni Pb
--------- mg AT —- - m s
41.6 0.2 0.2 3.2 16.2
0.3 0.0 0.0 0.1 0.0

7.6 0.1 0.1 0.6 1.5
6.5 0.0 0.0 0.4 1.7
85.6 64.4 75.0 71.1 111.7
Bases saturation C Sand Silt Clay
% e g kgl
95 60.9 816 357 450

6 7.5 218 74 75
50 19.7 613 147 240
23 8.2 101 49 72
45.4 41.8 16.4 33.6 29.9

Zn Cd Cr Ni Pb
————————— Mg ANT3 = e e e e e e
261.7 0.1 0.2 4.7 7.0

0.3 0.0 0.0 0.0 0.1

7.4 0.0 0.1 0.5 1.3
26.2 0.0 0.0 0.5 1.0
353.0 77.0 76.9 106.8 77.6
Bases saturation C Sand Silt Clay
%  mmmmmmmmmmemeeeo g kgl-mmem
96 46.4 820 349 600

5 4.1 139 63 75
42 12.6 603 142 254

22 6.4 105 46 83
52.0 50.5 17.4 32.0 32.7
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with detailed field checking based on an IKONOS II
mosaic, represented in Figure 1 (orbital point 159539,
on 04/07/2001 at 13h19 min and 08/11/2001 at 13h24
min). The land use/ land cover map and the topo-
graphic data (Melo & Lombardi Neto, 1999) were uti-
lized to plan soil sampling establishing a total of one
hundred sample points. These points were
georeferenciated and integrated in a vectorial format
in the GIS -geographic information system (Figure 1).

At this stage the area was traversed and, with
the help of an auger, georeferenciated perturbed soil
samples at 0-0.15 and 0.15-0.30 m depths were col-
lected, making up 200 samples. Samples were air
dried, crushed and passed through a 2 mm sieve. The
extraction of the heavy metals (Cu, Fe, Zn, Mn, Cr,
Ni, Cd, and Pb) was carried by the DTPA method,
considered the best extractor for the conditions under
study to determine the bioavailable forms, and that is
the most used extractor for soils from Sdo Paulo State
(Raij, et al., 2001; Abreu et al., 2002). Extracted met-
als in solution were determined by ICP-OES.

The descriptive statistics for the soil analysis
are presented in Table 1. A Pearson correlation analy-
sis was performed among the metals, for each soil
layer. For the PCA the amount of metal in each layer
was considered. The data were standardized to an

average of 0 and a variance of 1 and the analyses were
performed on the data matrix. The first four compo-
nents were rotated using the Varimax program accord-
ing to the scheme applied by Boruvka et al. (2005).

In the PCA, the factors that refer to the in-
formation on all eight of the variables that were esti-
mated. Each soil sample, which was defined by the
eight variables, is discribed by the new variables (fac-
tors) that make it possible to localize them as a point
in a bi/tridimensional graph, where those that are clos-
est together are the most similar; this can be utilized
to group individuals. In this case study GIS tools were
used to interpret the results of the PCA.

RESULTS AND DISCUSSION

The mean values for all the elements were
slightly superior at the surface layer as compared to
the subsurface layer (Table 1). With respect to the el-
ements, according to Raij et al. (1997), high levels of
Cu were present in the majority (95%) of the samples.
These values indicate that Cu for the soils of the re-
gion is naturally high. There are soils under vineyards
in the South of Brazil with very high levels of Cu,
evaluated by the DTPA method, after decades of
chemical cupric applications, e.g. a Lithic Odorthents
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Figure 1 - IKONOS II image of the area in CAPTA-Frutas with georeferenciated sample points.
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with 522 mg kg and a Humic Dystrudepts with 475
mg kg (Alleoni et al., 2003). For soils from Rio de
Janeiro State, 29.1% of the samples had high levels
of Cu (Pereira et al., 2001). Outside Brazil, a differ-
entiated behavior of the Cu concentrations in vineyards
was also observed, e.g. the verification of Cu contami-
nation in mountain surface layer samples and Cu trans-
location to the lower layers (Deluisa et al., 1996).
Geoavailability of Cu is strongly influenced by
the amount of organic matter and the nature of the hu-
mic substances in the soil (Wu et al., 2002). Soluble
humic and fulvic acids may increase the solubility and
mobility of the elements; once in a neutral to alkaline
reaction environment they form stable complexes with
the carboxyl, hydroxyl and amino groups of these com-
pounds (Wu et al., 2002; Schnitzer & Kahn, 1972).
However, copper toxicity depends on the soil organic
matter, pH, organo-metalic complexes, the interaction
between these complexes and the Cu ion with soil min-
erals and the CEC (Giovannini, 1997; Wu et al., 2002).
The average amount of Fe (Table 1) may be con-
sidered high, larger than 12 mg dm>, for the whole area,
as found by Pereira et al. (2001) for soils of the Rio de
Janeiro State. For Mn 87% and 72%, and for Zn 97%
and 83% of the surface and subsurface layers samples,
respectively, may be considered high (Raij et al., 1997).
The levels of Cr, Ni, Cd, and Pb are normal in the area
according literature (Bowen, 1979; Kabata-Pendias &
Pendias, 1992; Casarini et al., 2001; Fadigas, 2002).

The anthropic addition of elements in the soil
is made evident by the Top Enrichment Factor (TEF),
defined as the ratio between the surface and subsur-
face layer concentrations of the element (Facchinelli
et al., 2001). These authors assert that a natural sur-
face pedogenetical enrichment does not exceed a value
of 2. Most soils presented average values between 1
and 2, and just Zn had values of TEF around 2.1. Cop-
per had the highest variability among the 100 points,
27 of them located in vineyards presented an average
value of 1.76 and the others only 1.29. The Student t
test indicated that they were different (p < 0.05), in-
dicating an enrichment caused by the management of
the vineyards.

A correlation analysis amongst all elements can
be observed in Table 2. It is worth to point out the
correlation between Cu and Zn, both in surface and
subsurface layers. This fact may be linked to the use
of micronutrients or chemicals during the agricultural
use of the soil. The other correlations were quite com-
plex and difficult to be explained. A better understand-
ing may be achieved with the use of the PCA.

Cadmium adsorption by iron oxides and the
correlation between Cd and Fe in soils are reported in
the literature (King, 1998; Pierangeli et al., 2003; Alleoni
et al., 2005b). In the soil, the Cd adsorption first oc-
curs with a fast adsorption on iron oxide surfaces, and
after a slow reaction that change the matrix ion for
Cd, that undergoes a recrystalization.

Table 2 - Correlation matrix of the metal concentrations in the surface and subsurface layers.

Cu Fe® Mn?
Cu 1
Fe? -0.033 1
Mn?* -0.098 0.135 1
Zn* 0.305% -0.037 0.207*
Nit -0.102 0.323* 0.569*
Pb? -0.101 0.071 0.090
Cr* -0.090 0.366* 0.057
Cd® 0.026 0.871* 0.184
CuP Fe® Mn®
Cu® 1
Fe® 0.183 1
Mn® -0.056 0.059 1
Zn® 0.370* 0.044 0.073
Ni® -0.012 0.193 0.677*
Pb® -0.010 0.358* 0.107
Crb -0.074 0.306* -0.249%*
Cd® 0.301* 0.861* 0.145

Coefficient of correlation p < 0.05. Letters “a

(0.15 — 0.30 m) layers.

[T L]

and “b” after element symbol identify, respectively, surface (0 — 0.15 m) and subsurface

Zn* N Pb® Cr? Cd®
1
0.191 1
-0.032 0.096 1
0.109 -0.027 0.058 1
0.104 0.273%* 0.082 0.388* 1
Zn® N Pb® Cr* Cd®
1
0.144 1
0.162 0.168 1
-0.059 -0.130 -0.096 1
0.347* 0.312%* 0.373* 0.226* 1
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Principal components analysis

PCA has been utilized to identify the origin of
heavy metals (HM) in soils, and was shown to be as
an efficient tool to define anthropic sources of HM
(Facchinelli et al., 2001; Boruvka et al., 2005).

Both the eigenvalues and the percentage of vari-
ance calculated by PCA are shown in Table 3. Accord-
ing to these, for the surface layer (0—15 cm) the first
four principal components or factors were considered
(F1, F2, F3, and F4) and they explain 76.7% of the
variation. In other studies, just the three first compo-
nents were sufficient for the explanation (Facchinelli
et al., 2001; Boruvka et al., 2005).

Early results showed an association between Fe,
Cd, Mn, Ni, and Cr, with high values for F1, Mn and
Ni are directly proportional and inversely related to Cr
in F2, Cu and Zn in F3, Pb in F4 is isolated (Table 4),
with ambiguity for Mn and Ni in F1 and F2, and Cr is
positive in F1, and negative in F2. The matrix of rota-
tion contributed to explain these ambiguities.

The subsurface layer data were treated in the
same way (Table 3). The first four factors, which ex-
plained 81.1% of the variation, were considered. The

initial results showed an association between Fe, Cd,
Ni, and Pb with high values in F1, Mn, Ni, and Cr in
F2 like in the surface layers, Cu and Zn in F3, and Pb
in F4 is isolated (Table 4), with ambiguity for Ni in
F1 and F2, and Pb in F1 and F4. The rotation matrix
was also here helpful for the explanation of these am-
biguities.

Among all samples, 27 came from vineyards
and 14 from native forests or forest plantations. In the
vineyards the highest values were found for Cu in both
depths and, for Zn in the surface layer. Applying
the Student t test, a difference for Cu was found
(p < 0.05) and for Zn (p < 0.1). These results sug-
gest that there is soil contamination of these elements
in vineyards. Based in the PCA the high values in F3
for Cu and Zn for surface/subsurface layers confirm
this enrichment due to soil management practices and
chemical applications.

It was mentioned previously that F3 ex-
plained the variability of Cu and Zn, and it was con-
firmed that high values of F3 of the samples also rep-
resent the highest values for these elements. The fac-
tor F3 of the rotated matrix was plotted in Figure 2,

Table 3 - Eigenvalue and variance estimated by PCA for the surface and subsurface layers.

Surface

Rotation

Subsurface

Rotation

Eingenvalue
% Variance
% Cumulative
% Variance

% Cumulative

Eigenvalue
% Variance
% Cumulative
% Variance

% Cumulative

F1 F2 F3 F4
2.416 1.453 1.321 0.948
30.200 18.163 16.513 11.845
30.200 48.363 64.876 76.722
26.114 21.744 16.379 12.485
26.114 47.858 64.237 76.722
F1 F2 F3 F4
2.530 1.712 1.305 0.939
31.630 21.401 16.312 11.742
31.630 53.030 69.342 81.084
24.646 22.367 18.878 15.193
24.646 47.013 65.891 81.084
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Figure 2 - Graphs of the scores obtained by the PCA for the collected samples. (a) Surface layer with factor F3; and (b) subsurface layer

with factor F3.
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Table 4 - Factors estimated by PCA for both layers based on the matrix of the amounts of the elements.

Variable F1 F3 F4
PCA Factors

Cu -0.081 0.154 0.806 0.128
Fe? 0.851 -0.363 0.054 -0.142
Mn® 0.503 0.654 -0.234 -0.068
Zn® 0.213 0.508 0.609 0.245
Ni* 0.600 0.586 -0.238 -0.166
Pb? 0.187 0.018 -0.368 0.876
Cr* 0.495 -0.416 0.155 0.217
Cd® 0.865 -0.307 0.165 -0.067
PCA Factors - Varimax Rotation

Cuv 0.005 -0.218 0.825 -0.071
Hes 0.892 0.229 -0.033 0.019
Mn? 0.061 0.861 0.021 0.042
Zn* 0.028 0.277 0.780 0.006
Ni* 0.128 0.877 0.013 0.028
Pb* 0.063 0.056 -0.056 0.994
Cr? 0.702 -0.113 -0.032 0.037
Cd® 0.881 0.193 0.124 0.036
PCA Factors

Cub 0.354 -0.210 0.723 -0.208
Fe® 0.801 -0.376 -0.300 0.006
MnP 0.383 0.789 -0.153 -0.225
Zn® 0.436 0.015 0.674 -0.040
Ni® 0.543 0.664 -0.178 -0.263
Pb® 0.533 0.039 -0.106 0.767
Cr® 0.119 -0.627 -0.411 -0.430
Cd® 0.913 -0.263 -0.054 -0.046
PCA Factors - Varimax Rotation

Cu 0.110 -0.078 0.842 -0.086
Fe® 0.874 0.103 0.097 0.298
Mn® -0.059 0.915 -0.014 0.046
Zn® 0.020 0.100 0.788 0.127
N 0.139 0.900 0.047 0.064
Pb® 0.193 0.052 0.007 0.919
Cr® 0.705 -0.253 -0.197 -0.401
Cd° 0.799 0.218 0.360 0.304

Letters “a” and “b” after element symbol identify, respectively, surface and subsurface layers.

developed using GIS software (Arcview), with the
data interpolated by the inverse square distances
method (Figure 2a, for surface layer, and Figure 2b,
for subsurface layer). The higher values for F3
interpolated data for surface and subsurface
layers show the spatial correlation with soils cultivated
as vineyards, that the management contributes to
soil enrichment with Cu and Zn. Enrichment of
the subsurface layers was only observed in the
oldest vineyards, with heavier chemical applications,

like mancozeb, that contains high concentrations of
Cu and Zn.

CONCLUSIONS

The PCA and the survey of metal concentrations
in two soil layers (0-0.15 and 0.15-0.30 m) allowed an
interpretation of complex phenomena that interfere with
the enrichment of such metals in the soil. An enrich-
ment of Cu and Zn in vineyards, as well as correlations
among the different elements were observed.
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