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1. Introduction

Soils constitute a limited and non-renewable resource that needs to be

ABSTRACT

The trace metal (TM) content in arable soils has been monitored across a region of France characterised by a
large proportion of calcareous soils. Within this particular geological context, the objectives were to first de-
termine the natural levels of trace metals in the soils and secondly, to assess which sites were significantly
contaminated. Because no universal contamination assessment method is currently available, four different
methods were applied and compared in order to facilitate the best diagnosis of contamination. First, the
TM geochemical background was determined by using basic descriptive statistics and linear regression
models calculated with semi-conservative major elements as predictors. The natural concentrations of
trace metals varied greatly due to the high soil heterogeneity encountered on the regional scale and were
more-or-less accurately modelled according to the considered TM. Second, the basic descriptive statistics
and the linear regression methods were then compared with the enrichment factor (EF) method and multi-
variate analysis (PCA), in order to evaluate whether the concentrations measured in soils were abnormally
high or not. The advantages and disadvantages of each method were discussed and their results used to iden-
tify the most probable contamination cases, the influence of the soils characteristics, as well as the agricultur-
al land cover. The basic descriptive method was good as a first and easy approach to describe the TM ambient
concentrations, but may misinterpret the natural anomalies as contaminations. Based on geochemical asso-
ciations, the linear regression method provided more realistic results even if the relationships between
major and trace metals were not significant for the most mobile TM. The EF method was useful to identify
high point source contaminations, but it was not suitable when considering a large dataset of low TM concen-
trations. Finally, the PCA method was a good preliminary tool for the description of the global TM concentra-
tions in a studied area, but it could only give indication on the highest contaminated points.

By comparing the results of the different methods in the studied region, we estimated that 24% of the arable
soils were contaminated by at least one trace metal, mainly Cu in vineyards/orchards and Cd, Pb and/or Zn in
grazing lands. In addition, the calcareous soils exhibited globally higher natural and anthropogenic TM con-
centrations than non-calcareous soils, probably because of the lower TM mobility at alkaline pH.

management of soils requires the determination of the TM geological
background in order to evaluate the quantities of TMs originating from
anthropogenic and natural sources (Baize and Sterckeman, 2001). On

protected; however, they are subject to contamination by various trace
metals (TMs). Atmospheric deposits from smelter-related industries or
gas combustion, use of chemicals to prevent crop disease, irrigation and
application of NPK fertilisers, manures and sewage sludge are multiple
sources that contribute to the elevation of TM levels in arable soils (He
et al., 2005). Therefore, monitoring the TM concentrations in arable soils
is necessary for the protection of soil quality and food safety. A sustainable
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the one hand, the anthropogenic fraction is the result of low to moderate
diffuse inputs into the soil and of point sources of contamination. On the
other hand, the natural background is variable depending on the soil type,
because both the parent material and the pedogenesis influence the nat-
ural metal concentrations (Bini et al,, 2011; Wilson et al.,, 2008). Conse-
quently, the range of local background concentrations must be defined
on a regional scale in order to quantify accurately the fraction of exoge-
nous metals.

Soil quality guidelines are available in several countries of the
world as indicative levels for the protection of environmental and
human health. However, European countries are still in discussion to



establish common soil protection policies. Usually, different national
guidelines are used as limits to define the utilisation potential of arable
soils, but these concentration levels are usually high and do not reflect
the natural local concentrations. Several soil monitoring programmes
have been carried out on a national scale to measure the ranges of
TM concentrations usually encountered in soils. Such concentration
ranges might be good indicators of the natural background but they
do not truly evaluate the natural variations on a regional scale.

In the Midi-Pyrénées region of south-western France, a large pro-
portion of soils were formed on typical calcareous bedrocks. Most
studies in calcareous soils have shown a high retention of heavy metals
on carbonates after application of the contaminants in soil columns
(Lafuente et al., 2008; Ouhadi et al., 2010; Plassard et al., 2000) but
the behaviour of natural TMs in these soils remains rarely studied
because carbonate rocks are not very common across the globe
(Amiotte-Suchet et al., 2003). Within this particular geological context,
the TM levels in the soils of the Midi-Pyrénées region needs to be better
characterised because this region is also one of the largest agricultural
areas in France.

Several approaches have been documented in the literature
for determining the background TM levels in soils and sediments
(Matschullat et al., 2000; Tobias et al., 1997). As the anthropogenic
emissions can be transported over long distances and reach appar-
ently undisturbed areas (Hernandez et al., 2003; Steinnes et al.,
1997), the background concentrations must be derived from statis-
tical analyses applied to a dataset “clean” of outliers. Probability
plots (Fleischhauer and Korte, 1990; Tobias et al., 1997), basic statis-
tics providing ‘baseline values’ (Mrvic et al., 2011; Reimann et al.,
2005; Roca et al., 2008), linear relationships between TMs and ele-
ments constitutive of the soil (Hamon et al., 2004; Sterckeman et
al., 2006b; Zhao et al., 2007) and sediments (N'guessan et al., 2009;
Roussiez et al., 2005; Vijver et al., 2008) and geostatistical predic-
tions (Saby et al., 2009, 2011) are all various methods for estimating
the natural levels of TMs in a studied soil dataset.

A second consideration of soil monitoring is the evaluation of
anthropogenic contamination. The observed concentrations in inves-
tigated soil samples can be compared with decision limits, such as the
‘upper-whisker value’ of a dataset (Micé et al., 2007) or the theoreti-
cal background concentration calculated by linear regression or by
geostatistics (Guillén et al., 2011), in order to detect anomalous con-
centrations. The enrichment factor (Chester and Stoner, 1973) can
also be used to determine whether the surface layers of soils or sedi-
ments are enriched in TMs compared with an uncontaminated refer-
ence material (N'guessan et al., 2009; Reimann and de Caritat, 2005).
Moreover, multivariate analyses (principal component analysis (PCA)
and cluster analysis) are also useful tools for identifying groups of
samples exhibiting concentrations remarkably different to those of
the considered soil population (Candeias et al., 2010).

The present study focused on a large collection of arable soils
under various agricultural practices in the Midi-Pyrénées region (SW
France) to: (1) define the background levels of TMs in two groups of
agricultural soils (calcareous and non-calcareous); (2) evaluate the
sites contaminated by TMs in relation to the agricultural practices.
For this purpose, the approach combined in an original way the use
of several methods: statistical description, multiple linear regression,
enrichment factor and principal component analysis.

2. Materials and methods
2.1. Geological and soil context of the studied area

The studied region (Midi-Pyrénées) is located in south-western
France where various geological and pedogenetic processes occurred.
The northern part was formed on volcanic and acidic rocks from
the Massif Central in juxtaposition with calcareous and sedimentary
rocks. In the central part of the basin, the soils were formed on tertiary

molasse and limestone (for details see Perrin et al., 2008). The south of
the region is characterised by the Pyrénées Mountains with calcareous
massifs, colluviums, glacial drifts and schist in the piedmont and with
sedimentary and metamorphic rocks in the higher mountains. Several
valleys with alluvial deposits formed by the main rivers (The Garonne
River and its tributaries) also cross the region.

Consequently, both acidic and alkaline soils are well represented
across the region. Calcareous soils, such as: Calcosols, Calcisols,
Colluviosols, Rendosols and Fluviosols (WRB equivalent: Calcaric
and Hypereutric Cambisols, Colluvic Regosols, Renzic Leptosols and
Fluvisols) are developed on the molasse calcareous bedrock or on
colluvium and alluvium. Non-calcareous soils, such as: Brunisols,
Luvisols, Rankosols, Fersialsols and Alocrisols (WRB equivalent:
Cambisols, Haplic Luvisols, Umbric Leptosols, Haplic and Hyperdystric
Cambisols) originated from acidic bedrocks like gneiss, schist, sand-
stone, granite, colluvium or alluvium.

The region is mainly cultivated and the dominant land use con-
cerns grasslands, crops, vineyards and orchards. The studied soils
have low organic carbon content because forest soils were not consid-
ered in the study.

2.2. Sampling and analyses

Two soil collections from agricultural sites were used in this study.
On the one hand, 202 composite samples from 123 sites (one or two
depths per site) and on the other hand, 57 samples from the deep
layer of 57 soil profiles randomly chosen among the 123 sites were
collected and analysed (Figure 1). All these samples were collected
within the framework of the French soil quality monitoring network
(RMQS). The RMQS network is intended for long-term observation
of soil properties and chemical characteristics on a 16-km regular
grid across the 550,000 km? of French metropolitan territory. The se-
lected sites were at the centre of each 16 x 16 km cell. At each site, 25
core samples per depth were taken following an unaligned sampling
design within a 20 x 20 m area and bulked to form one or two com-
posite soil samples per site (0-30 cm surface layer and 30-50 cm
layer, if any). For a mechanistic approach, soil profiles were sampled
at 57 sites belonging to the 123 sites mentioned above. In each profile,
all the soil layers were sampled individually using a core. The number
of samples per site ranged from 2 to 7 layers, depending on the thick-
ness of the soil (from 25 to 170 cm deep). The soils were described
and classified according to the French soil classification (Baize and
Girard, 2009). The bedrock material was also identified at each site.
After field sampling, soil samples were air-dried and sieved to pass
through a 2 mm mesh before analysis.

The samples were analysed after complete dissolution using a
mixture of HNO3-HF-H,0, following a procedure described in detail
in previous studies (Hernandez et al., 2003; N'guessan et al., 2009).
Trace elements (Cd, Co, Cr, Cu, Mo, Ni, Pb, Tl, Zn, Cs, Sc and Sn),
major elements (Al, Ca, Fe, K, Mg, Mn and Na), and some soil parame-
ters (texture, pH, organic C, and carbonates) were measured at the Soil
Analysis Laboratory of INRA at Arras, France (http://www.lille.inra.fr/
las). Additional elements (As, Sb, Se and V) were also analysed in the
profile samples. The concentrations were analysed using an ICP-OES
(Thermo IRIS INTREPID II XDL) for the major elements and an
ICP-MS (Perkin-Elmer ELAN 6000) for the trace elements (for analyt-
ical details see N'guessan et al., 2009).

2.3. Estimation of natural background concentrations

The dataset was divided into two groups of soils following the
criteria described in Fig. 2. The CaCOs content, the pH, the bedrock
and soil types were used to classify the soils between calcareous and
non-calcareous soils. For each group, the background concentrations
of TMs were estimated by basic statistics and by using multiple linear
regressions.
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Fig. 1. Maps of the sites sampled for the composite collection (A) and for the profile collection (B) in Midi-Pyrénées (SW France).

2.3.1. Baseline values

Descriptive statistical parameters (number of samples, median,
standard deviation, and maximum and interquartile range (IQR))
were calculated for both groups of composite soil samples (one or two
layer per site). After removal of the outliers (values > upper-whisker),
the mean concentrations and the standard deviation (sd) were calculat-
ed to establish the TM baseline levels in calcareous and non-calcareous
soils, following the mean + 2 x sd method (Gil et al., 2004; Micé et al.,
2007).

2.3.2. Multiple linear regression

The natural background concentrations of TMs were modelled in
the deeper layer of the 57 studied profiles, where the metal contents
were supposed to be poorly affected by anthropogenic contamina-
tions compared with surface soils. As TMs are naturally present in
the primary and secondary minerals (e.g., silicates and oxides) of the
soils (Wilson et al., 2008), the background concentrations are sup-
posed to derive from the weathering of these minerals. Therefore,

Calcosol, Rendosaol,
Calcisol, Rendisol,
Dolomitosol

“Calcareous” soils
(or with an exchange complex
saturated by Ca or/and Mg)

CaCO;25gkg'?

Bedrock ?

significant relationships can be found with other elements constitu-
tive of minerals, such as Fe, Al and Mn, which are used as predictors
of the natural concentrations of TMs (Anderson and Kravitz, 2010).

Multiple linear regression analyses were applied after In-
transformation of the data and after removing the outliers (anomalous
concentrations with studentised residuals > 2), in order to model the
background concentrations of the TMs in the deep layer of the soil pro-
files. The best predictors among the concentrations of major elements
(Fe, Al, Mn, Mg or Na) were selected following the Mallow's Cp meth-
od. Assuming that the relationships between the trace and major ele-
ments remain constant along the whole soil profile, the selected linear
models were used to calculate the theoretical background concentra-
tions of each TM in the composite soil samples.

2.4. Identification of contaminated samples

Four methods of data analysis were then applied in order to detect
the presence of metal contaminations across the studied region. Basic

[——Limestone Molasse Schist, Gneiss,
Sandstone Granite, Quartz, —
Alluvium Ignecus rock
Colluvium

Other

“Non calcareous”
soils

Fig. 2. Scheme of classification between the calcareous and non-calcareous soils of the studied dataset.



Table 1

Median values of the trace metal/Al ratios in the deepest horizons of calcareous and non-calcareous soils of the Midi-Pyrénées region. Trace metal concentrations are in mg kg~', Al

concentration is in g/100 g.

Cd/Al Co/Al Cr/Al Cu/Al Mo/Al Ni/Al Pb/Al Sn/Tl TI/Al Zn/Al
Calcareous 0.029" 1.612 9.556" 2.689 0.091 4.780" 3.286 0.522 0.095 14.05"
Non-calcareous 0.014 1378 7.718 2.305 0.110 3.531 3.402 0.550 0.089 1143

* Significant difference between calcareous and non-calcareous soil after the Kruskall-Wallis test (p < 0.05).

statistics, linear regression analysis, enrichment factor calculation and
principal component analysis were performed using the R free soft-
ware. The Kruskal-Wallis test was used for mean comparison tests.

2.4.1. Upper-whisker value

The upper-whisker value (=3rd quartile + 1.5 x IQR) calculated
from the basic statistics of the composite soil data was used as a
limit to define the contamination. Concentrations observed above
this limit can indeed be considered as abnormally high compared
with the whole dataset. Upper-whisker values were defined in calcar-
eous and non-calcareous soils for each studied trace metal.

2.4.2. Observed vs. theoretical values

The TM concentrations measured in a soil sample should be within
the 95% prediction interval of the theoretical concentrations predict-
ed by multiple linear regression based on the major elements con-
tents. Therefore, concentrations in the composite samples above the
prediction interval were considered as contamination by exogenous
sources.

2.4.3. Enrichment factor (EF)

The enrichment factor (Chester and Stoner, 1973; Hernandez et
al., 2003; N'guessan et al., 2009) was used to evaluate the anthropo-
genic contribution to the TM content in the composite soil collection.
The EF was defined as the concentration ratio of a considered trace el-
ement (X) to a reference element (Y) in a given sample, divided by
the same ratio in a reference material (Eq. (1)). The chosen reference
element (Y) was Al because it is a semi-conservative element that has
been used in previous studies (Panichayapichet et al., 2007; Reimann
and de Caritat, 2005; Sterckeman et al., 2006a; Yay et al., 2008). The
total Al concentration was fairly well correlated to most of the trace
metals (except Cd) and this data was available for all the studied
sites. The deepest layer of the soil profiles was used as the reference

Table 2

material to take into account the local parent material composition
(Hernandez et al., 2003; Sterckeman et al., 2006b). We calculated
the X/Y ratio in the deepest layer of the 57 soil profiles and the medi-
an (X/Y)Reference material Tatios found in calcareous and non-calcareous
soils (Table 1) were used in the EF calculation.

(X/Y)Sample

EF = (X/Y)Reference material

(1)

where X is the total concentration of the considered trace element, Y
is the concentration of the reference element (Al) and the Reference
material is the deepest layer of the soil profile.

The underlying hypotheses of the EF method were that: (1) X and
Y had the same behaviour in the soil column; (2) there were no an-
thropogenic sources of Y and (3) the reference material was not con-
taminated by X. EF = 2 was defined as the limit above which the
studied sample was considered to be significantly enriched by an an-
thropogenic metal contamination, compared with the deepest hori-
zon (Hernandez et al., 2003).

2.4.4. Principal component analysis (PCA)

PCA was performed on the composite soils data to visualise and to
detect samples exhibiting high values of TMs. First, a scaling of the
data was necessary. The Z-scores of the different parameters were cal-
culated as follows (Eq. (2)):

X;—m

Z — scores = 4 (2)

with X; = value of the parameter X in the sample i; m = mean of
X; sd = standard deviation of X.

The PCA was run with a varimax rotation that maximises the sum of
the variances of the squared loadings. The graphical representation of
the individual Z-scores on the principal components associated to the

Description of trace metal concentrations (mg kg~ ') in calcareous and non-calcareous samples from the composite collection (layers 1 and 2) and number of contaminated sites
(>upper-whisker). sd = standard deviation; N = number of soil samples; IQR = Interquartile range; Upper-whisker = 3rd quartile + 1.5 = IQR. The baseline value
(mean + 2 « sd) was calculated with the uncontaminated concentrations (<upper-whisker).

Cd Co Cr Cu Mo Ni Pb Sn Tl Zn
Calcareous soils
Median 0.25 14.0 66.2 233 0.75 34.8 28.4 3.60 0.70 92.0
sd 0.14 4.6 16.4 6.1 0.32 11.7 85 0.83 0.16 23.8
N 85 85 85 85 85 85 85 43 85 85
IQR 0.26 59 183 8.4 0.50 16.6 129 1.01 0.19 38.2
Maximum 2.41 72.8 118 268 4.85 64.1 150 5.61 1.75 444
Baseline value 0.55 22.8 95.4 349 139 58.5 46.8 5.21 1.00 135
Upper whisker 0.82 25.0 98.7 39.4 1.75 66.8 57.0 5.47 1.09 168
Sites > upper whisker 9 1 2 5 4 0 8 1 6 9
Non-calcareous soils
Median 0.13 10.2 49.0 19.0 0.62 18.0 27.1 3.13 0.56 62.8
sd 0.10 6.0 19.0 9.9 0.26 9.9 8.2 0.97 0.19 28.2
N 117 117 117 117 117 117 117 65 117 117
IQR 0.15 9.3 28.5 16 0.40 153 121 1.73 0.29 42.1
Maximum 1.08 39.6 146 124 431 94.1 186 26.2 2.46 211
Baseline value 0.37 23.2 87.8 39.3 1.19 39.2 442 5.02 0.93 121
Upper whisker 0.47 30.4 106 51.8 1.50 50.3 53.0 6.68 1.16 150
Sites > upper whisker 3 4 4 7 4 6 5 5 9 5
RMQS (composite 0-30 cm) national data (Villanneau et al., 2008)
Upper whisker 0.63 25.2 111 40.2 1.57 56.8 62.3 na 1.36 157.5




Table 3

Multiple linear regressions determined in deep horizons of calcareous and non-calcareous soils. Trace metal concentrations are in pg kg~

and semi-conservative elements used as

predictors (Al Fe, Mg, Mn, and Na) are in mg kg~ '. Significance levels: 0 < *** < 0.001 < ** < 0.01 < * < 0.05 < ns. Low or non-significant relationships are written in italics.

Model (for calcareous soils) N R%.4; p-Value
In(As) = 0.47 x In(Al) + 0.77 x In(Mn) — 0.66 19 091 1.2E°08 #xx
ln(Cd) = 0.26 x In(Al) + 0.62 x In(Mg) — 3.11 20 0.54 55504 xex
In(Co) = 0.95 x In(Fe) — 0.56 23 093 .9E14 xx
In(Cr) = 0.51 x In(Fe) + 0.36 x In(Al) + 0.13 x In(Mg) + 0.63 19 0.99 g1E-16 e
In(Cu) = 0.83 x In(Fe) + 0.26 x In(Mg) — 1.15 23 093 1.3512 e
In(Mo) = 0.32 x In(Na) + 0.36 x In(Fe) + 0.18 19 071 1.95°05 xxx
In(Ni) = 0.49 x In(Fe) + 047 x In(Mg) + 1.07 22 0.72 23508 =
In(Pb) = 0.49 x In(Al) + 0.63 x In(Mn) + 0.50 21 0.90 47810 wxx
In(Sb) = 0.82 x In(Mn) — 0.23 x In(Al) + 4.46 19 0.48 2.2F-03 x
In(Sc) = 0.46 x In(Fe) + 0.44 x In(Mg) + 0.71 22 0.86 2,609 wxx
In(Se) = 0.39 x In(Na) + 4.38 15 036 0.011*
ln(Sn) =079 x In(Al) + 0.15 x In(Na) — 1.75 20 0.90 1.6509 wx
In(Tl) = —0.52 x In(Fe) + 0.99 x In(Al) + 052 x In(Mn) — 2.66 22 0.94 1,051 =
In(V) = 0.90 x In(Al) + 1.39 19 095 5.4E-13 xex
In(Zn) = 1.46 x In(Fe) — 0.71 x In(Al) — 0.30 x In(Mn) + 6.12 21 0.86 5,608+
Model (for non-calcareous soils) N Rzadj p-Value
In(As) = 0.45 x In(Mn) + 0.88 x In(Al) — 3.00 29 0.32 0.0028 **
In(Cd) = 0.46 x In(Mn) + 0.43 x In(Na) — 1.82 27 021 0.023 *
In(Co) = 0.53 x In(Mn) + 0.13 x In(Fe) + 0.17 x In(Mg) + 3.20 32 0.79 3.4F10 s
In(Cr) = 0.69 x In(Fe) + 3.62 27 0.41 2.0504 xx
In(Cu) = 0.78 x In(Al) + 0.29 x In(Mg) — 1.38 33 0.46 32805 wex
In(Mo) = —0.37 x In(Mg) + 9.44 27 0.08 0.085 ns
In(Ni) = 0.43 x In(Fe) + 0.33 x In(Al) + 1.82 29 0.47 1.15-04 e
In(Pb) = 0.27 x In(Mn) + 8.29 29 027 0.0016 **
In(Sh) = 0.22 x In(Mn) + 6.05 25 0.02 0.23 ns
In(Sc) = 0.41 x In(Fe) + 0.48 x In(Al) — 0.31 31 0.52 12805 xx
In(Se) = —0.73 x In(Na) + 13.11 18 0.04 0.20 ns
ln(Sn) = 0.92 x In(Al) — 2.02 27 0.48 4,QE-05 wex
In(Tl) = 0.64 x In(Al) + 0.13 x In(Mn) — 1.62 30 038 6.1E-04 wor
In(V) = 0.95 x In(Fe) + 1.42 27 0.74 62509 xx
In(zn) = 0.48 x In(Fe) + 0.19 x In(Mg) + 4.70 29 0.69 94508 xx

TM contents allowed the visualisation of anomalous TM concentrations.
An arbitrary limit (for instance, z-score > 1) was set to discriminate the
contaminated points from the investigated soil population.
3. Results
3.1. Trace metal background concentrations
3.1.1. Descriptive statistics (upper-whisker method)

The descriptive statistical parameters were calculated for Cd, Co, Cr,

Cu, Mo, Ni, Pb, Sn, Tl and Zn concentrations in the composite samples of

Table 4

both soil groups (Table 2). Regarding the global TM abundance in the
studied soils, Co, Cu, Ni and Pb were of the same order of magnitude,
whereas the concentrations were higher for Cr and Zn, lower for Sn,
Mo and Tl and much lower for Cd. After the Kruskall-Wallis tests, the
median concentrations of most TMs were found to be significantly
higher in the calcareous soils than in the non-calcareous soils, except
Pb (p = 0.069) and Sn (p = 0.056). However, the baseline values, cal-
culated after the removal of concentrations above the upper-whisker,
were higher in calcareous soils only for Cd, Ni, Zn and Mo. The variability
was slightly higher in non-calcareous soils, as shown by the higher stan-
dard deviations for most TMs.

Theoretical trace metal background concentrations (mg kg~!) calculated in composite samples of calcareous and non-calcareous soils of the Midi-Pyrénées region (SW France)
using the linear models developed in this study (see Table 3). The values were compared with background levels from the literature (na = not available).

This study Literature data

Calcareous Non-calcareous Sterckeman et al. 2006b* Guillén et al. 2011° Baize, 2000°
As 6-43 3-57 8.3 8.45 + 1.03 na
Cd 0.07-0.54 0.04-0.34 0.11 0.13 4+ 0.02 0.16
Co 4-21 3-47 10.1 9.72 £ 0.73 14.0
Cr 26-92 19-96 62 452 + 6.8 66.3
Cu 6-40 2-48 11 176 +£ 2.7 12.8
Mo 0.27-0.83 0.34-1.05 047 na na
Ni 12-70 8-37 23.8 242 + 23 31.0
Pb 10-56 15-41 16.2 26.8 + 8.8 341
Sb 0.9-6.2 1.2-2.8 047 0.33 + 0.07 na
Sc 5-26 3-18 na na na
Se 0.9-2.4 0.3-3.2 0.14 0.16 + 0.06 na
Sn 1.6-4.6 1.0-5.6 1.72 1.52 + 0.62 na
Tl 0.3-0.98 0.20-0.94 043 0.13 4+ 0.02 na
\ 45-123 21-195 69 49.7 + 5.8 na
Zn 46-179 30-140 48 472 + 24 80

¢ Median values in deep horizons of sedimentary soils from northern France.

5 Mean + standard deviation of background levels in sedimentary soils of Huelva municipality (SW of Spain).

¢ Median values in various uncontaminated arable and forest soils throughout France.



3.1.2. Predicting models of natural concentrations of TMs

The linear models computed in the deep horizon of the calcareous
and non-calcareous soils on the basis of relationships with Al, Fe, Mn,
Mg and/or Na are shown in Table 3. The significance of the regres-
sions varied according to the soil group and to the considered TM.
The models were globally more significant in calcareous, than in
non-calcareous soils, because of the better homogeneity of the bed-
rock in the former soil group. Among the considered TMs, Co, V and
Zn were very well predicted by the models in both soil groups. The re-
lationships were very significant in calcareous soils but less signifi-
cant in non-calcareous soil for As, Cr, Cu, Mo, Ni, Pb, Sn and TI. The
regression for Mo in non-calcareous soils was not significant. Finally,
natural concentrations of Cd, Sb and Se were less well predicted in all

soil types. Cd, Sb and Se showed very poor correlations with Fe or Al
while these two major elements were often the best predictors of
other TM concentrations. Cd and Sb were indeed preferably correlat-
ed to Mn. However, at high Fe (>70 g kg~ 1), Al (>88 g kg~ ') and
Mn (>1.5 g kg~ !) concentrations, the relationships were not linear
for several TMs. Thus, the limit of validity for the determination of
the linear models was set below these concentrations.

Thanks to these linear models established in the deep layers, the
theoretical TM concentrations in the composite samples were cal-
culated following the observed concentrations of Fe, Al, Mn, Mg or
Na (Table 4). As a result, the ranges of predicted TM concentrations
reflected the variability of the major elements concentrations be-
tween sites. However, our results were consistent with previous
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studies and the baseline values calculated using the descriptive statis-
tics corresponded to the higher values of the predicted ranges. The
median theoretical concentrations of most TMs (except As, Co, Mo,
Sb and Sn) were also significantly higher in calcareous soils than in
non-calcareous soils.

3.2. Estimation of trace metal contaminations

3.2.1. Upper-whisker value

The upper-whisker value is a good descriptor of the TM levels in
both soil groups of the studied region. The values of Cd, Mo, Ni, Pb
and Zn were higher in calcareous soils than in non-calcareous soils,
whereas it was the contrary for Co, Cr, Cu and Sn (Table 2). The
upper-whisker values of the Midi-Pyrénées region were also globally
similar to the values on the national scale (Villanneau et al., 2008).
The proportion of anomalous concentrations (>upper-whisker) in
the studied samples was the highest for Cd (10.6%), Zn (10.6%) and
Pb (9.4%) in calcareous soils. A significant number (>5%) of anoma-
lous levels were also found for Cu and Tl in both soil groups and for
Tl and Ni in non-calcareous soils. Little contamination by Co, Cr and
Mo was revealed with this method.

3.2.2. Observed vs. theoretical concentrations

The theoretical concentrations estimated by linear regression
analysis were computed with a 95% prediction interval, which
was defined as the decision limit for anomalous concentrations
(Figure 3). A majority of the samples found to be out of the theoretical
concentration limit for one or several of the studied TMs were from
the surface horizon (0-30 cm) indicating superficial contamination,
even if the horizon below (30-50 cm) was also affected in some
sites, especially by Cu, Pb, Tl and Zn. The observed concentrations
exceeded frequently the prediction limit for Cu, Mo, Zn, Cd and Pb.
Fewer sites (<5%) were concerned by values above the limit for TI,
Cr, Sn, Co and Ni (Figure 3). According to the considered TM, there
were also differences between calcareous and non-calcareous soils.
Most contaminations were indeed observed in calcareous soils, ex-
cept for Cu and Ni.

3.2.3. Enrichment factor

The EF calculation was based on the median values of the TM/Al
ratios in the deepest layer of the profiles. The TM/Al ratios calculated
for Cd, Cr, Ni and Zn were significantly higher (Kruskal-Wallis test;
p < 0.05) in calcareous soils than in non-calcareous soils, while there
was no significant differences for the other TMs studied (Table 1). A
box-plot representation of the EF calculated for the composite sam-
ples is shown in Fig. 4. The median EF values varied between 1 and 2
for all TMs, even if a large variability was found for Cd. The EF was gen-
erally slightly higher in the 0-30 cm layer than in the 30-50 cm layer.
Several samples exhibiting an EF above 2 were considered as anoma-
lous values. Among these enriched samples, the soils were mainly
contaminated by Cd (54% of the sites), Pb (28%), Cu (20%), Mo (18%)
and Co (15%). Contamination by the other metals was less frequent
(less than 10%). Few samples were very enriched in TMs (EF > 5)
and this mainly concerned Cd, Cu and Pb contamination. The worst
cases were two heavy loads of Cu in two surface soils (EF = 23 in
both soils).

3.2.4. Principal component analysis

PCA was applied to the whole composite soil dataset (layers 1 and
2), except for Sn concentrations because many values were missing. A
low variance (43%) was explained by the first four principal compo-
nents (PCs). Due to the large number of soil properties in the dataset,
the PCA analysis resulted in 16 PCs explaining 89% of the total vari-
ance. The 1st PC (12% of variance) was related to Cd, Zn and Pb total
and EDTA-extractable concentrations, suggesting an influence on the
dataset of a common contamination by these three metals. The 2nd

A A

Cd Co Cr Cu Mo Ni Pb Zn Tl Sn

Fig. 4. Box-plot representation of the enrichment factor (EF) of trace metals (Cd, Co, Cr,
Cu, Mo, Ni, Pb, Zn and TI) calculated for the composite samples of the studied soils with
the median TM/Al ratio in deep layer used as a reference. The samples enriched in TM
compared with the deep horizon (EF > 2) are identified by black points.

PC (12%) was related to the total Fe, Al and Mn concentrations associ-
ated with the Cr, Co and Ni total contents. The 3rd PC (11%) was relat-
ed to the cationic exchange capacity (CEC), exchangeable Ca, pH, clay
and water content and the 4th PC (8%) to the organic matter content.
The 7th PC (5%) was also of interest because it was related to the total
and extractable Cu concentrations, suggesting an influence of Cu con-
tamination. A graphical representation of the individual scores in the
PC1 (Cd, Zn, and Pb) versus PC3 allowed the identification of samples
contaminated by those three metals (7.4% of the samples; Figure 5A).
The Cu-contaminated samples (4.9%) were identified similarly, using
the PC7 vs. PC3 (Figure 5B). Score values above 1 were arbitrary de-
fined as contaminated samples. We also identified the sites contami-
nated by Tl (3.9% of the samples) and Mo (3.0%) using the PC6 (5% of
variance) and the PC15 (2%), respectively (values above 2 in this
case, data not shown).

3.2.5. Soil contamination according to the different methods: link to land
use

The four methods applied on the scale of a French region to esti-
mate the anomalous TM concentrations showed some differences,
even though the results were globally consistent (Figure 6). For at
least three methods, roughly the same contaminated sites with the
same TM contaminants were identified, while the enrichment factor
method detected a greater number of anomalous concentrations
than the other methods. The contaminations concerned mostly Cd,
Cu, Mo, Pb, Tl and Zn (Table 5) and tended to be more numerous in
the north-eastern part of the region (Figure 6). More numerous
cases of contamination were also observed in calcareous than in
non-calcareous soils (Table 5).

The anomalous TM concentrations detected by at least three out of
the four methods can reasonably be considered as very probably con-
taminated and a representation of these sites on a synthetic map
(Figure 6E) provides a good evaluation of the soil quality in the stud-
ied region. The diagnosis of this approach was that 30 sites (24%)
had a high probability of contamination by at least one TM. Additional
sites also presented a non-negligible risk of being contaminated be-
cause they were detected by half of the applied methods. Taking
these sites into account raised the proportion of contaminations up
to 37%. Several single Cu contaminations (6.5% of the studied sites) oc-
curred in current or former vineyards and orchards and multi-metallic
contaminations (mainly by Cd, Pb and Zn in 6.5% of the studied sites)
were found mostly in grasslands used for intense livestock farming.
Additionally, a few single contaminations by Mo, Cd or Pb were also
identified in various land uses whereas thallium, nickel, chromium,
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cobalt and tin contaminations were rare and concerned only grass-
lands. Thus, globally, croplands other than vineyards and orchards
were barely affected by anomalous TM concentrations.

4. Discussion

4.1. Comparison of the different methods of estimating soil metal
background and contaminations

The comparison of the methods used in our study may help to
choose the soil contamination assessment method that is the most ap-
propriate to a particular case study, depending on the objectives and
on the environment and contaminants involved. The reliability of soil
contamination assessment methods has been questioned (Desaules,
2012) because all methods rely on assumptions of reference values for
natural content that can show some discrepancies due to the great var-
iability of soil properties and to the processes that can redistribute the
elements within the soil column. Local ranges of natural background
concentrations of TMs must indeed be well defined for an accurate eval-
uation of soil contamination.

As a first approach, the baseline values and the upper-whisker
limit given by descriptive statistics are good indicators of the ambient
levels recorded in a local soil population. They are easy to compute
and give a rapid view of the metal levels in the different soil groups
classified, prior to performing the calculations. The upper-whisker
method seems to be the best approach to assess the contaminations
for the most mobile elements, like Cd, which are difficult to model.
Nevertheless, these descriptive parameters also reflect diffuse con-
taminations that are difficult to discriminate from the geochemical
background. Moreover, without a sound knowledge of the geological
context, natural anomalies can be misinterpreted as true contamina-
tions. As a result, this method should not be applied where high dif-
fuse contaminations are suspected or where local natural anomalies
can occur.

The elaboration of predicting models based on the linear relation-
ships between the natural TMs and the major elements constitutive
of the soil minerals can partly help overcome these limitations.
Theoretical natural concentrations can indeed be estimated by taking
into account the variability of the soil processes, thanks to the good
relationships of some TMs with elements, such as Fe, Al and Mn.
Indeed these concentrations are related more to the chemical compo-
sition of the parent material and to the degree of weathering than

to the anthropogenic influence (Zhao et al., 2007). As these geochem-
ical associations differ significantly across the different soil orders
(Anderson and Kravitz, 2010), this method should be applied to larger
datasets with a detailed classification in more than two soil groups, in
order to build models that are more robust than in our case study.
However, some TMs, especially the most mobile ones, are not well cor-
related to the major elements and this can lead to high uncertainties in
the calculation of the theoretical concentrations.

According to these two methods, a large number of samples are
necessary to obtain good estimates of the TM background concentra-
tions but such extensive soil monitoring programmes may not be
available or may not fit with targeted objectives. The enrichment fac-
tor method was widely used as a geochemical method to determine
whether a soil sample is abnormally enriched in a considered TM or
not. This method only needs to know the TM local reference value
(normalised or not) in order to assess the contamination of a sample.
This is of great advantage for studies with only a few single analyses.
Nevertheless, uncontaminated local reference values can be difficult
to obtain and the soil processes involved in the reference material
may not be exactly the same as in the studied sample. This will lead
to bias, especially when considering TMs at low concentrations, like
Cd. Nevertheless, the enrichment factor remains a good tool for the
identification of intense local contamination but cannot be general-
ised over large areas or for sample sites far from a likely contamina-
tion source (Reimann and de Caritat, 2005).

Multivariate analysis was the final method applied in this study
to graphically identify the anomalous points. The PCA allowed the
information contained in a complex database to be simplified and
to highlight the major processes influencing TM concentrations. It
is a good tool in preliminary surveys for the identification of sites af-
fected by the same contamination sources and of the TMs involved in
the contamination (Facchinelli et al., 2001). For instance, the PCA
showed that Cd together with Pb and Zn and Cu alone, are controlled
by anthropic activities, whereas Cr, Co and Ni were mainly controlled
by parent rocks. However, this method allows only an arbitrary esti-
mation of the highest contaminations, because it does not provide a
decision limit set on a mathematical or statistical basis.

For all the tested methods the decision limit was the key param-
eter that defined whether a site was contaminated or close to the
natural background. Due to the large variability generally encoun-
tered in soil studies and to the diffuse contaminations, the chosen
limit may not reflect the actual natural background concentrations.
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Table 5
Proportion (%) of contaminated sites (layer 1 of composite samples) identified follow-
ing the four decision tools used in this study (ND: not determined).

% Ccd Co Cr Cu Mo Ni Pb Sn Tl Zn
Upper-whisker method

All 81 24 41 73 49 33 89 49 73 81
Calcareous 137 20 39 78 59 00 137 23 98 137

Non-calcareous 4.2 28 4.2 6.9 42 56 56 7.7 56 4.2

Enrichment factor method

All 537 146 33 203 179 49 276 46 41 65
Calcareous 451 39 20 137 275 39 275 46 59 137
Non-calcareous 59.7 222 42 250 111 56 278 46 28 1.4

Linear regression method

All 89 24 33 130 106 24 65 37 41 9.8
Calcareous 196 39 78 137 216 20 78 7.0 59 137
Non-calcareous 14 14 00 125 28 28 56 15 28 6.9
PCA method

All 98 ND ND 65 33 ND 98 ND 33 98
Calcareous 177 ND ND 59 59 ND 177 ND 0 17.7

Non-calcareous 42 ND ND 6.9 14 ND 42 ND 56 4.2

Consequently, several methods should be compared together in
order to give a coherent conclusion regarding the contamination
state of a site.

4.2. Intensity of site contamination: role of soil characteristics and
potential sources from agricultural practices

Modelling the background concentrations showed that natural
TMs were preferentially related to Fe, Al and Mn, the major constitu-
ents of oxides and clays (Sparks, 2003) and were poorly correlated
to Ca, suggesting that oxides and clays are the main TM bearing
phases. However, the properties (especially pH) of calcareous soils
may lead to the immobilisation of TMs in soils because metals are usu-
ally less mobile at alkaline pH. This may explain the highest TM
concentrations (both natural and anthropogenic) observed in calcare-
ous soils compared with acidic soils, where the TMs are more likely to
be leached or taken up by plants. The low mobility of TMs in calcare-
ous soils may favour the accumulation of contaminants in soils be-
cause more cases of TM contamination were detected in calcareous
than in non-calcareous soils. Such difference between calcareous and
non-calcareous soils was not related to a preferential land use since
crops were almost equally distributed on both soil types, and grass-
lands were twice more frequent on non-calcareous than on calcareous
soils. The intensity and the nature of contamination were however
strongly influenced by agricultural practices. The frequent anomalous
Cu concentrations in vineyards and orchards indeed reflected the
application of copper-based fungicides (the “Bordeaux mixture”,
CuS0O,4) as primary sources of Cu contaminations (Komarek et al.,
2008; Viti et al., 2008) and the multi-metallic (Cd, Pb and Zn) contam-
inations reported in grazing lands suggested that the animal effluents
and all potential organic fertilisers (solid wastes and sewage sludge)
applied to soils are the major causes of TM enrichment. These domi-
nant sources of contamination are not exclusive, because a few single
Mo, Cd and Pb contaminations were also detected even though their
origins cannot be clearly identified.

Finally, in the studied area, the revealed contaminations were
generally low compared with industrial regions, e.g., in the north of
France and close to Paris (Saby et al., 2011). Except in a few sites (Cu
in vineyard/orchard and Pb/Zn/Cd contaminations in some grass-
lands), the TM concentrations were indeed below the French limits
above which sewage sludge cannot be applied (in mg kg~ ': Cd 2; Cr
150; Cu 100; Hg 1; Ni 50; Pb 100; Se 10; and Zn 300).

5. Conclusion

The geochemical background can be well modelled by multiple lin-
ear regression using elements (especially Fe and Al) constitutive of
soil minerals, showing that natural TM concentrations mostly derive
from mineral weathering. However, the most mobile elements were
poorly modelled and alternatively, basic descriptive statistics can be
used to estimate the natural levels of such elements in soils. Following
both methods of TM background determination, several TMs were
found to be naturally more abundant in calcareous than in non-
calcareous soils, maybe because of a lower TM mobility at alkaline
pH. The low mobility of TMs in calcareous soils may also favour the
accumulation of contaminants in soils because more cases of TM con-
tamination were detected in calcareous than in non-calcareous soils.
The sources of contamination were multiple and dependent of the
land-use history. However, none of the four methods used to estimate
the fraction of exogenous TMs in the soils of the studied region was
perfect and universal. Thus, our study emphasises the need to use sev-
eral methods in order to be able to draw the best conclusion regarding
the contamination status of a site. A combination of the decision tools
used in this study showed that 24% of the agricultural soils of the
Midi-Pyrénées region of France were contaminated by at least one
TM. However, relatively low levels of contamination were measured
and this predominantly concerned Cu, Cd, Pb and Zn. Copper contam-
ination was mainly found in vineyards and orchards because of the
long-term application of fungicides (the “Bordeaux mixture”), while
livestock breeding was the major cause of multi-contamination by
Cd, Pb and Zn in grasslands.
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