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Abstract Concentrations of trace elements (Cd, Co, Cr,
Cu, Ni, Pb and Zn) and major elements (Ca, Mg, K, Fe, Al
and Mn) as well as pHgc and total organic carbon (TOC)
were measured on 22 profiles located in a 3 km radius of a
former ore treatment plant in Wallonia (Belgium). The
enrichment factor (EF), vertical impoverishment factor
(VIF) and availability ratio (AR) were used as diagnostic
tools of contamination and migration of Cd, Pb and Zn in
profiles. The data revealed that the soil profiles are sig-
nificantly contaminated. The ranges of EFs for Cd
(17-3570), Pb (1-2883) and Zn (2-309) are very broad
with the higher EF in the topsoil of the profiles. VIFs of
subhorizons are rarely above 1. In the few cases with
VIF > 1, the main factor explaining is the soil type (in
particular, Colluvic Regosols, Luvisols and Cambisols with
shale load). Cd, Pb and Zn ARs are strongly correlated with
TOC and to a lesser extent with pHgc; Pb and Zn ARs are
influenced by soil type, while land use only has an effect on
Zn AR. The Cd availability is independent of these two
factors. The contents of trace elements measured in soil
profiles are very high, especially in topsoil. At present, the
Cd, Pb and Zn vertical distribution shows a low migration
from topsoil to deeper levels. However, we must not dis-
count the hazard of a future potential transfer.
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Introduction

Trace elements (TEs) occur naturally in soils; some are
essential micronutrients for plants and animals and are thus
important for human health and food production (Hooda
2010). However, as a consequence of industrial activities,
accumulation of TEs may occur in the natural environment,
and they now pose a range of ecological and health
problems.

Unlike slag and waste deposits, visual evidence of his-
torical atmospheric contamination is difficult to detect in
soils. However, considering factors such as distance from
the potential sources of contamination, wind direction, land
use or soil type allow a delineation of the contaminated
areas and prediction of the spatial distribution of contam-
inants in surface layers (Godin et al. 1985; Liénard et al.
2014; Othmani et al. 2015). In addition, once deposited on
soils, directly or after rain washing of vegetation leaves,
metallic particles are subject to biogeochemical processes
and can be physically redistributed in the soil and the
landscape (Hernandez et al. 2003; Soubrand-Colin et al.
2007; Sterckeman et al. 2000). Chemical reactions can also
affect the mobility and bioavailability of the metals
according to the soil characteristics and land use.

Furthermore, the total content of TEs in the topsoil does
not always originate from anthropogenic sources but can
also result from natural processes. To determine the
importance of the lithologic contribution compared with
anthropogenic origin, some studies have used the enrich-
ment factor (EF) as a discriminating tool (Blaser et al.
2000; Bourennane et al. 2010; Reimann and De Caritat
2000, 2005; Soubrand-Colin et al. 2007). The EF evaluates
for a soil layer the level of enrichment of a given element
compared with another one considered as weakly affected
by pedogenic processes. The EF is calculated as the ratio of
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the studied element to the reference element and normal-
ized by the same ratio for the continental crust composition
(Reimann and De Caritat 2000, 2005). It allows identifi-
cation of the origin of contaminants, i.e. air, atmospheric
dusts or precipitations, and was used by some authors to
detect the level of TEs that are due to anthropogenic inputs
(Bourennane et al. 2010; Hernandez et al. 2003; Soubrand-
Colin et al. 2007). Regardless of its wide use for estimating
topsoil contamination, this method has been criticized for
its cut-off values and the assumption of the constancy of
traces/reference element ratios in nature (Dung et al. 2013;
Reimann and De Caritat 2005). To deal with this argument,
many researchers apply a different normalization [e.g. with
an uncontaminated natural soil (Manta et al. 2002; Singh
et al. 2010)] or they use local background values instead of
the average crust composition (Loska et al. 2003, 2004).
However, all of these approaches require direct comparison
between data on topsoil and on deeper mineral soil layers
or the continental crust and neglect any impact of the
biosphere or soil formation processes on the geochemistry
of the Earth’s surface (Reimann et al. 2015). Other meth-
ods of comparison use the reactivity or the solubility of
TEs such as availability ratios (Massas et al. 2010, 2013;
Ramos-Miras et al. 2011; Zu et al. 2014) or risk assessment
code (De Andrade et al. 2011; Dung et al. 2013). The use
of these methods based on the reactive pool of TEs reflects
that all species of a particular metal do not present an equal
impact with regard to the ecosystem (Dung et al. 2013).

In the south of Belgium (Wallonia), processing of Zn—
Pb ore has occurred along the main rivers for at least
200 years. The smelter activities began with locally mined
products and continued with imported material. Following
this industrial process, substantial air emissions rich in
oxides (SO,, SOz, NO,) and particulates enriched with Cd,
Pb and Zn (Graitson 2005) have spread throughout the
vicinity and have led to significant contamination of soils
and the environment. The combination of high acidity and
enrichment by TEs has resulted in environmental toxicity
that has caused significant adverse effects to many species,
communities and ecosystems (Graitson 2005; Graitson
et al. 2005; Rosengarten 2010). The metalliferous sites,
which are now protected as natural reserves, present the
clearest evidence of the impacts of former industrial
activity within the present landscape (Liénard et al. 2011).
However, metalliferous sites are usually of limited extent
(maximum of 75 ha) and located close to the former plants.
Nevertheless, recent studies have shown that atmospheric
fallout of contaminants has impacted significantly larger
areas around old smelters (Douay et al. 2008; Liénard et al.
2014; Sterckeman et al. 2000; Yuan et al. 2013).

In this study, we have studied the fate of Cd, Pb and Zn
in soils affected by atmospheric deposition in the vicinity
of old smelters. The importance of vertical redistribution of
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contaminants in soils is questioned, and the aims of this
paper are to (a) characterize the vertical distribution of TEs
and soil properties along diverse soil profiles, (b) evaluate
enrichment or impoverishment of TEs along the profiles to
discriminate anthropogenic or geogenic origin of contam-
inations and (b) evaluate whether soil type or land use
influenced the mobility of contaminants in the selected
profiles.

Materials and methods
Study area and soil sampling

Samples were collected from a contaminated area close to
a former Zn—Pb ore treatment site. As shown by Liénard
et al. (2014), the main origin of topsoil contamination is the
atmospheric fallout of dusts enriched in contaminants,
especially Cd, Pb and Zn, from the chimneys of the
smelter. Here, the vertical distribution of contaminants has
been investigated in 22 soil profiles. They were distributed
on both sides of the Meuse valley, 15 on the left bank (LB)
and 7 on the right bank (RB), at right angles to the dom-
inant wind direction along a transect (Fig. 1). They were
located in the surroundings of the former smelter (maxi-
mum 3 km) on various soil types and three land uses
(grasslands, crops and forests) (Table 1). The samples were
taken according to horizons with a manual auger (maxi-
mum 1.2 m); the number of horizons sampled depending
on the soil type and depth to bedrock. The identification of
horizons was performed according to variations of texture,
colour, redox mottles and stone charge.

Analytical methods

Air-dried samples were sieved at 2.0 mm, and a subsample
was crushed to 200 pm. Soil pH was measured by creating
a slurry in 1 M KC1 (pHgc) (w:v 2:5 ratio). Total organic
carbon (TOC) was determined following the Springer—Klee
method (Nelson and Sommers 1996). Major (Ca, Mg, K,
Fe, Al, Mn) and trace (Cd, Co, Cr, Cu, Ni, Pb, Zn) element
concentrations were determined after (a) aqua regia
digestion following ISO 11466 (referred to as total metal
concentration) and (b) after extraction with CH;COONH,4
(0.5 M) and EDTA (0.02 M) at pH 4.65 (w:v 1:5 ratio) and
agitation for 30 min (referred to as available metal con-
centration) (Lakanen and Ervio 1971). Available Al, Fe,
Co, Cr and Ni were not measured. The concentrations in
the solutions were measured using flame atomic absorption
spectrometry (Varian 220, Agilent Technologies, Santa
Clara, CA, USA). The detection limits for total/available
metals were 0.66/0.10 mg/kg (Cd), 0.99/0.15 mg/kg (Cu),
3.33/0.50 mg/kg (Pb) and 0.33/0.05 mg/kg (Zn). As part of
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three land uses with location of profiles

the quality control programme for the study, a standard
reference material certifited by BIPEA (RCIL no.
2009/2010-463, 15-415-Soils) was used and analysed with
each set of samples. The analytical variability, expressed as
coefficient of variation (CV), accounted either for less than
20 % for the studied elements or was lower than 1 mg/kg.

Diagnosis of contaminations
Enrichment factor (EF)
Some authors (Baize 1997; Colinet et al. 2004; Myers and

Thorbjornsen 2004) have demonstrated that Fe and Al
concentrations have frequently been used as indicators of

natural occurrence of TEs such as Ni, Cr, Zn, Pb or Cd. The
EF is the relation between a reference element (Al) and
another chemical element (Cd, Cr, Co, Cu, ...) according to
their concentrations in the crust (McLennan 2001) and
studied sample. The formula used to calculate an EF is
(Bourennane et al. 2010; Khalil et al. 2013; Reimann and
De Caritat 2000):

[El] sample /[Al] sample

EF= [El] crust/[Al] crust

where ‘El’ is the element under consideration. The value of
the EF is used as an indicator of contamination.
Researchers have generally defined enrichment as occur-
ring when EF > 2, the cause of this enrichment being given
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as anthropogenic contributions (Hernandez et al. 2003;
Khalil et al. 2013; Soubrand-Colin et al. 2007). Some
authors subdivide EF categories to produce a more detailed
indication of the level of contamination (Lu et al. 2009a, b;
Sutherland 2000; Yongming et al. 2006): (1) EF <2

indicates deficiency to minimal enrichment; (2)
2 <EF <5 indicates moderate enrichment; (3)
5 <EF <20 indicates significant enrichment; (4)

20 < EF < 40 indicates very high enrichment; and (5)
EF > 40 indicates extremely high enrichment. Often, this
approach is not discriminative enough to realize a com-
parison of extremely contaminated samples (EF > 40).

Vertical impoverishment factor (VIF)

In addition to the EF, we propose to use the VIF, which is a
comparison between the surface horizon and another
horizon of the profile. The formula used to calculate a VIF
is:

[El] horizon/[Al] horizon
[El] surface /[Al] surface

VIF =

The VIF is thus a normalization of element concentration
in a subsurface horizon compared with the concentration of
this element in the surface horizon of the same soil profile.
Here, we intend to evaluate the evolution of the elements
with depth compared with the surface that we know is
contaminated. Al is again used as the reference element.
The value of VIF for the surface horizon is always equal to
1. If VIF < 1, the studied horizon is depleted relative to the
surface horizon and a surface contamination is highly
probable. When VIF > 1, the studied horizon is enriched
compared with the topsoil. Higher contents may depend
upon either pedogeochemical conditions of soils or exter-
nal factors such as anthropogenic inputs. Comparison of
VIF should also allow estimation of the vertical extent of
contamination within one profile.

Availability ratio (AR)

ARs are metal availability indexes normalized for the total
metal concentrations because they represent the percentage
of available fraction to total metal concentration in soil
(Dung et al. 2013; Massas et al. 2013; Ramos-Miras et al.
2011). The ARs are calculated according to the following
formula:

C,
AR = 22 x 107
C X

t

)

where ‘Ca’ is the available metal concentration in the
sample [CH;COONH, (0.5 M) + EDTA (0.02 M) at pH
4.65 (Lakanen and Ervié 1971)] and ‘Ct’ is the total metal
concentration in the same sample (aqua regia digestion,

ISO 11466). AR can be considered as a comparative index
for mobility of TEs and thus also as an indicator of the
recent soil pollution history (Massas et al. 2010) because
exogenous metals are more mobile than metals from soil
minerals.

Statistical methods

Correlation analyses (Pearson correlation matrix) were
performed to identify significant relationships between TEs
and other soil characteristics (major elements contents,
TOC and pHkc) and between Cd, Pb and Zn ARs and TOC
and pHgc to identify factors of mobility of TEs along
profiles.

Homogeneity of variances within stratified subpopula-
tions (soil type and land use) was verified with Levene’s
test, which is robust for small populations. The effects of
soil type and land use on ARs were tested using a one-way
ANOVA, and differences were considered significant at
p < 0.05. All of the statistical analyses were performed
with Minitab 16 (Minitab Inc., State College, PA, USA).

Results and discussion
Statistical analysis of soil profiles

Descriptive statistics of pHgc;, TOC, major elements and
TEs for all samples are summarized in Tables 2 and 3.

The pHyc ranges between 3.4 and 7.4 (Table 2). The
lowest pH minima in topsoil and deep horizons were
related to forests. In contrast, surface horizons of crops
and subsoil of grasslands are less acid and present a
narrower range of pH, 5.1-6.9 and 5.2-7.3, respectively.
Often, pH values diminish from surface to depth. The
increase of pH with depth was only met in a sandy soil
(LB2) and a loamy colluvial soil (LB10). Concerning the
distribution of pH data, it has a particularly flat peak, as
shown by the negative kurtosis index (Table 2). This is
the only parameter with Mn AR (depth samples) that
shows this pattern of distribution. All other parameters
studied present a sharply peaked distribution with a pos-
itive kurtosis index.

The range of TOC (Table 2) content is large in surface
horizons (0.89-13.24 %) and varies between 0.0 and
2.44 % in depth. In topsoil, the variability of TOC content
depends mainly on land use: 2.41-13.24, 1.09-5.57 and
0.89-1.65 %, for forests, grasslands and crops, respec-
tively. The values of TOC measured in topsoil of grass-
lands and crops are in the range of the regional database on
soil fertility (Genot et al. 2012).

Concerning major nutrient contents, the range of avail-
able concentrations encountered is largest for Ca

@ Springer
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Table 2 Descriptive statistics

(me/ke) for available contents Soil parameters Samples Min Max Mean Median SD CV (%) Skewness Kurtosis
of trace and major elements cd Surface 030 538 6.3 145 129 210 3.11 973
(Lakanen and Ervio 1971),
pHyer and TOC measured on Depth 0.10 9.72 150 0.33 2.98 199 2.26 3.62
the topsoil horizons (surface, Profile 0.10 538 3.89 0.66 9.05 233 3.81 15.7
N = 22), the depth horizons Cu Surface  1.12 61.8 104 276 165 158 2.24 4.28
(depth, N = 22) and all Depth 045 820 184 115 189 103 247 6.30
horizons (profile, N = 85)
samples Profile 030 618 524 209 9.81 187 3.82 16.5
Mn Surface  31.7 628 233 224 155 66.8 0.85 0.52
Depth 3.90 785 121 50.9 177 147 2.87 9.53
Profile 340 797 157 779 180 114 1.89 3.75
Pb Surface 12.0 3422 440 46.0 869 198 2.60 6.68
Depth 2.00 4877 261 12.0 1038 398 4.59 21.3
Profile 2.00 4880 326 27.0 958 294 3.83 14.4
Zn Surface 1.10 1638 219 46.0 427 195 2.54 5.97
Depth 0.50 672 64.8 6.50 155 239 3.33 11.9
Profile 0.50 1638 128 17.0 300 235 343 12.1
Ca (mg/100 g) Surface  0.10 564 68.0 15.7 152 223 291 7.53
Depth 0.20 360 46.0 17.0 89.1 194 2.99 8.51
Profile 0.02 564 53.0 15.7 114 215 2.96 8.16
Mg (mg/100 g)  Surface 048 923 122 1.48 252 207 2.60 6.12
Depth 022 976 10.6 1.32 22.6 213 3.19 11.0
Profile 022 976 11.5 1.80 223 193 2.69 6.61
K (mg/100 g) Surface  0.36  49.1 8.44 3.19 11.9 141 2.32 5.79
Depth 0.09 11.0 3.23 0.96 3.71 115 1.26 0.08
Profile 0.09 49.1 5.41 2.80 7.58 140 3.20 13.7
P (mg/100 g) Surface  1.55 23.7 8.80 6.98 6.11 694 1.23 0.73
Depth 0.06 396 095 0.60 1.07 113 1.91 2.82
Profile 0.06 237 349 1.18 478 137 2.29 5.79
pHxka Surface 340 6.92 5.64 5.90 1.00 178 —0.84 —0.08
Depth 356 730 554 5.71 1.06 19.1 —0.70 —0.18
Profile 340 740 547 5.70 1.13  20.7 —0.41 —1.13
TOC (%) Surface  0.89 132  3.10 1.63 2.88  93.1 2.38 6.69
Depth 0.00 244 059 0.39 0.62 105 1.91 3.39
Profile 0.00 132 1.62 0.98 2.10 130 3.04 11.80

(0.02-564 mg/100 g), followed by Mg (0.22-97.6 mg/
100 g), K (0.09-49.1 mg/100 g) and P (0.06-23.7 mg/
100 g) (Table 2). The relative variability for K and Mg
available concentrations is always higher than those of total
concentrations (Tables 2, 3). For Ca, the variability of
available content is slightly less marked in the deep hori-
zons (coefficient of variation (CV) = 194 %) than in top-
soil (CV = 223 %). This observation is opposite for total
contents with CV equal to 140 and 305 % for topsoil and
depth, respectively. This variability may be explained by
diversity of soil type, parent material and land use. The
variability of Mg total content is medium (70 %) and is
mainly linked to land use. Total contents of K as well as Fe
and Al are relatively homogeneous; the variability is low
(CV < 40 %) (Table 3).

@ Springer

The total content of Al in soils ranges between 0.41 %
in sandy soils and 3.25 % in clayey subsurface horizon of
old alluvial deposits. Soils developed from loess deposits
(luvisols, colluvic cambisols), shales and sandstones pre-
sent mean levels between 1.5 and 2.0 %, while sandy soils
(arenosols) are quite poor in Al and soils on limestone
weathering clay or old alluvial deposits appear richer.
These levels of content are consistent with previous studies
(Colinet et al. 2004; Liénard et al. 2014). It should be noted
also that the value proposed for the upper crust composi-
tion is much higher (8.04 %), which implies that EF will be
high in our study area even in the absence of
contamination.

For the studied TEs (Cd, Cr, Co, Cu, Ni, Pb and Zn), two
different shapes of distribution were identified. The first



Environ Earth Sci (2016) 75:1322 Page 7 of 15 1322
Table 3 Descriptive statistics Soil parameters Samples Min Max Mean Median SD CV (%) Skewness Kurtosis
(mg/kg) for total contents (aqua
regia, ISO 114606) of trace and g Surface  0.66 63.5 834 242 158 190 2.85 7.80
major elements measured on the
topsoil horizons (surface, Depth 0.66 12.6 225  0.66 386 172 2.30 3.74
N = 22), the depth horizons Profile 0.66 63.5 533 098 11.0 207 3.56 13.5
(depth, N = 22) and all Co Surface 410 230 119 112 430  36.1 118 2.17
lsl:rﬁf)?:ss (profile, NV = 85) Depth 041 27.0 11.4 114 554 487 0.47 2.49
Profile 041 270 11.9 11.8 475 398 0.16 1.59
Cr Surface  3.40 44.0 26.8 265 794  29.6 —0.86 3.19
Depth 122 370 247 245 893 36.2 —1.03 1.77
Profile 122 440 249 250 820 33.0 —0.79 1.62
Cu Surface  8.63 189 34.5 18.1 423 123 2.80 8.40
Depth 4.05 328 16.2 16.2 591 364 0.60 2.15
Profile 346 189 22.7 16.6 237 105 4.95 30.2
Mn Surface 122 2798 874 780 536 613 2.30 7.60
Depth 27.0 1457 619 730 367 593 0.04 —0.14
Profile 25.0 2798 715 737 414 579 1.48 6.64
Ni Surface  8.10 75.3 268 240 143 533 1.91 5.52
Depth 230 57.0 31.3 30.3 139 444 —0.12 0.16
Profile 230 753 309 307 146 472 0.47 0.63
Pb Surface  23.0 5084 688 115 1225 178 2.63 7.57
Depth 6.00 10521 554 28.0 2233 403 4.64 21.7
Profile 6.00 10521 565 79.0 1695 300 442 20.6
Zn Surface  99.0 3774 774 322 1037 134 2.15 3.90
Depth 43.0 3785 435 166 799 184 3.83 16.12
Profile 41.7 4038 531 203 896 169 2.85 7.57
Ca (mg/100 g)  Surface 45.0 2760 417 249 582 140 3.49 134
Depth 48.0 13637 945 217 2879 305 447 20.5
Profile 21.0 13637 623 214 1707 274 6.02 42.0
Mg (mg/100 g)  Surface 33.0 1274 366 275 281 76.7 1.98 4.42
Depth 31.0 1340 418 325 311 74.4 1.66 3.03
Profile 23.0 2103 432 367 345 79.7 2.30 7.14
K (mg/100 g) Surface  32.0 500 295 278 107 364 —043 1.06
Depth 21.0 631 348 337 134 38.6 —0.39 1.24
Profile 21.0 631 320 316 123 383 —0.35 0.61
Fe (%) Surface  0.64 3.97 238  2.28 0.79 334 0.16 0.75
Depth 034 423 270 2.9 0.89 33.0 —1.18 2.34
Profile 032 423 252 255 081 322 —0.74 1.07
Al (%) Surface 041 2.28 1.65 1.65 042 252 —1.13 291
Depth 041 325 209 221 0.65 314 —0.86 1.31
Profile 041 325 1.85 1.80 055 29.6 —0.36 0.97

type concerns Co, Cr and Ni, which show a symmetrical
distribution and a skewness index between 0 and 1
(Table 3; Fig. 2). The second type of distribution appears
clearly left-skewed with a long tail over very highly con-
taminated points and concerns Cd, Pb and Zn. This is
confirmed by the CVs of these three elements (Table 3;
Fig. 2). They all are above 100 %, indicating a high vari-
ability due to a large data dispersion around the mean and
the kind of samples (surface, depth or profiles). Indeed,

total Cd, Pb and Zn contents are distributed over wide
ranges of concentration, i.e. 0.66-63.5, 6.00—-10521 and
42.0-4474 mg/kg, respectively. Total distribution of Cu
represents an intermediate situation with a higher vari-
ability in  topsoil (CV =123 %) than depth
(CV = 264 %).

Concerning EF, topsoil of RB1, RB2, LB1, LB2, LB3
and LB4 are extremely contaminated by Cd, Pb and Zn
with EF > 40 (Table 4). These six profiles are located near

@ Springer



1322 Page 8 of 15

Environ Earth Sci (2016) 75:1322

Fig. 2 Cumulative frequency
curves for surface and depth
horizons for selected elements
(N =22)
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Table 4 Distribution of total content (mg/kg), EF, VIF and AR in studied profiles
Profile Depth (cm) Total content® EF VIF AR
Cd Pb Zn Cd Pb Zn Cd Pb Zn Cd Pb Zn
RB1 0-20 5.48 717 1150 193 149 57.1 1.00 1.00 1.00 45.8 25.6 16.5
20-100 0.66 60.8 400 21.0 114 17.9 0.11 0.08 0.31 96.6 452 15.2
RB2 0-20 7.35 1889 1781 259 392 88.4 1.00 1.00 1.00 61.1 47.6 19.1
30-60 0.66 190 322 17.1 28.9 11.7 0.07 0.07 0.13 48.7 337 7.83
60-100 0.66 78.9 164 17.7 12.5 6.20 0.07 0.03 0.07 16.5 343 11.9
RB3 0-40 1.29 65.6 245 71.2 21.3 19.0 1.00 1.00 1.00 88.2 47.9 14.1
40-100 0.66 6.22 817 22.6 1.25 394 0.12 0.01 0.69 16.5 40.2 0.22
RB4 0-30 2.44 93.5 477 109 24.6 30.0 1.00 1.00 1.00 46.6 36.5 0.23
30-60 0.66 26.7 167 239 5.68 8.54 0.22 0.23 0.28 67.4 44.8 4.32
RB5 0-35 1.15 85.8 288 48.9 21.5 17.2 1.00 1.00 1.00 65.4 327 3.22
35-80 0.67 81.2 259 28.6 20.5 15.7 0.59 0.96 091 99.3 30.3 3.16
RB6 0-25 0.66 112 333 30.5 30.6 21.7 1.00 1.00 1.00 95.5 349 3.24
25-80 0.66 43.5 196 26.8 104 11.2 0.88 0.34 0.52 317 317 1.78
RB7 0-30 0.98 94.3 203 51.2 29.0 14.9 1.00 1.00 1.00 99.0 47.8 8.36
30-50 0.66 20.7 92.7 214 3.94 4.23 0.42 0.14 0.28 16.5 30.7 271
50-100 0.66 10.4 100 22.4 2.08 4.78 0.44 0.07 0.32 16.5 44.0 3.32
LB1 0-10 21.7 993 1846 1820 489 218 1.00 1.00 1.00 71.2 59.9 452
10-15 17.3 287 1178 1364 133 131 0.75 0.27 0.60 76.5 64.0 25.5
15-30 18.0 143 920 686 31.9 49.4 0.38 0.07 0.23 74.2 35.8 30.4
30-50 12.2 81.8 803 301 11.9 28.0 0.17 0.02 0.13 79.8 27.3 339
LB2 0-5 7.82 2499 646 1533 2883 178 1.00 1.00 1.00 43.6 90.1 21.2
5-15 6.63 1014 287 762 685 46.4 0.50 0.24 0.26 66.1 60.2 43.6
15-60 6.19 202 363 922 177 76.1 0.60 0.06 0.43 71.9 73.4 31.6
60-80 4.38 46.1 334 567 352 61.1 0.37 0.01 0.34 66.1 60.6 34.8
80-95 2.07 114 134 406 131 37.0 0.26 0.05 0.21 70.8 59.6 39.3
LB3 0-15 63.5 5084 3428 3570 1681 271 1.00 1.00 1.00 84.7 67.3 47.8
15-25 50.0 6094 3507 2698 1934 267 0.76 1.15 0.98 87.0 66.1 39.2
25-40 36.4 8563 4038 1977 2736 309 0.55 1.63 1.14 79.1 57.0 25.0
40-60 12.6 10521 3785 507 2488 214 0.14 1.48 0.79 64.3 46.4 17.8
LB4 0-5 45.0 2104 3774 1667 459 197 1.00 1.00 1.00 72.9 67.8 30.1
5-15 253 1599 2197 830 309 102 0.50 0.67 0.52 78.7 63.9 242
15-30 9.50 870 1024 314 169 477 0.19 0.37 0.24 81.1 65.3 22.3
3040 10.2 870 1012 332 167 46.4 0.20 0.36 0.24 82.4 66.0 24.5
LBS5 0-20 2.88 95.4 235 125 24.3 14.3 1.00 1.00 1.00 71.5 63.1 23.3
20-50 2.56 87.6 215 106 21.3 12.5 0.85 0.88 0.87 75.7 62.4 252
50-110 0.66 17.0 59.4 233 3.53 2.95 0.19 0.15 0.21 16.5 28.4 542
110-120 0.66 6.85 44.5 229 1.40 2.17 0.18 0.06 0.15 16.5 43.0 3.74
LB6 0-20 3.92 164 366 192 472 253 1.00 1.00 1.00 52.5 28.1 239
20-65 1.15 52.1 136 60.2 16.1 10.1 0.31 0.34 0.40 61.8 20.0 20.7
65-100 0.66 6.15 634 67.2 3.68 90.9 0.35 0.08 3.60 16.5 42.6 0.38
LB7 0-20 1.10 386 138 53.6 111 9.47 1.00 1.00 1.00 54.5 59.8 12.3
20-30 0.66 189 88.0 28.7 48.3 5.39 0.54 0.44 0.57 30.3 46.6 5.68
30-50 0.66 53.0 74.0 314 14.8 4.96 0.59 0.13 0.52 15.2 37.7 4.05
50-75 0.66 25.0 64.0 30.5 6.80 4.17 0.57 0.06 0.44 15.2 24.0 3.13
75-80 0.66 22.0 65.0 32.0 6.27 443 0.60 0.06 0.47 15.2 273 4.62
80-100 0.66 16.0 67.0 30.5 435 4.36 0.57 0.04 0.46 75.8 25.0 13.4
LBS8 0-20 6.21 160 508 328 49.6 37.8 1.00 1.00 1.00 64.6 73.7 20.0
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Table 4 continued

Profile Depth (cm) Total content® EF VIF AR
Cd Pb Zn Cd Pb Zn Cd Pb Zn Cd Pb Zn
20-30 5.92 152 484 287 434 33.0 0.87 0.87 0.87 74.3 65.3 18.6
30-50 1.64 56.2 194 58.4 11.8 9.75 0.18 0.24 0.26 62.4 439 10.8
50-70 0.66 26.7 129 234 5.56 6.45 0.07 0.11 0.17 51.1 40.9 494
70-110 0.66 12.2 76.3 19.8 2.15 3.23 0.06 0.04 0.09 16.5 46.7 3.13
LB9 0-30 1.19 53.0 310 51.8 13.6 19.1 1.00 1.00 1.00 98.7 59.7 8.44
30-50 0.66 224 100 22.1 441 4.71 0.43 0.32 0.25 16.5 30.5 1.87
50-80 0.66 50.2 144 21.9 9.8 6.72 0.42 0.72 0.35 16.5 24.0 1.45
80-100 0.66 65.5 211 20.9 12.2 9.42 0.40 0.90 0.49 16.5 20.5 1.50
LB10 0-15 4.60 191 394 207 50.5 24.9 1.00 1.00 1.00 76.1 39.8 14.5
15-30 4.60 195 419 199 49.6 25.5 0.96 0.98 1.02 78.3 41.5 12.9
30-40 2.40 93.0 254 105 239 15.6 0.51 0.47 0.63 66.7 30.1 11.8
40-60 1.20 90.0 266 53.3 23.5 16.6 0.26 0.47 0.67 58.3 26.7 11.7
LB11 0-5 0.66 117 142 26.4 27.5 8.00 1.00 1.00 1.00 455 38.5 4.23
5-15 0.66 39.0 95.0 26.5 9.22 5.38 1.01 0.34 0.67 30.3 25.6 4.21
15-30 0.66 27.0 92.0 24.5 5.88 4.80 0.93 0.21 0.60 38.1 18.5 4.35
30-60 0.66 21.0 119 22.3 4.17 5.66 0.84 0.15 0.71 75.8 19.0 10.9
60-90 0.66 21.0 117 21.5 4.02 5.36 0.81 0.15 0.67 75.8 19.0 14.5
LB12 0-20 0.66 37.3 98.8 36.6 12.2 7.72 1.00 1.00 1.00 90.9 49.6 9.28
20-55 0.66 28.4 115 32.8 8.29 8.02 0.90 0.68 1.04 79.9 452 5.03
LB13 0-5 1.70 80.0 187 84.9 23.5 13.2 1.00 1.00 1.00 82.4 52.5 214
5-10 1.70 82.0 185 81.8 232 12.5 0.96 0.99 0.95 58.8 46.3 13.5
10-25 2.70 86.0 272 123 23.0 17.4 1.44 0.98 1.32 63.0 384 14.3
25-60 0.66 39.0 144 29.5 10.2 9.06 0.35 0.44 0.69 90.9 30.8 7.64
60-70 0.66 19.0 99.0 31.8 5.38 6.71 0.37 0.23 0.51 15.2 26.3 3.03
70-80 0.66 16.0 81.0 314 4.48 5.43 0.37 0.19 0.41 15.2 18.8 2.47
80-90 0.66 14.0 86.0 33.0 4.11 6.05 0.39 0.18 0.46 15.2 21.4 1.16
90-110 0.66 16.0 98.0 26.9 3.84 5.63 0.32 0.16 0.43 15.2 18.8 1.02
LB14 0-5 2.40 85.0 268 122 25.4 19.2 1.00 1.00 1.00 62.5 459 19.4
5-10 2.60 98.0 235 122 26.9 15.5 1.00 1.06 0.81 76.9 40.8 20.0
10-15 1.90 82.0 174 86.3 21.9 11.1 0.71 0.86 0.58 73.7 40.2 18.4
15-30 5.30 55.0 83.0 241 14.7 5.31 0.48 0.58 0.28 9.4 32.7 12.1
30-60 0.66 35.0 51.0 29.6 9.25 3.23 0.24 0.36 0.17 30.3 28.6 5.88
60-70 0.66 26.0 44.0 32.6 7.54 3.06 0.27 0.30 0.16 15.2 19.2 4.55
70-95 0.66 22.0 43.0 39.6 7.76 3.63 0.32 0.31 0.19 15.2 22.7 6.98
LBI15 0-30 0.66 22.8 205 38.5 7.81 16.8 1.00 1.00 1.00 90.9 50.7 7.68
30-50 0.86 32.6 96.3 41.2 9.24 6.53 1.07 1.18 0.39 86.9 335 15.6
50-85 0.66 9.19 41.7 24.1 1.98 2.15 0.63 0.25 0.13 16.5 23.3 1.64
85-125 0.66 7.64 56.4 24.2 1.65 2.91 0.63 0.21 0.17 16.5 21.9 0.97

* Background values: Cd = 0.2 mg/kg, Pb = 25 mg/kg, Zn = 67 mg/kg (Ministere de la Région wallonne 2008)

an old source of contamination (maximum 1 km), and the
EF values are similar to those calculated by Liénard et al.
(2014). Profiles LB1, LB2, LB3 and LB4 are extremely
contaminated in Cd, Pb and Zn. There are two forest pro-
files (LB3 and LB4) located on Carboniferous Dinantian
geologic formation. The forest land use is known to present
greater TE concentrations than crops or grassland in this

@ Springer

area (Liénard et al. 2014). An increase in Pb and Zn EF is
observed along the LB3 profile, and this can be attributed
to the colluvial origin of the horizons and to the location of
the profile directly below the metalliferous site. Among the
horizons, 100 % are ‘minimum enriched’ in Cd, Pb or Zn,
and 56, 31 and 24 % are extremely enriched in Cd, Pb and
Zn, respectively. These proportions confirm the high
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contamination of soil profiles with the following enrich-
ment order: Cd > Pb > Zn. Even if EF remains a good
indicator in the depth, it tends to overstate the levels of
contamination compared with the total contents measured,
which are close to the background values.

Correlation of trace elements and soil properties

The correlation matrix data set of all parameters from the
soil samples is presented in Table 5. High levels of cor-
relation (p < 0.001) were found between Al, Fe and K, Co,
Cr and Ni on the one side and between Cd, Cu, Pb, Zn and
TOC on the other side (Table 5). The soil concentrations of
Al, Fe, Co, Cr, K, Mn and Ni appear to reflect natural
geochemical trends driven by the clay and Fe oxides con-
tent (Baize and Sterckeman 2001). The geochemical
association of Cd, Cu, Pb, Zn and TOC reflects that these
metals are deposited on topsoil by anthropogenic sources
such as industrial fallout of Cd, Pb, Zn (Bourennane et al.
2010; Liénard et al. 2014) and inflows of livestock manure
or fertilizer for Cu deposits (He et al. 2005). The Ca con-
tent and pHgc, are not significantly linked to contents of
TEs in soils.

Cd, Pb and Zn vertical distribution

The analysis of total concentrations of Cd shows that mean
values are much higher than the regional background value,
0.2 mg/kg (Ministere de la Région wallonne 2008). Of the
22 profiles, only 5 present a slightly contaminated surface
horizon with a Cd concentration less than 1 mg/kg (RB6,
RB7, LB11, LB12, LB15, Table 4). The other soils are
contaminated and present a wide range of content ranging
from 1.1 to 63.5 mg/kg. LB1, LB3 and LB4 have the most
contaminated topsoil with 21.7, 63.5 and 45.0 mg/kg,
respectively. In these cases, the Cd content decreases
rapidly with depth but remains greater than 10 mg/kg. The
contamination is obvious for the entire profile of these
soils.

Compared with the regional background value of Pb
fixed at 25 mg/kg (Ministere de la Région wallonne 2008),
only the topsoil (0-30 cm) of LB15 is non-contaminated
with 22.8 mg Pb/kg. The surface horizons of all other
profiles are considered as contaminated. Some are very
severely contaminated with contents equal to 1888, 2104,
2499 and 5084 mg Pb/kg, respectively, for RB2, LB4, LB2
and LB3. As a general rule, the total Pb concentration
decreases with depth. In some cases, the last horizon of the
profile reaches a content lower or equivalent to soil pedo-
geochemical background: RB3, RB7, LB5, LB6, LB7,
LBS,LB11,LB13,LB14 and LB15. For profile LB3 (forest
colluvial soil), the depth Pb contents double up compared
with the surface to reach a level of 10,500 mg/kg.

Table 5 Pearson correlation matrix between total concentrations of various soil parameters (N = 85)

Al TOC

Fe

Co Cr Cu Mn Ni Pb Zn Ca Mg

Cd

0.057

Co

0,479+
—0.014

0.218*

Cr

—0.030

0.54]1 %+
0.256*
—0.099

Cu

0.677%*%** 0.495%%* 0.060
—0.008

Mn
Ni

0.365%**
0.110

0.426%*+
0.186

0.794 %%
—0.043

—0.060
—0.103

0.398%**

0.671%#%*

Pb

0.866***
0.248%*

0.285%%*
0.137

0,454

0.061

0.885%** 0.049 0.299%%*
—0.038 0.089

0.246*

Zn

0.230*

0.028

Ca

0.278*

0.077
—0.001
—0.087

0.545%%%
0.044

0.5817%%%*
—0.017

0.395%%%*

0.345%%*

0.214*
—0.135

—0.016
—0.232*

0.271%* 0.389%%*

0.533%%*
—0.018

Mg

K

0.369%**

0.393%#*

0.3547#

0.730%**

0.353**

0.706%** 0.210 0.213* 0.461%#** 0.626%**
—0.106 —0.045 0.190

0.465%**
0.217*

0.655%*%* 0.753%%*

0.080
—0.118

Fe

Al

0.776%**
0.070

0.728*#*
—0.007

0.467%+%
—0.003

0.699%#*

0.436%**
0.004
—0.150

—0.209

0.529%%**
0.106

0.668%*** 0.217*

0.578%**
0.261*

0.255*
0.156

0.605%**

—0.007

0.290%**

0.790%

TOC

0.110 0.163

0.022

0.201

0.397%%*

0.378%%*

—0.305%**

0.370%+

0.319%%*

* p <0.05; ** p <0.01; *** p < 0.001

pHkci
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Fig. 3 Vertical evolution of VIF for some selected profiles for a Cd, b Pb and ¢ Zn

The background value of Zn, 67 mg/kg, is exceeded for
all surface horizons (Ministere de la Région wallonne
2008). Four soils have a heavily contaminated surface with
Zn contents greater than 1000 mg/kg, and the content
decreases with the depth. This is the case of soils RBI,
RB2, LB1 and LB4 with 1150, 1781, 1846 and 3774 mg/
kg, respectively. Other soils (RB3, LB3, LB6 and LB13)
have a Zn content that increases with depth. For RB3 and
LB6, the surface content (250 and 366 mg/kg) is multiplied
by factors of 3 and 2 to reach the level of the deepest
horizon (820 and 640 mg/kg). The LB3 surface concen-
tration rises slightly in the third horizon to switch from
3428 to 4040 mg/kg.

Generally, our results show that reference values from
legislation [Cd = 0.2 mg/kg, Pb = 25 mg/kg, Zn = 67
mg/kg (Ministere de la Région wallonne 2008)] can be
used to characterize the local background value of the
study area. In addition, a sampling depth higher than 60 cm
can be used to characterize the regional background value
because under this depth the measured contents are close to

reference values.
Vertical impoverishment factor

Most subsurface horizons present a VIF < 1 relative to the
surface, which indicates a decrease in contamination with
depth (Table 4). The deepest horizons have a VIF that
reaches a value close to 0. For Cd, this fact implies that
topsoil is usually much more Cd contaminated than deeper
horizons. This observation is, however, not made for the

@ Springer

profiles LB2, LB6, LB7 and LB 14 (see Fig. 3a for LB2 and
LB7). These four profiles show a small increase in VIF by a
maximum of 0.1 unit. In these cases, the VIF rise is not
linked to an increase in Cd concentration in the horizon
analysed but to the variation of Al. LB13 (Fig. 3a) and
LB15 show a rise of VIF in one subsurface horizon
(VIF > 1).
Regarding Pb, a first group of soils with all RB soils and
11 soils of LB show constant impoverishment of Pb
(VIF < 1 without rise) under the topsoil (see Fig. 3b for
LB1, LB2 and LB7). The second type of profile is repre-
sented by LB9, where the decrease is not linear and VIF
locally increases: from 0.72 to 0.90 between 50-80 and
80-100 cm layers. However, Pb content (50 and 65 mg/kg)
does not indicate a contamination. The last group clusters
the soils with all or a part of VIF > 1 (LB3, LB14 and
LB15) (Fig. 3b). The whole LB3 profile has a VIF > 1
(1.15, 1.63, 1.48) with a very strong contamination from
6094 to 10521 mg Pb/kg. In contrast, LB14 and LB15 have
only their second horizon with a VIF > 1 (1.06 and 1.18)
and a low Pb content of 98 and 33 mg/kg, respectively.
The Zn impoverishment in the horizons compared with
topsoil (VIF < 1) is noticed for all studied soils except for
LB3, LB6, LB10, LB12 and LB13, which have one or
more horizons with a Zn VIF > 1 (Fig. 3c). The soils RB7,
LB2, LB9 and LB11 all have VIF < 1 with total Zn content
>360 mg/kg but VIF increases sometimes along the pro-
file. In spite of a slight increase in VIF, a decrease is
generally noted with a change in slope between horizons 2

and 3.
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The observation of VIF shows that among the 22 studied
profiles only 3 for Cd, 3 for Pb and 5 for Zn present some
subsurface horizons with a VIF > 1. The VIF represents
the distribution of contaminant along a profile that can be
partly explained by properties of soils. Eight profiles that
have one or more horizons with VIF > 1 are grouped into
three soil types: Colluvic Regosols (LB3, LB10), Luvisols
(LB6, LB15) and Cambisols with shale load (LB11, LB12,
LB13 and LB14). These soils present a large proportion of
clay particles resulting from weathering of parent material
or colluvial redistributions. This observation was already
noticed for old terrace soils in a previous study (Liénard
et al. 2014). The link between clay content and TEs in this
context should be viewed as an argument for geogenic
contamination (Baize and Sterckeman 2001; Colinet et al.
2004). Land use was not found as a determining factor of
differences of evolution TEs with depth. The soil properties
associated with the differences of land use are mainly soil
reaction (pH) and organic content. In acidic conditions,
studied TEs are known to be more mobile, and vertical
migrations could be furthered in situations with consequent

Table 6 Pearson correlation matrix between pHgc, TOC and
availability ratios (ARs) of Cd, Pb and Zn (N = 85)

TOC 0.163
Cd AR 0.204 0.331%%*
Pb AR 0.287%* 0.501%%* 0.480%**
Zn AR 0.248%* 0.499%%* 0.546%%** 0.620%%**
* p < 0.05; ** p < 0.01; *** p < 0.001
(a) 80
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water drainage. On the other side, organic matter plays a
role of retention versus TEs with an importance varying
according to their respective affinities. In our study, how-
ever, no such evidence of subsurface contamination due to
intensive leaching was found.

Availability ratio

As illustrated in Table 6, the AR values for Cd, Pb and Zn
are significantly correlated. These three TEs do not have
the same mobility in the soil with the following AR order:
Cd > Pb > Zn (see Fig. 4a; Table 4). Zn AR is similar to
those presented by Massas et al. (2013). However, Pb AR
seems high considering that Pb is not a highly mobile
element. ARs of topsoil are systematically higher than all
other horizons named as subhorizons; this indicates that the
availability of TEs is greater in the surface. Moreover, the
significant correlations between Cd, Pb and Zn ARs and
TOC indicate that the availability of these metals in the
studied soils is at least partly influenced by TOC variations
(Clemente et al. 2008; Linde et al. 2007). This observation
cannot be explained by the impact of land use (forest, crop
or grassland, Fig. 4b) or soil type. These factors are not
statistically considered as influencing Cd, Pb and Zn ARs
in the topsoil.

Concerning the profile (all horizons), Cd AR was not
affected by soil type or land use. Regarding the Pb relative
mobility in the profile, AR was influenced by soil type
(Fe84a = 8.79, p = 0.000) because a large range of Pb AR
is encountered from 18.5 to 90.1, a Dystric Cambisol
(loamic, ruptic) and a topsoil of an Arenosol, respectively.

(b) 90+

ECrops
80 A OForests
OGrasslands

70 A

- W
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401

Availability ratio (%)
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Fig. 4 Mean availability ratio (AR) for Cd, Pb and Zn in a topsoil horizons (surface, N = 22), subsoil horizons (N = 63) and all horizons
(profile, N = 85) and b topsoils of crops (N = 10), forests (N = 5) and grasslands (N = 7) (£mean standard error)
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In profiles, Zn AR is influenced by land use (F» g4 = 4.92,
p = 0.010) but only crops have a really different AR range
than forests or grasslands. The soil type is already an
influencing factor for Zn AR (Fgg4 = 13.50, p = 0.000)
with the Arenosol (Zn ratio = 30.2), which still has the
highest AR.

Conclusions

We evaluated the vertical distribution of concentrations of
Cd, Pb and Zn in soil profiles collected within 3 km of a
former Zn-Pb ore treatment plant. The contamination of
soils was investigated through the use of the EF, the ver-
tical distribution of total contents, the evaluation of
migration along the profile through the VIF and the
mobility of contaminants with the AR.

The study of contaminant concentrations and their EF
shows a strong contamination of topsoil and also very high
levels deeper in some profiles. The most significant con-
tamination is observed for profiles sampled on the left bank
(LB) up to 1 km from the former smelter in the following
order Cd > Pb > Zn. For all profiles, the major explana-
tion of topsoil contamination is anthropogenic considering
(a) that EFs are all greater than 5 which means significant
topsoil enrichment and (b) that left bank is located under
dominant wind.

Regarding the contaminant transfer in the profiles, no
systematic migration was found. However, an accumula-
tion of contaminants is recognized in some horizons. This
local enrichment depends on soil properties and soil type
(colluvic soil, loamy soil and loamy—stony soil with shale
stone). By chance, these horizons do not show a large AR,
so a migration risk is unlikely.

All results described above suggest that Cd, Pb and Zn
contents in profiles are due to past human activities and that
the redistribution along profiles through lixiviation of
contaminants is not an important phenomenon. However,
although the mobility of contaminants is not excessive, the
measured contents are very high, especially in the topsoil.
Therefore, we cannot exclude risks to human health and the
environment.
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