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 BCR   Bureau Community of Reference 
 Bkgrd  Muestra Representativa del Nivel de Fondo (Background sample) 
 BQT  Bomba Química del Tiempo (Time Chemical Bomb) 
 CCT  Tecnología de Celda de Colisión (Collision Cell Technology) 
 CER  Factor de Enriquecimiento (Concentration Enrichment Ratio) 
 CIC  Capacidad de Intercambio Catiónico (Cationic Exchange Capacity) 
 CID  Dispositivo de Carga Inducida (Charge Injection Device) 
 COD  Demanda Química de Oxígeno (Chemical Oxygen Demand) 
 CRM  Material de Referencia Certificado (Certified Reference Material) 
 CVAAS  Espectrometría de Absorción Atómica con Vapor Frío (Cold Vapor Atomic 

Absorption Spectrometry) 
 DAB  Asfalto Cerrado (Dense Asphalt Bitumen) 
 DCB  Ditionito, Citrato, Bicarbonato (Ditionite, Citrate Bicarbonate) 
 ECG  Concentración/Valor Medioambiental Guía (Environmental Concentration 

Guideline) 
 EDTA  Ácido Etilendiaminotetraacético (Ethylendiaminetetraacetic Acid) 
 EPA Agencia de Protección Ambiental (Environmental Protection Agency) 
 ETAAS  Espectrometría de Absorción Atómica Electrotérmica (Electrothermal Atomic 

Absorption Spectrometry) 
 ESR Espectroscopia de Resonancia de Spin del Electrón (Electron Spin Resonance 

Spectroscopy) 
 EXAFS Espectroscopia de Absorción de Rayos X por Parte de la Estructura Fina (X-

Ray Absorption Fine-Structure Spectroscopy) 
 FAAS  Espectrometría de Absorción Atómica por Llama (Flame Atomic Absorption 

Spectrometry) 
 HCA  Análisis de Clusters Jerárquico (Hierarchical Cluster Analysis) 
 ICP-MS  Espectrometría de Masas por Plasma Acoplado Inductivamente (Inductively 

Coupled Plasma Mass Spectrometry). 
 ICP-OES Espectrofotometría de Emisión Óptica por Plasma Acoplado Inductivamente 

(Inductively Coupled Plasma Optical Emission Spectrophotometry). 
 INAA  Análisis Instrumental de Activación Neutrónica (Instrumental Neutron Activation 

Analysis) 
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 ISO  Organización Internacional para la Estandarización (International Organization 
for Standardization) 

 IUPAC  Unión Internacional para la Química Aplicada y Pura (Internacional Union for 
Pure Applied Chemistry). 

 KMO  Kaiser-Meyer-Olkin 
 KS  Kolmogorov-Smirnov 
 LOD  Límite de Detección (Limit  of Detection) 
 LOQ  Límite de Cuantificación (Limit of Quantification) 
 MCE  Mezcla Celulosa Ester (Mixed Cellulose Ester) 
 MOB  Movilidad a Largo Plazo (Long Term Mobility) 
 MOPU  Ministerio de Obra Públicas 
 NBS  Comité Nacional de Estándares (Nacional Bureau of Standards) 
 NIPALS No Linear Iterativo de Mínimos Cuadrados (Non-Linear Iterative Partial Least 

Squares) 
 NIST  Instituto Nacional de Estándares y Tecnología (National Institute of Standards 

& Technology) 
 OMS  Organización Mundial para la Salud (World Health Organization) 
 PAHs  Hidrocarburos Policíclicos Aromáticos (Polycyclic Aromatic Hydrocarbons) 
 PC  Componente Principal (Principal Component) 
 PCA  Análisis de Componentes Principales (Principal Components Analysis) 
 PET  PentaEritTriol (PenthaEriTriol) 
 PFA  Perfluoroalcoxy 
 RDS  Sedimento Depositado junto a Carretera (Roadside Deposited Sediment) 
 RSD  Desviación Estándar Relativa (Relativa Standard Deviation) 
 RMN  Resonancia Magnética Nuclear (Nuclear Magnetic Resonance) 
 SCD  Dispositivo de Carga Acoplada (Segmented-Array Charged-Coupled Device) 
 SEM/EDX Microscopía Electrónica con Espectrometría de Dispersión de Rayos-X 

(Scanning Electron Microscopy with Energy Dispersive X-Ray Spectrometry) 
 SES  Esquema de Extracción Secuencial (Sequential Extraction Scheme). 
 SM&T  Programa de Medidas y Test de Estándares (Standard Measurements and 

Testing Programme) 
 SRM  Material de Referencia Estándar (Standard Reference Material) 
 TDS  Sólidos Totales Disueltos (Total Dissolved Solids) 
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 TPA  Tecnología de Protección Ambiental 
 XRF  Fluorescencia de Rayos X (X-Ray Fluorescence) 
 XPS  Espectroscopia fotoelectrónica de Rayos X (X-Ray Photoelectron 

Spectroscopy) 
 ZOAB  Asfalto Abierto Poroso (Zeer Open Asphalt Bitumen) 
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The mobility, availability and persistence of Heavy Metals (HMs), As, Cd, Cu, Ni, Pb and Zn, in
contaminated soils of a former abandoned mining area were evaluated by means of a sequential extraction
scheme (SES) and applying a multivariate statistical analysis to the obtained data. Chemical partitioning of
HMs in each sample was determined in four fractions (acid-soluble, reducible, oxidable and residual)
following the Standard Measurements and Testing (SM&T) SES, formerly BCR-SES. Statistical evaluation
of results by pattern recognition techniques allowed identification of groups of samples with similar
characteristics and observations of correlations between variables, determining the pollution trends and
distribution of HMs within the studied area. Typical metal-fraction association and metal availability
characteristics of heavy metals have been depicted. The obtained results indicate an urgent need to attenuate
the hazard in that area posed by high concentrations of toxic metals, which exceed the limits specified by
different European legislations on soil reclamation.

Introduction

Different pollution sources that have been topics of recent
interest include improper waste dumping, incidental accumula-
tion, agricultural chemicals, abandoned industrial activities
and atmospheric fallout, among the most cited.1 In particular,
for mining and industrial abandoned sites, prior to evaluating
the recovery of the polluted area, an evaluation of the extent
and distribution of contamination is required in order to
identify the area to be treated and the type of treatment that
should be considered based upon the observed pollution
trends. In these sources, heavy metals, HMs, frequently are
the main pollutants and their mobilization due to weathering
of solid inorganic materials under exogenic conditions is
favoured, leading to environmental chemical pollution.

For risk assessment purposes, the HMs mobility and their
related availability is of a primal importance since toxicity is
directly related to such characteristics.2 Moreover, as is well
known, pseudototal HMs content does not provide real infor-
mation on available amounts of HMs and it represents the
worst possible situation, overestimating the real hazard. Con-
sequently, there is a need for a methodology able to provide
information about reactivity or mobility of pollutants. In this
sense, sequential extraction schemes (SES), became a commonly
used evaluative and informative tool by providing details on the
distribution or partitioning of HMs in soils and sediments,
which is directly related to the prediction of their mobility.1

This methodology is based on the process known as fractio-
nation,3 where a sequential series of selective extractant re-
agents with an increasing extractant power is employed. The
goal of this procedure is to selectively dissolve or solubilise the
different solid phases or mineralogical fractions.4–6 By this
methodology, knowledge of how HMs partition among the
various geochemical phases is obtained. Such knowledge allows
for a better insight into the mechanisms of HMs retention and

release involved in the process of migration and decontamina-
tion, thus providing an evaluation of availability, mobility or
persistence.
Two decades ago, Tessier proposed a five-step SES, which is

still widely used,7 often with modifications in order to fit better
to the target sample.8,9 SES have been widely used to assess the
mobile fraction of different HMs of environmental impact and
to evaluate the HMs distribution between the different phases
of a variety of samples such as industrially contaminated
soils,10–19 river sediments,20–25 sewage sludge,26–30 etc. The
wide variety of SES and the related lack of comparability
between results, led to the harmonisation of SES under the
auspices of the former Community Bureau of Reference
(BCR), now Standards Measurements and Testing (SM&T),
producing a certified reference material for a three-step SES.31–33

The main drawbacks of SES have been identified as read-
sorption and redistribution of metals.34–37 Also, SES applica-
tions have been mostly limited to low contamination sites.
However, SES are still very useful to identify trace element
partitioning into the various solid phases of soil and to
determine labile fractions of trace elements in a verifiable
manner. On the other hand, SES data can provide additional
valuable knowledge by a proper exploratory data analysis of
the experimental information. For instance, a systematic cor-
relation of the different fractionation data, normally absent,
would help the process characterization of a particular con-
taminated area.
Taking into account the mentioned limitations, the present

study has been addressed to reveal the potential of SES
application to a highly polluted site in overcoming the indi-
cated boundaries. In this context, the present investigation is
concerned with the fractionation of the HMs As, Cd, Cu, Ni,
Pb and Zn in soils of a ditch network system designed to
confine, control and monitor flows of water at a former
abandoned mining area at Salsigne (France). Although As
has not been considered in the SM&T-SES reference materials
and applications (except in a recent work),38 we have analysed
the As content in the different fractions because it is the main
toxic contaminant of the target soils. We are aware of the

w Electronic supplementary information (ESI) available: complete
HMs fractionation dataset. See http://www.rsc.org/suppdata/em/b4/
b411316k/
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limitations of such results on As for a possible contribution to
risk evaluation due to its particular chemical behaviour as an
oxoanion. In this sense, values can be taken as the minimum
mobility of this element under the given conditions. Further-
more, to best characterize the polluted site, a correlation of
sample content was carried out by multivariate statistical
analysis of SES data including latent factors responsible for
the data set structure and apportioning of pollutant sources. A
comparison of the obtained data with current regulation limits
has been carried out and can be of use for risk assessment
purposes.

Experimental

Sampling site

The polluted site of Salsigne is located in southern France, in
the Orbiel river basin, 13 km north of Carcassone. Geologi-
cally, the site mainly includes accumulations of sulfide minerals
containing various metals such as iron, copper, gold, as well as
arsenic and bismuth. Large surfaces present a significant
pollution problem due to improper waste storage, although it
is difficult to complete a related inventory because important
masses of waste are not visible. Pollution of the locations
around the treatment installations and waste storage areas is
very high and is also important under these installations due to
the percolation of pollutants in the ground. Broader pollution
has been driven by rainwater leaching of pollutants, which flow
into the Orbiel River and to some of its effluents. Appro-
priate measurements of pollutants are essential to assess
suitable actions and thus prevent serious harmful problems.
Because of the frequent strong winds in this area, additional
pollution is produced from dust emitted to the atmosphere by
the old pyrometallurgical installations or take-offs from depos-
its of very fine residues of arsenic oxides. Currently, there are
approximately 5000 tons of these wastes, but demolition of
buildings around furnaces will probably uncover a few hun-
dred additional tons. The total contaminated zone covers an
estimated area of 40 hectares.

Fig. 1 presents the locations of single sampling points within
the studied area. The sampling points were selected in a
random manner to cover both the whole ditches network,
which displays varying degrees of pollution, and relevant
locations within the polluted area. A total of 21 surface
samples were collected. 11 samples were collected along the
ditches network and 10 from polluted surfaces exposed to
significant flow of water during rain events, close to ditches.

Sample preparation and soil properties

Composite samples were made of 10 unit samples mixed
together to provide a better representation of a selected surface

by obtaining the composition average. Surface unit samples (10
cm) were collected with a trowel (after removing the top 2 cm
layer in contact with the atmosphere). Soil samples were air
dried and ground to below 100 mm grain size with a tungsten
steel bite grinder, which was cleaned with inert material
between samples. Such a particle size was selected to accom-
plish a similarity with the employed CRM (BCR 701) to assess
the traceability of the applied SM&T-SES. Once prepared,
samples were placed in plastic bags or polypropylene bottles
and stored at 4 1C to prevent possible changes in metal
fractionation. Soil characteristics, hereafter called edaphologi-
cal parameters, such as pH (total and potential), conductivity
and organic matter content, were determined according to the
official methods of soil analysis envisaged by local govern-
mental regulations (Junta de Residus, Generalitat de Catalu-
nya).39 Total and potential soil pH were determined in a soil :
water (1.0 : 2.5) and soil : KCl 0.1 mol�1 (1.0 : 2.5) ratio
suspension, respectively, at room temperature. Organic matter
was evaluated by loss on ignition at 600 1C after 4 h. Con-
ductivity was evaluated after extracting a soil : water (1 : 10)
ratio suspension for 2 h. Major components were determined
by X-ray fluorescence spectrometry (XRF) using 56 geological
international reference samples for calibration. Samples were
diluted (1 : 40) with lithium tetraborate and melted in a radio-
frequency inductive oven to obtain 30 mm diameter pearls.
Ranges and average values of sample characteristics are given
in Table 1.

Procedure for sequential extraction

The applied SES corresponds to the Standard Measurements
and Testing procedure (SM&T-SES), including the updated
modifications to improve the reproducibility of results.40 The
corresponding four fractions, including the recommended
pseudototal digestion of the remaining residue (F4) after the
three steps of the SM&T-SES, are described in Table 2.
Microwave digestion treatment was applied to determine both
pseudototal metal determination in the original samples and
residual fraction (F4). For quality control, a mass balance was
evaluated by comparison of the pseudototal metal content
determined in the original samples with the sum of extracted
metal percentages in the four steps. Prior to application to real
samples, the SM&T-SES was validated by means of the BCR
701 reference material, obtaining a good traceability for corre-
sponding HMs in each fraction as can be deduced from Table
3. After each SES step, the suspension was centrifuged and the
supernatant separated from the solid phase by filtering through
a 0.22-micron filter Millex-GS (Millipore, Ireland) to avoid the

Fig. 1 Location of sampling points on the polluted site of Salsigne.
Black lines represent the ditches network.

Table 1 Edaphological parameters and major components for 11

samples collected from the ditches network and 10 samples collected

from polluted surfaces with significant flow of water after rain events at

the polluted site of Salsigne and subjected to the SM&T-SES

Range Mean

pH (potential/total) 6.4–8.6/5.3–7.9 7.6/7.2

Organic matter (%) 0.01–0.53 0.22

Conductivity/mS dm�1 74–1591 324

Major components (%)

SiO2 69.3–28.2 47.5

Al2O3 13.8–5.4 8.8

Fe2O3 37.3–2.5 12.5

CaO 28.5–0.6 11.0

MgO 8.0–1.4 3.3

K2O 3.2–0.8 2.0

MnO 0.28–0.04 0.13

TiO2 0.80–0.24 0.49

P2O5 0.28–0.05 0.13
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nebulizer fouling when using ICP-MS or ICP-OES. The result-
ing extracts were placed in polypropylene bottles and stored at
4 1C prior to analysis, except extracts from the second step,
which were analysed immediately due to instability and de-
gradation of the extracting reagent. All experiments were
performed in triplicate, including the control samples for the
vessel, reagent and procedural blanks. Relative standard de-
viations of the results were typically below 12%. Higher
deviations were observed for some samples due to both very
low concentrations of the measured metal and heterogeneity of
soil samples.

Apparatus and reagents

Major components were determined using a Philips PW2400
X-ray spectrophotometer with Rh excitation tubes and a
Philips radio-frequency inductive oven (model PERL’X2, Hol-
land). HMs were determined in both the three steps of SES and
aqua regia digests, using a ARL minitorch inductively coupled
plasma optical emission spectrometer (ICP-OES) (model 3410,
Valencia, CA, USA). For trace elements below ICP-OES
detection limits, a ThermoElemental inductively coupled plas-
ma mass spectrometer (ICP-MS) (model PQExcell, Windsford,
UK) was employed. Quantification of HMs was with respect to
reagent-matched standard solutions, obtained by serial dilu-
tion of commercial stock solutions (Merck Darmstadt,
Germany and J. T. Baker, North Kingstown, RI, USA).
Multi-element standard solutions were used for ICP-OES
and ICP-MS. Analytical grade reagents, supplied by Panreac,
Barcelona, Spain, J. T. Baker, Phillipsburg, NJ, USA, or
Merck, Darmstadt, Germany, were used throughout. All glass-
ware and plastic containers were previously soaked overnight

in 25% nitric acid and rinsed with double distilled water.
Sample digestions for pseudototal determination were per-
formed in perfluoroalcoxy (PFA) vessels, with a CEM Cor-
poration microwave laboratory unit (CEM Mars X, Mathews,
NC, USA). Conventional sequential extraction was performed
using a SBS end-over-end mechanical shaker (model ABT-4,
Barcelona, Spain). Extracts were separated from solid residues
using a Pacisa centrifuge (model C-5, Barcelona, Spain).

Multivariate statistical analysis

Chemometric techniques for pattern recognition were applied
to the analytical SES data obtained from the 21 samples
analysed.41 The combined function of scores and loadings
identifies both the groups of samples with similar behaviour
and the existing correlations between the original variables.
The corresponding data matrix includes the six metal concen-
trations in each of the four fractions plus the edaphological
parameters of samples. Data was processed by applying Prin-
cipal Component Analysis (PCA) as well as Hierarchical
Cluster Analysis (HCA) in order to gain knowledge on the
distribution of pollutants by detecting similarities and differ-
ences between the data. Factor analysis was performed by
evaluation of principal components and computing the eigen-
vectors higher than 1 (Kaiser Criterion). Afterwards, the
rotation of principal components was carried out by Varimax
normalized algorithm which allows an easier interpretation of
the principal component by both maximizing the variance of
the extracted factors and reducing uncertainties that accom-
pany initial unrotated factor loadings. Varimax Rotation of
the matrix was applied after factor analysis, using those
principal components that contribute more than 5% of the

Table 2 Definition of fractions and extraction conditions related to the SM&T-SES for chemical fractionation of soil samples

Nominal target

phase Reagent and conditions Comments

Exchangeable þ
acid- and

water-soluble

Shaking for 16 h with 0.11 mol l�1 acetic acid Weakly-bounded metals retained on soil surface by relatively weak

electrostatic interactions, which can be released by changes in ionic

composition, modifications of adsorption or desorption of metals on

sediment constituents or affected by production or consumption of

protons. Often considered representative of available amounts.

Reducible Shaking for 16 h with 0.5 mol l�1

hydroxilammonium chloride, pH ¼ 1.5

Trace elements contained on iron and manganese (hydr)oxides are

released, because of their thermodynamic instability under anoxic

conditions and dissolution of metal-oxide phases under controlled

Eh and pH conditions.

Oxidable Digestion with hydrogen peroxide at room

temperature, evaporation, redigestion and

evaporation, then shaking for 16 h with

1.0 mol l�1 ammonium acetate

Trace elements bounded to various forms of organic matter as biotic

detritus, organic coatings on inorganic particles or living organisms.

The degradation of organic matter under oxidizing conditions is

responsible for releasing trace elements.

Residual Digestion with Aqua Regia (ISO 11466 protocol) Trace elements in the lattice of primary and secondary minerals. In this

case possible changes in environmental conditions would have no effect

on the release of metals from this fraction on a time-scale of

several years.

Table 3 Determined, certified and indicative values (mg kg�1) for CRM BCR 701 extractable trace elements in sediments following SM&T-SES

F1 (Acid soluble fraction) F2 (Reducible fraction) F3 (Oxidable fraction) (Pseudototal content)

Determineda Certified Determined Certified Determined Certified Determined Indicativeb

Cd 7.0 � 1.1 7.3 � 0.4 3.1 � 0.2 3.8 � 0.3 0.24 � 0.04 0.27 � 0.06 11.4 � 0.8 11.7 � 1.0

Cu 49 � 3 49.3 � 1.7 116 � 4 124 � 3 55 � 7 55 � 4 272 � 5 275 � 13

Ni 16.7 � 0.5 15.4 � 0.9 27.9 � 0.7 26.6 � 1.3 15.8 � 0.8 15.3 � 0.9 101 � 2 103 � 4

Pb 3.6 � 0.4 3.2 � 0.2 119 � 3 126 � 3 11.0 � 1.5 9 � 2 141 � 3 143 � 6

Zn 202 � 7 205 � 6 112 � 2 114 � 5 45 � 2 46 � 4 450 � 8 454 � 19

a Results are expressed as the mean of four determinations � standard deviation. b Indicative values obtained from BCR 701 certificate.
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total variance of the data set. In addition, HCA was applied
using Ward’s method of agglomeration and squared Euclidean
distance as the measurement of similarity. Correlation between
parameters, PCA and HCA were applied using SPSS v10.0 and
XlStat v5.2 statistical computer programs.

Results and discussion

Five metals, Cd, Cu, Ni, Pb and Zn and the metalloid As, were
determined in the different soil samples extracts, both those
obtained from the SES application and those resulting from
digestion procedures. Corresponding concentration values re-
lated to dry matter weight are statistically summarized in Table 4
and the whole dataset is shown in Table ESI-1.w The data
obtained correspond to the areas close to the ditches network
of the mining site, so the pollution assessment will be limited
to this area.

A basic consideration refers to the background level of
metals in soils as a result of natural phenomena,42 such as
the contribution of parent material, common anthropogenic
activities, agriculture, traffic, etc. Then, pollution is confirmed
when metal concentrations are higher than typical values for
soils found in the literature and exceed the levels present in
nearby areas. To this extent, the results of pseudototal content
were compared with maximum acceptable concentrations in
soils, reported for reclamation of contaminated sites following
the Dutch intervention values43 as well as the French legisla-
tion44 values given in Table 5. On the other hand, it is known
that high pollutant concentrations accompanied by high stan-
dard deviations suggest anthropogenic sources, while homo-
geneous distribution across the site and therefore lower
standard deviations, indicate a major natural source or litho-
genic character.45

In the case of the Salsigne site, all samples exceed the Dutch
intervention values for As, Cd and Cu (except sample 24), for
Ni only sample 9, Pb (except samples 7, 8, 13, 19, 23, 24) and
Zn (except samples 4–8, 13, 16, 19, 24), indicating that the
pollution has anthropogenic sources. Although high levels of
heavy metals have been reported in sedimentation areas of
contaminated soils in the vicinity of metalworking factories
and mining areas, Salsigne values are exceptionally high, so,
the site can be considered as ‘‘critically polluted’’. In particular,
while As is the major pollutant, Cu, Pb and Zn content also has
to be considered to properly assess the pollution level at the
site. In addition, when considering the data from the first step
of the SES (mobile fraction), a considerable number of samples
also surpass the mentioned Dutch levels.

Data transformation

Because of the high positive and negative skewness of some of
the primary data, appropriate data transformation is needed
for a suitable statistical treatment. Furthermore, possible out-
liers must also be identified because strongly skewed distribu-
tions and outliers can contribute to biased conclusions in
statistical analyses. In our case, the obtained data are both

skewed and sharply distributed. Skewness is due to particularly
high values of As and Zn in some of the samples. On the other
hand, kurtosis is observed because of data clustering at low
values of target variables for the majority of samples. Such
behaviour reveals a lack of normal distribution of the data. For
this reason, a logarithmic transformation was applied that
resulted in a general smaller skewness and kurtosis of most
variables (except Ni in F2 and F4, Pb in F2 and Zn in F3). This
transformation is widely applied in order to normalise
positively skewed data sets.
However, such a transformation of environmental data sets

does not always follow lognormal distributions. In such cases,
a different transformation is needed, and Box–Cox transfor-
mation is one of the most frequently used.46,47 This trans-
formation is given by the equation listed below

y ¼
xl�1
l l 6¼ 0

lnðxÞ l 6¼ 0

�

where y is the transformed value and x is the value to be
transformed. For a given data set (x1, x2,. . .xn), the parameter
l is estimated by considering the transformed values (y1, y2,. . .,
yn) to follow a normal distribution. When l ¼ 0, the transfor-
mation becomes a logarithmic transformation. In our case, it
was observed that Box–Cox transformation conferred normal-
ity on the data more effectively than did logarithmic transfor-
mation, except for conductivity and Pb(F1) and Ni(F3)
concentrations. The Box–Cox transformed data sets of the rest
of variables accomplished with the normal distribution test at
the significance level of 0.05. Because almost all the Box–Cox
transformed data sets follow the normal distribution, they were
used for the statistical analysis as described below.

Treatment of pseudototal metal content data

From the available dataset, after the application of PCA
treatment to the pseudototal metal concentration transformed
data, a significant correlation (above 0.7 for a 0.05 level of
significance) is observed between some variables, being most
significant for Ni and Zn or Cu and Pb. The contribution to
total variance of the first three PCs is 48%, 20% and 12%,
respectively (80% in all). Cu, Ni, Pb and Zn concentrations
mainly describe the first component, while the second compo-
nent depends strongly on pH and the third component in-
creases with organic matter content, O.M.%. The combined
plot of scores and loadings of PC1 vs. PC2 shown in Fig. 2(a)
observes that PC1 accounts for the pollution of the site and
classifies samples with similar pollutant content in two different
groups and two outlier samples (S9 and S15) at the opposite
extremes of the site. Within the first group, samples S4, S6–8,
S13, S21–24 are included. Their common characteristics are
concerned with a low level of contamination and their location
on the site at the beginning of ditches. Taking into account the
pseudototal concentration, these samples could be considered
as representative samples of the lithogenic background. The
other group of samples containing S1–3, S5, S10–12, S16–19,

Table 4 Statistical summary of mean, median, and minimum and maximum element concentrations for the sequentially extracted fractions of

Salsigne samples by means of SM&T-SES. (mg kg�1)

F1 (Acid soluble fraction) F2 (Reducible fraction) F3 (Oxidable fraction) (Pseudototal content)

As 384a, 26 (0.8–3840)b 2899, 1211 (40–13873) 344, 228 (96–837) 11333, 5820 (643–53104)

Cd 5.6, 1.9 (0.2–45) 6.6, 3.3 (0.01–48) 1.7, 0.9 (0.01–12) 38, 29 (2–145)

Cu 616, 87 (0.01–3706) 449, 152 (0.01–2715) 509, 230 (23–2044) 2345, 1134 (80–9790)

Ni 12, 9.6 (1.1–47) 16, 8.6 (0.01–68) 25, 25 (10–46) 86, 55 (21–522)

Pb 20, 2.6 (0.01–338) 246, 118 (0.01–1362) 49, 26 (2.9–255) 730, 564 (69–3566)

Zn 414, 103 (0.01–3779) 344, 195 (6.6–2888) 230, 111 (0.01–2469) 1678, 769 (69–15639)

a First value represents the arithmetic average of 21 samples, second value represent the median of 21 values. b Minimum and maximum values,

respectively.
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are those samples located at the intermedious and final seg-
ments of the ditches network, the high Cd, Cu, Ni, Pb and Zn
content being the main variables contributing to PC1 (see
Fig. 2(a)). These samples are related to the continuous input
of HMs to the catchment areas associated with these sampling
points. In this area, close to the warehouse and storages
neighbourhood is where the continuous erosion and deposition
of waste have led to the accumulation of such a huge amount
of heavy metals. Samples S9 and S15 could be catalogued as
outliers in Fig. 2(b) due to a high content of As (improper
storage of AsO3 waste), and high amounts of Zn (because of an
enriched Zn-slag treatment area), respectively.

Statistical data processing (SM&T-SES fraction contents)

For the SM&T-SES first fraction, PCA is able to extract three
PCs that contribute to 79% of the total variance; PC1 (42%) is
dominated by HMs contribution, while PC2 (21%) will explain
pH and conductivity behaviour and PC3 (13%) is loaded with
O.M.%. From the selected plot of Fig. 3(a), where PC1 vs. PC2

are represented, the available content of samples increases with
PC1 being S1, 2, 9, 10; those samples that represent the most
hazardous area at the end of the ditches network. Less polluted
samples, in terms of HMs release under acidic conditions, S13,
15, 23, 24, are inversely correlated to this PC but in a more
widely spread distribution. The rest of the samples with an
intermediate available HMs content lie between previously
indicated groups. Results from the dendogram in Fig. 3(b)
confirm the observed three groups differentiated by the avail-
able content when a 20% dissimilarity is selected.
For the second fraction of SM&T-SES, again three PCs

contribute to a total variance of 71%. In this case, the loading
of the extracted PCs is different from that obtained when
considering the first fraction content. PC1 (47%) is mainly
related to all HMs except Zn which loads PC2 together with
pH (12%) and finally O.M.% in PC3 (11%). Accordingly, by
plotting PC1 vs. PC2, the discrimination depending on the
amount of HMs available under reducing environmental con-
ditions and their distribution on the site can be interpreted
similarly to the distribution of pseudototal and first fraction

Table 5 Typical concentration ranges and most common values present in soils,42 average abundance in earth’s crust, target and intervention

values in Dutch legislation,43 values for sensitive and non-sensitive use in French legislation.44 (Values in mg kg�1 unless otherwise stated)

Range Common valuesa Earth’s crust

Dutch legislation French legislation

Target values Intervention values Sensitive use Non-sensitive use

As 29 55 37 120

Cd 0.01–2.0 0.2–1 0.15 0.8 12 20 60

Cu 2–250 20–30 70 36 190 — —

Ni 2–750 50 80 35 210 140 900

Pb 2–300 10–30 (rural) 16 85 530 400 2000

30–100 (urban)

Zn 1–900 50 220 140 720 9000 —

a Values for agricultural soils.

Fig. 2 (a) Combined plot of scores and loadings for the released
pseudototal amount of metals in the digestion of soils after Varimax
rotation. (b) Dendogram obtained by cluster analysis of pseudototal
metal concentrations.

Fig. 3 (a) Combined plot of scores and loadings for the extracted
amounts of metals in the first fraction of SM&T-SES after Varimax
rotation. (b) Dendogram obtained by cluster analysis of the extracted
metals in the first fraction of SM&T-SES.
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content. However, samples (e.g. S1) will be classified in differ-
ent groups because of the selected fraction. Samples with a high
available amount under reducing conditions show a positive
score (S2, 3, 9, 10 and 17). Within the low level polluted
samples, widely distributed along PC1 with negative scores,
and considering the obtained dendogram in Fig. 4(b), two
subgroups (S13, 15 and S7, 8, 23, 24) can be observed because
of the high differences in available Zn. Specifically, S15 owes its
high Zn content to enriched Zn-slag deposits. In this respect,
S13 receives the influence of the S15 area, while the S7, S8, S23
and S24 area observes a minor influence of mentioned deposits
due to natural diffusion barriers. Classification of the rest of
the samples, having intermediate concentrations available, is
less clear since target parameters of pollution have no specific
differentiation (i.e. variables contributing to PC1 are not
relevant enough to show a similar discrimination to that
observed in high and low level polluted samples).

In the third fraction of SM&T-SES, discrimination between
samples is more difficult that in previous fractions, which may
be linked to the low-extracted amounts of HMs, now repre-
senting the available amount of HMs under oxidizing condi-
tions (bound to O.M.). Four components are extracted
contributing to a total variance of 78%, with PC1 (32%)
having high loadings of all HMs except As while O.M.%
dominates PC2 (21%), pH mainly contributes to PC3 (13%)
and As loads PC4 (11%). The correlations among samples,
observing the plot of PC1 vs. PC2 in Fig. 5(a) and dendogram
in Fig. 5(b), have to be understood in terms of pH, Cu and Zn
content, with samples S1, 2, 9, 10, 12, 20, 21 being those with a
high amount of available HMs under oxidizing conditions. The
rest of the samples present lower available amounts, with S4,
S8 and S19 being less polluted. Intermediate polluted samples
are grouped into two clusters at each side of highly polluted
samples and are differentiated by their common pH. Despite a
few differences in some samples, a similar spatial distribution is
observed as those previously extracted in the other fractions when considering the available amount of HMs under oxidiz-

ing conditions.

Interpretation of sequential extraction results

From the statistical analysis and considering the anthro-
pogenically-induced pollution, there are three main groups of
samples that can be clearly differentiated by metal mobility,
which belong to different segments of the ditch network. In
general terms an increase in the available content is observed
when the pseudototal content increases.48 A representative
average value of the fractionation pattern for each element in
each group is shown in Fig. 6 which illustrates the specific
mentioned differences. Also, significant correlations between
HMs fraction contents and major matrix components were
determined using the non-parametric Spearman correlation
coefficient (rs), which is based on ranks, is insensitive to outliers
and does not requires data normality.49

A common observed trend in the highly polluted samples
(final segment of ditches network) that we classify as group I,
Fig. 6(a), includes a high availability of Cd and Zn, indicated
by the data of the first fraction content. The available Cu
amount also has to be remarked upon. Although this element is
frequently associated with the oxidable fraction,50 the observed
Cu in the first fraction may result from the overloading of
possible organic binding sites and the characteristics of anthro-
pogenic surface pollution which displays less adsorption and is
preferably linked by weak interactions of contaminants with
phase components. It is also interesting to note that almost
70% of the pseudototal Pb amount could be released under
reducing conditions, F2, representing a high exposure risk. It is
in these samples that the preferred association of Pb with iron
and manganese oxides is well illustrated.51 However, the
reducible Pb contents are significantly anticorrelated (a ¼
0.05) with the MnO content (rs ¼ �0.962). This value can be

Fig. 4 (a) Combined plot of scores and loadings for the extracted
amounts of metals in the second fraction of SM&T-SES after Varimax
rotation. (b) Dendogram obtained by cluster analysis of the extracted
metals in the second fraction of SM&T-SES.

Fig. 5 (a) Combined plot of scores and loadings for the extracted
amounts of metals in the third fraction of SM&T-SES after Varimax
rotation. (b) Dendogram obtained by cluster analysis of the extracted
metals in the third fraction of SM&T-SES.
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understood as an oversaturation of this component in the
reducible fraction. The relatively low proportion of As in the
first fraction (10%) may lead to a misinterpretation of
the pollution impact, since the high As content actually means
that the first fraction exceeds by a factor of forty the maximum
level allowed for intervention purposes. Concerning As dis-
tribution, the major residual fraction can be as a result of both
the lithogenic characteristics of the site and the ancient mining
activity that provided a continuous input of arsenic to soils.
For Ni distribution, most characteristic is the 40% release
under reducing conditions that follows the trend of Pb. The
samples classified within this group represent the areas sur-
rounding the final segment of the ditches network; the most
polluted area, due to both surfaces with the highest amount of
disposed waste related to the warehouse area and the accumu-
lation process from the rest of the ditches network.

In samples from the middle stretch of ditches, group II,
Fig. 6(b), similar trends and associations as those previously
commented on in highly polluted samples are depicted. How-
ever, a net reduction is observed in the degree of availability as
well as an increase of HMs content in the residual fraction,
indicating a general reduction in HMs mobility that can be due
to a higher lithogenic nature of these samples. Accordingly, a
remarkable reduction of Cu mobility and availability, against
group I, is observed. Thus, the sum of the first three fractions
does not exceed 25% of the pseudototal amount. The signifi-

cant anticorrelation (a ¼ 0.05) of the Cu oxidable content with
SiO2 and Al2O3 (rs ¼ �0.744 and �0.678, respectively) reveals
the affinity of Cu to the residual fraction. On the other hand,
Cd and Zn present the highest mobility by considering their
first fraction content, that together with the absence of these
metals in the oxidable fraction indicate the possible anthro-
pogenic origin of these metals. Pb shows almost the same
distribution as in highly polluted samples except a slight
increase in the residual fraction. Therefore a considerable Pb
hazard is still observed under reducing conditions. The residual
Pb increase correlates significantly (a ¼ 0.05) with SiO2, Al2O3

and Fe2O3 content (rs ¼ �0.638, �0.689, 0.870, respectively),
denoting the preferred association of Pb with the crystalline
Fe2O3 component. Conversely, a clear modification of the
fractionation pattern is observed for As distribution since the
reducible fraction increases in this group. This fact is corrobo-
rated by a significant correlation (a ¼ 0.05) of As reducible
content with Fe2O3 content (rs ¼ 0.863). It is important to note
that a similar misinterpretation as in heavily polluted samples
can be observed, in this case, for the second fraction content
(almost 40% of the pseudototal amount is available). In this
group, the Ni distribution along the oxidable fraction has
increased, probably due to the Ni affinity for the less leacheable
fractions (organic matter and residual matrix).
In group III, (samples of lowest pollution) Fig. 6(c), there is

a net reduction of the mobility and a general major residual
distribution of some elements such as Zn and Cu, in contrast
with previous groups. These aspects indicate a main lithogenic
origin of these elements, such as Zn occlusion into stable
structures such as crystalline Fe2O3, rather than anthropogenic
pollution. It is interesting to note that for Zn the released
contents in every fraction are significantly correlated (a ¼ 0.05)
to Fe2O3 content (rs ¼ 0.952 F1, 0.973 F2, 0.986 F3, 0.940
Residual). However, Cd and Ni distributions are quite similar
to those present in the highly polluted samples from group II,
although the pseudototal content of these samples is lower
than group II samples, but still above intervention values. For
Pb, the main association is observed with the oxidable fraction,
which can be understood to be more of lithogenic rather than
anthropogenic origin. This is corroborated by a significant
correlation (a ¼ 0.05) in the reducible fraction between Pb
content and Fe2O3 and MnO (rs 0.855 for Fe2O3 and 0.864 for
MnO). The residual phase also presents a significant correla-
tion of Pb content with Fe2O3 (rs 0.966) suggesting the occlu-
sion of this element within crystalline structures resistant to
leaching conditions. Arsenic also presents a major residual
content, and the corresponding concentrations are lower than
in groups I and II. These observations are related to samples
from the initial segment of the ditches, where catchment areas
contributing to ditches are less polluted than in the final area.
Also, the steeped topography of the area avoids the accumula-
tion process, thus reducing the pollution observed in these
samples.

Conclusions

Application of suitable statistical analysis to SES raw data of
HMs concentration in mining polluted soils requires a previous
Box–Cox transformation of strongly skewed data to effectively
normalise such data and diminish the negative effect of out-
liers. Such analysis reveals similarities or differences among
samples as well as correlations or anticorrelations between
variables, illustrating the extension and distribution trends of
HMs in the studied area. These polluted soils show a high level
of As, Cu, Cd, Pb and Cu contamination, anthropogenically
enhanced by mining activity. Along the studied areas sur-
rounding the ditches network, it is possible to distinguish three
groups of samples having a general increase of pollution that
enhances the mobility and availability of the studied HMs.
However, some areas at the middle of the ditches network can

Fig. 6 Representative fractionation patterns of HMs resulting from
the statistical analysis of the whole data set. (a) Group I, (b) Group II
and (c) Group III.
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be identified as localised hot spots with an abnormal amount of
a single element related to former waste and slag disposal
areas.

From partitioning data, it is possible to conclude that there
are significant differences in the distribution of the studied
HMs, with Cd and Zn being the most mobile HMs. Conse-
quently, an easier exchange of these elements between the soil
and the water column is expected, independently of sampling
points. The main hazard of other HMs such as As and Pb is
related to their availability under reducing conditions.

In spite of the limitations of sequential extraction proce-
dures, the value of the information obtained by using the
statistical analysis of data presented here can be appreciated
in the risk assessment of such polluted sites as well as in
addressing specific solutions for their appropriate remediation.
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22 A. E. González,M. T. Rodrı́guez, J. C. J. Sánchez, A. J. F. Espinosa
and F. R. Barragán, Water, Air Soil Pollut., 2000, 121, 11.

23 L. Leleyter and J. L. Probst, Int. J. Environ. Anal. Chem., 1999,
73(2), 109.

24 J. Morillo, J. Usero and I. Gracia, Int. J. Environ. Anal. Chem.,
2002, 82(4), 245.

25 R. Van Ryssen, M. Leermakers and W. Baeyens, Environ. Sci.
Policy, 1999, 2, 75.
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27 I. Lavilla, B. Pérez-Cid and C. Bendicho, Anal. Chim. Acta, 1999,
381, 297.

28 J. Scanzar, R. Milacic, M. Strazar and O. Burica, Sci. Total
Environ., 2000, 250, 9.

29 I. Walter and G. Cuevas, Sci. Total Environ., 1999, 226, 113.
30 A. A. Zorpas, T. Constantinides, A. G. Vlyssides, I. Haralambous

and M. Loizidou, Bioresour. Technol., 2000, 72, 113.
31 Ph. Quevauviller, G. Rauret, H. Muntau, A. M. Ure, R. Rubio,
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45 D. S. Manta, M. Angelone, A. Bellanca, R. Neri andM. Sprovieri,
Sci. Total Environ., 2002, 300(1–3), 229.

46 C. S. Zhang and S. Zhang, GeoJournal, 1996, 40(1–2), 209.
47 C. S. Zhang, O. Selinus and J. Schedin, Sci. Total Environ., 1998,

212, 217.
48 T. U. Aualiita and W. F. Pickering, Talanta, 1988, 35(7), 559.
49 R. A. Sutherland, Environ. Forensics, 20012), 265.
50 Y. Yin, C. A. Impellitteri, S. J. You and H. E. Allen, Sci. Total

Environ., 2002, 287, 107.
51 W. F. Pickering, Ore Geol. Rev., 1986, 1, 83.

3 6 J . E n v i r o n . M o n i t . , 2 0 0 5 , 7 , 2 9 – 3 6





 

 

 

 

 

 

 

 

  
   

 
AANNEEXXOO  44    

Assessment of readsorption during the chemical extraction of metals from soil and sediment CRMs. 

A comparison of single extractions, ultrasonic and conventional sequential extractions    

GG..  PPéérreezz,,  MM..  VVaalliieennttee,,  CCdd..  BBeennddiicchhoo..  SSuubbmmiitttteedd  ttoo  JJoouurrnnaall  ooff  EEnnvviirroonnmmeennttaall  MMoonniittoorriinngg..  



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS 

1 

Assessment of readsorption during the chemical extraction of metals from 
soil and sediment CRMs. A comparison of single extractions, ultrasonic and 
conventional sequential extractions. 

G. Péreza, M. Valientea, C. Bendicho* 

aCentre Grup GTS. Unitat de Química Analítica. Departament de Química. Universitat Autònoma de Barcelona. 
Facultat de Ciències. Edifici CN. 08193. Bellaterra, Barcelona, Spain. 
 
*Universidad de Vigo. Departamento de Química Analítica y Alimentaria (Area de Química Analítica). Facultad 
de Ciencias (Química), As Lagoas-Marcosende s/n  36200. Vigo. Spain. Tel.: +34-986-812281. fax: +34-986-
812556. e-mail: bendicho@uvigo.es 
 

This submission was created using the RSC Article Template (DO NOT DELETE THIS TEXT) 
(LINE INCLUDED FOR SPACING ONLY - DO NOT DELETE THIS TEXT) 

Accelerated methods for partitioning of Cd, Cr, Cu, Ni, Pb and Zn, such as the use of single and ultrasonic extractions are assessed in 
terms of readsorption and compared with the three-stage sequential extraction scheme (SES) of the Standards Measurements and 
Testing Programme (SM&T). The standard addition approach was employed for characterising the readsorption artefact by applying 
the above fractionation methods over different certified reference materials (CRMs), BCR 701, BCR 601 (lake sediments), and BCR 
141R soil. Ultrasonic extractions provided higher readsorption, mainly for BCR 141R and 601 as compared to conventional SES, the 
role of ultrasound in the activation of adsorptive sites being significant. The single extraction approach seemed to be inadequate with 
samples containing large amounts of carbonates such as BCR 141 R but worked well with both lake sediments. The readsorption 
phenomena are mainly occurring in the most labile fraction (i.e. acid soluble) and has been observed to be matrix dependent. The extent 
of such phenomenon is also dependent on the extraction methodology, i.e conventional vs accelerated. 

Introduction 
Since Tessier’s contribution1 and the Community Bureau of 
Reference (BCR) harmonization,2 sequential extraction schemes 
(SESs) have been widely applied and, thus, received an 
increasing attention during last years to estimate metal mobility 
and availability in the environment.3 Several methods for 
speeding up metal fractionation in order to overcome the time-
consuming drawback of SESs, such as application of single 
extractions or microwave and ultrasonic treatments, have been 
developed. Single extractions4 as a simple modification of SESs, 
i.e. just performing simultaneously the extractions over different 
aliquots of the same sample, allow diminishing the whole 
treatment up to a day. The fraction contents, except the first one, 
are evaluated by subtracting the results obtained in two 
consecutive stages. On the other hand, ultrasonic versions of 
SESs have demonstrated their potential for drastic acceleration 
of conventional SESs, providing similar extractability for several 
metals in a variety of environmental samples.5-9 Microwave 
treatments may be less suitable for shortening the operation time 
in SESs since the heating could cause significant changes on 
metal extraction and fractionation, being the labile fractions the 
most affected.10-13 

 
The readsorption artefact has been identified as one of the most 
significant problems affecting the results obtained by sequential 
extractions.14 As a result of readsorption, the concentration of 
trace metals associated with the dissolving phase is 
underestimated whereas the concentration of trace metals 
associated with the receiving phase is overestimated. Three 
different approaches have been employed to assess the extent of 
readsorption, i.e. use of model synthetic phases, natural 
sediments spiked with model synthetic phases and the standard 
addition method. Kheboian and Bauer,15 using model synthetic 
phases, observed a significant readsorption of Cu, Pb and Zn 
when the Tessier scheme was applied. Ajayi and Vanloon16 

employed the natural sediments spiked with model synthetic 
phases with the aim of supplying fresh unoccupied sites for 

retention of any metals released during extraction. The main 
readsorption was attributed to Cr, Pb and Zn over iron and 
manganese oxides and organic matter. However, using a slightly 
modified second approach over the BCR-SES, Whalley et al,17 
observed that certain model phases e.g. humic acids and 
ferrihydrite generally released trace metals earlier than expected. 
Thus, both approaches, employing artificial model phases, differ 
markedly from natural sediments, thus biasing the system 
towards trace metal redistribution. 
 
The observed drawbacks in the readsorption assessment by the 
commented approaches are overcome by the standard addition 
method. This would be an appropriate approach provided that 
the spiked metal concentrations were below 100% of the natural 
existing concentrations in the studied samples; otherwise the 
readsorption problem would be confused with a probably biasing 
of the system towards metal redistribution.18 Anyway, the 
standard addition should not exceed the native concentration in 
the sample so that the existing equilibrium is not significantly 
perturbed by the alteration of the extraction conditions. 
 
To our knowledge, accelerated fractionation methods applied to 
obtain fast information about extractable metal contents have not 
been characterised in respect to readsorption in the SM&T-SES 
(Standard Measurements and Testing Program, formerly BCR-
SES). Therefore, the aim of this work is to study the extent of the 
readsorption artefact when using, on one hand, ultrasonic 
extractions, and on the other hand, single extraction 
methodology to a conclusive comparison with the conventional 
SM&T-SES.  

Experimental 

Apparatus and Reagents 

Cd, Cr, Cu, Ni, Pb and Zn were determined in both, extracts and 
aqua regia digests, using a Perkin Elmer inductively coupled 
plasma optical emission spectrometer (ICP-OES-axial view) 
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(model Optima 4300 DV, Norwalk, CT, USA). Matrix-matched 
standards with extractants were used for calibration. Calibration 
standards and reagent blanks were frequently reanalysed as 
samples for quality control purposes. Analytical grade reagents 
(Panreac and Merck) were used throughout. All extractant, 
standards, and rinse solutions were made from ultrapure water 
with a resistivity greater than 18 MΩ·cm, using a Milli-Q water 
purification system (Millipore, Molsheim, France). All glassware 
and plastic containers were previously soaked overnight in 25% 
nitric acid and rinsed. Sample digestions for pseudototal 
determination were performed in perfluoroalcoxy (PFA) vessels, 
with a CEM Corporation microwave laboratory unit (CEM Mars 
X, Mathews, NC, USA). Ultrasonic agitation was performed 
using a 100 W, 20 KHz probe sonicator (Sonics and Materials; 
model VC 100), equipped with titanium probes. Extracts were 
separated from solid residues using an Alresa centrifuge (model 
C-5, Barcelona, Spain). A Crison pH-meter (model 2001 
micropH) was used for pH adjustments of the extracts. 

Certified reference materials 

Three certified reference materials (CRMs) were employed in 
this study for assessing readsorption, a description of their main 
characteristics being shown in Table 1. Among the considered 
CRMs, BCR 701 and 601 are both lake sediments, while BCR 
141R is a heavy metal contaminated soil. BCR 701, 601 and 
141R were obtained from the SM&T of the European 
Commission. BCRs 701 and 601 are provided with 
certified/indicative fraction-specific metal concentrations 
according to the modification of the BCR-SES that lead to the 
SM&T-SES.19 No sequential extraction data is available for 
BCR 141R, which provides only aqua regia soluble contents. 
Major compositions and total extractable metal contents of the 
CRMs studied are shown in Table 1. 

Analytical procedures 

Extraction conditions corresponding to each stage of the 
employed SM&T-SES are shown in Table 2. An ultrasonic 
version of this SES was applied following previously optimised 
conditions for treatments with an ultrasonic probe.6 To properly 
compare individual results of each fraction, ultrasound 
extractions were always applied over the remaining residues 
after removal of the previous fractions using the conventional 
SES. The single extraction approach followed the same 
operational conditions than the conventional procedure shown on 
the left of the table, but over fresh samples in every step. 
Accelerated and conventional extractions were performed by 
triplicate, including samples, vessel, reagent and procedural 
blanks, which were run simultaneously. As a quality control, a 
mass balance was established by comparing the pseudototal 
metal content (i.e. applying a microwave digestion with 
HCl+HNO3) with the sum of the extracted metal percentages in 
the four steps. After each step of SES, the suspension was 
centrifuged and the supernatant from the solid phase separated. 
Extracts were filtered through 0.22-micron filter Millex-GS 
(Millipore, Ireland) in order to avoid the clogging of the 
nebulizer when using ICP-OES. The resulting extracts were 
stored in polypropylene bottles refrigerated at 4ºC prior to 
analysis, with the exception of the extracts corresponding to the 
second fraction, which were analysed immediately due to the 
instability and degradation of the extractant reagent. 
 
In order to compare the relative extractability of the fractionation 
approaches tried, the term ‘recovery’ was employed as in earlier 
studies,6,13 which is defined as follows: 
 
Recovery (%) = [Metal released by ultrasonic or single 
extractions] / [Metal released by the conventional three-stage 
SES] × 100 
 
 

Standard addition experiments 

Experiments were addressed to estimate the extent of the 
readsorption phenomena of each metal (Cd, Cr, Cu, Ni, Pb and 
Zn) in every fraction of the SM&T-SES. Firstly, the 
conventional procedure was carried out in order to determine the 
appropriate metal amounts to be spiked in a particular fraction. 
Then, a new SES was performed on a separate sample portion 
after appropriate addition of small volumes (50-300 μl) of 
acidified metal stock solutions. Thus, for F1 readsorption 
estimation, the spike was added to a fresh sample portion. For F2 
and F3, the corresponding spikes were added to the remaining 
portions generated after F1 and F2 of the conventional SES, 
respectively. The spikes contained no more than 100% of the 
“native”extracted amount by the conventional SES, in order to 
maintain the normal extraction conditions. 
 
In order to check for possible bias that could affect the 
assessment of readsorption, other different source of metal losses 
than that corresponding to the readsorption artefact were 
investigated. The blank experiments using the same volume of 
spiked extractant reagent showed that no losses by adsorption 
onto the wall of the treatment vessels were present during the 
sequential extraction experiments. On the other hand, non-
significant metal amounts were detected in the rinsing water. 
Readsorption values (%) were obtained considering the 
difference between the measured concentrations (μg/mL) of the 
metal in the extracts corresponding to treatments with non-
spiked [M]A and spiked [M]C extractant. This difference was 
compared with [M]B , which is the concentration (µg/mL) of the 
element added to the extractant before the treatment. The 
readsorption (%) is calculated as follows:  
 

Readsorption (%) = {1- ([M]C - [M]A) / [M]B} × 100 

Results and discussion 

Fractionation patterns 

Fractionation patterns of Cd, Cr, Cu, Ni, Pb and Zn are depicted 
in Figure 1. Ultrasonic extractions, single extractions and 
conventional SES are compared. Firstly, CRM BCR 601 and 
CRM BCR 701 were employed for validation of SM&T-SES. In 
all cases, a good agreement between certified/indicative and 
found extractable contents is observed (Table 3).  
 
It would be expected that in terms of recovery, single extractions 
did not significantly change the fractionation patterns of the 
considered metals and gave a similar performance, since the first 
fraction is common to the conventional procedure and 
operational conditions (e.g. extractant concentration, agitation 
time, temperature, etc) remain unchanged. However, while no 
significant differences between single and conventional 
extraction for all the metals in the sediment CRMs are observed 
when the F2 content is estimated, single extractions provide an 
efficient extraction only for Cd (Fig. 1) when applied to the soil 
CRM. The high lability of this element and its main association 
with manganese oxides would explain Cd behaviour. For the rest 
of elements, matrix characteristics would account for the lack of 
extractability in the single extraction. The high carbonate content 
of BCR 141R, would probably consume an important part of the 
extractant reagent, being not enough the H+ available for 
completely dissolve the different components that typically are 
related to reducible fraction (manganese oxides, crystalline and 
amorphous iron oxyhidroxydes).  

 
With a few exceptions (e.g. Pb in BCR 601), single extraction 
yielded good recoveries in the oxidable fraction. When total 
extractable contents are compared (sum of F1+F2+F3) (Table 4), 
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single extractions yielded recoveries in the range 90-110 % for 
all metals in both sediments. However, as expected, low 
recoveries for total extractable content (<60%) are achieved with 
the soil sample except for Cd. 
 
Ultrasonic treatment caused higher metal amounts of Cr, Cu and 
Zn (BCR 141 R) and Cr and Pb (BCR 601) to be released in F1. 
Such release enhancement by ultrasonic cavitation is also 
observed for Fe (137 mg·kg-1 against 45 mg·kg-1 in conventional 
treatment for BCR 141R) and Mn as a consequence of the 
related oxides disaggregation and colloid formation (smaller than 
0.22 μm)  Thus, the observed increase of metal release can be 
attributed to the enhancement of the contact interface between 
metal oxides and extractant. A comparison of F1 in the three 
CRMs assayed reveals that BCR 701 provided the best results as 
all metals are efficiently recovered, while for the other two 
CRMs only two metals are similarly extracted (Cd and Ni in 
BCR 141R; Cd and Cu in BCR 601). In F2, a general 
underestimation is observed for Ni due to a clear lack of 
extraction efficiency by the ultrasonic agitation, also observed in 
the sediment sample for Cr, another typical residual element. 
The rest of elements present recoveries around 100%. This is an 
apparent contradiction because of the relatively different 
concentrations of the metals released on F1 and F2. In this sense, 
the lower concentrations of F1 can be highly modified by a slight 
attack of Fe-Mn oxides. This attack does not modify in a 
noticeable manner the amounts released on F2.In the oxidable 
fraction most metal recoveries vary in the range (70-130%). 
Again, Ni displays lower recovery than that of the conventional 
procedure. This behaviour is displayed regardless the solid 
matrix, a fact that is in agreement with previously reported data 
for Ni using small-scale studies over BCR 601.23 Sonication 
conditions different than the optimised should be used in order to 
efficiently recover this element, but would involve an 
overestimation of the other elements.24 Finally, total extractable 
content (sum of F1+F2+F3 contents) (Table 4) with ultrasonic 
agitation were similar in comparison with the conventional 
protocol except for Ni (BCR 141R and BCR 601) and Cu (BCR 
141R).  

Readsorption studies 

Added amounts and metal readsorptions (%) for each metal in 
each CRM for the acid-soluble, reducible and oxidable fraction 
are shown in Table 5. Repeatability of readsoption values, 
expressed as RSD, was better than 9%, with exception of Pb in 
the F1 on BCR 141R where released amounts were close to the 
LO,  hence limiting the readsoption quantification.  
 
Conventional three-stage sequential extraction scheme 
On applying the conventional SM&T-SES, readsorption occurs 
for almost all metals and CRMs in F1. Readsorption is especially 
highlighted (>90%) in F1 for Cu (BCR 141R) and Pb (BCR 
601). Readsorption values in the range 60-90% are observed for 
[Cr(F1), Cd(F3)] in BCR 701 and [Cu(F1), Cu(F3)] in BCR 601 
(Table 5). 
 
Depending on the matrix characteristics and its buffering 
capacity, a pH increment about 2 pH units is observed in F1 
(final pH of 4.8-5). Comparing with the observed increment in 
the other fractions (only about 0.5 pH units), this aspect would 
explain the favoured phenomena of readsorption over remaining 
active surface sites in the iron and manganese oxides. Some 
metals (e.g. Zn) suffer from readsorption in a similar way than 
with other SESs, where higher readsorptions are observed when 
the acid soluble amounts are lower, due to an increase of the 
number of active sites uncovered in the sample.14 Another 
example is the high and well-known readsorption of Pb,25 also 
observed within the studied CRMs. We then consider that 
readsorbed metal is redistributed to iron and manganese oxides, 
what has been elsewhere assessed by means of radiochemical 

techniques.26 In contrast, the readsorption phenomena was 
successfully avoided in F2 as a result of the initial acidic 
conditions and the poor buffering capacity of the matrix, which 
prevents the pH to rise, and in turn, readsorption.27 Within the 
oxidable fraction, soil CRM generally displays a lower 
readsorption than the sediments. Only Pb and Zn present a low 
and comparable readsorption for the three CRMs. In CRMs, 
BCR 601 and 701, the readsorption extent is higher for Cd, Cr, 
Cu and Ni in comparison with the soil.  
 
Single extractions 
Readsorption studies are limited to the reducible and oxidable 
fractions in the single extractions due to similar operational 
conditions with respect to the conventional procedure in the acid 
soluble fraction. In this sense, readsorption trends in the first 
fraction have been already discussed above. For reducible and 
oxidable fractions, it would be expected that the unattacked 
fractions during the single extraction procedure would play an 
important role in the readsorption studies. In general, it can be 
appreciated from data shown in Table 5, that the previously 
untreated acid soluble fraction do not markedly affect the 
readsorption of metals for BCR 601 and 701 in the reducible 
fraction, being readsorption values similar to those of the 
conventional SES.  
 
However, in F2, the single extraction approach suffered from 
high readsorption in BCR 141R for all metals with exception of 
Cd, which showed no readsorption. The occurrence of 
significant amounts of carbonates in the soil CRM should 
account for this behaviour. Thus, carbonate dissolution should 
consume most of the acid content in the reducing reagent leading 
to inefficient dissolution of the Fe-Mn oxides, and in turn, to 
enhanced readsorption. 
 
When comparing the readsorption extent in the single and 
conventional extraction for the oxidable fraction, almost no 
differences are observed for all the CRMs (See Table 5).  
On applying single extractions, high readsorption (i.e. 60-90%) 
was found for Cr(F2), Cu(F2), Ni(F2) on BCR 141R; Cr(F1), 
Cd(F3) on BCR 701 and Cu(F1) on BCR 601 and severe 
readsorption (i.e. >90%) observed for Cu(F1) and Pb(F2) on 
BCR 141R and Pb(F1) on BCR 601 
 
In general, a relationship between the readsorption extent and 
recovery occurs (see Table 5). Thus, poor recoveries can be 
observed for Cr(F2), Cu(F2) and Ni(F2) on BCR 141R, which 
are related with high readsorption.  
 
Ultrasonic extractions 
As above, a relationship between recovery and the readsorption 
extent was observed in many cases. High readsorption (i.e. 60-
90%) is observed with Cd(F3), Pb(F3) and Zn(F3) for BCR 
141R; Cr(F1), Cu(F1) and Cd(F3) for BCR 701; Cu(F3) for 
BCR 601. Severe readsorption (i.e. >90%) is observed with 
Cr(F1), Cu(F1) and Pb(F1) for BCR 601 (Table 5). 
 
In F1, excess extraction occurs for Cr, Cu and Zn (BCR 141R) 
by implementing ultrasonic agitation in comparison with the 
conventional SM&T SES, which is correlated with lower 
readsorption (See Table 5). On the other hand, for Cu (BCR 701) 
and Ni and Zn (BCR 601) lower recovery can be observed as a 
result of enhanced readsorption. Apparently, this relationship is 
less clear for Cd, Cr and Cu (BCR 601), which display better or 
the same relative extractability with higher readsorption taking 
place. In these cases, the role of ultrasound activating the 
remaining surface would enhance readsorption over freshly new 
exposed active sites. However, increased extraction efficiency 
caused by the ultrasonic action should operate on the opposite 
direction yielding higher metal content in the extract. The rest of 
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metals show similar readsorption percentages as those of the 
conventional procedure in F1.  
 
While any CRM generally show a comparable readsorption to 
the conventional procedure in F2 using ultrasonic agitation, an 
enhanced readsorption takes place for all metals extracted from 
BCR 141R in F3. Higher readsorption is also observed in this 
fraction for Cd, Ni, Pb and Zn extracted from BCR 601. 
Although less easily observed than in the above fractions, 
diminished relative extractability as a result of increased 
readsorption is evident (e.g. Ni and Zn from BCR 601) in F3. 
However, the lower readsorption occurring for Cr and Ni when 
extracted from BCR 701 using ultrasonic agitation did not result 
in increased recovery, as could be expected. In both cases, low 
readsorption in the oxidable fraction could compensate for low 
extraction efficiency thereby yielding similar recovery. 

Conclusions 
Readsorption processes are observed with the three approaches 
employed to obtain information about extractable metal contents 
in soil and sediments. Readsorption is enhanced for many metals 
and fractions when ultrasonic agitation by a probe is applied to 
shorten the extraction time in comparison with the conventional 
SES, hence indicating the activation of adsortive sites. The 
readsorption artefact is particularly critical using the single 
extraction approach with BCR 141R soil, being enhanced by the 
presence of unattacked phases owing to reagent exhaustion.  
 
For many metal/fraction pairs, recovery attained with the 
accelerated methods is related to readsorption. When 
readsorption for the accelerated method is similar to that of the 
conventional SM&T SES, recovery approaches 100%. The 
readsorption phenomena suggest that metal distribution has to be 
cautiously interpreted, principally that of Cu and Pb due to 
severe readsorption focused on the acid soluble fraction.  
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Double Column Figure/Scheme 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acid soluble fraction  Reducible fraction  Oxidable fraction  Residual fraction 

 

Fig.1 Fractionation patterns of (A) Cd, (B) Cr, (C) Cu, (D) Ni, (E) Pb and (F) Zn in BCRs 601, 701 and 141R when applying the conventional SES 
(Conv.), single extractions (Single) and ultrasonic extractions (US). (100% represents the sum of the four fractions). 



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS 

6 

Double Column Table 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Description of the CRMs examined in this study. Major composition and total trace metals of the CRMs studied. 

 Major components (%) Pseudototal metal (mg·kg-1) 

CRM SiO2 Al2O3 MgO TiO2 Fe2O3 P2O5 K2O 
Organic C 
 (wt.%) Cd Cr Cu Ni Pb Zn 

BCR 141R [20] 
Calcareous loam soil from upper 10cm of fields near 
Pellegrino, Italy. Ground to < 90 μm. 
 

51.1 11.6 2.3 0.6 4.0 0.4 1.6 11 14.6 195 46.4 103 57.2 283

BCR 701 [21] 
Lake sediment from different sampling sites of Lake Orta, 
Italy known for serious metal contamination. Ground to < 
90 μm 
 

59.4 15.6 3.2 0.7 6.4 0.5 2.6 10 11.7 272 275 103 143 454

BCR 601 [22] 
Lake sediment from different sampling sites of Lake 
Flumendosa, Italy. Collected in March 1994. Ground to < 
90 μm. 

48.8 13.9 2.2 0.8 7.3 0.9 2.6 5 11 148 240 72 231 824

 

Table 2 Analytical conditions and chemical reagents for the conventional SES and ultrasonic extractions, both with the aqua regia digestion add-on 
step. The single extraction approach follows the same operational conditions than the conventional SES but over fresh samples in every step. Moisture 
content of CRMs was determined by drying it at 105 C until constant weight. 

  Chemical Reagents and conditions 

Step Fraction Conventional extraction SM&T-SES Ultrasonic extraction 

1 
Acid soluble  
(F1) 

0.5 g of CRM portion, 20 ml 0.11 M acetic acid, 
shake 16 h. Centrifugation and separate extract from 
residue at 3000 g for 20 min. 
 

0.5 g of CRM portion, 20 ml 0.11 M acetic acid, 12 min ultrasonic 
sonication at 50 % amplitude. Centrifugation and separate extract 
from residue at 3000 g for 20 min. 

2 
Reducible 
(F2) 

Add 20 ml 0.5 M NH2OH·HCl (pH≈1.5) to step 1 
residue, shake 16 h. Centrifugation as in step 1. 

Add 20 ml 0.5 M NH2OH·HCl (pH≈1.5) to step 1 residue, ultrasonic 
sonication during 9 min at 50 % amplitude. Centrifugation as in step 
1. 
 

3 
Oxidable  
(F3) 

Add 5 ml H2O2 pH (2-3) to sep 2 residue digesting at 
room temperature during 1 h, heat to 85 ± 2 ºC for 1 
h, add further 5 ml H2O2 and heat to 85 ± 2 ºC for 1 
h; add 25 ml 1 M NH4OAc (pH 2) and shake 16 h. 
Centrifugation as in step 1. 
 

Add 5 ml H2O2 pH (2-3) to sep 2 residue digesting at room 
temperature during 1 h. Digest with ultrasound during 9 min at 50 % 
amplitude, heat near dryness and add 25 ml 1 M NH4OAc (pH 2), 
ultrasonic sonication 6 min at 50 % amplitude. Centrifugation as in 
step 1. 

4 
Residual 
(F4) 

Validated microwave-assisted digestion of step 3 residue with 6 ml HClconc, 2 ml HNO3 conc, 1 ml H2O. Also used for 
pseudototal digestion of 0.25 g of original CRM using the same acid mixture. 
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Table 3 Indicative and experimental extractable concentrations for Cd, Cr, Cu, Ni, Pb and Zn in BCR 601 and 701 CRMs (mg/kg) using the 
conventional extraction procedure 

  F1 (Acid soluble fraction) F2 (Reducible fraction) F3 (Oxidable fraction) 

  Determined Certified Determined Certified Determined Certified 

Cd 7.0 ± 1.5 7.3 ± 0.4 3.1 ± 0.3 3.8 ± 0.3 0.24 ± 0.05 0.27 ± 0.06 

Cr 2.5 ± 0.5 2.26 ± 0.16 45.8 ± 0.8 46 ± 2 142 ± 8 143 ± 7 

Cu 49 ± 3 49.3 ± 1.7 116 ± 5 124 ± 3 55 ± 10 55 ± 4 

Ni 16.7 ± 0.7 15.4 ± 0.9 27.9 ± 0.1 26.6 ± 1.3 15.8 ± 1.1 15.3 ± 0.9 

Pb 3.6 ± 0.5 3.2 ± 0.2 119 ± 4 126 ± 3 11.0 ± 1.5 9 ± 2 

B
C

R
 7

01
 

Zn 202 ± 9 205 ± 6 112 ± 3 114 ± 5 45 ± 3 46 ± 4 

Cd 4.0 ± 0.7 4.5 ± 0.6 4.0 ± 0.5 3.9 ± 0.5 1.52 ± 0.10 1.91 ± 1.3 

Cr 0.39 ± 0.03 0.35 ± 0.07 10.0 ± 0.5 10.6 ± 0.8 13.5 ± 1.5 14 ± 2 

Cu 9.5 ± 1.0 10.5 ± 0.7 71 ± 2 73 ± 5 75 ± 4 79 ± 8 

Ni 8.3 ± 0.5 7.8 ± 0.8 10.8 ± 1.2 10.6 ± 1.1 6.1 ± 0.7 6.0 ± 1.2 

Pb 2.3 ± 0.6 2.3 ± 0.4 210 ± 4 205 ± 10 17.3 ± 1.3 20 ± 5 

B
C

R
 6

01
 

Zn 251 ± 4 261 ± 12 265 ± 3 266 ± 16 107 ± 7 106 ± 10 
 

Table 4 Summary of total extractable content (F1+F2+F3) (mg·kg-1) obtained for BCR 141R, BCR 701 and BCR 601 by conventional SES, single 
extraction and ultrasonic extraction. 

  Cd Cr Cu Ni Pb Zn 

Conventional 10.9 ± 1.2 49 ± 2 16.1 ± 1.3 59 ± 5 37 ± 2 144 ± 17 

Single Extraction 11.9 ± 0.5 30.9 ± 0.8 9.5 ± 0.7 24 ± 3 8 ± 3 87 ± 5 

Recovery (%)a 110 63 59 41 21 60 

Ultrasound 9.4 ± 0.3 46.9 ± 1.0 25.2 ± 1.7 17.0 ± 1.0 40.4 ± 0.8 146 ± 5 B
C

R
 1

41
R

 

Recovery (%) 86 95 157 29 109 101 

Conventional 10.4 ± 1.5 191 ± 8 220 ± 12 59.9 ± 1.3 132 ± 5 360 ± 10 

Single Extraction 10.8 ± 0.5 187 ± 10 213 ± 8 56.1 ± 0.9 138 ± 5 363 ± 14 

Recovery (%) 105 96 97 94 105 101 

Ultrasound 11.3 ± 0.8 159 ± 5 209 ± 7 48.5 ± 1.5 126 ± 4 322 ± 2 

B
C

R
 7

01
 

Recovery (%) 109 83 95 81 95 90 

Conventional 9.4 ± 0.3 23.8 ± 0.5 152 ± 3 26.4 ± 0.6 229 ± 16 600 ± 14 

Single Extraction 9.0 ± 0.9 27.8 ± 1.4 162 ± 6 29 ± 2 218 ± 6 614 ± 10 

Recovery (%) 96 108 106 112 95 102 

Ultrasound 9.3 ± 0.7 19.1 ± 0.6 160 ± 7 15.0 ± 0.3 199.7 ± 1.3 445 ± 4 

B
C

R
 6

01
 

Recovery (%) 99 80 105 57 87 74 
a Recovery is calculated using the ratio: [total metal content (F1+F2+F3) extracted using the accelerated (single extractions or ultrasonic agitation) 
procedure/total metal content extracted by the conventional sequential procedure] × 100.. 
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 Table 5 Added amounts (μg), readsorption (RA) and recovery (RC) values (%) for metals in the different fractions of SM&T-SES. Conv (Conventional), US (Ultrasound), Single (Single extraction) 

   Cd  Cr  Cu  Ni  Pb  Zn  
 CRM  (μg)  RA (RC) (μg)  RA (RC) (μg)  RA (RC) (μg)  RA (RC) (μg)  RA (RC) (μg)  RA (RC) 

Conv n.s.a 27 99 34 n.d.b 58 
Single n.s. 27 99 34 n.d. 58 BCR 141R 

US 

0.9 

29 (97) 

0.1 

n.s. (311) 

0.2 

60  (405) 

1.5 

53 (82) 

- 

n.d. 

3.2 

37 (230) 
Conv 17 83 29 n.s. 54 11 
Single 17 83 29 n.s. 54 11 BCR 701 

US 

2.0 

12 (109) 

0.6 

86 (107) 

13 

79 (41) 

4.0 

n.s (110) 

0.9 

55 (78) 

55 

10 (99) 
Conv n.s. 51 82 n.s 94 29 
Single n.s. 51 82 n.s. 94 29 

A
ci

d 
so

lu
bl

e 
fr

ac
tio

n 

BCR 601 

US 

1.1 

41 (98) 

0.2 

95 (266) 

2.8 

103 (105) 

2.2 

33 (58) 

0.9 

97 (163) 

56 

39 (74) 
Conv n.s. n.s. n.s. n.s. 34 18 
Single n.s. (116) 86 (10) 89 (23) 72 (0) 92 (5) 30 (51) BCR 141R 

US 

1.9 

25 (80) 

6.0 

12 (101) 

3.0 

42 (171) 

7.6 

11 (72) 

8.6 

20 (116) 

30 

10 (89) 
Conv 35 n.s. 24 12 18 12 
Single 15 (116) 13 (101) 25 (89) n.s. (94) 18 (103) 12 (104) BCR 701 

US 

1.0 

17 (108) 

12 

8 (68) 

32 

52 (105) 

7.0 

n.s. (57) 

34 

6 (97) 

30 

11 (63) 
Conv n.s. n.s. n.s. n.s. n.s. 10 
Single n.s. (82) n.s (96) 18 (93) n.s (136) n.s (91) 19 (98) 

R
ed

uc
ib

le
 fr

ac
tio

n 

BCR 601 

US 

1.1 

50 (100) 

2.7 

n.s. (78) 

20 

n.s. (105) 

2.9 

n.s. (61) 

55 

n.s. (86) 

72 

13 (75) 
Conv n.s. n.s. n.s. n.s. 23 32 
Single 39 (98) n.s. (110) n.s (115) n.s. (76) 31 (130) 21 (80) BCR 141R 

US 

0.1 

69 (88) 

7.2 

41 (88) 

1.6 

47 (118) 

7.2 

49 (41) 

1.2 

67 (72) 

7.2 

64 (88) 
Conv 79 55 36 49 20 14 
Single 78 (104) 59 (97) 41 (94) 45 (84) 26 (118) 27 (90) BCR 701 

US 

0.2 

71 (138) 

39 

18 (91) 

15 

41 (104) 

4.1 

n.s. (89) 

2.4 

34 (71) 

12 

n.s. (104) 
Conv 32 55 69 n.s. 17 31 
Single 26 (119) 49 (117) 51 (119) 16 (86) 15 (156) 41 (120)  

O
xi

da
bl

e 
fr

ac
tio

n 

BCR 601 
US 

0.5 
51 (103)

3.1 
56 (78)

21 
67 (105)

1.6 
55 (49)

5.4 
58 (103)

29 
59 (74)

a n.s.: non-significant readsorption (< 5%). bn.d.: not detected, < LOQ. RA: Readsorption (%); RC: Recovery (%). Recovery values are shown between parenthesis. 
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Roadside deposited sediments pollution related to heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) along 20 km of C-58 highway has been 
assessed by means of several leaching tests. Total, available and bioavailable amounts have been obtained by pseudototal digestion, 
mild, acid and complexing extractants leaching tests, after applying over 16 samples (three of them related to background soil 
reference). Additionally, the Standard Measurement and Testing (SM&T), formerly Bureau Community of Reference (BCR), 
sequential extraction scheme (SES) was performed in order to gain information about heavy metals (HMs) fractionation. From the 
obtained pseudototal content data an anthropogenic enhancement of Cu, Pb and Zn after considering the concentration enrichment ratio 
(CER) and environmental concentration guideline values (ECG) is suggested. However, this data can be further refined when 
considering the additional data obtained from the other leaching tests providing a more realistic environmental situation. Not only the 
additional information but also the reliability as powerful screening tools have been observed for some single leaching procedures. This 
help to clear and promptly identify real hazardous areas needing a remedial strategy as those at the middle area of the studied transect 
of the highway. 

 

Introduction 
Within those environmental matrices that have gained concern 
during lasts years,1 roadside sediments are of great interest due 
to the possible transmission of their pollutant charge to other 
reservoirs that may constitute a health hazard. High amounts of 
metals have been detected in these sediments and their origin is 
linked to the combustion processes of vehicles, road surface 
degradation, application of road maintenance chemicals such as 
deicing salts, wearing of vehicles, wearing of signposts and crash 
barriers.2 The pollution proceeding from this sources is emitted 
in a particulate form and depending on climatic conditions, 
coarsest particles may accumulate immediately at the asphalt 
border, mixing with natural components, being sometimes 
covered by grass, and forming the known as roadside sediments. 
There is general agreement that the metals pollution decreases in 
concentration with depth and with distance from the roadway.3-4 
From the environmental forensics point of view, roadside 
sediments pollutant charge can be easily characterized and 
related to non-point source pollution and connected to vehicles 
emissions, thus acting as environmental registries of valuable 
information.5 Within the considered metals to pollute roadside 
sediments, those that can be highlighted are Pb proceeding from 
the combustion of former leaded fuels,6 Zn contained in ZnO 
applied to the rubber compound for tires as a vulcanising agent 
and also in crash barriers,7 Cu as a component found in brake 
linings and in many alloys and Cd, included in tyres or in 
lubricating oils that can be spill over due to accidents.8 

 
In order to assess the impact of trace elements in soils and 
sediments not only the total metal content, but also its mobility 
and bioavailability has to be considered, due to the 
biogeochemical and ecotoxicological significance of a given 
contaminant is determined by its specific binding form and 
coupled reactivity rather than by its total concentration.9-10 
Consequently, there is a need for information about how easy is 
their remobilisation depending on their association to sediments, 
how serious do these metals pose the hazard and if non-point 
sources can be distinguished from point contamination sources. 

In this sense, the use of leaching tests to evaluate labile fractions 
followed this realization.11 
 
One of the most successful attempts to consider labile fractions 
and pollutants partition among the different phases presents in 
soils have been provided by sequential extraction schemes 
(SESs), also named operationally defined procedures. This 
methodology is based on the process known as fractionation12 

where a sequential series of selective extractant reagents with an 
increasing extractant power is employed, in order to selectively 
dissolve or solubilise the different solid phase forms or 
mineralogical fractions.13-15 In this sense, SESs have became a 
common evaluative and informative tool giving details on the 
distribution or partitioning of heavy metals (HMs) in soils and 
sediments.16 SESs allow for a better insight into the mechanisms 
of HMs retention and release involved in the process of 
migration and decontamination, providing an evaluation of their 
availability, mobility or persistence. 
 
Simultaneously, single non-selective extractions that target 
groups of labile or mobile phases have also gained interest, 
because such an approach can give an useful assessment for 
screening purposes to identify trace metal pollution,17 without 
the hindrance of SESs. Furthermore, these leaching tests present 
some advantages in front of SESs, mainly related to their cost 
efficiency, easy to use and a reduction on bias induced by 
sequential translation and accumulation of procedural errors. 
Within single extractants and depending on their dissolution 
power, it is possible to differentiate mild unbuffered extractants, 
which extract the fraction of easily exchangeable elements, 
acidic extractants, which release the fraction remobilised by 
acidification processes and finally the availability promoted by 
complexing reagents.18 Leaching tests are focused in the 
representation of soil-to-plant transfer processes reproducing 
those chemical reactions that can take place in soils and 
sediments (e.g. adsorption-desorption, dissolution-precipitation, 
reduction-oxidation and complexation-decomplexation 
processes) in a definite specified environment, modifying the 
concentration of metals in soil solution.19  
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The aim of the present study concerns with the characterisation 
and assessment of the pollution degree of roadside sediments 
located along 20 km of a crowded Spanish highway (C-58 in 
Barcelona area). Such characterisation is carried out by both SES 
and single non-residual extraction of the heavy metals Cd, Cr, 
Cu, Ni, Pb and Zn. A comparison of the above results has been 
made to evaluate the distribution of heavy metals between the 
different soil phases and to throw light on the mentioned transfer 
processes of these contaminants.  

Experimental 

Study site, sample collection and processing 

The area of interest of this study corresponds to the initial 20 km 
of C-58 highway close to Barcelona city (Fig. 1). Within this 
transect, the traffic flow varies in the range of 10,000 to 20,000 
vehicles/day (official data by Servei Català de Transit, 
Generalitat de Catalunya, Spain). A total of thirteen samples 
representing road deposited sediments alongside C-58 motorway 
were collected after a long dry period. Additionally, three 
background samples were collected faraway from possible 
contamination sources in order to collect soil background data. 
About 1 kg of each sample was collected by gently sweeping 
road surface with a clean soft nylon broom, transferring the 
content of the plastic scoop to a coded polyethylene container 
and taken to the laboratory. Samples were air-dried (30 C) 
during 48 hour and were passed through 2 mm stainless steel 
sieve to remove large debris. Samples were homogenized by 
quartering using a riffler. The resulting subsamples were grinded 
and sieved below 100 μm. 

Chemical analyses 

In order to evaluate soil matrix effects over pollutants behaviour 
(i.e, sorption and desorption, distribution etc), soil edaphological 
parameters were measured, including pH, moisture content (%), 
organic matter (%O.M.), electrical conductivity (EC), and 
carbonate content (CO3%) following the procedures described in 
the Official Methods of soil analysis envisaged by local 
governmental regulations (Junta de Residus, Generalitat de 
Catalunya, Spain).20 Major components were determined by X-
ray fluorescence spectrometry using 56 geological international 
reference samples for calibration. Samples were diluted (1:40) 
with lithium tetraborate and melted in a radiofrequency inductive 
oven to obtain 30 mm diameter pearls. Ranges and average 
values of sample edaphological characteristics are given in Table 
1. 
 
The different single leaching tests were based on the use of mild 
extractants (CaCl2, NaNO3), acid extractants (HAcO and HCl) 
and complexing reagents (EDTA). Mild extractants aliquots 
were acidified to prevent growth of bacteria if not immediately 
analysed. On the other hand, sequential extraction was 
performed following the 3-steps procedure from Standard 
Measurements and Testing (SM&T-SES) including, the 
recommended modifications to improve the reproducibility of 
results.21 After each SES step, the suspension was centrifuged 
and the supernatant separated from the solid phase by filtering 
with 0.22-micron filter Millex-GS (Millipore, Ireland) to avoid 
the nebulizer fouling when using ICP-MS or ICP-OES. The 
resulting extracts were stored in polypropylene bottles at 4 C 
prior to analysis, except extracts from the second step, NaNO3 
and CaCl2, which were analysed immediately due to instability 
and degradation of the extracting reagent. Treatment for 
pseudototal metal determination in originals samples was the 
same as that used for residual fraction determination, (i.e. 
microwave digestion). All extractions and digestions were 
performed in triplicate including the control of vessel, reagent 
and procedural blanks. Three different aliquots of each sample 
were used to determine the moisture content to apply for the 

proper correction to dry mass. Table 2 summarizes the 
experimental conditions applied to the different extractions and 
digestions. 
 
For a quality control of both measuring conditions and 
extractions, a mass balance was evaluated by comparison of the 
pseudototal metal content with the sum of extracted metal 
percentages when applying the SM&T-SES. Additionally, two 
different CRMs were employed, including a sewage sludge 
amended soil (BCR CRM 483)22 with indicative values for 
CaCl2, NaNO3 and the three steps SM&T-SES extractions and 
certified values for HAcO and EDTA extractions. The second 
CRM employed was a lake’s sediment (BCR 701)23 with 
certified values for the SM&T-SES. Prior to the application to 
sediments samples, single leaching tests and SM&T-SES 
procedures were validated by means of CRMs, obtaining a good 
traceability for corresponding HMs in each fraction/extraction 
(see Table 3). No significant differences were observed (n=3) 
when applying F- and t- test. 

Apparatus and Reagents 

Major components were determined using a Philips PW2400 
X-ray spectrophotometer equipped with Rh excitation tubes and 
a Philips radio-frequency inductive oven (model PERL’X2, 
Holland). HMs were determined in each extract of the different 
leaching solutions by using a ThermoElemental inductively 
coupled plasma optical emission spectrometer (ICP-OES) 
(model Intrepid II XLS, Franklyn, MA, USA). For trace 
elements below ICP-OES detection limits, a ThermoElemental 
inductively coupled plasma mass spectrometer (ICP-MS) (model 
PQExcell, Windsford, UK) was employed. Quantification of 
HMs was done using reagent-matched standard solutions, 
obtained by appropriate dilution of commercial stock solutions 
(Merck Darmstadt, Germany and J.T. Baker, North Kingstown, 
RI, USA). Multi-element standard solutions were used for ICP-
OES and ICP-MS calibrations. Analytical grade reagents, 
supplied by either Panreac, Barcelona, Spain, J.T. Baker, 
Phillipsburg, NJ, USA or Merck, Darmstadt Germany, were used 
throughout. All glassware and plastic containers were previously 
soaked overnight in 25% nitric acid and rinsed with double 
distilled water. Sample digestions for pseudototal determination 
were performed in perfluoroalcoxy (PFA) vessels, with a CEM 
Corporation microwave laboratory unit (CEM Mars X, Mathews, 
NC, USA). Conventional sequential extraction and single 
leaching tests were performed using a SBS end-over-end 
mechanical shaker (model ABT-4, Barcelona, Spain). Extracts 
were separated from solid residues using a Pacisa centrifuge 
(model C-5, Barcelona, Spain). 

Pollution degree assessment 

Dutch target and intervention values were taken as reference 
values to assess the contamination degree of roadside sediments. 
Three different environmental situations can be depicted from 
such reference: samples below target, above intervention and 
between both levels. However, these guidelines are based on 
total concentrations. Thus, using different leaching extractants, 
more detailed information can be obtained in terms of mobile or 
available HMs pollution. Additionally, a better insight of the 
overall pollution can be obtained by normalizing the different 
released amounts of HMs to the corresponding Dutch reference 
levels, thus allowing to plot together the released HMs using 
different leaching reagents.  
 
Furthermore, complementary reliable information can be 
obtained by considering the variation of metals concentration 
within the different geological substrates. In this sense, the 
proposed evaluation by concentration enrichment ratios 
(CERs)24 is most appropriate to evaluate the contamination. 
CERs are calculated considering the concentration of a given 
element, Cn, in both target sample and background sample, 
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normalized with respect to a lithogenic conservative element 
such as Al, which is accurately determined in each sample. 
 
 
 
 
 
 
 
The values of CERs allow to differentiate samples by the 
anthropogenic contribution, being minimal or no anthropogenic 
enhancement when CER < 2, moderate for 2 < CER < 5, 
significant when 5< CER < 20, very strong for 20 < CER < 40 
and extreme when 40 <CER. 

Results and discussion 

Pseudototal content and edaphological characterisation 

Characteristic data of roadside sediments can be observed on 
Table 1. The range of the organic carbon content and electrical 
conductivity was normal and no significant differences were 
observed against background samples (non-parametric Mann-
Whitney U-test α-level=0.05), while significant higher both 
carbonate content (p=0,009) and pH (p=0,009) were observed 
for roadside sediments. This content will probably arise from the 
abrasion of the road surface materials and concrete of the basin, 
which would also explain the high pH of samples as well as their 
buffering capacity and the related increase on the final pH of the 
different extractions. With these characteristics, it is expected a 
certain capability of these sediments to retain dissolved metal 
ions during road runoff after rainfall episodes. 
 
Establishing the target and intervention Dutch limits as 
environmental concentration guidelines values, ECG, is possible 
to rank the different HMs considered when examining the 
detailed statistical summary of pseudototal content and CERs 
data in Table 4. In this sense, for the studied samples, Cr and Ni 
represent those elements with lower impact due to ECG values 
are below the target value for almost a 75% and 50% of 
population respectively. Furthermore, the main part of CERs 
values is distributed below the 10% of population, indicating a 
minimal or no anthropogenic pollutants enhancement. Only Ni 
present two samples with a significant and strong anthropogenic 
apportion.  
 
The other elements represent an anthropogenic implication. 
From the examined elements, Cd is the less antrhopogenically 
favoured, presenting a general ECG value between target and 
intervention values. The anthropogenic enrichment is better 
represented by Cu, Pb and Zn because of a higher number of 
samples with CERs>2. For Cu it is important to highlight that 
the half of the samples present values above intervention value 
reclaiming an urgent remedial strategy. Pb is another clear 
example of an anthropogenic-enhanced element. Despite leaded 
fuel was increasingly disused several years ago, 11 samples 
present CER values between 2 and 20 expressing moderate or 
significant anthropogenic apportion and a 25 % of the studied 
samples overcome the intervention value. In the case of Zn, it 
presents a homogenous distribution with a moderate 
anthropogenic contribution, with pseudototal contents always 
below intervention value, except the upper 25% of population. 
This would suggest the homogeneous tyre and crash barriers 
degradation along the highway, which are expected to be the 
main Zn contributors.  

Leaching tests 

To gain information on mobility and availability of pollutants, 
the application of single and sequential extraction procedures 
lead to interpret these parameters for the studied elements in the 

considered samples. Results obtained for the roadside sediments 
and background samples, in which the discussion below is based, 
are given in Table 5 and 6. 

Single extraction efficiency 

In general, the released amounts of HMs by mild extractants are 
below the 2% of the total amount. It is observed the general 
lower extractant capability of NaNO3 compared to that of CaCl2 
for all the metals. In fact, the metal complex formation by 
chloride anions together with the favoured removal of adsorbed 
metals cations by Ca2+ would explain this fact 25-26 compared to 
that involved when Na+ and NO-

3 ions are implicated in the 
extraction. It would be expected that those elements typically 
more available or mobile, such as Zn and Cd, would show this 
behaviour but the released amounts are only significant for Zn. 
Released amounts of Pb could be also considered relatively 
significant. However, the determination of Pb availability by 
means of mild extractants is known to be limited, due to the 
contamination of Pb in soils is a process controlled by the 
precipitation of hydroxides, carbonates, sulphates and 
phosphates.27 

 
Taking into account the total amount of metals released by the 
different acidic extractants employed, the relative sequence 
follows: HAcO 0.11 mol·l-1<HAcO 0.43 mol·l-1<HCl 0.5 mol·l-1 
due to the increasing acidity, which lead not only to the 
dissolution of carbonates but also other phases. In this sense, the 
increase of Pb extraction, mostly absorbed to iron oxides and 
hydroxides, is a clear example. Furthermore, the less mobile 
element, Cr, was more sensitive to this increment in acidity than 
the most mobile elements such as Cd and Zn, what concerns 
with the release of Cr from other phases.28-29 As a result, the 
order of the individual metal extraction in the above sequence 
change dramatically and inversely for Pb and Cd in HAcO 0.11 
mol·l-1 with respect to that observed in HAcO 0.43 mol·l-1 and 
HCl 0.5 mol·l-1 where Cd is less released and Pb becoming more 
extracted. 
 
For EDTA extractions, the complexation capability of the 
extractant leads to extract all the metals from exchangeable plus 
carbonates and oxidable fractions. However, a partial 
degradation of the oxide layer and certain slow degradation of 
silicate matrices30 suggest a lack of selectivity when considering 
the available content assessment. It would be expected that Cu 
and Pb were more sensible to complexation than to acidification 
processes31 because of their high complexation constants with 
EDTA (log K=17.8 and 18.3 respectively) and their favoured 
remobilisation from Fe oxides and hydroxides (Fe-EDTA log 
K=25.1) where Pb and Cu are highly associated. However, from 
the ratio HAcO 0.43 mol·l-1/EDTA extracted amounts for these 
elements, acidification processes slightly predominate over 
complexation, while for Zn and Cd, acidification clearly 
predominates over complexation. Such results can be due to the 
EDTA neutralisation by the high Fe content that will lead to less 
extractant available for the other metals. 

Sequential extraction 

Fractionation is not proportional to the total metal content 
present in sediments; also, sediments with extremely high 
differences in total metal content may present similar 
fractionation patterns. From this aspect, it is clear that results 
from total metal content are not enough for assessing their 
environmental impact in sediments thus the fractionation of 
metals must be considered. In general, some trends can be 
depicted from the obtained fractionation patterns in Fig. 2, such 
as the main association of Pb with the reducible phase, a Zn 
equally and major distribution between the first and second 
fraction, Cu mainly distributed on the reducible and oxidable 
phases, an unexpected main distribution of Cd on the residual 
fraction and the typical Cr in this low mobility fraction. In this 
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sense, those elements presenting a major residual distribution 
reflect a control by natural geochemical process rather than an 
anthropogenic enhancement. Thus, CER values reveal this fact 
with minimal or no anthropogenic disturbance for Cd, Cr and Ni 
respectively, while Zn and Pb present moderate anthropogenic 
apportion and Cu a significant enhancement. 
 
Most mobile and ready bioavailable metals are those released by 
the first fraction. From the obtained fractionation the favoured 
Zn release is observed. Taking into consideration that 
anthropogenic inputs of Zn control the charge of this element in 
roadside sediments, it is important to environmentally highlight 
the fact that one-third of the total amount of Zn is released under 
acidic conditions, overcoming the Dutch target limit, thus 
requiring without delay some remedial actuation. The rest of 
elements do not release significant amounts.   
 
However when considering the reducible fraction additionally to 
Zn, Cu and Pb present significant released amounts that rise 
above Dutch target limit. In this case, the role of Fe and Mn oxy-
hydroxides as scavengers of metals involving sorption processes, 
tend to control their mobility, thus their solubility. The reducible 
phase has been considered the main sink for anthropogenic Pb 
inputs in roadside sediments,32 a fact that is also corroborated 
within our study. Changes of reducing conditions could lead to 
an easy release of the major part of accumulated Pb in roadside 
sediments. The observed reducible fraction sorption trend 
Pb2+>Zn2+>Cu2+ for the considered samples have been also 
found in previous studies applying SES over road and street 
sediments.33-34 

 
The target limit is again overwhelmed in the oxidable phase by 
the same considered metals. The known mobility and 
translocation of Cu, strongly associated with the fate of organic 
matter, is not as clear as the Pb associated to the reducible 
fraction. However, the significant distributed amounts along this 
fraction have to be well thought out because of Cu can be further 
mobilised due to bacterial activity when sediments receive water 
from runoff during rainfall events.33  
 
Those elements presenting a major residual distribution, such as 
Cr, Ni and Cd would only release substantial amounts under 
extreme conditions. In this situation, for several cases these HMs 
would overcome target and intervention Dutch limits. Their 
distribution would suggest that these elements are bound to 
primary and secondary minerals, reflecting the geological 
characteristics and becoming environmentally immobile. 

Correlation among extractants 

Unless further assessment on contaminants phase association or 
other purposes different than screening or monitoring were 
needed, single leach could be useful. In this sense, among the 
different possible relationship between leaching tests, HCl 
extraction procedure reveals similar information to that obtained 
when using the SES, giving an idea of the total available 
amounts of HMs under acidic, reducible and oxidable 
conditions32 and improving the time consuming drawback of 
SES.  
 
Considering the general positively skewed data for the 
anthropogenic enhanced HMs (Cu, Pb and Zn), thus the non-
normal data distribution and the consequently needed log10 
transformation, the regression of the transformed data was 
statistically significant at p< 0,001 with the coefficient of 
determination shown on Fig. 3, for 13 roadside sediment 
samples. This suggest that the leached amounts of Cu, Pb and Zn 
agree with data provided by the overall available amounts 
(Σ F1,F2,F3) released by the SES procedure, therefore show the 
real utility as a fast screening leaching test of HCl procedure. 

Distribution of pollutants 

From the leaching test data, a more correct assessment on the 
pollutants availability alongside the highway can be obtained 
than when using pseudototal content data. This information 
identifies hazardous points needing remedial strategies. In this 
sense, plots in Fig. 4, where the ratio between the extracted 
amounts of anthropogenic enhanced HMs and the Dutch target 
value are represented, illustrate a reduction on the hazard that 
represent the different samples. This reduction would depend on 
the selected level of reference for risk assessment delimited by 
the employed leaching extractant conditions. Mild extractants 
are not considered within these representations due to the low 
extracted amounts and the fact that their normalisation would 
give a constant value below the target limit.  
 
From the studied samples, and considering those elements that 
reflect a clear anthropogenic enhancement such as Cu, Pb and 
Zn, data reveal the greatest ratio for pseudototal content (F4) for 
Zn (M9, M3, M11 and M7), Cu (M11 and M6) and Pb (M1, M2, 
M3 and M11). This trend is also observed for Zn and Pb when 
dealing with less acidic extractants but with a general ratio 
decrease. This decrease reveals a potential pollution only for Zn 
in some samples as the rest of values for Cu, Pb and Zn are 
below or close to the target value. However, for more acidic 
extractants, normalised values still remain between target and 
intervention values (which would be 4-5 times the normalised 
target value, dotted line), suggesting that further investigation or 
restrictions may be warranted. Moreover, some samples 
overcome the intervention value; consequently it reveals the 
need for a remedial strategy. 
 
Further information can be depicted when considering the 
released amounts under different environmental conditions 
represented by SES. Thus, Fig. 5 presents data from SES and 
HCl single leaching test for Cu, Pb and Zn amounts normalised 
again with respect to Dutch target limit. In this case, reducing 
environmental conditions represent the worst situation, 
especially for Pb, where the ratio for F1 and F3 contents are 
close to target value while F2 contents are the main contribution 
to the overall available amount and with ratios above the target 
value, even above the intervention value for sample M3. Zn 
behaves in a similar way to Pb but only samples M1 and M11, 
close to the most polluted area, reflect a significant ratio above 
target limit but always below intervention limits. The case of Cu 
reflects the major availability of this component under oxidizing 
conditions, especially for those samples with higher pollution, 
interpreted as the overall available pollution. 
 
It would be expected a correlation among pollutants 
concentration and traffic density, with an increasing content in 
the final sampling area but this was not observed. In fact, 
samples M3 and M11 with a lower traffic density are those more 
polluted. The continuous traffic retention accumulated during a 
whole year of road works, which involve stop and go traffic, 
road maintenance and frequent accidents would explain the 
contamination of these samples if compared with initial or final 
sampling points of the considered area, where a more fluent, 
despite dense traffic is frequent. Furthermore, the long dry 
period occurred before the sampling would lead to an ageing and 
accumulation of pollutants over the roadside sediments. 
Additionally, the abnormal enriched Zn sampling point at the 
initial part of the highway would be related to a highway exit 
with high truck traffic towards the closer industrial areas. 

Conclusions 
The combination of data provided by pseudototal content and the 
evaluation of ECGs and CERs, those elements anthropogenically 
enhanced can be clearly identified. In order to ascertain the 
degree of overestimation when assessing HMs pollution, 
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different quick leaching test have been applied. Bearing in mind 
that acidification procedures predominate over complexation 
within the considered samples, the comparison between acid 
leaching extractants once normalised show a significant 
pollution due to Cu, Pb and Zn with common ECG values 
between target and intervention values.  
 
Within the different acid leaching tests, HCl procedure can be a 
suitable, quick and efficient screening tool for HMs pollution 
assessment, giving reliable information on overall labile phases 
comparable to that obtained by SES for anthropogenic enhanced 
HMs, but without the fractionation information. In contrast, mild 
extractants have been observed to be limited in terms of 
information provided to high polluted samples due to the low 
released amounts. In fact, CaCl2 procedure would be preferred 
rather than NaNO3, in terms of risk assessment because of its 
higher leaching capacity. In this sense, the soil-to-plant transfer 
process is no significant within the considered samples and the 
involved metal concentrations released are far below the 
environmental policy limits. 
 
The acquired data could be used as a baseline database for future 
studies of the area giving assessment on pollutants accumulation 
when monitoring studies will be performed by single leaching 
tests. From the obtained data, urgent actuation is needed close to 
M3 and M11 sampling area and by simply sweeping thoroughly 
the area, the hazard could be greatly reduced. 
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Single Column Figure/Scheme 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.1 Map of the studied area. Black line highlights the studied section 
of C-58 highway localized in the metropolitan area of Barcelona, Spain. 

 
Fig.3 Regression plots between released amounts of HCl single leaching 
test and overall labile amounts (sum of three fractions of SES) for Cu, Pb 
and Zn in 13 roadside sediment samples. 
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Roadside deposited sample 

F1 F2    F3    HCl          Σ(F1,F2,F3) 
 

Fig.5 Normalised plot of different leached amounts of Cu, Pb and Zn 
under different environmental conditions represented by SES steps plus 
HCl leached amount with respect to Dutch target limit. (Full line 
represents target value, dotted line the intervention value). 

 

 

 
Roadside deposited sample 

F4             HCl           HAcO 0.43 mol·l-1          HAcO 0.11 mol·l-1 

 

Fig.4 Normalised plot of different acid leached amounts of Cu, Pb and 
Zn with respect to Dutch target limit. (Full line represents target value, 
dotted line the intervention value). 
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Double Column Figure/Scheme 

 

 
Ni       Cr 

 
Cu       Zn 

 
Cd       Pb 
F1  F2  F3  Residual 
 

Fig.2 Fractionation patterns of Cd, Cr, Cu, Ni, Pb and Zn in 13 roadside sediment samples. F1, First fraction or adsorbed-exchangeable carbonate phase, 
F2, Second fraction or reducible phase, F3 Third fraction or oxidizable phase, F4 Fourth fraction or residual fraction. 
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Single Column Table 

 

Double Column Table 

 

 

Table 1 Statistical summary of mean, máximum and minimum values of 
edaphological parameters of 13 samples collected along C-58 highway 
and 3 background samples.  

 Background 
samples 

Roadside 
sediments 

pH (potential/total) 7.4 ± 0.1  
(7.2-7.6) 

8.8 ± 0.2 
(8.2-9.4) 

Conductivity (mS·dm-1) 360 ± 45  
(315-405) 

325 ± 94  
(140-678) 

Moisture content (%) 0.032 ± 0.005  
(0.03-0.04) 

0.041 ± 0.007  
(0.02-0.06) 

Organic mater content (%) 0.6 ± 0.2 
(0.3-1.1) 

0.7 ± 0.2  
(0.2-1.5) 

Carbonate content (%) 1.8 ± 0.3 
(1.2-2.2) 

14.7 ± 1.4 
(10.9-17.8) 

Major Components (%)   

SiO2 36 ±  5 
(34.3-38.7) 

40 ± 3 
(46-30) 

Al2O3 7.2 ± 0.8 
(6.8-7.5) 

10.9 ± 0.7 
(9.0-12.5) 

Fe2O3 5.5 ± 0.4 
(5.3-5.7) 

6.0 ± 0.4 
(4.7-7.0) 

CaO 20 ± 3 
(19.2-21.6) 

24.3 ± 1.9 
(20.2-29.4) 

MgO 1.8 ± 0.3 
(1.7-1.9) 

1.8 ± 0.3 
(1.5-2.2) 

K2O 1.5 ± 0.2 
(1.4-1.6) 

1.7 ± 0.2 
(1.4-1.9) 

TiO2 
0.30 ± 0.06 
(0.27-0.32) 

0.34 ± 0.05 
(0.29-0.46) 

P2O5 0.053 ±  0.020 
(0.046-0.063) 

0.070 ± 0.012 
(0.054-0.086) 

 

Table 2 Definition of fractions and extraction conditions related to the different leaching and digestions employed tests. 

Sequential Extractions 
Conditions Single extractions F1a F2b F3c Residual 

Extractant 
0,01 mol·l-1 
CaCl2 

0,1 mol·l-1  
NaNO3 

0,43 mol·l-1 
HAcO 

0,05 mol·l-1 
EDTA 

0,5 mol·l-1 
HCl 

0,11 mol·l-1 

HAcO 
0,5 mol·l-1 
NH2OH·HCl 

(a)8,8 mol·l-1 H2O2 
(b) 1.0 mol·l-1 NH4AcO 

37 % HCl 
70 % HNO3 

pH - - - - - 2,85 1,50 2,00 - 
Ratio 
g:ml 1:10 1:2,5 1:40 1:10 1:20 1:40 1:40 (a) 1:10 

(b) 1:50 0.25:10 

Contact  
Time (h) 2 2 16 1 1 16 16 (a) 2 

(b) 16 ≈ 0.25 

Agitation End over end rotation 
(a) Digestion 85 Cd 
(b) End over end 
rotation 

Microwave 
digestion with 
magnetic 
sitrring 

Speed 
(rpm) 30 120 30 30 30 30-45 30-45 30-45 - 

Liquid 
separation 

Centrifugation + filtration 

Additional 
steps - - - - - Wash residue before next setp. 1:20, 15 min, additional 

centrifugation 

Pre-digestion 1 
hour 
 

a Exchangeable, water and acid soluble fraction, b Reducible fraction, c Oxidable fraction, d Predigestion step a t room temperature 1 h. 
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Table 3 Indicative, certified and experimental extracted amounts for Cd, Cr, Cu, Ni, Pb and Zn values using the 3-steps SM&T-SES and single 
extractants for BCRs 483 and 701 certified reference materials. (mg·kg-1) 

CRM Extraction/Step  Cd Cr Cu Ni Pb Zn 
Experimental 7.0 ± 1.5 2.5 ± 0.5 49 ± 4 16.7 ± 0.7 3.6 ± 0.5 202 ± 9 

F1 Certified 7.3 ± 0.4 2.26 ± 0.16 49.3 ± 1.7 15.4 ± 0.9 3.2 ± 0.2 205 ± 6 
Experimental 3.2 ± 0.3 45.8 ± 0.8 116 ± 5 27.9 ± 0.1 119 ± 4 112 ± 3 

F2 
Certified 3.8 ± 0.3 45.7 ± 2.0 124 ± 3 26.6 ± 1.3 126 ± 3 114 ± 5 
Experimental 0.24 ± 0.05 142 ± 8 55 ± 10 15.8 ± 1.1 11 ± 2 45 ± 3 B

C
R

 7
01

 

SM
&

T-
SE

S 

F3 
Certified 0.27 ± 0.06 143 ± 7 55 ± 4 15.3 ± 0.9 9 ± 2 46 ± 4 
Experimental 10.0 ± 0.77 9.4 ± 3.5 16.8 ± 1.5 17.9 ± 2.0 0.76 ± 0.70 441 ± 39 

F1 
Indicative a 0.45 ± 0.05 0.35 ± 0.09 1.2 ± 0.4 1.4 ± 0.2 < 0.06 8.3 ± 0.7 
Experimental 24.8 ± 2.3 654 ± 108 141 ± 20 24.4 ± 3.3 379 ± 21 438 ± 56 

F2 
Indicative 0.08 ± 0.03 0.30 ± 0.07 0.89 ± 0.22 0.65 ± 0.07 < 0.03 2.7 ± 0.8 
Experimental 1.22 ± 0.48 2215 ± 494 132 ± 29 5.9 ± 1.4 66.5 ± 22 37.1 ± 9.9 SM

&
T-

SE
S 

F3 
Indicative 18.3 ± 0.6 18.7 ± 0.9 33.4 ± 1.6 25.8 ± 0.9 2.1 ± 0.2 620 ± 23 
Experimental 0.47 ± 0.02 0.39 ± 0.06 1.17 ± 0.08 1.42 ± 0.08 0.070 ± 0.008 8.4 ± 0.4 

CaCl2 Indicative 0.45 ± 0.05 0.35 ± 0.09 1.2 ± 0.4 1.4 ± 0.2 < 0.06 8.3 ± 0.7 
Experimental 0.11 ± 0.02 0.29 ± 0.07 0.89 ± 0.16  0.60 ± 0.07 0.055 ± 0.007 2.4 ± 0.2 

NaNO3 Indicative 0.08 ± 0.03 0.30 ± 0.07 0.9 ± 0.16 0.65 ± 0.07 < 0.03 2.7 ± 0.8 
Experimental 17.7 ± 0.3 18.1 ± 0.4 32.6 ± 0.5 25.0 ± 0.4 2.27 ± 0.06 628 ± 11 

HAcO 0.43 M Certified 18.3 ± 0.6 18.7 ± 1.0 33.5 ± 1.6 25.8 ± 1.0 2.1 ± 0.3 620 ± 24 
Experimental 25.1 ± 1.2 28.9 ± 1.8 208 ± 5 29.4 ± 0.8 223 ± 2 624 ± 4 

B
C

R
 4

83
 

EDTA 
Certified 24.3 ± 1.3 29 ± 3 215 ± 11 28.7 ± 1.7 229 ± 8 612 ± 19 

Results are expressed as the mean of three determinations ± standard deviation. a Indicative values obtained from BCR 483 certificate. 
 

Table 5 Summary of extractable metal mean concentrations using sequential extraction scheme in the studied roadside deposited sediment and 
background samples. (RDS, roadside deposited sediment; Bkgrd, background sample). (mg·kg-1) 

 F1  F2  F3  Residual  
Cd RDS Bkgrd RDS Bkgrd RDS Bkgrd RDS Bkgrd 

Mean 0.4 ± 0.2 0.11 ± 0.06 0.30 ± 0.02 0.12 ± 0.07 0.24 ± 0.02 0.11 ± 0.06 4.1 ± 0.3 1.7 ± 0.4 
(Max-Min) 0.2-0.9 0.05-0.16 0.03-0.76 0.06-0.18 0.12-0.45 0.05-0.16 3.0-7.8 0.8-2.5 

Cr         
Mean 0.37 ± 0.04 0.16 ± 0.04 5.5 ± 0.2 3.7 ± 0.8 12.2 ± 0.3 8.3 ± 1.5 86 ± 6 54 ± 5 

(Max-Min) 0.03-1.10 0.13-0.20 0.3-16.5 3.1-4.5 7.4-17.0 6.8-10.0 46-184 44-65 
Cu         

Mean 13.0 ± 0.7 2.6 ± 0.2 55 ± 3 22.8 ± 1.8 69 ± 2 24 ± 2 533 ± 99 42 ± 3 
(Max-Min) 1.0-60.0 2.5-2.9 0.6-107 21.6-24.8 15-181 23-26 24-4996 40-46 

Ni         
Mean 4.1 ± 0.3 1.7 ± 0.6 6.9 ± 0.2 2.0 ± 0.7 35.4 ± 0.9 8 ± 2 117 ± 17 14.1 ± 1.6 

(Max-Min) 1.4-19.8 1.3-2.3 0.02-36.8 1.6-2.8 3.3-257.1 6-11 2-977 1.1-1.9 
Pb         

Mean 15.4 ± 1.0 1.9 ± 0.3 203 ± 5 28 ± 5 98 ± 5 18 ± 3 64 ± 3 9.4 ± 1.7 
(Max-Min) 3.6-56.0 1.6-2.3 29-668 23-32 41-146 15-21 3-270 7.6-10.5 

Zn         
Mean 184 ± 6 35 ± 3 185 ± 6 55 ± 5 90 ± 8 30 ± 3 181 ± 12 55 ± 5 

(Max-Min) 68-353 33-38 54-377 52-60 44-220 28-32 65-422 51-59 
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Table 6 Summary of extractable metal mean concentrations using single leaching extractants in the studied roadside deposited sediment and background 
samples. (RDS, roadside deposited sediment; Bkgrd, background sample). (mg·kg-1) 

 CaCl2  NaNO3  HAcO  EDTA  HCl  
Cd RDS Bkgrd RDS Bkgrd RDS Bkgrd RDS Bkgrd RDS Bkgrd 

Mean 8.6 ± 0.8a 1.4 ± 0.2 BDLb BDL 0.46 ± 0.04 0.26 ± 0.02 0.25 ± 0.02 0.05 ± 0.02 0.57 ± 0.03 0.18 ± 0.02 
(Max-Min) 3.6-14.3a 1.2-1.6 - - 0.26-0.90 0.24-0.28 0.12-0.50 0.03-0.07 0.33-0.96 0.16-0.20 

Cr           
Mean 36 ± 3a 4.20 ± 0.02 BDL BDL 3.1 ± 0.2 0.13 ± 0.03 0.32 ± 0.01 0.06 ± 0.02 7.3 ± 0.2 5.2 ± 0.2 

(Max-Min) 12-83a 4.18-4.21 - - 0.8-10.1 0.10-0.16 0.22-0.56 0.04-0.08 2.7-11.1 5.0-5.4 
Cu           

Mean 0.83±0.07 0.06 ± 0.02 35 ± 3a BDL 52 ± 3 11.8 ± 0.2 39 ± 2 2.6 ± 0.3 106 ± 4 38 ± 3 
(Max-Min) 0.30-1.95 0.04-0.08 13-83a - 7-72 11.6-12.0 15-67 2.3-2.8 35-160 35-41 

Ni           
Mean 1.3 ± 0.2 0.52 ± 0.08 68 ± 8a BDL 5.4 ± 0.5 4.5 ± 0.3 1.1 ± 0.1 0.44 ± 0.03 5.4 ± 0.6 2.1 ± 0.3 

(Max-Min) 0.1-3.3 0.44-0.59 6-166a - 1.7-16.4 4.2-4.8 0.4-1.8 0.41-0.47 2.9-8.8 1.8-2.1 
Pb           

Mean 1.5±0.2 0.25 ± 0.03 68 ± 8a 30 ± 5a 136 ± 5 66 ± 4 106 ± 3 21 ± 2 211 ± 4 16.3 ± 1.7 
(Max-Min) 0.1-3.3 0.22-0.27 7-155a 26-34a 56-354 62-70 50-313 19-23 99-544 14.8-17.8 

Zn           
Mean 5.8±0.2 0.8 ± 0.3 369 ± 12a 116 ± 12a 261 ± 6 60 ± 6 100 ± 2 24 ± 2 307 ± 5 85 ± 4 

(Max-Min) 4.3-8.3 0.5-1.1 273-525a 105-127a 101-415 55-65 46-190 22-26 122-481 81-89 
a μg·kg-1 
b Below detection limit 
 



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS 

12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 Statistical summary of pseudototal content, CER values, coded environmental concentration guidelines values (ECG) and number of samples per CER class for Cd, Cr, Cu, Ni, Pb and Zn in 13 samples of 
roadside deposited sediments from C-58 highway. 

   Min    P25
a    P50    P75    Max    

 

Ta
rg

et
 

In
te

rv
en

tio
n 

m
g·

kg
-1

 

C
ER

 

EC
G

 

C
ER

 <
 2

 

m
g·

kg
-1

 

C
ER

 

EC
G

 

2 
< 

C
ER

 <
 5

 

m
g·

kg
-1

 

C
ER

 

EC
G

 

5 
< 

C
ER

 <
 2

0 

m
g·

kg
-1

 

C
ER

 

EC
G

 

20
 <

 C
ER

 <
 4

0 

m
g·

kg
-1

 

C
ER

 

EC
G

 

40
 <

 C
ER

 

Cd 0.8 12 3.42  0.7 bb 8 4.15  1.35 b 5 4.46  1.77 b 0 4.68  2.34 b 0 9.3  3.4 b 0 
Cr 100 380 60 0.37 a 12 71  0.84 a 1 88  1.15 a 0 117  1.48 b 0 208 2.24 b 0 
Cu 36 190 83  0.37 b 7 135  0.96 b 4 216  1.64 c 1 312  2.25 c 0 5178 42 c 1 
Ni 35 210 21  0.27 a 11 32  0.87 a 0 36  1.16 b 1 38  1.25 b 1 1273 65 c 0 
Pb 85 350 179  1.12 b 2 231  3.08 b 6 283  4.13 b 5 407  6.62 b 0 1082 9.06 c 0 
Zn 140 720 218  0.61 b 3 461  2.01 b 10 542  2.55 b 0 674  2.89 b 0 966  4.84 c 0 
aP25, P50, P75 represent the 25th, 50th and 75th percentiles of the data distributions. 
bECG Values: (a) < TL, below Dutch target limit; TL < (b) < IL, between Dutch target and intervention limits; (c) > IL, above Dutch intervention limit 
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1. Summary  
 
The SENSPOL Technical Meeting on monitoring a contaminated metal mining site 
was organised in Sevilla, Spain 6-9 November 2002, by the EU projects on 
‘Improved Detection Systems for Toxic Heavy Metals in Contaminated Ground 
Waters and Soils’ (DIMDESMOTOM) and ‘Monitoring Environmental Pollutants 
in Water, Soil and Sediments’ (SENSPOL), in collaboration with the Network for 
Industrially Contaminated Land in Europe (NICOLE) and Institute of 
Environmental Chemistry (IIQAB-CSIC), Barcelona, Spain. The goal of this unique 
site demonstration was to apply the latest sensing technologies at a site 
contaminated by metal mining activities. 
 
The demonstration of modern sensing technologies took place at Aznalcollar, a 
former metal mining site near to Sevilla. Experts performed the sampling in 
September 2002 and detailed laboratory analyses were carried out at Autonomous 
University of Barcelona and at CSIC. However, these analytical results were not 
made available to participants until after the practical meeting. The meeting 
programme included an expert presentation and demonstration of a total process 
monitoring that included sampling, preparation and treatment of samples and a 
measuring step by the different participant instruments. In addition to extracts, 
untreated samples were also made available, together with extraction equipment. 
Most of the experimental work was performed in an old field laboratory building on 
the mining site.  Some of the sensing devices were tested outside on the 
contaminated site. 
 
Technology developers from eleven European countries were joined by 
representatives from industry, consultants and an environmental agency. Sixteen 
different instruments were brought to the site in a co-operative effort to demonstrate 
the applicability of new field measurement techniques. The devices demonstrated 
included commercial and non-commercial devices, and developments from EU and 
national programmes.  

 
The on-site demonstration in Seville has resulted in a step forward in using new 
measuring techniques under field conditions. The instruments were used to 
successfully determine pollutants in soil, sediments and river waters at the 
contaminated metal mining site. Some provided indicative results within two days. 
The rapid field measurement techniques confirmed the effectiveness of the water 
treatment plant for mine wastes. They were also used to test for hydrocarbon 
contamination resulting from the use of fuel and flocculants during the mining 
activity. For the quantitative measurements of heavy metals, biosensors and 
chemical sensors have been optimised for particular target analytes, the most 
popular being cadmium and lead. A smaller number of techniques could also 
analyse copper, zinc, mercury and gold but with lower accuracy and higher 
detection limits than Cd and Pb. If the contaminants on a site are these metals then 
the existing tools are useful. The instruments have all shown their (potential) 
fieldability. One team processed 23 samples in two hours and if an extraction step 
could be developed to match that then these become very useful (and cost-effective) 
site screening tools.  
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A DVD/video of the event was made, it shows application of the latest sensing 
technologies and demonstrates their capabilities in addressing environmental 
problems in the field. The total monitoring process of collecting samples, 
preparation and the treatment necessary before a measurement can be made is 
addressed, and sensor devices are shown in operation.  
 
The sensors and related analytical methodologies will bring savings in time and cost 
to current methods and extra information useful in solving environmental problems 
from heavy metal contamination. It can be concluded that these sensors have the 
potential for real applications in the assessment and management of contaminated 
land problems, not only as analytical techniques in their own right, but also as rapid 
and cost-effective screening tools. Further integration of new sensing tools into field 
screening however is dependent on increasing the availability to (end-)users and 
succesful demonstration in projects. 
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Los estudios que se presentan en esta Tesis 
contribuyen a una mejora en la explotación de 
los resultados de la fraccionación de metales 
contaminantes como As, Cd, Cr, Ni, Pb o Zn en 
muestras de origen geológico contaminadas 
por la contribución antropogénica resultante de 
la explotación minera (Salsigne, Francia) o el 
tráfico rodado (Autopista C-58, España). La 
metodología de estudio se ha basado en el 
empleo de los procesos de extracción 
secuencial para la determinación de la 
disponibilidad de estos metales. Asimismo, se 
han empleado técnicas de análisis estadístico 
multivariable y herramientas geoestadísticas 
en combinación con la mencionada 
fraccionación para la obtención de posibles 
correlaciones entre los contaminantes y su 
movilidad, disponibilidad o persistencia.  
Como paso previo a los estudios desarrollados 
dentro de la presente memoria, ha sido 
necesario el desarrollo, optimización y 
validación tanto de los Esquemas de 
Extracción Secuencial (SES) en sus formas 
convencional o acelerada (procesos 
monoetapa o ultrasonidos) como de las 
extracciones simples o los procedimientos de 
pseudodigestión por microondas analítico. Por 
otra parte se han estudiado los fenómenos de 
readsorción y redistribución de los metales 
contaminantes entre las diferentes fracciones 
evaluadas al aplicar los SES. Dichos 
fenómenos son considerados como uno de los 
principales inconvenientes de estos 
procedimientos de extracción secuencial dado 
que pueden conducir a una estimación errónea 
de los contenidos movilizables de los 
elementos contaminantes considerados. 
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77..  CONCLUSIONES GENERALES 


 
 
Considerando los objetivos planteados en el apartado 1.9 de esta memoria y tras los estudios 
desarrollados, los resultados descritos a lo largo del presente trabajo de investigación constituyen 
nuevas contribuciones tanto en el estudio de alguno de los inconvenientes de los SES, como nuevas 
aplicaciones de la fraccionación. A continuación se recogen las conclusiones más relevantes que se 
pueden extraer de los resultados obtenidos en los diferentes trabajos recogidos en la presente 
memoria. Como consecuencia de estos resultados, también se indican las necesidades de estudios 
futuros que puedan complementarlos. 
 
En primer lugar se llevó a cabo la validación de las metodologías analíticas utilizadas tanto en las 
extracciones secuenciales convencionales como en las extracciones secuenciales aceleradas por 
procedimientos monoetapa o por ultrasonidos, como paso previo a la aplicación de dichas técnicas en 
los estudios posteriores. Los resultados más relevantes de este proceso indican que: 
 


1. Se han validado los procedimientos de extracción secuencial convencionales del BCR y del 
SM&T, así como las variantes aceleradas por medio de ultrasonidos y procedimientos 
monoetapa, determinando parámetros de calidad tales como la exactitud, precisión, 
sensibilidad, rapidez o costes. De este modo, los resultados obtenidos en la presente memoria 
pueden ser reproducidos siguiendo el mismo protocolo y empleando los mismos materiales en 
otros laboratorios, con la excepción de Cr en F3 para el SM&T-SES, para el que se observa 
una falta de trazabilidad, lo que limita la aplicabilidad y comparabilidad para este elemento, 
concretamente en la fracción oxidable de este SES. Por otra parte, destaca el desarrollo y 
puesta a punto de  


i. Una metodología de pseudodigestión de muestras de suelos y sedimentos, acelerada 
mediante microondas y alternativa al procedimiento convencional de pseudodigestión 
por reflujo. Para ello fue necesario un diseño de experimentos y la verificación de éste, 
obteniéndose las superficies de respuesta cualitativas para cada uno de los metales 
contaminantes considerados.  
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En estos estudios de validación se detectaron como necesidades futuras más relevantes: 
 


A. Ampliar el número de matrices sobre las que efectuar la validación de los SES, tanto 
convencionales como acelerados, a fin de ampliar el espectro de matrices disponibles con 
contenidos certificados o indicativos y de este modo mejorar la comprensión del efecto de la 
composición de la matriz sobre los SES acelerados, especialmente en el caso de los 
ultrasonidos donde la interacción de los extractantes y las fracciones de la muestra se llevan a 
cabo de forma distinta a lo que sucede en el proceso convencional o la variante acelerada por 
procesos monoetapa.  


B. Optimizar las condiciones de sonicado buscando las variables más influyentes en función del 
tipo de matriz considerada, de modo que puedan determinarse aquellos elementos más 
reproducibles para los que se podrá recomendar el método acelerado de fraccionación por 
ultrasonidos. 


C. Finalmente, indicamos como muy interesante desarrollar una nueva alternativa de aceleración 
de los SES al combinar los procedimientos monoetapa y las extracciones con ultrasonidos. El 
empleo de una metodología similar a la utilizada en los estudios aquí presentados y la 
aplicación de condiciones optimizadas al máximo número de matrices de origen geológico, a fin 
de obtener la mayor representatividad posible, puede constituir la continuidad natural de los 
estudios recogidos en la presente memoria. 


 
En segundo lugar y dentro de las aplicaciones derivadas de la fraccionación relacionadas con el 
análisis multivariable y la geoestadística, los resultados principales indican que: 
 


2. La aplicación de las técnicas de análisis estadístico multivariable, concretamente del PCA y el 
HCA, sobre las muestras medioambientales del área minera de Salsigne, revelan un aumento 
de la movilidad y disponibilidad de los diferentes metales a lo largo del sistema de 
alcantarillado, especialmente en las proximidades del área de almacenamiento de residuos. 
Este aumento se produce independientemente de la movilidad característica de los distintos 
metales, entendida como el contenido representado por las diferentes fracciones obtenidas al 
aplicar el SM&T-SES. En total pueden distinguirse tres grupos de muestra (Grupo I, II y III), en 
los que los distintos elementos presentan patrones de fraccionamiento significativamente 
diferentes.  
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3. La elevada concentración de los elementos contaminantes en algunas muestras, 
especialmente en las clasificadas como Grupo I donde la contaminación es extrema, convierte 
el posible agotamiento de los extractantes en un importante factor contribuyente al 
enmascaramiento de la fraccionación real de los elementos, especialmente del As. En este 
caso, la fraccionación de As sólo es indicativa de la secuencia de extractantes utilizada pero no 
informa de su relación con las distintas fases del suelo. Este último aspecto deberá ser tratado 
mediante un SES específico para oxoaniones. 


4. El empleo combinado de los datos de fraccionación y las herramientas geoestadísticas, han 
permitido obtener mapas de distribución horizontal de los diferentes elementos contaminantes. 
La principal aportación se centra en que dichos mapas delimitan el área a monitorizar, 
considerando fundamentalmente la movilidad de dichos contaminantes, representadas como 
las distintas fracciones del SM&T-SES y no el contenido pseudototal de los elementos, que 
sólo indicaría la peor situación posible. Por otra parte, los estudios geoestadísticos revelan 
interesantes relaciones entre el modelo de ajuste y el carácter movilizable de las distintas 
fracciones. Así, se observa una tendencia en la que los contenidos menos movilizables se 
relacionan con modelos exponenciales, mientras que los contenidos más movilizables, son 
mejor explicados por modelos de variación más suave (esférico o lineal).  


 
Como primeras aproximaciones, los estudios realizados abren nuevas vías de investigación con 
respecto a la aplicación combinada de la geoestadísitica, la quimiometría y la fraccionación, tales como: 
 


D. La continuación del estudio del área de Salsigne con la aportación de nuevas muestras, una vez 
sentadas las bases con las técnicas de análisis estadístico multivariable empleadas, podría 
considerar la aplicación de otras nuevas como el análisis discriminante lineal (LDA). Esta 
herramienta estadística permitiría derivar una regla de clasificación que sirva para agrupar 
nuevas muestras de características desconocidas en uno de los diferentes grupos ya 
identificados en función de las variables estudiadas, una vez identificadas aquellas variables con 
mayor poder discriminante.  


E. El desarrollo de nuevos SES que no se vean limitados por la contaminación de las muestras en 
estudio así como la comparación de diferentes SES especialmente para el caso del As, 
considerando asimismo la posible aceleración de éstos mediante procesos monoetapa o el 
empleo de la energía de ultrasonidos. En dicho desarrollo desempeñaría un papel importante la 
aplicación de diseño de experimentos. 
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F. En el caso de la aplicación de la geoestadística resulta necesario realizar estudios comparativos 
de la distribución de los contaminantes en las distintas fracciones, obtenida en función del 
número de puntos de muestreo disponibles, a fin de evaluar la representatividad de los modelos 
de distribución obtenidos. Por otra parte, a partir del desarrollo de nuevos SES para oxoaniones 
como el As, pueden efectuarse estudios comparativos de la distribución del As en función del 
SES aplicado, a través de los mapas de distribución horizontal obtenidos. 


 
En los estudios referentes a la evaluación del impacto de los metales como contaminantes en los 
sedimentos de carretera, en nuestro caso, los depositados en la autopista C-58 y la comparación de la 
fraccionación con respecto a las extracciones simples, los resultados más relevantes indican:  
 


5. La existencia de elementos favorecidos antropogénicamente tales como Cu, Pb o Zn, como 
consecuencia de su enriquecimiento con respecto al nivel litogénico. Dicha identificación ha 
sido posible gracias a la determinación de la disponibilidad real de los elementos 
contaminantes considerando su variabilidad geoquímica, determinando parámetros como los 
factores de enriquecimiento (CER) o los valores medioambientales guía (ECGs). La 
caracterización de la movilidad, disponibilidad o persistencia de los metales considerados 
permite identificar las zonas afectadas de la autopista las cuales requieren una actuación 
preventiva en función de la movilidad o disponibilidad de los elementos contaminantes.  


6. El empleo de extracciones simples proporciona una primera indicación de efectos como la 
acidez o la complejación sobre la movilidad de los distintos metales. La información derivada 
del empleo de los extractantes blandos se ve limitada por el grado de contaminación que 
presentan las muestras en estudio. Por otro lado, la comparación con respecto a la extracción 
secuencial, convierten al HCl (0,5 M) en un extractante candidato para efectuar 
determinaciones rápidas, eficaces y rutinarias, con resultados comparables a los 
proporcionados por los SES, especialmente si se consideran los elementos favorecidos 
antropogénicamente.  


 
Ya que los estudios realizados sobre sedimentos de carretera constituyen una primera aproximación, 
es necesario realizar estudios complementarios, como los que sugerimos a continuación:  
 


G. Aumentar el número de muestras para delimitar mejor la contaminación a lo largo del área 
estudiada y dentro de ésta, reflejando la difusión de la contaminación tanto en distancia con 
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respecto a los puntos de muestreo, como en profundidad, a fin de evaluar el perfil de 
contaminación. La aplicación posterior de las técnicas de análisis estadístico multivariable 
empleadas en el capítulo 4 puede conducir a la identificación de relaciones entre las muestras y 
las variables seleccionadas en la caracterización de éstas. 


H. Por otra parte, podrían realizarse en combinación con la geoestadística, los mapas de 
distribución horizontal de la movilidad, disponibilidad o persistencia de los elementos favorecidos 
antropogénicamente, a fin de detallar una predicción más extensa del impacto contaminante a 
partir de los datos obtenidos. 


I. Dada la potencialidad de la utilización del HCl 0,5 M, surge la necesidad de harmonizar, 
estandarizar y validar la extracción con este reactivo a fin de obtener un método alternativo. En 
este sentido es necesario ampliar el número de matrices de características geológicas sobre el 
cual pueda emplearse dicha extracción simple. 


 
En lo referente al estudio de los inconvenientes de readsorción y redistribución dentro de las diferentes 
variantes de los SES, tanto convencional como aceleradas por ultrasonidos o procedimientos 
monoetapa, aplicados ya sea sobre materiales de referencia certificados o muestras reales, los 
resultados más relevantes indican: 
 


7. Independientemente del SES empleado, BCR-SES o SM&T-SES, ha podido observarse que 
los porcentajes de readsorción más importantes se determinan en la fracción soluble en ácido y 
en la fracción oxidable. Especialmente destacable resulta la significativa subestimación que 
puede derivarse de las cantidades movilizables o disponibles (contenidos liberados en la 
primera fracción del SES) de elementos como Cu y Pb, de manera general en matrices de 
diferentes composiciones. Mientras en el caso del Pb, tanto bibliográficamente como 
experimentalmente, se ha demostrado que la fracción reducible es la principal causante de la 
readsorción más elevada (la de la primera fracción), en el caso del Cu, tanto la fracción 
reducible como la oxidable, son los principales destinos y por tanto, causantes de las 
readsorciones acaecidas en la fracción soluble en ácido. 


8. En cuanto a los procedimientos acelerados, para el BCR-SES, la readsorción generalmente 
superior en el SES acelerado por procesos monoetapa con respecto al proceso convencional, 
limita su aplicabilidad a la fraccionación de Cd y Ni en matrices de características similares a 
las empleadas en este estudio, dado que los porcentajes obtenidos son semejantes a los del 
proceso convencional. No obstante, al considerar el SM&T-SES, no se han observado 
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diferencias significativas para los procesos monoetapa, mientras la aplicación de los 
ultrasonidos puede favorecer la readsorción al exponerse nuevas superficies y centros de 
adsorción en las fracciones remanentes, como consecuencia de disolución y/o disgregación de 
dichas fracciones debido a la cavitación inducida por los ultrasonidos. 


9. En lo referente al estudio de la readsorción sobre muestras reales al aplicar tanto la variante 
convencional, como la acelerada por procesos monoetapa del SM&T-SES, puede apreciarse 
que no se observan diferencias significativas en el grado de readsorción y que las tendencias 
observadas de forma general en los CRMs, parecen repetirse. Es decir, tendencias como las 
elevadas readsorciones de Cu y Pb en la fracción soluble en ácido y unas más que probables 
redistribuciones hacia la fracción reducible son también observadas en las muestras del área 
minera de Salsigne, lo que dependiendo del grado de contaminación de las muestras, puede 
conducir a una considerable sub o sobreestimación de los contenidos de los metales en las 
distintas fracciones. 


 
No obstante, las necesidades futuras se centran en 
 


J. Identificación inequívoca de las fases geoquímicas responsables de los procesos de readsorción 
de los diferentes metales estudiados. Para este objetivo nos proponemos la aplicación de 
metodologías alternativas basadas en métodos radioquímicos, tanto en los SES convencionales 
como en los SES acelerados, aplicados sobre CRMs y muestras reales. 


K. La evaluación de los fenómenos de redistribución sobre los SES acelerados, así como del 
fenómeno de readsorción sobre la combinación de ambas estrategias de aceleración de los 
SES, es decir el SES acelerado por procesos monoetapa acelerados mediante ultrasonidos, 
aplicados sobre CRMs y muestras reales. 
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