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Two  sequential  schemes  discriminating  different  oxide  phases  were  used.
Tucker4  model  made  possible  to  visualize  and explain  the  data  set  information.
Although  different,  the  2 sequential  procedures  used  give  similar  information.
Metal  mobility/availability  was  assessed  for  estuarine  sediment  samples.
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a  b  s  t  r  a  c  t

The  aim  of this  study  was  to assess  metal  mobility/availability  in  coastal  surface  (oxic)  sediment  samples
from  the Bahía  Blanca  estuary.  Particularly,  two  sequential  extraction  procedures  able  to discriminate
metals  associated  to  amorphous  Fe  and  Mn  oxides  and  those  associated  with  crystalline  oxides  of  Fe
were  applied.  Sequential  procedures  differ  in  the  number  of steps,  type  of  reagents  used,  and  in the
order  in  which  metals  associated  to  organic  matter  are  extracted.  The  studied  metals  were  Cd,  Cr,  Cu,
Pb,  Ni and  Zn  because  of  their  hazardous  potential  and  relative  abundance  in  the  estuary.  Tucker4  model
with  three  factors  describes  appropriately  the data  sets  (explained  variance  of 64.05%).  This model  made
it possible  to visualize  and  explain  the  information  underlying  in  the  data  set.  From  the multivariate
xide phases
ediment samples
equential extraction procedures

analysis,  it was  possible  to evaluate  the metal  behaviour  and their  availability.  In this  way,  Cd  and  Zn
are  associated  to  the more  available  fractions  whereas  Ni, Cr, Cu  and  Pb  are  mainly  associated  to  the
unavailable  fractions.  On the  other  hand,  Zn and  Cu  are associated  to organic  matter  fraction.  Despite  the
fact  that  the  two-fractionation  schemes  are  quite different,  the  results  obtained  with  both  schemes  are
comparable.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Sediments are constituted by fragments derived from soils
nd rocks, biological materials and other contributions of anthro-
ogenic origin. Conditions of the aquatic environment, critically
ffect the chemical characteristics of the sediments. Sediments can
ct as sinks or sources of heavy metals depending on their geochem-

cal composition and changes in the physicochemical conditions,
.e. pH, presence of organic chelates, redox potential, dissolved oxy-
en, etc. [1,2].

∗ Corresponding author. Tel.: +54 2914595100; fax: +54 2914595160.
E-mail addresses: malvarez@criba.edu.ar, monica.alvarez@uns.edu.ar

M.B. Alvarez).
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304-3894/© 2014 Elsevier B.V. All rights reserved.
Heavy metals may  be associated to several solid phases in the
sediments, i.e. clays, organic matter, oxides, carbonates, sulphides
and residual silicates, which are mutually interrelated [1–3]. Heavy
metals are adsorbed on the surface of clay particles and are also
occluded in amorphous materials such as Fe and Mn  oxyhydrox-
ides, sulphides and organic matter that can act as coatings of other
sediment particles. They also take part of the crystalline lattice of
primary minerals such as residual silicates [4].

Currently it is normally accepted that total metal concen-
tration gives less information about the metal behaviour than
fractionation analyses [1]. The fractionation methods consist of

extraction/lixiviation procedures carried out under operationally
defined conditions. The term ‘operational’ is established to indi-
cate that metal concentrations obtained in each fraction depend on
the used experimental procedure [5–7]. Most widely used chemical
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trast, the selected sequential extraction procedures for our study
are able to discriminate between metals associated to the phase
56 M.B. Alvarez et al. / Journal of Ha

xtractants are classified as inert electrolytes, weak acids, reducing
nd oxidizing agents, complexing reagents and strong acids. The
im of a particular fractionation study determines the appropri-
te sequence of reagents to obtain the required partitioning degree
number of steps). These procedures are based on selecting dif-
erent reagents with increasing dissolving power respect to the
eochemical phases. The relative solubility of metal species asso-
iated to a particular geochemical phase depends on the degree of
eagent’s dissolving power [8]. In this sense, there are traditional
equential extraction schemes described in the literature [6,9–12]
nd others recently reported [13–16].

In the last decades, Fe and Mn  oxyhydroxide phases have
eceived major attention because of their significant role in the
eavy metal fixation. This is reflected in the application of sequen-
ial schemes tending to discriminate the metals associated to the
e/Mn amorphous oxides and the Fe crystalline oxides [4,17–19].
hese schemes are based on the different behaviours of Mn  and
e oxyhydroxides under various redox potential and pH condi-
ions [20,21]. The most effective mixture of reagents to assess the

etals associated to these phases contains both a reducing and
 chelating agent able to keep the released metals in a soluble
orm.

These kinds of studies are particularly important in well-mixed
stuaries. In such closed environments, sediments take a long time
ntil they are deposited near the shore; therefore, physicochem-

cal processes have enough time to occur [3]. The Bahía Blanca
stuary (Buenos Aires, Argentina) is a case study of this type of
losed environment, which is particularly interesting because it
ossesses a deep-water port (45 feet) requiring periodic dredg-

ng. This practice leads to a large movement of sediments that
ould derive in a potential risk of pollution. The high turbidity is an
mportant characteristic of the system, caused mainly by an intense
idal regime and prevailing strong N and NW wind which generate
ater mixing and re-suspension phenomena [22,23]. Furthermore,

he estuary receives water from fresh water streams and passes
hrough important agricultural and ranching areas.

Environmental data originated in fractionation studies give
ise to large multivariate arrays. They require variable reduction
echniques to provide an easy visualization and interpretation
f the information hidden in the data set. The obtained data
how a multidimensional structure (samples, metals, fractions,
xtraction procedures) and could be analyzed using a four-way
ultivariate chemometric tools such as PARAFAC and Tucker mod-

ls [24–27]. This kind of data could be rearranged in partial data
ets with lower dimensions and analyzed by a simpler method
uch as PCA [28]. However, this approach does not have the
bility of dealing with the whole data set in a unique analysis
29,30].

The goal of this study was to assess the availability and
ehaviour of heavy metals associated to different solid phases of
ediment samples of the Bahía Estuary. To this aim, two  sequential
xtraction schemes [10,11] were applied to oxic sediment samples
rom the Bahía Blanca estuary. The fractionation procedures vary
n the number of steps. They also differ in the order in which
rganic matter and oxide phases are extracted. Cd, Cr, Cu, Pb, Ni
nd Zn were studied, either because of their hazardous potential
r relative abundance in the estuary (probably associated with
ndustrial activities) [26,27]. A better visualization of the results

as obtained using a Tucker4 model. The choice of Tucker instead
f PARAFAC (a particular case of Tucker) was based on the ability of
ucker of handle different number of factors in each mode, which
ake it possible to extract more information. In addition, one

ollateral scope of this study is to qualitatively corroborate that the
esults obtained by the two different sequential extraction schemes

using different reagents, temperature, and extraction times) are
quivalent.
s Materials 274 (2014) 455–464

2. Experimental

2.1. Reagents and solutions

All chemicals and reagents were of analytical reagent grade.
Doubly distilled demineralized water was  used throughout. Before
use all containers were soaked in 15% HNO3 for 24 h, and rinse
with doubly distilled water. Carlo Erba (Erbatron RSE, Milan, Italy)
HF, HCl and HNO3 were used. Stock solutions of the analytes
(1000 mg  L−1) were obtained from Carlo Erba Normex Standards
(Milan, Italy). Multielement standard solutions were prepared by
diluting suitable volumes of the stock solutions with 0.5 mol L−1

HNO3. A solution for Cr was  prepared to avoid the instability of the
signals observed when this element was  included in the multiele-
mental solution [31].

In order to assess the total metal concentrations, Antarctic
bottom sediment (MURST-ISS-A1, provided by Italian Research Pro-
gram in Antarctica) certified for total metal concentrations was
used. The total metal concentration was  assessed following the
procedure stated in [27]. X-ray diffraction analysis showed that
the mineral constitution of the Antarctic sediment resembles, in
a global way, the composition of the coastal sediments studied
(quartz, feldspars such as anorthite and albite, carbonates, iron
oxides and hydroxides) [31].

2.2. Study area

The Bahía Blanca estuary is located in the south of the Buenos
Aires Province, Argentina, (38◦46′S, 62◦30′W)  and has a northwest-
southeast direction (Fig. 1). Several fresh water streams flow into
the north of the main channel, which is primarily sailed by fishing
boats and cargo vessels (generally carrying fuel and cereals). Three
urban nucleuses are located in the northern coast of the estuary. The
largest of them is Bahía Blanca city, with a population exceeding
300,000 inhabitants. The southern coast is not well defined and
varies with the tides.

This area constitutes a big industrial emplacement, composed by
refineries, petrochemical industries and fertilizer manufacturers.
Moreover, there are textile and tannery industries that coexist with
cereal and meat factories. Pollutants reach the estuary through the
different sources of fresh water carrying direct industrial discharges
and municipal wastewater.

2.3. Sampling and sample treatment

The sampling zone is characterized by the presence of fine sand,
silt and clay surface sediments. Eight samples (S1 to S8) were col-
lected in the Galván port area (about 5 ha in surface) because of the
proximity to important industries, i.e. the main sources of pollution
(see Fig. 1). Several portions were collected along a zig-zag track
[32], in the same sampling point, in order to obtain representative
composite samples. Surface oxic sediment samples (light brown
colour, flaky appearance, no sulphide smell) were taken from the
superficial layer (1–5 cm)  using a plastic spatula. The samples were
kept at 4 ◦C before analysis.

Samples were air-dried for at least 72 h and sieved (250 mesh).
The lower particle size fraction (<63 �m) was retained.

2.4. Procedure

The classical extraction schemes [6,9] consider metals linked to
oxides as a unique phase (named “oxides of Fe and Mn”). By con-
comprised by Mn  oxides and amorphous Fe oxyhydroxides and
those adsorbed on crystalline Fe oxides [10,11]. Amorphous iron
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Fig. 1. Map  showing the stu

xyhydroxides and manganese oxides form mixed oxides because
f their similar chemical properties and ionic radii. They are chem-
cally more reactive than crystalline Fe oxides and it is on this basis
hat metals associated to these different phases (amorphous and
rystalline) are separated [11]. It is remarkable that extraction con-
itions for metals linked to amorphous oxyhydroxide phase are
elatively independent of pH (it could vary from 1 to 3), concentra-
ion of the reducing agent (0.025 to 0.25 mol  L−1 NH2OH·HCl) and
xtraction time (15–60 min) [20]. Furthermore, the extraction of
etals associated to crystalline Fe oxides needs stronger conditions

lower pH, higher reducing agent concentration, longer extraction
ime and higher temperature).

The successive chemical extraction steps and volumes of
eagents involved in the sequential extraction schemes used in our
ork are summarized in Fig. 2. The fractionation Scheme 1, con-

isting of seven steps was adapted from the procedure reported
y Gupta and Chen [10]. The fractionation Scheme 2 comprises five
teps and was an adaptation of the procedure proposed by Hall et al.
11].

All the operations were performed in 50 mL  polypropylene cen-
rifuge tubes provided with screw stoppers, except the last step (in
oth procedures) which was carried out in PTFE vessels. The initial
ass of sediment was 2.000 ± 0.001 g. The extracts were separated

rom the solid residue by centrifugation at 3000 rpm (1006 × g) for
0 min. The residue was washed once with 10.0 mL  of water and
he washings discarded before continuing the extraction sequence.
he final solution volume was 25.0 mL.  Four procedural replicates
or the same sample were prepared for each scheme. Blanks for all
tages of each procedure were prepared as well.

Flame atomic absorption measurements were performed with
 Perkin-Elmer AAnalyst 200 spectrometer equipped with single
lement hollow cathode lamps for Cr, Cu, Ni and Pb. For Cd and Zn
lectrodeless discharge lamps were used. The spectrometer was
perated at maximum sensitivity with air/acetylene flame. Ana-
ytical wavelengths (nm) were Cd: 228.8, Cr: 359.3, Cu: 324.8, Ni:
41.5, Pb: 283.3 and Zn: 213.9. Determination limits for the atomic
pectrometric procedure were estimated from solutions containing
he matrix components, ie. simulating the composition of the solu-

ions from each extraction step. Practical values were calculated as
hree times the IUPAC detection limit (LOD), defined as the ratio
etween three times the standard deviation of the blank signal (for

 = 10) and the slope of the calibration line.
a and the sampling points.

2.5. Multivariate analysis

The data were arranged in a multi-way array X (I × J × K × L) (I
corresponds to the number of samples analyzed, J is the number of
metals studied, K consists of the number of fractions established in
each fractionation scheme, and L is the number of sequential extrac-
tion schemes simultaneously examined). Scaling within the metals
mode (J-mode) was carried out in order to ensure that metals have
the same possibility to contribute to the model [24]. This eliminates
the differences among metals arising from their different magni-
tudes, while retaining the differences among the sampling sites,
fractions and schemes.

In accordance with the multi-way structure of the data set, a
method able to deal with four-way data has been applied. Tucker4
model [29] decomposes the four-way data array X into four loading
matrices A (I × P), B (J × Q), C (K × R) and D (L × S), where P, Q, R and
S are the number of factors in each mode, as follows:

X =
P∑

p=1

Q∑

q=1

R∑

r=1

S∑

s=1

aipbjqckrdlsgpqrs + eijkl (1)

In Eq. (1), eijkl corresponds to each residual element in the E
(I × J × K × L) array and the gpqrs are the elements from the four-way
core array G (P × Q × R × S). Tucker4 model was chosen because it
enabled the selection of different number of factors in each mode.
This is particularly helpful in the current data set, in which the
fourth mode has only two schemes. In addition, Tucker4 gives the
core array G, which contains information about the interactions
among the loading vectors in the different modes [30]. Since Tucker
models have rotational freedom, we  rotated the core in order to
maximize the explained variance with fewer factor combinations.
For such a rotated core, the loadings were counter-rotated so that
the model of the data was  still the same [30].

The optimal model was  selected using the numerical convex-
hull-based method proposed by Ceulemans and Kiers [33], with the
st-criterion —defined on the basis of residual sum of squares and
the degrees of freedom (d.f.) [25,34]. Instead of the goodness-of-fit

used in the original work. An explanation of st-coefficients compu-
tation can be found elsewhere [25]. Thus, the model with largest
st-coefficient was selected. Multi-way modelling was  performed
using N-way Toolbox [35] in Matlab 7.0 (The MathWorks).
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Fig. 2. Flow chart comparing th

. Results and discussion

.1. Sequential extraction schemes

The results from the applied sequential extraction procedures
re summarized in Tables 1 and 2. Repeatability is indicated as the
onfidence interval with 95% confidence level, obtained for 4 deter-
inations. The resulting precision may  be regarded as acceptable

onsidering the substantial number of manipulations applied in the
equential schemes.

Fig. 3 shows bar charts that display the distribution patterns
ith metal proportions associated with each fraction. In gen-

ral, a good correlation is observed between the two  fractionation
chemes, despite the differences in the number of steps and the
rder of extraction of organic matter fraction. In order to verify
he reliability and consistency of the results obtained by the two
equential extraction procedures, the recoveries based on the total
etal concentration were calculated (Table 3). Recoveries were

cceptable and ranged between 86.0 and 108.0% for the studied
amples and between 95.8 and 109.0% for the reference material.

The sum of the first three steps of sequential extraction Scheme
 (Table 1, soluble metals, exchangeable metals and those asso-
iated to carbonates) is comparable to the first step of sequential
xtraction Scheme 2 (Table 2, exchangeable and soluble in water
nd acids metals). Moreover, this procedure was corroborated by

omparing these results with the ones obtained by BCR protocol
published in [26]) for samples S7 and S8 and for the reference

aterial MURST-ISS-A1. The results were statistically comparable
 ̨ = 0.05).
 sequential extraction schemes.

3.2. Multi-way analysis interpretation

When many samples are submitted to different sequential
extraction schemes that give various fractions, in which several
metals are determined, the amount of data obtained could be sig-
nificantly high. So, obtaining and explaining relevant information
by a simple inspection or interpretation of data tables or bar charts
(Fig. 3) become a complex task. However, this kind of data intrinsi-
cally has a multi-way structure and could be analyzed by multi-way
methods. These methods are more adequate to carry out the so-
called ‘data mining’, whose overall goal is to extract information
from a data set and transform it into an understandable structure
for further use. Multi-way methods such as PARAFAC (Parallel Fac-
tor Analysis) [30] compel the model to have the same number of
factors for all the modes. In the current data set, which has only
two sequential schemes in the fourth mode, using PARAFAC could
be a drawback. So, the selected multi-way method was  Tucker4,
because of its ability to work with different number of factors in
each mode.

The first step in the Tucker4 analysis was  the selection of the
optimal model complexity. Generally, the optimal complexity of
the Tucker model is the one retaining the maximum data variance
using the smallest number of components. In this study we used the
Ceulemans–Kiers st-criterion [33] to determine the optimal model
complexity. With this purpose, the plot of explained data variance
versus model complexity (P × Q × R × S) was  carried out (Fig. 4). The

st-criterion was applied only for the seven models lying in the upper
boundary of the convex-hull (Fig. 4). Table 4 shows the correspond-
ing st-coefficients. Although the variance explained by the model
has quite low values, it is in agreement with the characteristic of
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Table  1
Concentration of metals (±confidence interval, n = 4,  ̨ = 0.05) in mg  kg−1 (dry basis) for fractionation Scheme 1.

Cd Cr Cu Ni Pb Zn

Fraction 1 (step 1 + 2 + 3)
S1  0.65 ± 0.04 <0.65 12.15 ± 0.59 <0.65 4.12 ± 0.38 103 ± 5
S2  0.67 ± 0.04 <0.65 6.33 ± 0.26 <0.65 6.00 ± 0.52 59.05 ± 4.48
S3  0.70 ± 0.06 <0.65 6.91 ± 0.25 3.28 ± 0.24 5.12 ± 0.44 25.22 ± 2.19
S4  0.55 ± 0.06 <0.65 15.35 ± 0.68 <0.65 5.05 ± 0.40 45.94 ± 3.63
S5  1.60 ± 0.08 <0.65 9.91 ± 0.54 4.35 ± 0.32 3.38 ± 0.25 15.55 ± 0.98
S6  1.02 ± 0.07 <0.65 11.65 ± 1.05 3.25 ± 0.29 <1.70 65.86 ± 4.95
S7  1.17 ± 0.09 <0.65 <0.75 <0.65 6.84 ± 0.55 14.52 ± 0.96
S8  0.90 ± 0.06 <0.65 13.71 ± 0.48 <0.65 <1.70 211 ± 16

MURST-ISS-A1 0.49 ± 0.04 <0.65 <0.75 <0.65 <1.70 6.29 ± 0.42
Fraction 2 (step 4)

S1 0.25 ± 0.02 3.05 ± 0.18 3.08 ± 0.15 5.25 ± 0.48 5.45 ± 0.44 86.50 ± 7.95
S2  0.29 ± 0.03 1.92 ± 0.10 5.45 ± 0.22 3.65 ± 0.35 7.55 ± 0.68 14.33 ± 1.22
S3  1.13 ± 0.08 4.65 ± 0.25 11.15 ± 0.95 6.65 ± 0.62 14.10 ± 1.12 20.25 ± 1.86
S4  0.36 ± 0.03 3.45 ± 0.22 9.98 ± 0.68 8.52 ± 0.76 10.33 ± 0.97 14.63 ± 1.31
S5  0.39 ± 0.04 < 0.65 12.55 ± 0.81 7.10 ± 0.65 20.32 ± 1.75 25.65 ± 1.93
S6  1.25 ± 0.09 5.13 ± 0.28 13.33 ± 0.93 8.45 ± 0.78 4.45 ± 0.38 22.12 ± 1.85
S7  0.78 ± 0.06 3.98 ± 0.22 9.75 ± 0.65 3.13 ± 0.28 14.36 ± 1.26 10.05 ± 0.98
S8  <0.10 <0.65 3.50 ± 0.08 1.75 ± 0.24 <1.70 62.50 ± 5.34

MURST-ISS-A1 <0.10 <0.65 <0.75 <0.65 <1.70 1.46 ± 0.13
Fraction 3 (step 6)

S1 0.65 ± 0.05 3.75 ± 0.26 7.33 ± 0.58 3.85 ± 0.35 15.13 ± 1.33 42.25 ± 3.82
S2  0.68 ± 0.04 4.30 ± 0.32 12.22 ± 1.02 10.12 ± 0.95 27.63 ± 2.46 45.53 ± 3.65
S3  0.46 ± 0.03 15.13 ± 1.28 15.41 ± 1.11 7.85 ± 0.65 7.75 ± 0.70 37.38 ± 3.08
S4  0.75 ± 0.06 14.53 ± 1.25 12.22 ± 1.08 7.08 ± 0.63 32.89 ± 3.02 65.75 ± 5.75
S5  0.60 ± 0.05 12.85 ± 1.02 22.41 ± 1.95 5.65 ± 0.48 18.73 ± 1.66 37.38 ± 2.93
S6  0.68 ± 0.06 12.45 ± 1.10 23.74 ± 1.87 8.75 ± 0.69 18.23 ± 1.75 56.30 ± 4.92
S7  <0.10 <0.65 5.22 ± 0.45 2.68 ± 0.22 20.12 ± 1.88 45.15 ± 4.05
S8  <0.10 3.32 ± 0.25 7.04 ± 0.56 6.25 ± 0.54 5.13 ± 0.46 35.25 ± 3.13

MURST-ISS-A1 <0.10 <0.65 <0.75 0.80 ± 0.07 <1.70 <0.05
Fraction 4 (step 5)

S1 0.63 ± 0.03 12.00 ± 1.05 40.25 ± 3.14 4.02 ± 0.31 15.31 ± 1.42 98.55 ± 8.33
S2  0.60 ± 0.03 15.15 ± 1.24 23.11 ± 2.08 9.05 ± 0.82 12.43 ± 1.18 50.58 ± 4.95
S3  0.65 ± 0.04 7.07 ± 0.63 25.44 ± 2.02 3.22 ± 0.25 7.43 ± 0.69 15.82 ± 1.28
S4  0.63 ± 0.04 10.75 ± 0.95 21.11 ± 1.98 10.33 ± 0.96 12.92 ± 1.13 12.85 ± 0.95
S5  0.48 ± 0.03 10.25 ± 0.98 17.44 ± 1.57 8.15 ± 0.69 10.05 ± 0.87 23.82 ± 1.84
S6  0.55 ± 0.04 10.42 ± 0.86 9.42 ± 0.78 6.13 ± 0.42 5.33 ± 0.43 12.39 ± 0.75
S7  0.64 ± 0.04 <0.65 28.80 ± 2.25 <0.65 15.10 ± 1.33 4.64 ± 0.39
S8  <0.10 14.00 ± 1.32 50.89 ± 4.76 4.33 ± 0.37 15.31 ± 1.25 175 ± 11

MURST-ISS-A1 <0.10 2.05 ± 0.16 4.07 ± 0.38 3.25 ± 0.20 <1.70 4.73 ± 0.33
Fraction 5 (step 7)

S1 0.95 ± 0.07 15.63 ± 1.12 20.45 ± 1.98 16.55 ± 1.25 11.83 ± 1.05 61.88 ± 5.42
S2  1.05 ± 0.08 14.65 ± 1.03 27.44 ± 2.23 15.33 ± 1.13 12.18 ± 1.08 48.25 ± 4.55
S3  0.83 ± 0.06 10.07 ± 0.94 19.82 ± 1.81 13.25 ± 1.06 11.95 ± 1.02 39.27 ± 3.83
S4  1.22 ± 0.10 11.25 ± 1.05 27.44 ± 2.42 19.93 ± 1.69 9.96 ± 0.85 46.51 ± 4.36
S5  0.95 ± 0.06 25.07 ± 2.25 39.82 ± 3.75 15.35 ± 1.08 24.95 ± 2.25 59.45 ± 5.69
S6  1.36 ± 0.11 26.39 ± 2.33 18.83 ± 1.69 18.35 ± 1.35 13.63 ± 1.15 75.85 ± 6.98
S7  0.65 ± 0.06 14.15 ± 1.08 32.03 ± 2.58 15.25 ± 1.09 14.52 ± 1.22 22.93 ± 1.88
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S8  0.29 ± 0.03 15.22 ± 1.10 

MURST-ISS-A1 <0.10 40.97 ± 3.85 

he samples, which have a composition resulting from both natu-
al origin and variable anthropogenic inputs. As a result, the model
ith a complexity 3 × 3 × 3 × 1 was selected.

Five fractions (F1 to F5) were considered in order to compare
he results obtained from the two fractionation schemes (Fig. 2).

Figs. 5a–c shows the loading plots for the I-mode (samples).
hen Factor 2 vs. Factor 1 plot is examined (Fig. 5a), it can be seen

hat almost all samples have similar and negative figures for Factor
. Regarding Factor 2 S1, S8 and the reference material MURST-
SS-A1 have positive values and are clearly different from the other
amples. Metals found in MURST-ISS-A1 are principally associated
o the organic matter and residual fractions (Fig. 3, Tables 1 and 2).

oreover, samples S1 and S8 were collected in the proximity of an
ndustrial effluent, and this area is characterized by high organic

atter contents. Fig. 5b shows the Factor 3 vs. Factor 2 plot. MURST-

SS-A1 appears isolated from the other samples and has positive
alues for both factors. S1 and S8 samples have positive values for
actor 2 but exhibit negative values for Factor 3. On the other hand,

 cluster involving S2, S4, S5 and S6 appears with negative values
.12 ± 1.65 13.48 ± 1.03 4.96 ± 0.33 54.69 ± 4.93

.03 ± 0.17 5.76 ± 0.47 17.24 ± 1.58 40.68 ± 3.75

for both factors. Finally, S3 and S7 seem to be grouped showing
negative values for Factor 2 and positive ones for Factor 3. Fairly,
sample S7 and MURST-ISS-A1 exhibit the highest values for Fac-
tor 3. The same behaviour is observed in Fig. 5c, which displays a
similar arrangement.

Loading plots for J-mode (metals) are depicted in Fig. 5d–f. In
the plane formed by Factors 2 and 1, the metal distribution shows
positive values for Factor 1 (Fig. 5d). Lower loading for Factor 1
seem to be related to the metals typically linked to F1, i.e. Zn, Cd
and Pb to a lesser extent. On the contrary, the most positive values
of Factor 1 would correspond to the less available metals. From
another point of view, Factor 2 discriminates Zn and Cu from the
other metals. An inspection of Tables 1 and 2 reveals that the metals
mainly linked to organic matter fraction are Cu and Zn. Thus, Factor
2 seems to be related to the presence of Cu and Zn in the organic

matter fraction. Several authors also reported associations of Cu
to the organic matter fraction [8,18,36]. The amounts of Zn in the
studied samples are greater than the ones corresponding to other
metals. So, it is not strange to find Zn linked to all the fractions, even
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Table 2
Concentration of metals (±confidence interval, n = 4,  ̨ = 0.05) in mg  kg−1 (dry basis) for fractionation Scheme 2.

Cd Cr Cu Ni Pb Zn

Fraction 1 (step 1)
S1 0.63 ± 0.05 <0.65 14.84 ± 0.65 <0.65 3.35 ± 0.31 109 ± 8
S2  0.63 ± 0.05 <0.65 5.43 ± 0.22 <0.65 5.85 ± 0.53 53.50 ± 4.65
S3  0.72 ± 0.06 <0.65 6.33 ± 0.24 3.12 ± 0.22 4.98 ± 0.47 23.12 ± 2.07
S4  0.50 ± 0.04 <0.65 14.02 ± 0.62 <0.65 4.98 ± 0.44 43.12 ± 4.02
S5  1.53 ± 0.11 <0.65 8.78 ± 0.50 4.13 ± 0.38 3.05 ± 0.28 14.58 ± 1.18
S6  0.95 ± 0.08 <0.65 5.83 ± 0.53 3.00 ± 0.24 <1.70 50.15 ± 4.73
S7  1.10 ± 0.09 <0.65 <0.75 <0.65 6.98 ± 0.61 13.73 ± 1.06
S8  0.69 ± 0.06 <0.65 12.84 ± 0.37 <0.65 <1.70 129 ± 11

MURST-ISS-A1 0.51 ± 0.04 <0.65 <0.75 <0.65 <1.70 7.15 ± 0.58
Fraction 2 (step 2)

S1 0.25 ± 0.02 2.85 ± 0.23 2.10 ± 0.18 4.95 ± 0.45 4.88 ± 0.42 83.50 ± 5.23
S2  0.30 ± 0.03 1.75 ± 0.15 4.73 ± 0.35 3.33 ± 0.30 6.83 ± 0.61 12.55 ± 1.06
S3  1.02 ± 0.07 4.33 ± 0.38 10.10 ± 0.98 6.03 ± 0.57 12.35 ± 1.03 19.65 ± 1.72
S4  0.25 ± 0.03 2.65 ± 0.20 8.35 ± 0.73 7.33 ± 0.69 8.95 ± 0.75 13.05 ± 1.13
S5  0.36 ± 0.04 <0.65 10.98 ± 0.95 6.52 ± 0.61 18.33 ± 1.63 23.33 ± 2.02
S6  1.05 ± 0.10 5.00 ± 0.42 12.55 ± 1.02 7.13 ± 0.65 4.30 ± 0.39 21.03 ± 1.95
S7  0.78 ± 0.07 4.13 ± 0.36 8.58 ± 0.69 2.98 ± 0.25 11.85 ± 1.05 9.25 ± 0.68
S8  0.25 ± 0.02 <0.65 2.10 ± 0.20 <0.65 <1.70 163 ± 14

MURST-ISS-A1 <0.10 <0.65 <0.75 <0.65 <1.70 1.63 ± 0.15
Fraction 3 (step 3)

S1 0.70 ± 0.06 4.80 ± 0.35 5.25 ± 0.46 4.75 ± 0.42 13.75 ± 1.15 41.36 ± 3.75
S2  0.75 ± 0.07 6.19 ± 0.57 13.51 ± 1.12 12.45 ± 1.03 29.39 ± 2.35 54.75 ± 4.22
S3  0.63 ± 0.05 16.43 ± 1.46 15.75 ± 1.07 8.93 ± 0.71 9.45 ± 0.85 42.13 ± 3.66
S4  0.96 ± 0.09 15.63 ± 1.39 14.15 ± 1.22 8.22 ± 0.65 35.83 ± 3.12 67.38 ± 5.85
S5  0.73 ± 0.06 14.53 ± 1.18 24.22 ± 2.03 6.38 ± 0.55 19.92 ± 1.75 42.10 ± 3.78
S6  0.86 ± 0.08 15.85 ± 1.24 25.15 ± 2.05 9.65 ± 0.72 20.73 ± 1.98 58.12 ± 4.25
S7  <0.10 <0.65 4.05 ± 0.33 2.83 ± 0.25 17.63 ± 1.65 42.55 ± 3.95
S8  <0.10 8.80 ± 0.52 9.04 ± 0.48 6.45 ± 0.48 6.17 ± 0.50 41.36 ± 3.55

MURST-ISS-A1 <0.10 <0.65 <0.75 0.75 ± 0.06 <1.70 <0.05
Fraction 4 (step 4)

S1 0.58 ± 0.02 11.16 ± 1.05 45.37 ± 4.02 5.15 ± 0.43 15.05 ± 1.33 93.88 ± 8.15
S2  0.50 ± 0.04 16.56 ± 1.33 25.22 ± 2.13 10.05 ± 0.92 15.71 ± 1.39 61.25 ± 5.02
S3  0.63 ± 0.05 8.33 ± 0.72 27.75 ± 2.35 4.63 ± 0.42 8.95 ± 0.75 16.13 ± 1.33
S4  0.72 ± 0.05 8.65 ± 0.81 27.07 ± 2.08 8.44 ± 0.75 13.22 ± 1.05 17.43 ± 1.05
S5  0.63 ± 0.04 12.22 ± 1.03 20.13 ± 1.66 9.15 ± 0.83 12.15 ± 0.99 25.95 ± 1.98
S6  0.63 ± 0.05 12.25 ± 0.98 10.45 ± 0.78 8.02 ± 0.68 6.05 ± 0.41 13.75 ± 1.08
S7  0.62 ± 0.04 <0.65 26.08 ± 2.23 <0.65 16.96 ± 1.25 6.54 ± 0.45
S8  <0.10 11.16 ± 1.05 50.37 ± 4.02 5.33 ± 0.42 15.05 ± 1.03 194 ± 14

MURST-ISS-A1 <0.10 2.25 ± 0.19 4.18 ± 0.29 3.02 ± 0.28 <1.70 4.73 ± 0.52
Fraction 5 (step 5)

S1 1.10 ± 0.09 15.98 ± 1.25 21.63 ± 1.83 17.25 ± 1.33 15.36 ± 1.22 61.00 ± 5.08
S2  1.26 ± 0.11 16.13 ± 1.32 29.17 ± 2.35 16.05 ± 1.45 16.12 ± 1.30 50.02 ± 4.30
S3  0.83 ± 0.08 11.12 ± 1.03 20.45 ± 2.02 14.24 ± 1.12 12.05 ± 1.11 40.35 ± 3.98
S4  1.43 ± 0.13 13.85 ± 1.09 29.63 ± 2.11 21.25 ± 1.58 11.25 ± 0.98 49.05 ± 4.12
S5  1.10 ± 0.08 26.28 ± 2.02 40.63 ± 3.28 17.13 ± 1.33 25.12 ± 2.07 61.38 ± 5.05
S6  1.55 ± 0.13 27.12 ± 2.15 19.93 ± 1.55 19.75 ± 1.42 14.42 ± 1.28 79.85 ± 6.33
S7  0.67 ± 0.06 10.92 ± 1.04 37.76 ± 2.33 16.33 ± 1.38 16.15 ± 1.36 23.56 ± 1.45
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S8  0.28 ± 0.03 13.80 ± 1.12 

MURST-ISS-A1 <0.10 41.33 ± 3.75 

o the organic matter fraction. Other authors have found the same
ehaviour for Zn in samples with high content of organic matter
36].

The Factor 3 vs. Factor 2 plot distributes the metals in three
uadrants (Fig. 5e). Cr and Ni have positive values for Factor 3 and
egative for Factor 2 and they could be related to the more unavail-
ble fractions, i.e. crystalline oxide and residual phases. A close
nspection Tables 1 and 2 demonstrates that F3 and F5 have a Cr
verage value higher than 50% of the total Cr content. Moreover, Cr
s not present in F1, indicating that this metal is mainly linked to
he unavailable fractions. A lower value of Factor 3 was  observed
or Ni. This fact could be ascribed to a higher relative abundance
f this metal in the amorphous oxide phase (F2) compared to the
rystalline one (F3). Cd appears with negative values for both Fac-
ors 2 and 3. This may  be due to a higher proportion of this metal in

he available or labile phases (F1). Although Pb is also in the same
uadrant, the relationship ‘Cd in F1/total Cd’ is higher than the cor-
esponding ratio for Pb. This is appreciated as a more negative value
or Factor 3. Again, Factor 2 allows Cu and Zn to be distinguished
± 1.24 14.75 ± 1.06 4.36 ± 0.31 31.00 ± 2.81

± 0.13 5.95 ± 0.35 18.02 ± 1.63 41.15 ± 3.63

from the other metals, probably because of their association with
organic matter, as we have already pointed out.

Factor 1 and Factor 3 could be simultaneously analyzed in
Fig. 5f. Three clusters could be observed. One of them involves
Zn and Cd with lower values for Factor 1, the other comprises
Pb and Cu and the third group includes Cr and Ni with posi-
tive values for both Factor 3 and Factor 1. The combination of
these two  factors seems to be related with mobility/availability
of metals. Cd and Zn exhibit the higher mobility whereas Ni and
Cr are the less available metals, that it is consistent with reports
by other authors [36]. An intermediate situation is observed for
Pb and Cu, which exhibit similar mobility. Mobility/availability of
metals is strongly related to the geochemical composition of the
sediments and also to the characteristics of the environment in
which the sediments are located. However, several studies applied

to different oxic sediments samples reported a similar sequence
of mobility/availability. In this sense, Zakir et al. [18] estab-
lished the sequence Cd > Zn > Pb > Cu > Cr for surface sediments and
Sahuquillo et al. [37] reported the order Cd > Zn > Pb ≈ Cu > Ni ≈ Cr
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ing values. This could be assigned to the resemblance among the
ig. 4. Explained data variance (%) by Tucker4 models of different complexity.

or the relative mobilization of metals in different sediment sam-
les. On the contrary, other authors reported different sequences;
orghani et al. [38] informed the following trend in the mobility:
d > Pb > Zn > Ni, whereas Cr and Cu appeared as environmentally

mmobile. On the other hand, Canuto et al. [39] stated that the order
f mobility is Cd > Pb > Zn > Ni ≈ Cr > Cu for polluted estuarine sedi-
ents. The main differences among the mobility order observed in

ur study and the reported ones in the last studies [38,39] are the
navailability of Cu and some variations in the relative mobility of
b.

K-mode (fractions) loading plots are depicted in Fig. 5g–i. Factor

 vs. Factor 1 graph shows that all fractions have similar positive
alues for Factor 2, except F4 (organic matter fraction) which has
he more positive loading (Fig. 5g). The relationship between Factor

 and F4 has been a common issue throughout the discussion of all
ern—bar diagram.

the modes (samples, metals and fractions). The loading distribution
along Factor 1 passes from negative to positive values in agreement
with the fraction availability (i.e. the more negative the loadings
are, the more available the fractions are). In this loading plot, it
can be observed that F4 is in the neighbourhood of F2 (amorphous
oxides of Fe and Mn). This fact could be explained in terms of the
natural association of these phases. In this sense, organic matter
usually acts as a coating of oxide particles. Moreover, amorphous
oxides often form aggregates that occlude organic matter.

The Factor 3 vs. Factor 2 plot shows that F4 is separated from the
other fractions with positive values for both Factors 2 and 3 (Fig. 5h).
On the other hand, the oxide phases (F2 and F3) appear together.
This is consistent with several classical extraction schemes [6,9], in
which the amorphous and crystalline oxides were encompassed in
a unique fraction.

Three well-defined groups are defined in Factor 3 vs. Factor 1
plot (Fig. 5i). F4 (organic matter) appears isolated. F1 and F2 (i.e.
the more available/labile phases) are grouped with negative values
for both Factors 1 and 3. On the other side, F3 and F5 (represent-
ing the crystalline oxide and residual phases) have negative values
for Factor 3 and positive ones for Factor 1. Therefore, this distribu-
tion seems to obey to the ability of each phase to retain the metals
associated to them.

A single factor was  recovered by Tucker4 model for the L-mode
(sequential extraction schemes). The loading values are almost the
same for both sequential schemes (approximately 0.7). Although
the sequential extraction schemes involve different number and
order of extraction steps (Fig. 2) as well as different reagents,
extraction times and temperature, they have quite similar load-
information obtained by the two  schemes studied.
Table 5 shows the most important elements of the core array G

obtained by the Tucker4 model with complexity 3 × 3 × 3 × 1. The
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Table 3
Comparison between total metal concentrations and the sum of fractions. Concentration of metals (±confidence interval, n = 4,  ̨ = 0.05) in mg kg−1 (dry basis).

Sample Cd Cr Cu Ni Pb Zn

S1 Total concentration 3.18 ± 0.10 36.22 ± 1.33 87.28 ± 3.72 31.12 ± 1.36 50.35 ± 3.93 386 ± 14∑
fractions Scheme 1 3.13 ± 0.10 34.43 ± 1.57 83.26 ± 3.81 29.67 ± 1.42 51.48 ± 2.29 392 ± 14

Recovery* (%) 98.4 95.1 95.4 95.3 102.2 101.6∑
fractions Scheme 2 3.26 ± 0.12 34.79 ± 1.69 89.19 ± 4.49 32.10 ± 1.53 52.39 ± 2.20 388 ± 14

Recovery (%) 102.5 96.1 102.2 103.1 104.1 100.6
S2 Total  concentration 3.36 ± 0.11 40.02 ± 2.05 76.75 ± 3.12 40.15 ± 2.13 70.13 ± 3.75 230 ± 10∑

fractions Scheme 1 3.29 ± 0.11 36.02 ± 1.65 74.55 ± 3.23 38.15 ± 1.72 65.79 ± 3.06 218 ± 9
Recovery (%) 98.0 90.0 97.1 95.0 93.8 94.5∑

fractions Scheme 2 3.44 ± 0.15 40.63 ± 1.96 78.06 ± 3.39 41.88 ± 2.02 73.90 ± 3.13 232 ± 9
Recovery (%) 102.4 101.5 101.7 104.3 105.4 100.8

S3 Total  concentration 3.78 ± 0.12 39.95 ± 1.89 81.44 ± 3.22 36.02 ± 1.65 46.32 ± 1.98 141 ± 9∑
fractions Scheme 1 3.77 ± 0.13 36.92 ± 1.73 78.73 ± 3.09 34.25 ± 1.43 46.35 ± 1.86 138 ± 6

Recovery (%) 99.7 92.4 96.7 95.1 100.1 98.0∑
fractions Scheme 2 3.83 ± 0.14 40.21 ± 1.96 80.38 ± 3.43 36.95 ± 1.52 47.78 ± 1.95 141 ± 6

Recovery (%) 101.3 100.7 98.7 102.6 103.2 100.5
S4 Total  concentration 3.72 ± 0.11 39.85 ± 1.72 90.88 ± 3.11 44.87 ± 2.58 75.36 ± 4.03 191 ± 10∑

fractions Scheme 1 3.51 ± 0.14 39.98 ± 1.90 86.10 ± 3.44 45.86 ± 2.18 71.15 ± 3.50 186 ± 8
Recovery (%) 94.4 100.3 94.7 102.2 94.4 97.5∑

fractions Scheme 2 3.86 ± 0.17 40.78 ± 1.95 93.22 ± 3.29 45.24 ± 1.99 74.23 ± 3.54 190 ± 8
Recovery (%) 103.8 102.3 102.6 100.8 98.5 99.8

S5 Total  concentration 4.12 ± 0.13 52.02 ± 2.32 103 ±4 40.12 ± 1.73 78.95 ± 4.27 166 ± 9∑
fractions Scheme 1 4.02 ± 0.12 48.17 ± 2.66 102 ± 5 40. 60 ± 1.55 77.43 ± 3.42 162 ± 7

Recovery (%) 97.6 92.6 99.6 101.2 98.1 97.6∑
fractions Scheme 2 4.35 ± 0.16 53.03 ± 2.56 105 ± 4 43.31 ± 1.79 78.57 ± 3.33 167 ± 7

Recovery (%) 105.6 101.9 102.2 108.0 99.5 100.9
S6 Total  concentration 4.96 ± 0.18 57.45 ± 2.53 74.85 ± 3.55 46.01 ± 1.82 42.37 ± 2.14 225 ±11∑

fractions Scheme 1 4.86 ± 0.17 54.39 ± 2.73 76.97 ± 2.99 44.93 ± 1.78 41.64 ± 2.17 233 ± 10
Recovery (%) 98.0 94.7 102.8 97.7 98.3 103.4∑

fractions Scheme 2 5.04 ± 0.21 60.22 ± 2.70 73.91 ± 2.92 47.55 ± 1.86 45. 50 ± 2.42 223 ± 9
Recovery (%) 101.6 104.8 98.7 103.3 107.4 99.1

S7 Total  concentration 3.33 ± 0.12 17.08 ± 0.92 77.25 ± 3.62 24.48 ± 1.21 70.65 ± 3.99 97.33 ±6.48∑
fractions Scheme 1 3.24 ± 0.13 18.13 ± 1.10 75.80 ± 3.51 21.06 ± 1.15 70.94 ± 2.95 97.29 ± 4.69

Recovery (%) 97.3 106.1 98.1 86.0 100.4 100.0∑
fractions Scheme 2 3.37 ± 0.13 15.05 ± 1.10 76.47 ± 3.31 22.14 ± 1.42 69.57 ± 2.76 95.63 ± 4.42

Recovery (%) 101.2 88.1 99.0 90.4 98.5 98.3
S8 Total  concentration 1.25 ± 0.05 34.13 ± 1.74 97.88 ± 3.86 27.15 ± 1.29 24.56 ± 1.45 561 ± 20∑

fractions Scheme 1 1.19 ± 0.07 32.54 ± 1.74 97.26 ± 5.09 25.81 ± 1.24 25.40 ± 1.37 538 ± 21
Recovery (%) 95.2 95.3 99.4 95.1 103.4 95.8∑

fractions Scheme 2 1.22 ± 0.07 33.76 ± 1.62 96.98 ± 4.26 26.53 ± 1.24 25.58 ± 1.19 558 ± 23
Recovery (%) 97.6 98.9 99.1 97.7 104.2 99.4

MURST-ISS-A1 Total  concentration 0.53 ± 0.03 43.85 ± 2.68 6.08 ± 0.38 9.12 ± 0.55 18.45 ± 1.02 57.12 ± 2.98∑
fractions Scheme 1 0.49 ± 0.04 43.02 ± 3.85 6.10 ± 0.42 9.81 ± 0.52 17.24 ± 1.58 53.16 ± 3.79

Recovery (%) 92.5 98.1 100.3 107.6 93.4 93.1∑
fractions Scheme 2 0.51 ± 0.04 43.58 ± 3.75 6.63 ± 0.32 9.72 ± 0.45 18.02 ± 1.63 54.71 ± 3.72

Recovery (%) 96.2 99
Certified value 0.538 ± 0.027 42

* Recovery is defined as 100 × (� fractions/(determined) total concentration).

Table 4
St-coefficients for the convex hull method results obtained for Tucker4 models of
different complexity.

Model complexity d.f. St-coefficient

(1,1,1,1) 521 –
(2,1,2,1) 510 0.77
(2,2,2,1) 521 1.98
(3,2,2,1) 505 0.50
(3,2,3,1) 496 1.64
(3,3,3,1) 509 90.7
(3,3,3,2) 487 –

d.f.: degrees of freedom.

Table 5
Four most important core elements of the (3,3,3,1) Tucker4 model.

Core element (p × q × r × s) Core element value Explained variance (%)

[1,1,1,1] −11.69 40.44
[2,2,2,1] 7.15 15.13
[3,1,2,1] −6.08 10.92
[2,1,3,1] 4.77 6.73
.4 109.0 106.6 97.7 95.8

.1 ± 3.4 5.79 ± 1.59 9.56 ± 1.05 21.0 ± 2.9 53.3 ± 2.7

core elements gpqrs contain information regarding the extent of the
interaction among the loading matrices Ap, Bq, Cr and Ds (p = 1,2,3;
q = 1,2,3; r = 1,2,3 and s = 1). From Eq. (1) it may be noted that the
sign of gpqrs is defined by the sign of Ap, Bq, Cr and Ds. Moreover,
the magnitude of each core value is related to its contribution to
the reconstructed data (i.e. the product aip × bjq × ckr × dls × gpqrs).

The first core element (1,1,1,1) explains a 40.44% of the core
variation and indicates an interaction among the first factors in
each mode (A1, B1, C1 and D1, i.e. the Factor 1 for the I, J, K and
L-modes). This first core value is negative (−11.69), and loading
values of A1 are negative as well (see Fig. 5a). On the other hand,
B1 and D1 evidence positive values. Therefore, the product will
be negative only if the first core value interacts with the positive
values of C1. Additionally, the high value of this core element indi-
cates a relationship between the more positive values of B1 and
C1 and the more negative values of A1. Thus, Ni, Cr and Cu will be

related to the F5 (residual) and F3 (crystalline oxides) to a lesser
extent. This is in accordance with the presence of these metals in
such geochemical phases, as we have already mentioned. Likewise,
the samples showing more negative values of A1 are S5, MURST,
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1, S8 and S2. Nevertheless, the values are similar for most of the
amples.

The second core element (2,2,2,1) has a positive value of 7.15
15.13% explained core variability). Since C2 and D1 are always pos-
tive, obtaining a positive core value involves the product between
egative values for A2 and B2 or between positive values for both A2
nd B2. The samples having positive loading values in the I-mode
re MURST, S1 and S8, and these samples would be related to Cu
nd Zn in the J-mode (also positive values). With respect to the
amples having negative values in A2 and the metals with negative
alues in B2 it is not possible to distinguish a clear relationship.
n the K-mode, the most positive value corresponds to F4 (organic

atter), and this could be related to the presence of Cu and Zn in
his fraction. This could also be associated with samples MURST,
1 and S8, which exhibit high proportions of Cu and Zn linked to
rganic matter fraction, as was already discussed.

The third core element (3,1,2,1) has a negative value (−6.08)
nd it explains a 10.92% of the core variation. Since B1, C2 and D1
re always positive the core value will be negative if we consider
egative values of A3. Unfortunately, this core element is unable to
how a clear relationship between samples, fractions and metals.
Finally, the fourth core element (2,1,3,1) has a positive value
f 4.77 (6.73% explained core variability). Since B1 and D1 are
lways positive, obtaining a positive core value involves the prod-
ct between negative values for both A2 and C3 or between positive
 (metals) and (g)–(i) loading plots for the K-mode (fractions) obtained by Tucker4

values for A2 and C3. Thus, samples S1, S8 and MURST appear associ-
ated to F4 (organic matter) as was  already stated. On  the other hand,
the most negative values of C3 are for F2 and F3 (amorphous oxy-
hydroxides of Fe and Mn  and crystalline oxides of Fe, respectively)
and they could be related to samples S4, S5 and S6 (more negative
loadings for A2) and to the metals with more positive loading val-
ues in B1 (i.e., Ni, Cr, Cu and Pb). Particularly, there is a significant
proportion of Pb in the oxyhydroxide fraction for these samples
(Fig. 3).

4. Conclusions

The mobility/availability of metals in sediment samples of the
Bahía Blanca Estuary could be satisfactorily investigated by the
combination of two different sequential extraction schemes and
chemometric multivariate analysis. The application of the Tucker4
model to the data obtained enabled us to easily visualize and
explain the information underlying in the data set.

Several conclusions about samples could be pointed out: two
samples (S1 and S8) seem to be influenced by the proximity to

industrial effluents. Consequently, higher proportions of metals
linked to organic matter fraction are observed. In addition, other
samples are characterized by relatively high contents of Pb in the
oxyhydroxide fractions (S4, S5 and S6).
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Regarding the metals, a few remarks can be made: Cd and Zn
re associated to the more available fractions (F1 and F2). Ni, Cr, Cu
nd Pb are mainly associated to the unavailable fractions (F3 and
5). There is a tight relationship between Cu and Zn and the organic
atter fraction.
The procedures applied in the two sequential extraction

chemes differ in the number of steps, type of reagents used, and
he order in which metals associated to organic matter is extracted.
n spite of this, the visualization of the information extracted by
ucker4 model does not show significant differences among the
wo sequential extraction schemes. So, the information supplied by
he two sequential extraction schemes could be considered equiv-
lent.

From the multivariate analysis, it can be inferred that Fac-
or 1 is strongly related to metal availability. The lower Factor 1
s the lesser the tendency of geochemical fractions to retain the

etals (F1 < F2 < F4 < F3 < F5), i.e. the higher the metal availability
Cd ≈ Zn > Pb ≈ Cu > Ni > Cr). Else wise, Factor 2 could be assigned to
he organic matter content, i.e. the contributions of anthropogenic
rigin to the sediments. Factor 3 it is probably the result of a com-
ination of several causes. Therefore, it was not possible to clearly

dentify which characteristics describe it.
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