
Abstract Two existing sequential chemical extraction
schemes, involving respectively five and six leaching steps
with solutions of increasing dissolving power, were com-
pared. The methods have been applied to surface sediment
samples collected in a marine estuary zone potentially ex-
posed to contamination arising from nearby industrial ac-
tivities. A certified reference material (MURST-ISS-A1)
consisting of an Antarctic bottom sediment for which no
information regarding phase dependent concentration is
available, was also analyzed. In order to evaluate the par-
tition of metals among different geochemical forms, the
concentrations of cadmium, chromium, lead and zinc
were measured in the liquid extracts by Zeeman-corrected
flame atomic absorption and by inductively coupled
plasma-atomic emission spectrometry. The total metal
concentrations were determined after strong acid attack,
and the adequacy of this total digestion/dissolution tech-
nique was verified by its application to the reference ma-
terial. Comparison of total metal concentrations with the
sum of concentrations associated with the individual
phases was employed to assess possible analyte losses or
contaminations. Precisions for both sequential procedures
were comparable, but some inconsistencies in mass bal-
ances were found in one of the samples for the distribu-
tion of Zn in the soluble/exchangeable fractions and for
Cd in the bound to carbonates form. In addition, the six
steps procedure produced lower concentration values in
the case of elements associated to the residual fraction.

For the five steps method mass balances showed accept-
able agreement, with average recoveries in the 87 to
106% range. On the whole, differences in metal distribu-
tions were observed, being more marked for the bottom
sediment. Significant proportions of the studied elements,
with the exception of Cr, were found as easily extractable
forms. X-ray diffraction and petrographic observation of
the surface sediments allowed qualitative correlation be-
tween the leaching results obtained and the presence of
defined geochemical phases.

1 Introduction

Evidence of contamination of sediments and soils by po-
tentially toxic elements is usually obtained by estimation
of the total amount of those substances present above spe-
cific concentration limits. However, because of the differ-
ent chemical forms in which metals can accumulate, total
concentrations are usually not sufficient to obtain infor-
mation relevant to environmental studies aimed to evalu-
ate the impact of anthropogenic or natural contamination
sources. The mechanisms by which metals can be re-
moved (i.e. sediments may act as sources or sinks of con-
taminants) are highly dependent on the bonding forms un-
der which those metals are associated with the different
geochemical phases constituting the sedimentary material.

Interest in the use of partial dissolution techniques
originates in geochemical exploration studies aimed to 
detect anomalous concentrations of elements [1, 2]. The
component elements of minerals, when released to the en-
vironment by weathering followed by hydromorphic or
other transportation processes, may react with specific re-
action sites in solids. As a result the elements may remain
retained under relatively labile forms via different chemi-
cal or physicochemical reaction mechanisms. In environ-
mental sciences selective leaching of sediments with de-
fined chemical extractants (or mixtures) [1] is meant to
establish which fractions of an element that, being previ-
ously in a labile form, have reached a lower degree of mo-
bility by interaction with the geochemical environment.
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Sequential leaching of sediments with solutions of in-
creasing dissolving power allows a broad operational
classification of the most important binding forms of met-
als, which can, in principle, be associated with the com-
ponent solid phases. Because true specificity is almost im-
possible to achieve, the speciation results obtained by
these means are generally described as “operationally de-
fined”. Thus, the term “operational” is meant to indicate
that the data are dependent on the experimental proce-
dures employed, and that the forms or phases identified
are only loosely defined.

Although somewhat far from ideal, sequential extrac-
tion schemes are frequently employed in environmental
sciences to determine the chemical or physicochemical
binding forms in natural solids. Some intrinsic limitations,
such as redissolution or readsorption of metals during the
successive extraction stages, make speciation measure-
ments performed directly on the solid more desirable [3].
However, those measurements usually require sophisti-
cated instrumentation, and are in many cases difficult to
interpret.

A widely employed sequential scheme, originally pro-
posed by Tessier et al. [4] classifies the metal fractions as:
(a) exchangeable, (b) bound to carbonates, (c) bound to
oxides of Fe and Mn, (d) bound to organic matter, and (e)
residual (included in the crystal lattice). A similar method,
described by Grimalt [5] includes a previous stage in
which soluble metals, originally present in interstitial wa-
ter, are extracted. Other procedures introduce also a water
extraction step [6], or discriminate between metals associ-
ated with amorphous Fe and Mn oxides and those associ-
ated with crystalline oxides of Fe [7]. Additional informa-
tion can be obtained from single extractions with specific
complexing agents such as EDTA or acetic acid [8, 9] or
from digestion / extraction with diluted strong acids (or
acid mixtures) [10, 11]. Chemical fractionation is also fre-
quently applied to substrates other than sediments, such as
peat [12] or atmospheric particulate matter [13]. Possible
sources of error associated with the procedures have
been discussed [14, 15]. The need of adequate quality
control of the sequential methods to allow the compari-
son of results is widely recognized. A three steps frac-
tionation method has been proposed by the European
Standards, Measurements and Testing Program (for-
merly BCR) [16, 17], aiming to improve the comparabil-
ity while retaining the most significant empirical infor-
mation generated. Standardized protocols, amenable to
extensive testing via feasibility and interlaboratory stud-
ies, have been established. In particular, the preparation
and certification of soil and sediment reference materials
and the approaches for validation of single and multiple
extraction schemes are thoroughly discussed by Que-
vauviller [17].

Due to their inherent multielemental capabilities to
specifically detect and measure several elements at trace
and subtrace levels, sequentially or simultaneously, atomic
spectrometric techniques are particularly suited for the
analysis of the relatively low volumes of the liquid phases
resulting from the successive extraction steps. Applica-

tions of atomic absorption spectrometry, either with flame
(FAAS) or electrothermal (ETAAS) atomization [6, 18–
20], inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) [7, 21] and mass spectrometry with
inductively coupled plasma source (ICP-MS) [7, 22] are
described in the literature.

The objective of this work was to comparatively assess
two widely employed sequential leaching methods [4, 5],
with the purpose of establishing the feasibility of their ap-
plication to distribution studies of heavy metal contami-
nants in coastal surface sediments. The methods were
chosen because of their similarities and capacity to gener-
ate specific information on the type of materials consid-
ered. The study was focused on four elements of toxico-
logical interest (Cd, Cr, Pb and Zn), that may be associ-
ated with industrial activities. Two representative sedi-
ment samples, collected in potentially contaminated sites,
and a certified reference material (MURST-ISS-A1,
Antarctic bottom sediment) for which previous informa-
tion regarding the phase dependent composition is not
available, were selected for evaluation.

2 Experimental

2.1 Reagents and instrumentation. All chemicals and reagents
were of analytical reagent grade. Doubly distilled, demineralized
water was used throughout. Before use all glass and plastic ware
was soaked in 10% HNO3 for 24 h. The washing was completed
with a doubly distilled water rinse. Carlo Erba (Erbatron RSE) HF,
HCl and HNO3 were employed. Stock solutions of the analytes 
(1 g L–1) were obtained from Carlo Erba Normex Standards. Mul-
tielement calibrant solutions of Cd, Zn and Pb were prepared in 
0.5 mol L–1 HNO3. A single element solution was employed for Cr
analyses by flame spectrometry because instability of the signals
was verified if that analyte is included in the multielement solution
[18]. Determination limits for the spectrochemical procedures
were estimated from solutions containing the matrix components,
i.e. simulating the composition of the solutions from each extrac-
tion step. Practical values were calculated as three times the 
IUPAC detection limit, defined as the ratio between three times the
standard deviation of the blank signal (for n = 10) and the slope of
the calibration line.

Atomic absorption measurements were performed with a Hi-
tachi Z6100 Polarized Zeeman spectrometer, equipped with single
element hollow-cathode lamps. The instrument was operated at
maximum sensitivity with an air-acetylene flame. Analytical lines
(nm) and determination limits (µg mL–1) were: Cd 228.8/0.02; Pb
283.3/0.34; Zn 213.9/0.01 and Cr 359.3/0.1. A Shimadzu ICPS-
1000 sequential plasma spectrometer was employed for atomic
emission determinations. Operating RF power was 1.2 kW. A 
12 mm ALC observation height was selected for the measure-
ments, with the following argon gas flow rates (in L min–1):
plasma 14; auxiliary 1.2; nebulizer 1.0. Integration time was 5 s.
Analytical wavelengths (nm) and instrumental determination lim-
its (µg mL–1) in solution for ICP were: Cd 226.57/0.01; Pb
220.42/0.15; Zn 213.92/0.01 and Cr 267.80/0.04.

A preliminary semiquantitative estimation of the total chemical
composition of the samples was carried out by dc-arc atomic emis-
sion spectroscopy, employing a Jarrell-Ash Model 70.000, Ebert
spectrograph. Plate calibration was performed with Spex G stan-
dards. A Siemens model D5000 diffractometer was employed for
X-ray diffraction analysis. Radiation was from Cu at 1.5406 A
(graphite filter). Petrographic studies of samples PG-1 and PG-2
were performed by optical microscopy. The materials were sus-
pended in nitrobenzene for microscopic observation.
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2.2 Collection and pretreatment of samples. The samples studied
were collected in the estuary zone of Bahía Blanca, a city located
at the southern coast of the Buenos Aires province, in Argentina.
The zone comprises an estuary that is fed by several channels and
is characterized by the presence of fine sand, silt and clay surface

sediments. The coastal-marine zone hosts many ports and towns,
with a population number of about 300000. The area receives the
discharge of several streams and the run-off water from an agricul-
tural area (4200 km2) as well as the input of municipal wastewater
and direct industrial discharges. The two surface sediments (desig-
nated PG-1 and PG-2) selected for this study correspond to the
Puerto Galván zone. The sampling area, located at 38° 46′ S, 68°
18′ W, is depicted in Fig.1. Sampling sites are separated by a dis-
tance of about 700 m, and differ regarding their proximity to an in-
dustrial complex. Sample PG-2 is relatively closer to waste dis-
charges.

The sample mass collected in each case was about 500 g. Sub-
samples of the material were oven-dried at 50°C during 24 h and
sieved (250 mesh). The lower particle size fraction was homoge-
nized by grinding in an agate mortar and stored in plastic bottles,
which were kept refrigerated until the sequential leaching analyses
were carried out.

2.3 Procedures. The successive chemical extraction steps in-
volved in the sequential procedure employed are summarized in
the flow-charts presented in Figs. 2 and 3. All the operations were
carried out in 50 mL polypropylene centrifuge tubes provided with
screw stoppers. The initial mass of sediment was 2.000 ± 0.001 g.
The extracts were separated from the solid residue by centrifuga-
tion at 3000 rpm for 30 min. The residue was washed with water
and the washings discarded before continuing the extraction se-
quence. The final solution volume was 25 mL. An additional fil-
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Fig.1 Geographical location of the sampling sites

Fig.2 Flow chart of the Tessier se-
quential extraction scheme



tration step through Millipore 0.45 µm filter was introduced, in or-
der to prevent the ICP nebulizer from blocking with microparticles
potentially remaining in suspension. Analytical determinations
were carried out on six independent replicates for both samples
PG1 and PG2. Blanks were run simultaneously at all stages of the
procedure. Only blank values below the instrumental limits of de-
tection were considered acceptable.

For total metal measurements, dried sediment samples (1.000 ±
0.001 g) were digested as described in [4] in a PTFE container
with 12 mL of (1 + 5) HClO4/HF acid mixture, heating to near dry-
ness. The process was repeated with 10 mL of a (1 + 10) mixture
of the acids and the residue was treated with 2 mL of HClO4 until
white fumes. Redissolution of the residue was performed with 
2 mL of conc. HCl, diluting with water to 25 mL. Sequential and
total extractions were also performed on a certified reference ma-
terial for trace elements (MURST-ISS-A1) provided by the Italian
Research Program in Antarctica. This is a bottom sediment col-
lected at a depth of 80 m.

3 Results and discussion

3.1 Bulk sample composition

A preliminary estimation of the bulk composition of sur-
face sediment samples was performed by atomic emission
spectrography. Semiquantitative results of the composi-
tion of both PG-1 and PG-2, obtained by dc-arc spectro-
chemical analysis and listed in Table 1, were similar. The
four elements considered in this study appear as trace
components. Major component concentrations (Si, Al, Fe,
Ca, Mg and Ti) suggest, besides the obvious presence of
silica, other silicoaluminate minerals, as well as the pres-
ence of iron oxides, and to a lesser extent, titanium con-
taining mineral phases. The information on element com-
position was useful for the design of appropriate atomic
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Fig.3 Flow chart of the Grimalt se-
quential extraction scheme

Table 1 Semiquantitative
emission spectrographic analy-
sis of PG-1 and PG-2 samples

Elements Si, Al, Fe, Ti Mn Cu Zn Cd, Pb Cr
Ca, Mg

% w/w > 3 ≅ 3 ≅ 0.03 0.01–0–03 < 0.03 < 0.01 < 0.003
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flame and ICP spectroanalytical determination procedures
employed. Co-extraction of elements in the leaching solu-
tions may be a source of error due to inter-element inter-
ference effects. Analyte spiked samples of the digests,
equivalent to sediment concentrations of 25 mg kg–1 and
50 mg kg–1, were employed to evaluate possible matrix
and inter-element interferences. No significant effects (i.e.
changes higher than ± 5% relative) were observed at the
concentration levels tested.

3.2 Comparison of the leaching procedures

The results from the applied sequential leaching proce-
dures, expressed on dry sample basis, are summarized in
Tables 2 and 3. Repeatability is indicated as ± one stan-
dard deviation (n = 6). The minimum detectable concen-
trations reported are those obtained by plasma spectrome-
try. Because differences between element concentration
values obtained by ZC-FAAS or ICP-AES were not sig-
nificant at the 95% probability level, most of the results
reported were obtained by the first technique. Precision of
ICP-AES signals was relatively poorer in the case of the
ammonium containing extracts (i.e. iron and manganese
oxides fraction). A graphical depiction of distribution pat-
terns as bar charts showing the proportions of elements
associated with each of the defined forms is presented in
Figs. 4 and 5.

Considering that the applied sequential schemes in-
clude a considerable number of manipulations, the result-
ing precision may be considered in general very good. Av-
erage values of RSD % corresponding to each given frac-
tion and calculated for all the elements giving concentra-
tions higher than the determination limits were compared.
It was found that, apart from a relatively low precision for
the soluble Grimalt’s fraction that is detectable only in the
PG-2 and MURST samples, most of the RSD’s fell in the
2–8 % range. Larger departures were also observed for the
organic matter fraction (12% average) in sediment PG-1
with the Tessier method and for the exchangeable fraction
(9.9% average ) in the same sample leached with the Gri-

malt procedure. In addition, in the case of that sediment
sample, nine tenths of the RSD values were similar or
higher than the RSDs obtained for the MURST CRM
sample, for both extraction schemes. The trend is not so
well defined for the analyses performed on sample PG-2,
for which identical proportions of RSD values are higher
or lower than those measured with the MURST standard
sample. A higher homogeneity of the reference material
could be a possible explanation of these results, particu-
larly in the case of sample PG-1. The total RSD (RSDtot)
can be considered as a convolution of three principal
terms affecting repeatability, and expressed as:

RSDtot = [(RSDextr)2 + (RSDinstr)2 + (RSDheter)2]1/2

where:

RSDextr corresponds to random contamination or losses of
analyte, produced during the successive extraction stages;
RSDinstr is determined by the repeatability of the instru-
mental measurement step; and
RSDheter arises from variations originating from the possi-
ble non-homogeneity of the sample due to inadequate pre-
treatment of the solid.

The contribution from sample heterogeneity may be con-
sidered, in principle, non-significant for the reference
sample due to the careful preparation reported for this ma-
terial [23]. The instrumental variability of the spectroana-
lytical procedures employed is estimated to be not higher
than 1% relative. Consequently, by considering a maxi-
mum RSDtot value of 6% for that material, an average
contribution from the chemical operations performed
through the multiple extraction stages lower than 5.9% is
expected. Thus, the contributions in excess arising for
non-homogeneity of sample PG-1 are estimated to be (in
average) about 10% for the organic matter phase (Tessier)
and 7.8% for the exchangeable fraction (Grimalt). Be-
cause the experimental precision depends not only upon
the care taken in performing the multiple extraction steps
and the instrumental calibration and measurement, but
also on the homogeneity of the treated material, these re-
sults are not unexpected [7].
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Fig.4 Distribution of metals among the different phases obtained
by the five steps procedure (Tessier)

Fig.5 Distribution of metals among the different phases obtained
by the six steps procedure (Grimalt)



An overall consideration of the results presented in Ta-
bles 2 and 3 allows to conclude that acceptable correlation
exists between both Tessier and Grimalt sequential meth-
ods for many elements and phases. Nevertheless, signifi-
cant relative differences are apparent in some cases. A
close scrutiny of the tables shows that differences are
more noticeable for sample PG-2 in the Grimalt proce-
dure. With this method a concentration of Zn similar to
that obtained in the exchangeable fraction for the Tessier
scheme was found in the soluble form, suggesting the
presence of soluble metal in the interstitial water. How-
ever, a relatively larger concentration of the same element
was measured in the exchangeable Grimalt fraction. Be-
sides, no Cd was detected in the soluble/exchangeable
Grimalt fractions of PG-2, but a relatively significant
amount of element appears associated with carbonates. In-
stead, Cd was not detected in the bound to carbonates
fraction of the Tessier procedure. These apparent incon-
sistencies remain unexplained.

Another more consistent departure occurs for elements
associated with the residual phases. In some cases the dif-
ferences are higher than 100% relative. These are the
cases of Cr in sample PG-2 and Zn and Cr in the MURST
reference sample. The statistical significance of this situa-
tion can be evaluated by means of a scatter plot of all
metal concentrations obtained for all the considered
phases by the Grimalt method vs. those resulting from the
application of the Tessier scheme. The plot is presented in
Fig.6 . In the case of Zn the concentrations from steps 1
and 2 of Grimalt were added and plotted vs. the concen-
trations from step 1 of the Tessier scheme. A linear model
was fitted through the points by means of least squares
procedure. A slope of 1.00 (shown as a solid line in Fig.6)
would indicate complete correlation. The calculated slope
was 0.904 ± 0.021, with a correlation coefficient (r2) of

0.9881. The lower slope value reflects the trend of the
Grimalt method to give lower results than Tessier’s, prob-
ably due to the contribution of the points from residual
phases. A further application of the Student’s test to the
fitted line population showed that the calculated slope dif-
fers significantly from the ideal slope of 1.00 at the 99.5%
probability level (t, calculated = 4.57; t, tabulated [for ν =
n-2 = 37] = 2.7).

A rigorous validation of the complete sequential meth-
ods through assessment of accuracy was not possible be-
cause standard reference materials certified regarding the
phase dependent composition were not available to us. It
must be mentioned, however, that several sediments and
soils have been recently certified, or the results of inter-
laboratory comparisons published. Hall et al. [7] reported
a detailed study of ten SRMs, based on a five steps se-
quential extraction scheme. In particular the already men-
tioned BCR procedure was applied to the certification of
lake sediment BCR CRM 601, available from the Euro-
pean Standards, Measurements and Testing Program since
1997. This sample has also been employed to evaluate
possible improvements in that procedure [24]. Other sim-
ilar materials certified regarding standardized single and
sequential extraction procedures include sewage sludge-
amended soil (CRM 483), terra rossa soil (CRM 484) and
calcareous soil (CRM 600) [16, 17].

Comparison between total concentrations obtained by
an independent procedure (strong acid attack) and the sum
of the individual concentrations in the fractions offers an
alternative path to check for possible systematic errors
arising from element losses, contamination or other unde-
termined causes during the numerous manipulations car-
ried out in the course of chemical extractions. For the de-
termination of total metal concentrations we applied a
strong HF/HClO4 attack on the sample, which is usually
sufficient to solubilize most of the metals, even those in-
cluded in the very stable, crystalline lattices of the miner-
alogical phases. Validation of the method was performed
by similar analysis of the certified reference material
(CRM). Obtained and reference concentration values have
been included in Table 4. Acceptable agreement between
the limits of experimental errors was generally achieved
for the CRM. It must be mentioned, however, that this re-
sult is only a first approach to verify the general aptitude
of the total digestion/dissolution procedure, because the
mineral composition of the Antarctic sediment differs
from that of the surface sediments studied.

A comparison of total metal concentrations and sum of
fractions for both sequential leaching methods is shown in
Table 4. Recovery is defined as 100 × (Σ of fractions/(de-
termined) total concentration). The degree of significance
of differences in recoveries can be inferred from their es-
timated uncertainties, calculated from random error prop-
agation. Generally good recoveries are achieved with the
Tessier procedure. The lower value is (87 ± 7) % for Cr in
the PG-1 sample. This sample presents the lower concen-
tration of that element. The highest recovery (106 ± 6) %
is observed for Cd in the CRM. With the Grimalt method,
lower recoveries were found for Cr in the three samples
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Fig.6 Scatter plot of element concentrations obtained by both
tested procedures (values higher than 100 µg/g have not been in-
cluded for clarity)



and for all the elements in the reference material, with the
exception of Cd. For the elements in the residual fraction
this last result, in agreement with the negative departures
consistently observed with the Grimalt method from
Tessier’s, seems to indicate that for the materials studied
the last extraction stage of the Grimalt scheme is unable to
remove elements strongly fixed in the crystalline lattice. It
must be remarked that no HF is employed in that step,
preventing an exhaustive attack of the residue. Thus, it
can be concluded that the Tessier scheme provides in this
case a more complete and reliable fractioning of the met-
als studied.

It is worth mentioning that when the results are de-
picted on a percentage basis, such as in the bar diagrams
of Figs. 4 and 5, the general trends of the distributions for
both methods remain qualitatively similar. Only the dis-
crepancies associated with Cd and Zn in sample PG-2
emerge from the graphical depiction.

3.3 Petrographic and X-ray characterization 
of the sediments

The surface sediment samples were characterized by pet-
rographic microscopy and X-ray diffraction. Due to the
complexity of the materials, it is difficult to univocally es-
tablish a correlation between the specific geochemical
phases present and the proportions of elements associated
with the various binding forms deduced from distribution
patterns. However, the verification of the presence, for ex-
ample, of mineral substrates able to readily adsorb/ex-
change metals (such as feldspars) as of others with a ten-

dency to specifically adsorb metals (such as carbonates)
or belonging to the easily reducible group (iron oxides
and hydroxides) would contribute to a more complete
characterization of the sediments.

Early sedimentological surveys of sand deposits corre-
sponding to the sampling zones reported that textural and
mineralogical data indicate a genesis derived from pyro-
clastic and volcanic rocks [25–28]. The presence of light
and heavy minerals as well as magnetite and ilmenite, in
variable proportions depending upon the distance from
the associated water body, was also reported. Major com-
ponents among light species include quartz, volcanic
glass and paste (basic andesite and basalt) and minerals of
the feldspar series, being albite and potash feldspar the
most common. Reported identified heavy phases include
augite, hypersthene, hornblende, granate and opaque min-
erals.

Microscopic observation of particles from sample 
PG-1 suspended in nitrobenzene showed clearly distin-
guished feldspar grains, whose composition could not be
optically defined due to intense alteration, dispersed in a
matrix of very fine clay minerals. Average grain sizes of
150 µm were estimated for plagioclase minerals of inter-
mediate composition (oligoclase-andesine). Other compo-
nents are materials of volcanic origin (glass pastes), car-
bonate fragments, microcrystalline quartz and glauconite.
A fraction of non-transparent minerals observed corre-
sponds to the iron oxides and hydroxides group. Reduced
amounts of turmaline and rutile are also present. A similar
study carried out on sample PG-2 demonstrated the pres-
ence of a more abundant fine silt-clay fraction, also con-
taining feldspar grains. Rock pastes of volcanic origin and
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Table 4 Comparison between total metal concentrations and the sum of fractions

Sample µg/g (± SD)a

Pb Zn Cd Cr

PG-1 Total Concentration 79.3 ± 3.3 107 ± 4 3.1 ± 0.2 6.9 ± 0.5

Σ fractions Tessier 71.7 ± 3.3 96.1 ± 3.9 3.26 ± 0.08 6.0 ± 0.2
Grimalt 66.7 ± 1.0 88.5 ± 0.8 2.18 ± 0.06 3.7 ± 0.2

% Recovery Tessier 90.4 ± 5.6 89.8 ± 5.0 105.2 ± 7.3 87.0 ± 6.9
Grimalt 84.1 ± 3.7 82.7 ± 3.2 70.3 ± 4.9 53.6 ± 4.8

PG-2 Total Concentration 23.2 ± 0.9 507 ± 15 1.16 ± 0.03 36.2 ± 1.1

Σ fractions Tessier 22.6 ± 0.6 531 ± 9 1.14 ± 0.04 32.9 ± 0.5
Grimalt 23.3 ± 0.6 498 ± 11 0.95 ± 0.07 26.9 ± 0.5

% Recovery Tessier 97.4 ± 4.6 104.7 ± 3.6 98.3 ± 4.3 90.9 ± 3.1
Grimalt 100.4 ± 4.7 98.2 ± 3.6 81.9 ± 6.4 74.3 ± 2.6

MURST-ISS-A1 Total Concentration 18.8 ± 0.7 51.3 ± 0.7 0.54 ± 0.01 45.4 ± 0.7

Σ fractions Tessier 17.3 ± 0.5 50.7 ± 0.8 0.57 ± 0.03 43.9 ± 0.7
Grimalt 11.2 ± 0.2 29.7 ± 0.5 0.49 ± 0.03 20.8 ± 0.3

% Recovery Tessier 92.0 ± 4.3 98.8 ± 2.1 105.6 ± 5.9 96.7 ± 2.1
Grimalt 59.8 ± 2.5 57.9 ± 1.3 90.7 ± 5.8 45.8 ± 1.0

Certified Value b 21.0 ± 2.1 51.9 ± 3.2 0.54 ± 0.02 42.1 ± 2.5

a Number of replicates: 6–9
b Value ± reported uncertainty



feldspars almost completely altered to secondary miner-
als, with rarely present fresh components belonging to the
plagioclase class, were found. Carbonate grains, princi-
pally arising from shell fragments, were identified. Quartz
grains covered a size range from coarse sand to silt, and
opaque iron oxide minerals were found to be present sim-
ilarly as in sample PG-1. We did not attempt a petro-
graphic study of the reference sample because of the very
small size of the component particles.

Additional independent information on the component
geochemical phases was obtained from X-ray diffraction
diagrams. Due to the lack of sensitivity of the technique in
the case of minor components, only major crystalline
phases could be identified. Quartz, feldspars (such as al-
bite / anorthite) and calcite were common to both surface
sediment samples. A (Ca, Mg) silicate (braunite) in sample
PG-1 and a Ca phosphate (brushite) in sample PG-2 were
detected. Halite and minerals of the mica group (mus-
covite, phlogopite) together with quartz and albite in
larger proportions were detected in the MURST reference
material. Additionally, the presence of iron hydroxide
group minerals, specifically goethite, in the three samples,
could not be ruled out by the X-ray diffractometric analy-
ses. The mineral composition of samples PG-1 and PG-2
agrees qualitatively with the element composition esti-
mated by emission spectrography.

4 Conclusions

Results from the application of the Tessier sequential
leaching scheme, summarized in Table 2 and Fig.4, sug-
gest noticeable differences among the studied materials,
being more marked for the Antarctic sediment. The differ-
ent origin of that sample (i.e. bottom sediment collected in
a geographically differentiated area) should be in the first
place an obvious explanation for that behavior. In addi-
tion, results might be affected by a lack of extractant se-
lectivity, or by readsorption processes taking place on the
remaining solid phases. These problems have been ad-
dressed by different authors [14, 15, 29], and were con-
sidered, at the present stage, out of the scope of our study.
Bottom sediments are generally more complex than sur-
face sediments, the first usually comprising detrital inor-
ganic and organic substances, as well as products of dia-
genetic processes. In the case of the reference sample of
the Antarctic sediment studied, aside from a relatively
low proportion of Zn as exchangeable, Cd also appears to-
tally present in the first extraction step, even considering
that the total concentration in the material is very low. 
A possible explanation of this behavior may be the weak
surface interaction existing between the Cd(II) in aqueous
solution and some mineral phases such as those identified
by X-ray diffractometry and petrography, as has been
demonstrated by Farquhar et al. [30]. These authors also
found that Pb(II) is strongly held by interaction with the
mineral substrates albite and muscovite, which is consis-
tent with the measured proportion of the metal in the
residual phase of the Antarctic sediment.

Regarding total concentrations in surface samples, it
was observed that total concentrations of Pb and Cd are
higher in sample PG-1 than in PG-2, and that the inverse
is true for Zn and Cr. When the element partition is con-
sidered, the exchangeable and residual fractions represent
extreme situations regarding the potential influence of the
binding forms of the elements on their mobility and avail-
ability by living organisms. The percentage of metals as-
sociated with easily exchangeable conditions is very low,
with the exception of Cd. The fraction of Cd in that form
is particularly significant in sample PG-2, suggesting a
possible anthropogenic origin.

On the other hand, the residual phase of the surface
sediment samples shows similar proportions of Pb and
Cd, and variable amounts of Zn and Cr. In the Antarctic
sediment, apart from the behavior of Cd already dis-
cussed, very significant proportions of the other metals
are associated with the residual phase. In particular, Cr ap-
pears as more difficultly extractable from the three sedi-
ments. It is known that Cr3+ is readily substituted for Fe3+

in mineral structures, therefore requiring stronger condi-
tions to be solubilized. Also, it is easily chemisorbed on
oxides and silicate clays [31]. An important consequence
is the reduced mobility of the Cr in the coastal sediments
under changes in weathering conditions.

Both coastal sediment samples show measurable pro-
portions of Pb and Zn bound to the organic form. In addi-
tion, about 20% of Cr appears associated with that phase in
the PG-2 sample. The strong complexation properties of
Cr3+ with organic matter is an effect already observed in
soils [31]. On the whole, the organic matter phase as con-
taminant collector seems more important in that sample.
Further studies regarding the proportion and characteris-
tics of the present organic matter will be required to un-
ambiguously associate those observations with neighbor-
ing industrial activities.

Regarding the remaining phases, the presence of car-
bonate type minerals is consistent with the proportions of
metals associated with that form. Zn appears as more con-
spicuously bound to carbonates in the three samples, but
no Cr is observed in that binding form. Besides, the bound
to oxides / bound to carbonates ratio for Zn differs be-
tween samples, being 4.2 and 1.6 for samples PG-1 and
PG-2, respectively. This suggests that a higher relative
proportion of Zn may be readily available from sample
PG-2, by example, under low pH conditions. Finally, sig-
nificant fractions of the four metals appear as bound to
oxides, in agreement with the occurrence of minerals of
the iron oxide group observed by petrography and X-ray
diffraction.

Although similarities in the distribution patterns result-
ing from both sequential leaching schemes were ob-
served, the Tessier procedure seems to be more suitable
for a complete characterization of the metal fractionation
in the surface sediments studied and in the material of cer-
tified total concentration employed as reference. The prin-
cipal limitation of the presented study as it has been car-
ried out is the limited traceability of the tested sequential
schemes, considering that no suitable CRM of known
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fractionation characteristics was employed for that pur-
pose. However, as previously described, the agreement
between total concentrations and the acceptable recover-
ies obtained by comparison of these values with the sum
of fractions could be considered a first approach in that di-
rection.

Finally, the primary aim of this work was to test and
evaluate metal fractionation methodologies required to
face further sedimentological studies of a wider scope, i.e.
on an extended coastal region possibly exposed to conta-
mination of anthropogenic origin. These studies are in-
tended to complement previous results reported for
nearby areas [32], and are warranted by the fact that sig-
nificant proportions of toxic metals, with the exception 
of Cr, were found in easily mobile forms. This could be
considered as an indication of an anthropogenic input of
metal contaminants into the estuary.
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