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San Sim�oon Bay constitutes the inner part of the Ria de
Vigo (Fig. 1a), and is 7 km long and 3.5 km wide with a

surface area of 19.5 km2. Its average depth is less than

7 m, except in the Rande Strait where the depth reaches

30 m. Tidal range is 2–4 m (mesotidal). This bay has two

well defined sectors (Fig. 1b): one subtidal and another

intertidal. Orientation and morphological characteristics

of the Bay make it a low hydrodynamic energy area,

which allows for the development of intertidal flats and
marshes. The intertidal sector presents two sedimentary

environments: estuary and intertidal flat, the limit be-

tween both environments being gradual and irregular.

The Eastern intertidal sector area is dominated by the

Oitab�een-Verdugo River (Nombela and Vilas, 1986–

1987). Intertidal areas are usually sinks for trace metals

of natural or anthropogenic origin. San Sim�oon Bay,
together with the rest of the Ria de Vigo constitutes a
coastal ecosystem of high biological productivity, due to

upwelling processes which are common in all the Gali-

cian Rias (Fraga, 1981; Prego, 1993). Upwelling makes

possible extensive marine cultures, giving this area a

great economical importance.

The San Sim�oon Bay environment is affected by urban
and industrial wastes from towns and cities around its

coastline. In particular, a ceramic factory located close

to the Oitab�een-Verdugo river mouth dumps wastes di-
rectly into the Bay (Fig. 1b). The main objectives of this

research were to evaluate the influence of this factory on

the Bay; to determine the influence of diagenetic pro-

cesses; and to identify metal concentrations, with some

ecological importance, over background levels. For
these purposes, total metal concentrations of Al, Cu, Fe,

Mn, Pb and Zn, and metal speciation of selected ele-

ments (Fe, Pb and Zn) were determined. Al, Fe and Mn

were chosen as indicators of sediment characteristics.

Cu, Pb and Zn were selected because they are trace

metals which usually have an anthropogenic origin.

Sediment samples were collected in the San Sim�oon
Bay intertidal area, near the Oitab�een-Verdugo River
mouth and near the ceramic factory (Fig. 1b). They

consisted of three cores of about 25 cm (C1, C2 and C3)

in the intertidal flat and three surficial samples in the

waste channel of the factory (P3, P4 and P5). The cores

were collected to study the influence of the different

sample characteristics over metal content and to evalu-

ate the influence of diagenetic processes, while the waste

channel samples were collected to evaluate the influence
of the ceramic factory on the Bay. Core pipes were cut
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longitudinally, and 1-cm thick slices were sampled at the

centre for X-ray radiography, using a Hewlett Packard,
43805 N model Faxitron. Textural, mineralogical and

geochemical analyses were performed every 2 cm.

Grain size was determined by dry and wet sieving

(Folk, 1974). Geochemical (pH, organic carbon, calcium

carbonate, total metal content and its speciation) and

mineralogical analyses were performed on the fraction

smaller than 63 lm, which was finely powdered using an
agate mortar. Use of this fraction in pollution studies is
recommended by several authors (F€oorstner, 1989; So-
ares et al., 1999). Organic carbon was determined by wet

digestion and calcium carbonate by using a Bernard

calcimeter (Guiti�aan and Carball�aas, 1976). Mineralogical

phases of the sediments (<63 lm fraction) were deter-

mined by X-ray diffraction (XRD).
Total metal contents (Al, Cu, Fe, Mn, Pb and Zn)

were determined by triacid digestion (HF, HNO3 and

HCl) in a microwave oven (CEM, MDS 2000 Micro-

wave Digestion System) with two heating steps sepa-

rated by one airing step (Barreiro, 1991; Carral Vilari~nno,
1992; Marcet Miramontes et al., 1997). This intermedi-

ate step was used to release pressure, avoiding gas ex-

plosion hazards caused by digestion. Data accuracy and
precision were checked by analysing the reference ma-

terial MESS-1, indicating good agreement between cer-

tified and analytical values (recovery was over 80%;

Table 1).

Table 1

Comparison of the analytical results of the reference material (MESS-1) with the certified data

Element Certified value Measured valuea

Al (%) 5.84� 0.20 3.71� 2.14
Fe (%) 3.05� 0.17 2.47� 0.12
Mn (lg g�1) 513� 25.0 403.53� 35.23
Cu (lg g�1) 25.1� 3.8 23.84� 2.17
Pb (lg g�1) 34.0� 6.1 36.50� 7.24
Zn (lg g�1) 191.0� 17.0 161.54� 15.37
aMetal concentration mean values calculated for 10 replicates, except for Pb (seven replicates) and Zn (six replicates).

Fig. 1. Location of the study area. (a) General view, (b) detail with the location of sediment samples in the study area (C: cores, P: waste channel

samples).
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Metal speciation of selected elements (Fe, Pb and Zn)

was obtained according to the Tessier et al. (1979) se-

quential extraction method modified by �AAlvarez-Iglesias
et al. (2000). Pb and Zn were selected in view of their

anthropogenic character and Fe, because of its sensi-

tivity to diagenetic changes. This method separates total

concentrations in five fractions: exchangeable (A),
bound to carbonates (B), bound to Fe–Mn oxyhydrox-

ides or reducible (C), bound to organic matter-sulphides

or oxidizable (D) and residual (E). Metal concentrations

in all the extracts were determined by atomic absorption

spectrometry (AAS). Detection limits for the metal ex-

tracts are shown in Table 2.

One of the most prominent characteristics of cores

was a lack of lamination in comparison with other in-
tertidal areas (Allen, 2000; Vos and van Kesteren, 2000),

caused by an intense activity of organisms in the study

area (Nombela et al., 1995). Bioturbation chiefly con-

sists of a few centimetres deep galleries formed by

polychaetes of the genus Nereis. Another prominent

characteristic was high sand content (>30%) in the cores

and low mud contents (1–58%) contrasting with the

mud-rich sediments in the Ria de Vigo (>80%: Marcet
Miramontes, 1994; Rubio et al., 2000a,b). High pro-

portions of gravel and sand in core samples are consis-

tent with closeness to the Oitab�een-Verdugo River. Both
fractions exceeded 80% of the total weight in cores C1

and C3 while in core C2 they were about 63%. This core

was more distant than the others to the estuarine

channel. Samples closer to the river mouth (C1) had a

higher gravel content (38.71� 14.43%). Texturally, the
core samples can be classified as sandy-gravel for C1,

gravelly muddy sand for C2 and gravelly-sand for C3

(Folk, 1954). Waste channel samples (P) were very dif-

ferent from core samples. These mainly comprised fine

materials, except for sample P4. This sample consisted

of a piece of greenish coloured amorphous material, of

industrial origin (the dumping of vitreous materials used

in ceramic manufacture). The other samples (P3 and P5)
had a whitish colouration, similar to that of the sedi-

ments near the ceramic factory.

All samples showed similar pH values, being close to

neutral (7.33� 0.20) and between the expected range for
most subaqueous marine and non-marine sediments (6–

8; Berner, 1981).
Organic matter content was high in the cores (7–15%)

with an average value of 10.36� 2.26%. Core C2 showed
the highest values (12.84� 1.38%). These high levels are
characteristic of the inner part of Galician Rias (Vilas

et al., 1995, 1996, 1999) and are similar to those found

by other authors for the Ria de Vigo (Nombela and

Vilas, 1986–1987;MarcetMiramontes et al., 1997; Rubio

et al., 2000a,b). These contents are probably related to
(1) organic matter inputs from the Oitab�een-Verdugo
River, (2) to the richness of marine flora (Zostera marina

and Z. noltii) in the area and (3) to biological produc-

tion. Waste channel samples showed very low organic

matter content (about 0.5%).

Calcium carbonate estimations were very low (<1%)

in contrast with the high proportions observed in other

areas inside the ria (Rubio et al., 2000b). Calcareous shell
fragments were scarce, and mainly gastropods (Hydrobia

ulvae), which tend to concentrate at the surface.

The main mineralogical constituents of the mud

fraction of cores were quartz, muscovite and feldspars

(plagioclases and orthoclases). It is important to mention

the presence of kaolinite and minerals at 14 �AA. Gibbsite
was also detected in trace quantities. This mineralogy is

coincident with those obtained in other areas of the bay
and river suspended load composition (Mac�ııas, 1981;
Pazos et al., 2000), indicating a continental origin. In

contrast, the main constituent of P3 was gypsum.

Total metal concentration in cores varied, in general,

in a short range for Al, Cu, Fe and Zn, while for Mn and

Pb a clear differentiation was observed for different cores

(Fig. 2) even when they showed similar distributions.

Lower samples reached similar concentrations for Fe
(2.32� 0.10%) and Pb (about 500 lg g�1). This was not
the case for Cu and Zn or Al and Mn. Cu and Zn

presented the highest concentrations for all cores at the

bottom of core C1: about 90 lg g�1 for Cu and 370
lg g�1 for Zn. This core also presented the highest
concentrations of Mn (about 370 lg g�1). The highest Al
concentrations were presented at the bottom of core C2

(about 13.16%). Of particular note were the high Pb
concentrations present in core C2 (about 6000 lg g�1 in
the surface). This core, together with core C3, showed a

fairly marked Pb content decrease with depth. The most

likely explanation for this trend would be the increase of

anthropogenic inputs with time. Conversely, organic

matter content, which is one possible ligand for trace

metals, decreased to the bottom of the cores.

Waste channel samples (P) presented anomalous
values (very high or very low) in comparison with core

samples. Concentrations of Al, Cu, Fe, Mn and Zn in P

samples were very low or below the detection limit (Fig.

3), except in sample P3 for Zn (about 930 lg g�1) and in

Table 2

Detection limits for total and fractions metal concentrations

Metal/fraction Detection limit (lg g�1)

Al, Fe, Pb, Zn 25

Cu, Mn 10

CuA 0.32

CuB 0.32

CuC 0.8

CuD 1.0

CuE 2.0

FeA, PbA, ZnA 0.8

FeB, PbB, ZnB 0.8

FeC, PbC, ZnC 2.0

FeD, PbD, ZnD 2.5

FeE, PbE, ZnE 5.0
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sample P5 for Cu (>85 lg g�1), Mn (about 160 lg g�1)
and Zn (>200 lg g�1). Pb concentrations were extremely
high (more than 65400 lg g�1 in sample P3).
Metal concentrations were compared with those

found by several authors in sediments from the adjacent

Ria de Vigo and the subtidal area of San Sim�oon Bay
(Nombela et al., 1994; Belzunce-Segarra et al., 1997;

Rubio et al., 2000a). The most prominent fact was the

anomalously high Pb concentrations measured in San

Sim�oon Bay, indicating an important input of this metal.
Several indices were applied to evaluate sediment

pollution including contamination factor (CF), enrich-

ment factor (EF) and geoaccumulation index (Igeo),

(Zoller et al., 1974; M€uuller, 1979; Hakanson, 1980). Al
was used as the normalization element, as recommended

for the Galician Rias (Carral Vilari~nno, 1992; Nombela
et al., 1994; Rubio et al., 2000a). Results were dependent

on chosen background levels (Rubio et al., 2000a). It is

recommended that background levels are obtained by

similar analytical procedures to those applied on the

samples studied. In this study, the background levels

established by Rubio et al. (2000b) for sediments in

the Ria de Vigo were applied (Table 3). These authors

established background values based on metal con-
centrations determined by different techniques for a

long core. The three indices used gave similar results

Fig. 2. Depth profiles of total metal concentrations (Al, Cu, Fe, Mn, Pb and Zn). Concentrations are given in lg g�1, except for Al and Fe (%).
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Fig. 3. Total metal concentration in waste channel samples (P).
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(Table 3). The most important results were that the

sediments studied were contaminated by Pb. Pollution

can be classified from high to very high, with concen-

trations which surpass from 16 to 243 times the local
background levels in core samples, and up to 2600 times

for surficial samples. Previous papers (Marcet Mir-

amontes, 1994; Belzunce-Segarra et al., 1997) pointed

towards traffic pollution as the main source of Pb input

into the bay. However, as use of leaded gas has been

substantially reduced in the last decades, a decrease to-

ward the core tops could be expected. Consequently,

industrial disposal of wastes to the bay was investigated.
A ceramic factory close to the Oitab�een-Verdugo mouth
was the most obvious source amongst the other indus-

tries. Pb is often used in ceramic factories (Barlattani et

al., 1995; Larsson et al., 1999) and in this case, is cor-

roborated by the extremely high Pb concentrations

found in glass fragments (P4), deriving from the com-

pany. This fact could explain the high Pb concentrations

in the waste channel samples (P), which were located
closer to the industry. The Pb concentrations in San

Sim�oon Bay, when compared with other places world-
wide catalogued as contaminated (Bryan and Langston,

1992; Tkalin et al., 1996; Jones and Turky, 1997) are

substantially higher.

A moderate contamination by Cu and Zn was also

observed, although less notable for the latter element.

Slightly high concentrations were detected for Mn in
cores C1 and C3. Nevertheless, surpassing of the back-

ground level is not always an indication of pollution. An

enrichment of Mn can be caused by diagenetic pro-

cesses, because some compounds of this element, such as

the oxyhydroxides, are very sensitive to redox changes.

In the case of Fe, background levels were not exceeded,

which indicates no contamination and, therefore, con-

firms its utility as a diagenetic indicator. As noted ear-
lier, Fe and Mn give information about diagenetic

processes. Considering total concentrations of Fe and

Mn (Fig. 2), subsurficial maximum values were observed

in core C1 (between 6 and 8 cm) and in cores C2 and C3

(at 10–12 cm). These maxima are due to Fe–Mn oxy-

hydroxides dissolution under reduced conditions. An

upward migration of Fe and Mn ions is generated and

their reprecipitation near the oxic-suboxic interface re-

sults. Similar distributions have been found by several

authors (Barreiro, 1991; Zwolsman et al., 1993). In-

creases were more intense for Mn than for Fe and were

more marked in cores C1 and C3 than in core C2. This is
probably due to an easier migration of the liberated ions

in coarse than in fine sediments. Also, the increase is

stronger in core C1 than in C3, the former having a

higher gravel content. This would also explain the slight

enrichment of Mn detected in these two cores when CF

was calculated.

Metal speciation for Pb, Zn and Fe was studied in all

C samples (Figs. 4 and 5). Sample P3 was selected for
waste channel sample determinations for its proximity

to the ceramic industry. The Tessier et al. (1979) method

was selected for chemical speciation as being the most

widely applied (Allen et al., 1990; Fernandes, 1997;

Mortimer and Rae, 2000; Morera et al., 2001; Ngiam

and Lim, 2001; Fan et al., 2002). In spite of its well

known limitations, this method is a useful tool to eval-

uate bioavailability, potential mobility of metals and
diagenetic processes (Luoma and Bryan, 1981; Tessier

and Campbell, 1987; F€oorstner, 1987). The lack of ref-
erence materials for these extraction methods can be

overcome by comparing the sum of the concentrations

obtained in each individual step with total metal con-

centration (Ramos et al., 1994; Fernandes, 1997). In this

case, a mean variability of 10% for Pb and near 20% for

Fe and Zn was obtained.
Considering core samples, fractions A and B repre-

sented the lowest contribution to total metal concen-

tration (Fig. 4), fraction B having a slightly higher

contribution. The other fractions (C, D and E) were the

most abundant fractions for all the studied metals.

However, the relative importance of each depended on

each particular metal. For Pb, fraction E (PbE) was the

most important (about 56%), followed by PbC and PbD
(which constituted approximately a similar percentage:

18–20%). For Zn, fractions C and D were the most

abundant and had similar contributions (35–36%). Fe

showed similar distributions although in this case FeD

was the most abundant (about 56%). These data showed

the capacity of Fe–Mn oxyhydroxides (C) and organic

matter-sulphides (D) to retain trace metals (Tessier et al.,

1979; Ramos et al., 1994; Mortimer and Rae, 2000).
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Fig. 4. Mean partitioning range of the different sedimentary fractions for core samples (C) and waste channel samples (P).
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Waste channel samples showed a very different pattern

to that of core samples. This could be a consequence of

the very high concentrations of Pb and Zn detected. The

most important fractions of Pb were PbC (about 40%)
and PbD (about 50%). In waste channel samples, the

residual fraction was not as abundant. This indicates

that Pb in these samples was in more bioavailable

fractions. Considering the ceramic industry located near

the mouth of Oitab�een-Verdugo River as a source of Pb
input into the Bay, these results would indicate retention

of Pb by sediments and redistribution among the dif-

ferent sedimentary compartments. Conversely, the most
labile fractions (PbA and PbB) constituted less than 2%

of total Pb. However, in terms of concentration they

represent very high levels (365.78� 13.06 and 1132.91�
82.73 lg g�1, respectively) and consequently they must
not be neglected when evaluating bioavailability poten-

tial. For Zn and Fe, the residual fraction is the most

important, followed by fractions C and D. This indi-

cated, as for the case of Pb, a redistribution of Zn among
the different sedimentary fractions. Concentrations in

these fractions, C and D, were higher than those of the

core samples, so their potential effects on biota also has

to be considered. For the case of Fe, the contribution of

the most labile fractions (A and B) was higher than in

core samples and they together reached about 8%.

Considering core samples in more detail, the contri-

bution of the different fractions to total metal concen-
trations varied with depth for Pb and Zn, while for Fe it

was quite constant (Fig. 5). Exchangeable fraction (A) in

general showed the largest concentrations for Pb and Zn

in core C2 (129.89� 112.77 and 17.63� 7.59 lg g�1,
respectively). This was the core that presented the

highest organic matter and mud content. However, the

highest concentrations of Fe were those of core C3

(10.70� 21.14 lg g�1). In general terms, fraction B
presented bigger concentrations than those of fraction

A. Although calcium carbonate content in samples was

very low, other carbonates could bind metals and ap-

pear in the samples. Pb concentrations found in this

fraction were probably caused by the presence of ce-

russite (a highly insoluble Pb carbonate) which tends to

precipitate at pH values (>6) like those of the study area

(cf. Maskall and Thorton, 1998). Both fractions, A and
B, correspond to metal concentrations usually bound

to exchange sites of organic matter and clays and to

carbonates. Metals associated with these fractions

can be easily remobilized by changes in environmental

Fig. 5. Variation with depth of metal concentrations (lg g�1) for the different geochemical fractions in core samples.
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conditions such as salinity or temperature (Tessier et al.,
1979; Izquierdo et al., 1997), and therefore they are very

susceptible to becoming bioavailable. Changes in ionic

composition will basically affect the exchangeable frac-

tion, while pH variations will affect the fraction bound

to carbonates. Metal concentrations in both fractions

represented a low percentage (about 0.3% for Fe, 6% for

Pb and 11.5% for Zn), while Pb concentrations (Fig. 5)

were on average five times over the selected background
level (25 lg�1). These fractions are highly bioavailable.
The effects on flora and fauna within the study area were

previously studied by �AAlvarez-Iglesias et al. (2000).
Fractions C and D distributions showed similar

trends, which were observed in all cores (Fig. 6). A

succession of maximum and minimum values is ob-

served at 6–8 and 14–16 cm, enhanced when the ratio

between measured concentrations and their mean value
is represented to facilitate their comparison (Fig. 6).

These fluctuations were interpreted as different oxidized-

reduced levels, characteristic in the sediments of the

study area. They were observable as an alternation of

reddish and blackish thin bands, and could be inter-

preted as a consequence of the periodical tidal inunda-

tion that causes cyclical variations from oxidizing to

reducing conditions. Bioturbation can be clearly ob-
served in radiographies, where low energy parallel

lamination, characteristic of these areas were more or

less perturbed. These fractions (C and D) are affected by

changes in pH, mainly for fraction C during early dia-

genesis. Both fractions (C and D) together constituted a

fairly constant percentage for Fe (84.87� 2.65%), while
when considering each one separately they presented a

higher standard deviation (28.83� 13.81% for FeC and

56.04� 13.01% for FeD). This could indicate a transfer

of Fe from one fraction to the other, since fractions A

and B represented a low percentage, and the residual

fraction had in general a short variability. For example,

in core C2, FeC content decreased (while FeD content

increased) with depth. This could be caused by the dis-
solution of oxyhydroxides under reduced conditions

generated by tidal inundation. When dissolution hap-

pens, adsorbed and coprecipitated ions of these com-

pounds are liberated to interstitial water and could

become part of another sedimentary phases (sulphides,

carbonates) or be liberated to the solution. In marine

environments under anoxic conditions, sulphide anions

(generated by sulphate reduction) are likely to be pre-
sent. Liberated ions can react with these sulphide anions

and generate the corresponding metallic sulphide (the

majority or these compounds are insoluble). So, it is

probable that a metallic transfer from fraction C to

fraction D takes place. The opposite process could also

occur in two different ways. First, the oxygenation of

anoxic sediments may occur, during which sulphides will

be oxidized to sulphates and accompanying ions will be
liberated. These ions could be caught by Fe–Mn oxy-

hydroxides (neoformed or present in the sediment in

upper levels). Second, in oxic sediments the liberated

metal ions, generated by organic matter decomposition,

would be captured by oxyhydroxides among other
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possible ligands. This could be the case for core C1,

where FeD content decreased with an increase in depth,

whereas FeC content as well as the organic matter

content increased. Therefore, an opposite relationship
could be expected between sedimentary fractions C and

D. This can be clearly observed by comparison of per-

centage distributions of fractions C and D for every

metal (Fig. 7). Zn showed a similar behaviour to that

of Fe. This was not the case for Pb: PbC (19.94�
4.76%) and PbD (17.65� 4.16%) together represented
37.58� 8.12%, and both fractions simultaneously in-
creased their contribution with depth. This would indi-
cate a mobilization of this metal from the residual

fraction to more labile fractions (C and D) because in

the marine environment Pb precipitates as sulphide in

organic matter rich sediments, and is adsorbed and

concentrated in oxyhydroxides (Marcet Miramontes

et al., 1997). As these two fractions are affected by oxi-

dation–reduction processes, metal concentrations bound

to them have to be considered when evaluating bio-

availability due to their potential mobility.

Finally, the residual fraction (E) corresponding with
the metal fraction in the mineral crystalline matrix, is

strongly retained, and its liberation into solution under

natural environmental conditions is not expected (Tes-

sier et al., 1979). This was the most abundant fraction

for Pb. Contribution of this fraction to total Pb de-

creased with depth: at the surface it represented 75% of

total Pb, decreasing to 50% for cores C2 and C3 and to

25% for core C1. This indicates, as previously suggested,
a liberation of these metals to more bioavailable frac-

tions. This also happened to ZnE, mainly in core C1. By

way of contrast, FeE represented a fairly constant per-

centage for all cores (about 15% of total Fe).

Data were subjected to simple statistical analysis in

order to study possible associations between different
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variables. The most relevant relations are shown in Fig.

8. Results showed a positive correlation between organic

matter and <63 lm fraction content (Fig. 8a). This re-

flected an incorporation of organic matter to the finest

fractions of sediments by adsorption phenomena (Sa-

lomons and F€oorstner, 1984), i.e., organic matter content
increases when grain size decreases. This is also con-
firmed by the negative relationship between organic

matter and sand (Fig. 8b) and gravel fractions

(r ¼ �0:399, p6 0:019).

Significant and positive relationships of total Pb with

organic matter (Fig. 8c) and <63 lm fraction content

(Fig. 8d) reflected that organic matter and fine materials

tend to act as heavy metal binders (Salomons and

F€oorstner, 1984; Soares et al., 1999). The inverse corre-
lation between organic matter and Mn concentration

(r ¼ �0:661, p ¼ 0:001) may be highlighted. This also
was observed in other sediments in the Ria de Vigo

(Marcet Miramontes, 1994) due to Mn association with

carbonates, which are related to coarse fractions showing
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low organic matter contents. Exchangeable fractions (A)

of Pb and Zn showed positive and statistically significant

correlations mainly with organic matter and, to a lesser

extent, with mud content. This indicates the main con-
tribution of organic matter, and the secondary contri-

bution of fine grain size fraction to the exchange sites of

these two metals. There was also a good correlation be-

tween exchangeable fractions (A) of Pb and Zn (r ¼
0:558, p ¼ 0:002). Other metal correlations (total metal
concentrations and metal fractions) with organic matter

and mud contents were not statistically significant. This

indicates that a better correlation would be obtained
considering a combination of both factors (organic

matter and mud content) or that other factors have to

participate in binding these metals to the sediment (as for

example, carbonates). If a combination of both variables

is considered, a better correlation is obtained.

Considering total metal concentrations, the most no-

ticeable positive correlations were obtained for Cu vs Zn

(Fig. 8e) and Fe vs Mn (Fig. 8f). This indicated that each
pair of elements has a similar origin and behaviour. Also,

an opposite relationship was found between Pb and Fe,

and Pb and Mn. This is probably due to the different

origin of these elements: Pb content has an anthropo-

genic origin while Fe and Mn have a lithogenic origin.

Regarding sedimentary fractions, relationships for Fe

and Zn between fractions C (r ¼ 0:607, p ¼ 0:001) and
D (r ¼ 0:475, p ¼ 0:005) can be emphasized. This is re-
lated to the reported presence of alternating redox levels

in sediments. A similar relationship for Pb was not

found because this metal and its different fractions were

highly related to organic matter content, as indicated

above. Profiles of the different fractions of Pb were

similar and showed significant and positive correlations

between them. This could be indicative of an equili-

brated distribution of the high concentrations measured
between the different sediment compartments.

In order to obtain a global view of the results, prin-

cipal component analysis (PCA) was applied over the

data logarithmically transformed. This transformation

was performed, on the one hand, to eliminate errors

caused by the high Pb concentrations, and on the other

hand, to satisfy the assumption of constant normality

and variance (Schropp and Windom, 1988; Otte et al.,

1991). The use of this analysis makes it possible to re-
duce the number of studied variables and facilitates the

interpretation of a large volume of data. Five principal

components (factors) have been identified (eigen-

value¼ 1), explaining 89% of the data variance (Table

4). The first three factors accounted for about the 72%

of the total variance. Particularly, the first factor ex-

plains 39%, the second one almost 20% and the third

one, about 13.5%.
The two first factors loading plot (Fig. 9a) made it

possible to differentiate between metals and between the

different sediment fractions. The first factor could be

interpreted as an indicator of anthropogenic influence

and bioavailability, while the second factor can be en-

visaged as an indicator of variability in the redox level in

the sediment column. Factor 1 separated Pb and Zn

with positive loads (anthropogenic origin), higher for Pb
than for Zn on the one side and Fe on the other. This

factor also grouped the most bioavailable fractions for

all metals, A and B, with high positive loadings for all

metals, whereas those fractions most influenced by

redox variations in sediments, C and D, showed nega-

tive loadings in the case of Fe and Zn, and lower than

those of fractions A and B in the case of Pb. Factor 2

allowed differentiation between C and D fractions: the
more negative the values the more the oxidizing condi-

tions (C) whereas the more positive the values, the more

reduced the conditions (D).

Table 4

PCA results applied to logarithmically transformed metal data

Factor Eigenvalue Explained

variance (%)

Accumulated

variance (%)

1 5.854 39.023 39.023

2 2.969 19.796 58.820

3 2.027 13.513 72.333

4 1.478 9.853 82.186

5 1.050 6.998 89.184
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Fig. 9. PCA results: (a) Two first factors loading plot obtained in the analysis. (b) Three first factors scores plot obtained in the analysis.
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Factor scores for each variable studied were repre-

sented in the plane defined by the three first components

or factors (Fig. 9b). This gives a distribution of variables

in three groups interpreted as three concentration levels:
samples with high, intermediate or relatively low con-

centrations. The first group includes surficial samples

(0–2 cm for core C1, 0–8 cm for core C2 and C3) which

had the highest metal concentrations. A second group is

formed by the intermediate samples of core C2 (8–16

cm), which had intermediate concentrations. A third

group would be constituted by the rest of the samples,

which can be grouped by core following the importance
of measured concentrations (C2, C3 and C1, in this

order, from higher to lower concentrations). This re-

flected that not only the closeness to the ceramic in-

dustry determines the sample metal concentration, but

also sediment characteristics (mud and organic matter

content, for example) and river influence are important.
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Very little is known about heavy metal concentrations

in tissues of cetaceans inhabiting the Eastern Mediter-

ranean. This report presents such data for two Delphi-

nid species: the bottlenose dolphin (Tursiops truncatus)
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