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a  b  s  t  r  a  c  t

A  suite  of relevant  trace  metals  (Hg,  Pb, Cd,  Cu,  Zn  and Ni)  was  measured  in  surface  sediment  samples
to  assess  the  environmental  situation  of  the  largest  two Atlantic  Spanish  ‘rías’  (a  form  of estuaries,  ría  of
Pontevedra,  ROP,  and  ría  of  Vigo,  ROV).  The  level  of  contamination  originated  by these  metals  was  assessed
against  international  guidelines,  the  threshold  effect,  ERL,  and  the  midrange  effect,  ERM.  Six  unsupervised
and  supervised  multivariate  chemometric  techniques  were  applied  to  model  each  ría,  compare  them  and
select  those  metals  that  characterize  the  samples.  This  is  first  time  that  such  a study  is performed  for
these  two  important  seafood-producing  areas.  Maximum  concentrations  at  ROP  occurred  in  the  vicinities
of  an  inner  island,  where  Cu,  Zn,  Ni and  Pb  presented  concentrations  over  the  ERL and  Hg  over  the  ERM.
race metals
ediments
lassification trees
elf-organizing maps
rocrustes  rotation

Highest  concentrations  of  metals  in  ROV  were  observed  in  the  proximities  of  Vigo  shipyards  and  port,
except  for  Pb,  with  peak  values  in San  Simon  Bay.  ERL  limits  were  exceeded  in the  inner  part  of  this  ría
for  Cu,  Zn  and  Hg  and  in  a wider  area  for Pb  and  Ni.  Levels  for Pb  went  beyond  the  ERM  boundary  in  the
axial  part  of  San  Simon  Bay.  In  general,  the  distribution  of  the  metals  was  more  homogeneous  in  ría  of
Pontevedra  than  in  ría  of Vigo  (where  three  morphological  zones  were  characterized).  Both  rías  could  be
differentiated  using  only  two  metals:  Ni  and  Hg,  as  deduced  from  the  multivariate  techniques.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Despite metals occur naturally in the Earth’s crust, the steady
ncrease on their concentrations in estuaries and coastal zones and,
o, in marine organisms, is caused mainly by anthropogenic inputs
1]. As they do not biodegrade, they accumulate in the environment
inked to the surface of suspended particles, both organic and inor-
anic [2,3] Some, like Fe, Cu, Zn and Mn,  are essential for organisms,
ut may  become toxic when certain concentrations are exceeded
4]. Others (e.g., Hg, Pb, Cd, As and Cr) are not required for metabolic
unctions and are toxic even at very low concentrations. A serious
onsequence of their persistence is their accumulation through the
ood chain.

It  is worth noting that pollutants accumulate in sediments in

ifferent ways, depending on their morphologic and geochemical
haracteristics. In general, the concentrations of metals increase
s particle size decreases [2]. This leads to a general accumulation

∗ Corresponding author. Fax: +34 981 167065.
E-mail address: andrade@udc.es (J.M. Andrade).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.09.062
of metals in seabed sediments close to industrial and urban zones,
mainly in areas of low hydrodynamic energy. However, they do
not remain linked permanently to sediments, as they can be
released to the water column and become available for the marine
biota [5].

To  assist regulators numerous sediment quality guidelines
(SQGs) were developed. Traditionally, pollution was  determined
by assessing the bulk chemical concentrations of individual com-
pounds and comparing them with background or reference values.
Since the 1980s, SQGs attempted to incorporate biological effects
[6]. Nowadays, some SQGs for metals are used worldwide to iden-
tify a level of pollution that may  have adverse effects in living
organisms [7,8]. In this paper, the approach of Long et al. [9] was
adopted. They identified nine metals that had ecological or bio-
logical effects on organisms and defined two  indexes: the ‘Effects
Range Low’, ERL (the lowest concentration of a metal for which at
least 10% of the data reviewed reported adverse effects), and the

‘Effects Range Median’, ERM (the level at which half of the stud-
ies reported harmful effects). Metal concentrations below the ERL
are not expected to elicit adverse effects, while levels above the
ERM are likely to be very toxic. These SQGs were adopted by the
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ational Oceanic Atmospheric Administration (NOAA) and other
nvironmental agencies for the assessment of marine pollution in
oastal areas.

General rules for metal accumulation also apply to the ‘rías’
a form of estuaries, similar to the Nordic fiords) but they have

 more complex behaviour because of their chemical conditions
esulting from the mixture of oceanic and continental waters dis-
harged from rivers. This singularity promotes the accumulation of
ontinental contaminants in addition to the oceanic ones [10,11].
hus, assessing pollution in Galician rías is a quite difficult, although
mportant, issue because of the numerous fish and seafood farming
ctivities performed within them. As an example, Galicia is the first
uropean producer of cultured mussels, with an annual production
f 250,000 tons (135 × 106 Euros) [12] and shellfish production in
alicia ranks first in Spain, with more than 10% of the total produc-

ion [13].
The  Spanish Monitoring Programme on wild mussels and

ediments was deployed to evaluate the spatial and temporal distri-
ution of hazardous substances and to identify potential pollution
ources [14,15]. Nevertheless, it is too focused on some particular
bjectives, it comprehends hundreds of nautical miles and, accord-
ngly, the number of samples in specific areas of interest is limited.
ue to this lack of information, additional research is presented

n this paper to study some selected trace metals at two  econom-
cally relevant Spanish rías (worldwide reputed zones for seafood
arming and collection): the ría of Pontevedra, ROP, and the ría of
igo, ROV. Concentration ranges for some metals on these rías have
een reported previously associated to anthropogenic activities at
he ROP inner-south area [16–18]. Regarding the whole ROV, only
ome partial studies were found [19–22].

The present work has, therefore, three main objectives. First,
o perform a comprehensive study of six trace metals in surface
ediments of the two Spanish rías (metals in living organisms will
ot be considered nor sedimentary organic pollutants). The six
etals analysed were those included in current Spanish maritime
onitoring programmes. Second, to assess the level of pollu-

ion according to the limits of the SQGs mentioned above, as
ell as to study the relationship between the metals, their pos-

ible sources and the hydrodynamics of the rías. Finally, a suite
f multivariate chemometric techniques (principal components
nalysis, Procrustes rotation, hierarchical clustering by heatmaps,
lassification and regression trees, linear discriminant analysis and
elf-organizing maps) were applied to model each ría, compare
hem and select those metals that characterize critically the envi-
onmental situation of the samples [23]. This is first time such

 study is performed for these two important seafood producing
nd farming areas. In addition, objective variable selection has
carcely been presented in related literature to schedule future
onitoring programmes, despite its inherent savings in overall

osts, improved analyses turnaround time, reduction of redundant
nformation (e.g., because of strongly correlated variables), etc.

. Materials and methods

.1.  Sampling area

The  strong influence oceanographic conditions have on the
epositional characteristics of particulate matter within the rías
equires their brief description here. The term ‘ría’ refers to major
oastal inlets formed after some river valleys sunk. These geologi-
al formations are characteristic of the NW Iberian Peninsula, the

ías of Pontevedra (ROP) and Vigo (ROV) being two of the largest
nes (42.1–42.45◦N, 8.6–8.95◦W,  Fig. 1). They are located at the
orthern most limit of the Eastern North Atlantic Upwelling Sys-

em, which extends from 10◦ to about 44◦N [24]. A spring–summer
7 (2011) 197– 209

process characterized by favorable northerly winds along the coast
produces an offshore zonal Ekman transport of surface water. This
is replaced by cold nutrient-rich deep water (the Eastern North
Atlantic Central Water) [25,26]. During autumn-winter favorable
southerly winds are predominant, generating the opposite dynam-
ics and, consequently, downwelling.

The rías are mixed estuaries with a two-layer residual posi-
tive circulation [27,28]. This pattern can be modified by the winds
over the shelf. These embayments are open systems with a major
exchange with oceanic waters so that when shelf winds induce
upwelling events, a positive circulation occurs in the rías. On the
other hand, during strong downwelling conditions, water from the
shelf entering the ría causes the water inside it to be advected to
the shelf through lower layers [29].

The ría of Pontevedra is a V-shaped coastal embayment that
opens up to the north of Ría de Vigo (its volume and surface are
around 3.937 hm3 and 145 km2). Its central axis is oriented SW–NE.
The depth of the ría decreases to the inner part where sedimenta-
tion of mud  and sand takes place, especially in the southern margin.
The ROP extends 23 km from its head at river Lérez (E) to the Islands
of Ons and Onza (W). Its width decreases progressively towards
the river Lérez mouth. It has been divided into three morphological
zones: the inner (sites 1–7), intermediate (sites 8–12) and outer
(sites 13–23) ones (Fig. 1).

The ría of Vigo is the Southern most Spanish one (total volume
ca. 3.117 hm3 and 176.4 km2 surface). It is a V-shaped formation,
with its central axis oriented NE–SW. The water depths range from
7 (inner part) to 53 m (SW exit to the sea). It has been commonly
divided into three morphological zones: the inner or estuarine
(sites 1–13); intermediate (sites 14–28) and outer or oceanic (sites
29–36) zones, Fig. 1. The maximum width is at the mouth of
the embayment (5.2 km)  and it diminishes progressively down to
600 m at the Rande strait. The mouth of the ría is partially closed
by the Cíes Islands.

2.2.  Sampling and sample preparation

A total of 23 and 36 sampling points were considered at ROP
and ROV, respectively, Fig. 1. Surface sediment samples (0–5 cm)
were collected with a “Box- Corer” grab from the research vessel
José María Navaz. Sampling sites were far from sewers that could
affect the results. Samples were stored in clean containers and kept
at −20 ◦C till their lyophilization.

An  important issue to be considered is the sediment fraction to
be analysed, as the concentrations of metals can vary depending
on the selected fraction [30]. According to the International Coun-
cil for the Exploration of the Sea (ICES), the analyses were carried
out on the fraction below 2 mm (‘total fraction’). Following, freeze-
dried samples were sieved through a 2 mm mesh, homogenized
and stored in acid-washed glass vials at room temperature until
chemical analysis.

2.3.  Chemical analyses

Analysis  of Pb, Cd, Cu, Zn and Ni included total digestion in
a CEM MARSXpress microwave oven. 0.3 g of freeze-dried sam-
ple were placed in a Teflon reactor, with 1 ml  of aqua-regia and
5 ml  of Hydrofluoric acid. The reactor was kept at 160 ◦C for
30 min. Then, 4.7 g of boric acid were added and the volume was
adjusted to 50 ml  with Milli-Q water (more details can be found
elsewhere [31]). An AAnalyst 800 PerkinElmer spectrophotometer
(Zeeman background correction) was used, along with the oper-

ational parameters and matrix modifiers recommended by the
manufacturer.

Nitric digestion was applied for total Hg analysis; 0.5 g of sample
and 5 ml  of concentrated nitric acid were digested at 160 ◦C for



C. Quelle et al. / Talanta 87 (2011) 197– 209 199

VIGO

PONTEVED RA

VIGO  RÍA

PONT EVEDRA  RÍA
ONS ISLAND

CÍES ISLAN DS

Oit avén Ri ver

San Si món  Inl et

Tambo  Island

100

50

100

50

20

20

10

10 20

20
10

20 10

20
10

Rande  Strait & Bridge

Lérez  River

San Sim ón Island

CANG AS

MOAÑA

BAIONA

BUEU

MARÍN

SANXE NXO

Aldán Inlet

N
42º27'  N

42º16 ' N

42º05'  N

8º3 

5 km

1

2

3

4

5

6

7

8

9

10

11
12

13
14 15

16
17

1819
20

21

22
23

1

2
3

4

5

6
7

8
9

10
111213

14
15

1617

18
19

20

21

22

2324
25

26
2728

29
30 31

32
33 34

35 36

INNER  ZONE

INTERMEDIATE ZONE

OUTER ZO NE

OUTER  ZONE
INTERMEDIATE ZONE

INNER ZONE

ain. Lo

3
o
S
w
2

o
f
s
b
d
t

s
r
d
p
Q
m
o
t

T
C
e

9º W 8º45' W 

Fig. 1. Map  of the ría of Pontevedra and ría of Vigo, Galicia, NW of Sp

0 min  in a microwave oven. The cold vapour technique was  applied
n a FIMS-400 PerkinElmer system, with a reducing solution of 10%
nCl2 in 6% (v/v) HCl. The detection limits expressed in mg  kg−1 dry
eight were: 0.005 for Hg, 1.00 for Pb; 0.008 for Cd, 0.500 for Cu,

.00 for Zn and 1.00 for Ni.
The  total organic carbon (TOC) in sediments was  measured by

xidation with potassium dichromate in a strongly acidic medium,
ollowed by titration of the ferrous ammonium sulphate from the
urplus dichromate remaining after oxidation [32]. The fraction
elow 63 �m was also determined by wet sieving and subsequent
rying and weighing of the sieved fraction, in order to characterize
he sediment and facilitate data assessment.

The analytical procedures were validated by a quality assurance
ystem. Protocols incorporated the use of certified reference mate-
ials (BCSS-1 and BEST-1, National Research Council of Canada),
uplicate samples, procedural blanks and control charts, as well as
articipation in international intercomparison exercises, such as
UASIMEME (Quality Assurance of Information in Marine Environ-

ental Monitoring in Europe). The analytical results (mean ± SD)

f six independent analyses are shown in Table 1 and agreed with
he certified values. In addition, recovery studies spiking aliquots

able 1
omparison between experimental results and certified values for certified refer-
nce material (BCSS-1). Values are given in mg  kg−1 dry weight.

Element Certified Measured

Mercurya 0.092 ± 0.009 0.088 ± 0.002
Lead 22.7 ± 3.4 23.3 ± 2.2
Cadmium 0.25  ± 0.04 0.26 ± 0.03
Copper 18.5 ± 2.7 19.1 ± 1.3
Zinc 119 ± 12 112 ± 4
Nickel 55.3  ± 3.6 53.1 ± 3.2

a CRM used, BEST-1.
0' W

cation of sampling sites and main morphological zones at both ‘rías’.

of the reference materials, yielded average recoveries between 96%
(Hg) and 104% (Cd).

2.4.  Software

The statistical studies were made using GenEx (MultiD Analyses
AB, Sweden), Statgraphics (StatPoint Technologies Inc, US), Jatoon
(Java Tools for Neural Networks, www.dq.fct.unl.pt/staff/jas)  and
CART (http://cran.r-project.org/,  RPART library; v2.4.0).

3.  Results and discussion

3.1.  Univariate studies

A  preliminar univariate study was performed considering all
samples. Metal values are reported as mg  kg−1 in Tables 2 and 3.
The number of significant figures of the analytical results of this
work corresponded to the criteria stated by QUASIMEME interlab-
oratory exercises, except for Table 1, which are those reported at
the CRMs documentation. TOC and % of fine particles are usually
reported with two decimal places. The percentages of sampling
sites exceeding ERLs and ERMs in ROP and ROV are also displayed.

ROP surface sediments were a combination of sand and mud.
Characterization of the fraction below 63 �m indicated that 47.8%
of the samples were constituted mainly by fine particles (Fig. 2a),
most of them located at the inner zone of the ría (surroundings of
Tambo Island) and in the ‘shadow’ zone of Ons Islands, where the
lower hydrodynamic energy allows sedimentation of fine particles.
Some sediments adjacent to Tambo Island showed fine particles
over 90%. Sandy samples were mostly located at the outer zone, in

areas exposed to the oceanic hydrodynamics, where fine sediments
are washed out towards more protected areas. These results were
consistent with other studies carried out for this ría [33]. Concen-
trations of TOC ranged from 0.22% to 6.78%; with higher values at
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Table 2
Summary of the concentrations of trace metals (mg  kg−1 dry weight), percentage of fine particles (grain size <63 �m) and total organic carbon (TOC) in surface sediments of
ría  of Pontevedra (SD: standard deviation).

Ría of Pontevedra

Mean Median Range SD ERL ERM % Sites over ERL % Sites over ERM

Hg 0.520 0.130 0.006–1.93 0.681 0.15 0.71 43.5 26.1
Pb  50.4 41.1 13.8–145 30.0 46.7 218 34.8 –
Cd 0.376  0.198 0.058–1.34 0.378 1.2 9.6 4.3 –
Cu 24.9  17.8 3.09–88.8 21.5 34 270 26.1 –
Zn  121 122 13.9–227 62.2 150 410 30.4 –
Ni  14.1 12.7 1.00–29.0 9.26 21 52 30.4 –
%Fine  particles 50.44 46.14 2.87–93.22 30.69 – – – –
%TOC  2.45 1.62 0.22–6.78 1.97 – – – –

Table 3
Summary of the concentrations of trace metals (mg  kg−1 dry weight), percentage of fine particles (grain size <63 �m) and total organic carbon (TOC) in surface sediments of
ría  of Vigo (SD: standard deviation).

Ría of Vigo

Mean Median Range SD ERL ERM % Sites over ERL % Sites over ERM

Hg 0.249 0.248 0.012–0.656 0.155 0.15 0.71 69.4 –
Pb  115 103 8.72–268 61.95 46.7 218 83.3 5.6
Cd 0.371  0.381 0.035–1.08 0.245 1.2 9.6 – –
Cu  43.0 41.1 0.883–165 31.1 34 270 61.1 –
Zn 162  163 11.7–348 68.9 150 410 66.7 –

1.7 

5.33 

1.44 

t
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F
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Ni  31.6 34.8 2.00–47.6 1
%Fine  particles 77.11 88.10 2.04–97.37 2
%TOC  3.14 3.36 0.18–6.75 

he inner part of the embayment (Fig. 2c), especially at the north-
rn margin. The presence of numerous mussel rafts in the margins
nd inner part of the ría may  have increased the content of organic

atter there [34,35].
ROV  surface sediments were composed mainly of fine particles

xcept for five sites located at the outermost part of the northern
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margin,  where sediments were sandy (Fig. 2b). A more homoge-
neous pattern than in ROP was  observed as 63.8% of the sites had
fine particles over 80%. TOC varied from 0.18% to 6.75% and it

increased substantially towards the inner part of the ría (Fig. 2d);
besides, TOC was higher in the axial zone of the external part. The
maximum concentration of TOC was  observed in site 36, located at
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he inner part of the San Simon Bay. Values of TOC in both embay-
ents were similar to those found in sediments of other estuaries

36].
With regards to the concentration of metals in ROP, some con-

lusions were drawn. Mercury showed a clear increasing trend
owards the inner and northern parts of the ría, probably due to
he abundance of fine sediments in these areas (Fig. 3a). Hg varied
rom 0.006 to 1.93 mg  kg−1. The presence of Pb, increased towards
he inner part of the ría and to the northern shore (Fig. 3b), although
ith a wider range of concentrations, from 13.8 to 145 mg  kg−1. The

rend for Cd was similar to that for Pb (Fig. 3c), with concentrations
anging from 0.058 to 1.34 mg  kg−1.

The  patterns for Cu and Zn were also similar, with high values
n the surroundings of Tambo Island. Their concentrations were in
eneral higher in the northern margin of the ría, decreasing towards
ts outer and southern parts. Cu ranged from 3.09 to 88.8 mg  kg−1

n the central zone of the inner part, next to Tambo Island. The
orthern shore and the axial zone of the embayment protected by
he Ons Islands showed higher contents in Zn than the southern

argin and the outer part of the ría (Fig. 3e), with concentrations
arying from 13.9 to 227 mg  kg−1. Ni showed a similar trend, with
ontents ranging from 1.00 to 29.0 mg  kg−1.

As regards ROV, Hg showed an increasing tendency towards the
outhern margin and the inner part of the ría, and the area adja-
ent to Vigo city and its harbour (Fig. 3a); it ranged from 0.012 to
.656 mg  kg−1. Pb increased progressively towards the inner part
f the southern shore, reaching maximum concentrations in the
urroundings of San Simon Island (Fig. 3b). Pb at this ría runs from
.72 to 268 mg  kg−1.

The Cd and Cu distributions followed similar patterns, with
aximum concentrations at the central and southern areas of

he ría, the area adjacent to Vigo city and port, and at the inner
outhern shore of San Simon Bay (Fig. 3c and d). Minimum con-
entrations of Cd and Cu were found in the outer and northern
arts of the ría. Cu ranged from 0.883 mg  kg−1, at the outermost
ite, to 165 mg  kg−1 in the surroundings of some shipyards, while
d varied from 0.035 to 1.08 mg  kg−1. Zn behaved as Cu, Cd and Hg
Fig. 3d).

Ni  concentrations presented differences compared to the other
etals. It ranged from 2.00 mg  kg−1, inner part, to 47.6 mg  kg−1, at

he intermediate part of the ría, site 22. Values were substantially
igher close to Vigo city, although, contrary to other metals, the
ontent of Ni was also significant in the outer zone of the ría (Fig. 3f)
robably because of a lithogenic origin, as reported elsewhere
19].

.2. Comparison with SQGs

Table  2 resumes the main findings for the ría of Pontevedra.
g was the unique metal for which the ERL (in 43.5% of the sam-
ling sites) and the ERM (26.1% sites) were surpassed. Highest Hg
oncentrations occur in the surroundings of Tambo Island, where
ediments presented concentrations over the ERM, forming a zone
f likely toxic effects for half of living organisms (see Fig. 3a). In
ddition, five other sites exceeded the ERL value. This is probably
ue to the presence of a nearby industrial complex formed by a
hlorine–alkali industry and a paper pulp factory.

Concentrations of Pb surpassed the ERL in 34.8% sampling sites
Fig. 3b), located at the inner part of ROP. The ERL limit for Cd
as exceeded only at a site west of Tambo Island (Fig. 3c). Six

ocations presented values of Cu over the ERL (26.1% of samples),
hich delimits an area located at the inner and northern part of
he embayment (Fig. 3d). Similarly, some locations around Tambo
sland presented Zn and Ni values over the ERL (30.4% of sites for
oth metals; see Fig. 3e and f), although the area where this limit
as exceeded was slightly smaller for Ni.
7 (2011) 197– 209 201

It  seemed clear that the area surrounding Tambo Island was  the
most polluted zone in ROP. Here, Cu, Zn, Ni and Pb exceeded the
ERL limits while Hg did so for the ERM limit. Accumulation of met-
als in this zone might be associated to the former operation of a
nearby sewage outfall, now disused. Here, Hg in sediments might
produce toxic effects for half of living organisms. This has been pre-
viously observed, with concentrations 15 times over the ERM [37].
Most of the northern margin of the ría, (including the northern mar-
gin of the central part of the embayment) was  also beyond the Hg
ERL limit. Metal concentrations found in the present study agree
with previous data [18,33] and highlight the presence of local Hg
pollution [38].

Table  3 showed that no metals at ROV exceeded the ERM limits,
but for Pb at two sites. However, Hg represents a potential hazard
since 69.4% of samples exceeded the ERL threshold, most of them
from the intermediate and inner parts of the embayment. Many
locations overpassed the ERL value established for Pb while sites
33 and 36 surpassed also the ERM limit. They corresponded to the
southern shore of San Simón Bay.

Levels of pollution in ROV derived from this study were similar
to those reported elsewhere [21,39–41], however values of Pb and
Ni are lower than those reported by Howarth et al. [42].

Twenty three sites showed values of Cu over its ERL. With
regards to Zn, the ERL was exceeded in most of the intermediate
and inner part of the ría, except for sites 35 and 36 placed at the
innermost area of San Simon Bay (Fig. 3d), as it was  observed for Cu
and Ni. As for the latter, 86.1% of sites showed values over the ERL,
although the content of Ni in the outer area of the ría, unlike the
other metals, was noticeable. No remarkable results were found at
ROV for Cd. In general, the distribution pattern of pollution at ROV
showed and increasing tendency towards the southern margin and
inner part of the ría, as well as the area adjacent to Vigo city and
port.

To summarize, ERL limits were exceeded in the inner part of
ROV by Cu, Zn and Hg and in most of the ría by Pb and Ni, with
maximum concentrations in front of Vigo port, except for Pb.

3.3.  Multivariate analyses

In  this work, a suite of chemometric techniques was  used to
unravel the major pollution trends (principal components analy-
sis and self-organizing maps), compare them (Procrustes rotation),
study similarities between the samples (hierchical heatmap clus-
tering and classification trees), and look for differences between
geographical zones to classify samples (discriminant analysis).
They are depicted below and interested readers are encouraged
to selected references.

PCA  is an unsupervised technique that reduces the dimension-
ality of the problem, studies correlations between the variables
and defines factors which comprise the most relevant informa-
tion. Besides, very accurate conclusions can be drawn regarding
the samples.

Procrustes rotation (PR) determines whether the patterns
yielded by several PCA subspaces are similar or not. It is based on the
calculation of consensus vectors for each dimensionality. They can
be visualized as a sort of ‘average’ factors calculated between the
1st PCs of the datasets, the 2nd PCs of the datasets and so forth; the
closeness of the corresponding PCs of the scores subspaces can be
measured by the angle (in degrees) they form. In addition, the con-
sensus vectors can be interpreted in terms of the original variables
[43].

Clustering ascertains whether definite groups of samples

can be obtained, according to their similarity. The so-called
‘heatmap’ hierarchical clustering was  applied, which is uncom-
mon in the environmental field. The heatmap is a colour-coded
two-dimensional mosaic formed by the joint representation of
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explained variance) was defined mainly by %TOC, Cd, Zn and Cu;
ig. 3. Isoconcentration maps (mg  kg−1 dry weight) of trace metals in ría of Vigo an
ediments and location of ERL and ERM boundaries.

wo clusters, one is sample-oriented while the other is variable-
riented. Thus, the heatmap describes all similarities within the
hole dataset (samples and metals). Note that, as in any typical

lustering, the two parameters (similarity and clustering method)
eed to be selected for each of the two dendrograms. Each tile of
he mosaic is coloured with a different intensity according to the
alues of the (pre-processed) data [44].

‘Classification and regression trees’, CART, is a nonparametric
ethod for classification and regression which aims to find mutu-

lly exclusive regions of the data space containing homogeneous
ubsets of the data [45]. CART can be used to select variables
equentially by means of binary decision trees, containing nodes
onnected by branches. Nodes giving rise to two new nodes (termed
child nodes’) are called ‘parent nodes’, otherwise they are ‘termi-
al nodes’. Each node is characterized by a logic rule defined for

 single exploratory variable which leads to two  child nodes that
ivide the samples into more homogeneous sets, compared to the
riginal parent node [46].

LDA  (linear discriminant analysis) is a supervised classifica-
ion technique which discriminates the, previously defined, groups
f samples by selecting discriminant factors (DFs) that optimally
eparate the classes [47]. DFs can be interpreted in terms of the
xperimental variables that determine mostly the combination of

ariables.

Artificial neural networks based on the unsupervised Koho-
en approach (Kohonen maps or self-organizing maps, SOMs)
f Pontevedra. Distribution of Hg (a), Pb (b), Cd (c), Cu (d), Zn (e) and Ni (f) in surface

constitute  another method to group the samples problems. In SOMs
similar input objects are linked to the topologically closest neurons
in the network, i.e., neurons that are located close to each other
have similar reactions to similar inputs, while the neurons that are
far apart have different reactions to similar inputs. The number of
neurons and number of epochs to train the SOM must be optimized
[48,49].

All multivariate analyses were made on autoscaled data. The
samples were codified with a letter (to denote either the ría of
Pontevedra, P, or the ría of Vigo, V) and an ordinal number. Prelim-
inary studies revealed that sample P15 behaved as a clear outlier
because of its very low concentrations in all metals and total car-
bon (0.22%). This was attributed to the fact that it had a minute
percentage of fine particles (<63 �m),  2.87%, because it was  sam-
pled in a site with, essentially, small stones and shells. Therefore,
this sample was eliminated from the studies presented hereinafter.
Two studies will be presented considering the two  rías (ROP and
ROV) and the ría of Vigo alone.

3.3.1. Principal components analysis
A first PCA was made considering both rías. Three PCs explained

92.86% of the overall variance of the system. The first (67.71%
which characterized the main distribution of the samples. The
2nd PC (15.02% of the variance) was related to Hg and Ni, which
were two relevant metals for ROP and ROV, as explained at the
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ROP could not be differentiated. This was so even after a PCA with
the ROP samples alone was  made. On the contrary, a factor analysis
made on the ROV samples demonstrated that the three zones could
be observed and, further, that the pattern observed in Fig. 5 for Pb
ig. 4. Scores plot of the PCA considering both rías. The inset shows the PC1–PC2–P
©) intermediate-ROV, (�) inner-ROV.

nivariate studies. Finally, the 3rd PC (10.13% of the variance) was
inked almost exclusively to Pb at ROV, which suggested a clear
elation to anthropogenic sources (as anticipated in Section 3.1).

The PC1–PC2–PC3 scores plot (inset in Fig. 4) revealed that both
ías could be differentiated quite easily along PC2 and PC3. The
xceptions occurred for samples V1, V9 and V10. They three were
rom ROV bottom sites containing low amounts of fine sediments
nd mud  (percentages of fine particles between 2% and 19%) and,
o, with low concentrations of metals and %TOC. These samples
ere taken at the outer part of ROV and had metal concentrations

f the same order of those from the least polluted samples from
he external part of ROP. As mentioned above ROV sediments were
omposed mainly of fine particles except for sites located at the
utermost part, where sediments were mostly sandy.

The  PC1–PC2 subspace (Fig. 4) showed a good separation
etween both rías along PC2 (but for the V1, V9 and V10 samples,

ust explained) and, furthermore, a nice differentiation between
he three zones in which the ROV was divided from a morpholog-
cal and hydrodynamical point of view (see Section 2.1). Also, the
nner zone of ROP became quite clearly characterized by negative
cores in PC2, which corresponded both to the highest concentra-
ions of Ni and the overall-samples maxima of Hg. Interestingly,
amples P16, P18, P19, P21 and P22 contained the maximum con-
entrations of Hg (ranging from 1.22 to 1.93 mg  kg−1). They located
round the small Island of Tambo and had, in general, the highest
oncentrations of all metals. This agreed totally with the univariate
escriptions above and was justified by the depositional behaviour
f the ría. Note that these samples corresponded to a ROP area
hich overpassed the ERM limit for Hg.

Samples from ROV had, in general, higher average values of Ni
han the ROP ones. As detailed, Ni levels were substantially higher
lose to Vigo city, although, contrary to other metals, its contents
re also significant in the outer zone of the ría (this may suggest

 lithological origin for this metal). PC1 yielded a mere differenti-
tion between the samples with minimum values in most metals,

orresponding to the outermost samples of the rías (squares in the
gures), remarkably the ROP external ones (Fig. 4).

Fig.  5 presents the PC2–PC3 scores subspace where from an
nteresting pattern was observed. This consisted of the ordering
space. Codes: (�) outer-ROP, (�) intermediate-ROP, (�) inner-ROP, (�) outer-ROV,

of  the inner samples of ROV as a function of the distance to the
bridge of Rande, which belongs to the AP9 highway and supports
ca. 70,000 vehicles per day. This might transfer Pb and other metals
to the marine environment [22,40]. Fortunately, bans on leaded fuel
established in 2001 have cut down such contribution, which would
explain the general diminution of Pb concentrations reported else-
where [50,51]. Despite this, Pb will last on sediments for years. In
addition, an old pottery factory was  in this area for many years [52]
(which used Pb for the varnishes [53,54]) and it released wastes
and vitreous materials to the ría. Finally, pollution by Pb might be
related also to the intense activity of the port of Vigo and some
shipyards.

Fig. 4 showed that the outer and intermediate samples from
Fig. 5. PC2–PC3 scores subspace of the two rías, showing that ROVI inner samples
became  affected by Pb. Codes: (�) outer-ROP, (�) intermediate-ROP, (�) inner-ROP,
(�)  outer-ROV, (©) intermediate-ROV, (�) inner-ROV.
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Fig. 6. Iso-scores maps developed for PC1 and PC2 considering both rías (a and b, respectively) and the ría of Vigo (c and d, respectively).

Fig. 7. Heatmap of the overall sample set. P corresponds to ría of Pontevedra and V to the ría of Vigo. The scale at the left represents autoscaled data.
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Fig. 8. Representation of the samples at the discriminant DF1-DF2-DF3 space.
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odes:  (�) outer-ROP, (�) intermediate-ROP, (�) inner-ROP, (�) outer-ROV, (©)
ntermediate-ROV, (�) inner-ROV.

eld. Here, two PCs explained 89.57% of the variance and they were
onsidered enough to describe the ROV. The 1st PC (72.41% of the
nformation) was defined by Cd, Zn and Hg whereas the 2nd was
etermined by Ni and Pb. As expected, the less polluted samples
orresponded to the outer part of the ría, which were defined by
egative scores on the 1st PC and values around zero for the 2nd fac-
or. Intermediate samples became characterized by positive scores
n both the 1st and 2nd factors. Finally, inner samples had positive
cores in PC1 and negative ones in PC2, ordered in accordance to
he distance of the bridge of Rande, as explained above. The scores
lots for the 1st and 2nd PCs (Fig. 6) looked very much like the
eographical patterns of Cd and Zn, and Ni, respectively.

After the PCA studies a decision table was developed (Table 4)
onsidering the metals that defined the two PCs in order to, first,
valuate whether the groups could be differentiated among them
nd, second, establish decision rules that may  allow for a fast clas-
ification of unknown samples in future studies. As expected, the
ules were affected by the overlap of the groups observed in the
C scores plots. Thus, the outer and intermediate sampling sites of
OP had to be considered altogether in a unique group (along with
he V1, V9 and V10 samples from ROV). A 95% success assignation
atio was obtained as only three samples (two outer stations – P2
nd P5 – and an intermediate one – P11) became projected wrongly
as from the inner zone). This ratio was very satisfactory although
t must be remembered that PCA is not a classification technique
y itself.

.3.2. Procrustes rotation
A  comparison of the PCA subspaces derived from each ría alone

as made using Procrustes rotation. Consensus vectors were calcu-
ated by averaging out the PCs from both rías. These, together with
he angles they form, can be seen in Table 5, where from it was
bserved that the angles that form the 1st PCs of each ría with the
rst consensus vector are small, ca. 1.4◦, and so the first consensus
ector (B1) resumed very well the main pattern of the samples on
ach ría. This consists of a general participation of all the variables,
ainly of Cd and Hg, which ordered the samples in accordance with

heir total metallic content. This had also been seen in the 1st PCs
f the studies above, as least polluted samples lie at the left hand
ide of Fig. 4. The second consensus vector was  determined by Ni,

hich also happened for the independent PCAs of ROP and ROV.
evertheless, small differences between the rías existed as the
ngle is a bit higher than for the 1st consensus vector (ca. 19◦). Ta
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Table 5
Consensus vectors and angles formed by the consensus vectors and the correspond-
ing PCs obtained when comparing the two rías (autoscaled data).

B1 B2

Consensus vectors
%TOC −0.40  0.23
Cd −0.43 0.29
Zn −0.37 −0.36
Cu −0.37 −0.16
Hg −0.42 0.09
Ni −0.24 −0.77
Pb −0.40 0.33

Angles
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ROV 1.41 19.33
ROP  1.41 19.33

.3.3. Hierarchical clustering and CART
To complement the PCA studies, a hierarchical clustering analy-

is was made using the Euclidean distance and the Ward’s grouping
ethod. The heatmap clusters the samples and the variables and

epresents by tokens the (autoscaled) datum associated to a partic-
lar sample and a given variable. The scale at the left of Fig. 7 yields

 self-explanatory graphical display of the data which allows for a
ast interpretation of the groups.

The heatmap in Fig. 7 showed two main groups of samples,
orresponding to the inner and intermediate (cluster C1) and the
xternal (cluster C2) zones of the rías. They were subdivided fur-
her and some details are given below. Cluster C1-1 combined the
amples with the overall highest concentrations of Hg, all them sit-
ated at ROP (surrounding the island of Tambo). This remarkable
ehaviour was justified because of its closeness to a chlorine–alkali

ndustry and a paper pulp factory. In recent years severe actions
ere enforced to reduce mercury dumping into the ría of Pon-

evedra. Initially, they were quite successful and a decreasing trend
as verified [50]. A recent increase was observed without a clear

ustification [51], although its origin may  be related to historical
ndue waste water release into the ría, which would now yield
ome sort of ‘cronic’ level of Hg on the environment and, thus, affect
he sediments.

Cluster C1-2 grouped the inner samples of ROV, which became
haracterized by the highest concentrations of Pb (see more details
bove). This group included also two samples from the intermedi-

te region of ROV, V22 and V26, due to their high concentrations
f Cu and Zn. Cluster C1-3 considers the remaining intermediate
amples, along with an inner one (V30).
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ig. 9. Discriminant scores at the DF1-DF2 subspace calculated for the ría of Vigo.
odes: (�) outer-ROV, (©) intermediate-ROV, (×) inner-ROV, (+) centroids.
Fig. 10. Kohonen SOM differentiating the two rías. Top map (a) and relevant layers
of weights characterizing the differences (b). Codes: A, ROP; B, ROV.

Cluster C2 joined the samples with the lowest figures in all met-
als and %TOC. They corresponded to the external zone of ROV and
the external and intermediate ones from ROP. For instance, C2-1
contained those samples with the lowest concentrations in all met-
als, particularly Zn, Ni, and %TOC. They had been also observed at
the left hand side in the PCA scores plot (see Fig. 4). C2-2 grouped
the external samples from Vigo (all of them in a dedicated subgroup,
from V2 to V6, Fig. 7) to a variety of samples from Pontevedra (exter-
nal, intermediate and, even, inner, i.e. P14, P20 and P23). They had
concentrations slightly higher than C2-1 but lower than those for
the remaining samples.

CART  seeks for a set of ‘if . . . then’ logical conditions that per-
mit accurate classification of samples in a set of previously defined
classes. Preliminary studies were made considering the outer and
intermediate zones of ROP both altogether and separated (as their
samples overlapped clearly in the PCAs). Results were not different
and, thus, those in Table 4 corresponded to both zones considered

altogether. Only two metals (Ni and Hg) were required to classify
the sediments according to the rías and their morphological zones
(Section 2.1). They yielded an 83% classification success. The inter-
mediate ROV zones (along with two samples, each from the inner
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nd outer ROV zones) became defined by Ni concentrations ≥ 34.2.
alues of Ni < 34.2 and Hg ≥ 0.215 leaded to a group of 17 sam-
les, 10 corresponding to inner ROP and 7 from inner ROV (P13
o P 23, V 29 and V31 to V36, see Fig. 4). When Hg < 0.215 and
4.2 > Ni ≥ 23.3, the remaining outer ROV samples (V2 to V4, V6 to
8 and V11) became in a distinctive group. Finally, Hg < 0.215 and
i < 23.3 described the outer and intermediate ROP sediments plus

he three outer ROV samples (V1, V9 and V10, as expected after
ig. 4).

.3.4. Linear discriminant analysis
A linear discriminant analysis (LDA) was  made to differ-
ntiate the two rías and, likely, their morphological zones.
tandardized data and the forward and backward proce-
ures were employed (in both cases the same results were
btained). Accordingly, a discriminant function was  calculated as

ig. 11. Kohonen SOM differentiating the different areas within the two rías. Top map (a) an
,  intermediate-ROP; C, inner-ROP; D, outer-ROV; E, intermediate-ROV; F, inner-ROV.
7 (2011) 197– 209 207

−2.20Zn + 0.90Cu − 0.64Hg + 1.68Ni + 1.01Pb, with Zn and Ni being
the most relevant metals giving rise to a good differentiation of
the two  rías. The centroids for ROV and ROP were +1.41 and −2.20,
respectively. The contingency table showed a 94.92% success ratio
and only three samples from ROV were misclassified as from ROP,
as expected. They were the three V1, V9 and V10 samples studied
above with small percentages of fine particles.

A LDA model was  developed considering the same five groups
of samples as those in the overall PCA above (Table 4). The
forward procedure to introduce variables in the discriminant
functions, DF, and the Wilks’ lambda function to assess the
significance of each DF were used. This yielded three signifi-
cant DFs (99.99% explained variance) with three experimental

variables on each (autoscaled data). The first function (73.52%
explained variance) was associated to three heavy metals which
appeared relevant also in the explanations of the PCA studies:

d relevant layers of weights characterizing the differences (b). Codes: A, outer-ROP;
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0.94Hg − 0.97Ni − 0.68Pb. The second DF (14.63%) was defined
ostly by Hg: +0.87Hg + 0.25Ni − 0.04Pb, whereas the third func-

ion (11.84%) was linked to Pb: +0.05Hg −0.58Ni + 0.89Pb (in all
ases these were standardized coefficients). Table 4 displays the
entroids associated to each location, and a 87.93% classification
uccess was obtained. Fig. 8 shows a good differentiation between
he two rías, as well as between the three areas of ROV and the
nner part of ROP.

Wrong  classifications are explained briefly. P11 (intermediate
OP, was included as outer ROV because of its contents on Ni and Pb,
igher than their ROP counterparts). Three inner samples from ROP:
14, P20 and P23 were classified as outer-intermediate because its
oncentrations on Hg, Ni and Pb were lower than the average value
or the other inner samples. Three samples from ROV were assigned
lso to nearby groups: V19 (intermediate site considered as outer
ecause it had concentrations of Ni and Pb lower than the average of
he remaining intermediate samples); V29 (an inner sample classi-
ed as outer Vigo, without a clear explanation); and V30 (inner site
onsidered as intermediate because the concentrations of Ni and
b were higher and lower–respectively- than their counterparts,
lose to those of the intermediate samples).

Individual LDAs were made for each ría alone in order to dif-
erentiate each zone (external, intermediate and inner). Results for
OP were not good as a large overlap was obtained for the external
nd intermediate samples (as it had been observed in the studies
bove). This reflected the similarity between the samples of this
ía, with high concentrations of metals both at the northern shore
nd the area ‘protected’ by the Ons Islands. Hence, LDA results for
his ría will not be presented. On the contrary, a nice differentia-
ion between the three ROV zones was obtained. This was justified
y the clear impact that some anthropogenic activities caused in
ome particular points (city of Vigo, harbour of Vigo, an old pottery
actory, etc.).

Two  discriminant functions were calculated for ROV. The
st, explained 70.3% of the variance and was  defined as
1.03 × %TOC + 0.25Hg − 0.51Ni; the 2nd function (29.7% of the
ariance) was −0.39 × %TOC + 0.58Hg + 0.87Ni. Fig. 9 presents the
OV samples projected on the space of the two discriminant func-
ions where the three zones can be separated quite clearly. The
ontingency table revealed a 97.22% overall classification success,
ith only a wrong sample (V30). This was considered intermediate
ue to its medium-high Ni concentration (37.0 mg  kg−1), compared
o the average value of its inner counterparts (ca. 24.0 mg  kg−1). In
ig. 9 this corresponds to the cross which lies closer to the circles.
he centroids of the classes are given in Table 4.

Fig. 9 shows that DF1 differentiates quite well the three zones
ecause of TOC, which increases steadily when entering the ría
despite a slight overlap exists among the intermediate and inner
ones). DF2 separates those two zones, but for sample V30,
hanks to the differences in Ni (higher values at the intermediate
egion).

.3.5. Self-organizing maps
Kohonen  neural networks or SOMs were applied as an advanced

nsupervised method to unravel classes [55]. Three situations will
e considered, as in the previous techniques; namely, both rías
ltogether and each ría by separate.

A 7 × 7 square net, trained for 500 epochs and an initial learning
pan equivalent to a third of the neurons of the net, allowed a clear
ifferentiation between the two rías (autoscaled data, Fig. 10a). As
xpected, samples V1, V9 and V10 (now renamed to B1, B9 and B10
ue to software constraints) became in the SOM region that was

ttributed to the ría of Pontevedra. This was acceptable because
hey had very low concentrations of metals due to the very low
ercentages in fine particles, as discussed above. The neuron acti-
ated by V1 and V9 (renamed to B1 and B9) from ROV was  not
Fig. 12. Top map of the Kohonen SOM showing different areas within the ría of Vigo.
Codes: D, outer-ROV; E, intermediate-ROV; F, inner-ROV.

assigned to a specific group because it was activated also by two
samples from ROP (renamed as A1 and A15).

The weights that determined the differentiation between the
rías were, basically, those at level 1 (corresponding to %TOC, so that
lowest weights – i.e., lowest percentages-corresponded to ROP),
and levels 3, 6 and 7 (linked to Zn, Ni and Pb, respectively; with high-
est weights – i.e., concentrations-associated to ROV, see Fig. 10b).

An  additional study was undergone to evaluate whether the six
geographical zones could be observed in a SOM. The same archi-
tecture as that in the previous study was employed to develop a
new SOM. Fig. 11a shows that four zones could be differentiated
nicely although the external and intermediate zones of ROP mixed
(as expected after the previous studies).

The layers that determined most the ‘discrimination’ between
the groups are presented in Fig. 11b. The external and intermediate
zones of ROP (codified by letters A and B, respectively) were char-
acterized by lowest weights (concentrations) in %TOC, Cd, Zn, Cu,
Ni and Pb. The internal zone of ROP (codified as C) got restricted to
a reduced number of neurons (a tight group of samples) with high-
est weights for the layers associated to %TOC, Cd and, specially,
Hg. The external area of ROV (codified as D) got characterized by
low weights (experimental values) for %TOC, Cd and Cu, and also
intermediate-low values for Zn. On the contrary, the intermedi-
ate zone of ROV (E codes) presented high weights for Zn, Cu and
Ni and, also, medium values of %TOC. Finally, the inner part of
ROV (F codes) became defined by high weights in the %TOC and
Pb layers.

The three zones of ROV were studied further by a dedicated SOM
(a 7 × 7 square net, trained for 300 epochs and an initial learning
span equivalent to a third of the neurons of the net), which attained
a satisfactory result as they three became very well differentiated
(Fig. 12). The interpretation of the weights was straightforward and
the figures are not presented for brevity. The external part of the
ría (D codes) was characterized by low weights–concentrations- of
Cd, Zn, Cu, Hg, Pb and %TOC. The intermediate area (E codes) was
marked by high values on Zn, Cu, Hg and Ni. The inner zone of ROV
could be defined by high values on Pb.

4. Conclusions
The spatial distribution of trace metals in the rías of Ponteve-
dra and Vigo was closely related to the content of fine particles
in the sediments and, accordingly, to the content of organic mat-
ter. The percentage of fine fraction and organic carbon was highly
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ependent on artificial inputs, such as wastes of industrial activ-
ties, sewage effluents and aquaculture activities and, therefore,
race metals tend to accumulate in the fine fraction of the sediments
lose to these sources.

In  general, the distribution of the trace metals was  more homo-
eneous in ría of Pontevedra (where the inner and intermediate
orphological zones could not be differentiated) than in ría of Vigo

where the three morphological zones were differentiated, accord-
ng to TOC and/or Cd). Both rías can be differentiated quite well
sing a reduced set of two metals: Ni and Hg, as derived from
ART. These metals were indeed relevant to define the most impor-
ant factors extracted in PCA, LDA and Procrustes rotation. Hg was
learly linked to the industrial activities of the ría of Pontevedra
hile a definite origin could not be ascertained for Ni. In fact, it

eems that Ni has a strong lithological origin at the ría of Vigo.
The  joint pollution assessment revealed that both rías presented

everal degrees of pollution caused by different trace metals. Pol-
ution levels in ROP were not as high as those observed in ROV,
xcept for Hg, since 43.5% and 26.1% of samples in ROP overpass
he ERL and ERM limits respectively. Nevertheless, for most metals,

ore than 65% of samples showed concentrations below the ERL.
n the contrary, pollutant concentrations in ROV are quite high for
ll metals and, except for Cd, between 60% and 80% of sites surpass
he different ERL values. Besides, 5.6% sampling sites went beyond
he Pb ERM limit.
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