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A B S T R A C T   

Sediments sampled at the estuary of the Oka River in the biosphere reserve of Urdaibai, Spain were analyzed for 
trace elements. Sediments were collected at 45 points of the estuary and the concentration of 14 elements was 
measured. The geoaccumulation indexes (Igeo), Normalized Average Weighted Concentrations (NAWC) and mean 
Effect Range-Median quotients (mERMq) were calculated. The results obtained were complementary and allowed 
intra- and inter-estuary comparison. According to the present findings, the estuary was classified as healthy, since 
the anthropogenic contribution of metals and metalloids was generally small. However, shipping and fishing 
activities at the ports of Bermeo and Mundaka and urban and industrial wastes from Gernika were regarded as 
the major pollution sources. Nevertheless, only slightly contaminated and toxic sediments, especially related to 
Ni and Cu, were found in the towns of Gernika and Mundaka.   

The estuary of the Oka River is in the Basque Country, in the north of 
the Iberian Peninsula, northern Spain. The territory of this river, which 
flows into the Bay of Biscay, is one of the most important natural areas of 
the Basque Country, where we can find many animal species and many 
ecosystems. Owing to its biodiversity and unique ecological conditions, 
UNESCO designated the natural area of Urdaibai Biosphere Natural 
Reserve in 1984. Consequently, it can be supposed that the environment 
under study is, in general, a clean area. However, there are some po
tential contamination sources, such as the waste coming from the urban 
activity, and the agriculture and animal husbandry that take place in the 
area and ends up in the estuary, which should not be overlooked. 
Tourism is also important in this region and is becoming another 
important contamination source, especially in the summer (Rodriguez- 
Iruretagoiena et al., 2016). The impact coming from the ports of Mun
daka or Bermeo, which are located in the mouth of the estuary, must also 
be taken into account. 

Among the different contaminants, metals are one of the groups 
having the greatest risk to cause adverse effects in aquatic environments 
(Kim and Hong, 2023). The pollutant nature of metals, their long sur
vival and bioaccumulation, can determine the ecosystem health of an 
estuary. Above a certain concentration level, these elements in question 
are very dangerous for living beings and can even become a risk for 

human health. In the Water Framework Directive of the European Union 
(WFD, 2000) some metals are included in the list of priority substances. 
Moreover, Cd, Hg, Pb and Ni are classified as preference substances in 
the Directive 2013/19/EU of the European Parliament and of the 
Council of 12 August 2013 in the field of water policy (EU, 2013). 

This work assessed the contamination level in the estuary of the Oka 
River regarding metals and metalloids. Many variables have an effect on 
the natural cycle of metals and metalloids in estuaries, including water 
pH, salinity, redox potential, the amount of dissolved oxygen and the 
presence of organic binders (van Ryssen et al., 1999). Furthermore, 
different biochemical processes can modify the fate and bioavailability 
of metals and metalloids on these transitional areas. 

Once in the estuary, most metals and metalloids accumulate in sed
iments in a more conservative way than in water (Dekov et al., 1998; 
Franco et al., 2002). Metals are usually found in solid state in sediments. 
The concentration of metals and metalloids accumulated on this matrix 
depends on the physico-chemical and hydrodynamic conditions of the 
estuary. In fact, owing to different biochemical processes, metals pre
viously accumulated in the sediments can pass to the water phase and 
become a second source of contamination along the estuary (Kennish, 
1998). For all these reasons, sediments have often been used to inves
tigate the history of chemical contamination in aquatic environments 
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(Zwolsman et al., 1996). 
The source of the Oka River is at the foot of the Oiz Mountain, in 

Bizkaia, Spain (Fig. 1), right at the junction of the nearby mountain 
streams. The river basin irrigates a land area of 149 km2 (Irabien and 

Velasco, 1999) and is 25 km long until it reaches the Cantabrian Sea. On 
average, the Oka River has a depth of 3 m, running between not very 
populated towns and reaching its maximum depth of 4 m at 1.5 km from 
the sea (Raposo et al., 2009). The volume of the sea tide is greater than 

Fig. 1. Geographical location of the Urdaibai Biosphere Natural Reserve and the 45 sampling points in this study.  
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the volume of the river, and when saltwater and fresh water meet in the 
estuary, they form a homogeneous mixture. 

The population living around the Oka River is 45,000. It is mostly 
surrounded by small towns and the most populated one is Gernika, with 
17,000 residents (Raposo et al., 2009), where there is an ongoing in
dustrial activity. In summer, there is a significant increase in traffic due 
to the beaches of Laida (on the right bank) and Sukarrieta (on the left 
bank), which receive visitors from all over the Basque Country. In the 
estuary, various recreational sports and activities are carried out, such as 
sailing and sport fishing. There are two ports along the estuary; the port 
of Bermeo (17,000 inhabitants) has a great inshore fishing activity and 
Mundaka (2,000 inhabitants) has a port that accommodates medium- 
sized fishing boats. The main channel of the estuary has been slightly 
modified with an artificial channel along the first 5 km after the town of 
Gernika. 

In the estuary of the Oka River, metal and metalloid concentrations 
have been measured in other studies (Irabien and Velasco, 1999; Soto 
et al., 2003; Bartolomé et al., 2006). However, this type of research is 
not very often found in the bibliography. Different studies have been 
carried out analyzing sediments, fish and mollusks and the harmful ef
fects that these toxics can have on organisms. The evolution of metals 
and metalloids over time has also been analyzed using oysters and 
sediments collected in the natural reserve (Raposo et al., 2009; Rodri
guez-Iruretagoiena et al., 2016). The lithogenic or anthropogenic origin 
of heavy metals in sediments has also been investigated (Irabien and 
Velasco, 1999). 

The aim of this work was to analyze the concentration of metals and 
metalloids in the sediments collected in the course of the Oka River in 
order to determine the geographical distribution of the contamination 
and assess the potential toxicological risk of the sediments. For this 
purpose, forty-five sites were strategically selected along the estuary in 
order to carry out a representative sampling in the studied area (Fig. 1). 

Surface sediments (0–2 cm) were collected in January of 2011 using 
latex gloves from riverbanks at low tide. A boat and a stainless van Veen 
dredge (capacity: 2 L; sampling area: 260 cm2; weight: 10.42 kg; di
mensions: 55 cm × 30 cm × 15 cm) were used for the collection of 
samples sited in the main channel. In all the cases, samples were 
transported to the laboratory in plastic bags at 4 ◦C to reduce the 
microbiological activity. Before analysis, the sediments were frozen at 
− 20 ◦C and lyophilised at 150 mTorr and − 52 ◦C in a Cryodos apparatus 
(Telslar, Spain) for 48 h. The dry samples were sieved and the fraction 
<63 μm was retained for analysis. After placing about 0.5 g of dry 
sediment in an extraction vessel and adding 20 mL HNO3/HCl 3:1 
(Tracepur, Meck) acid mixture, focused ultrasonic energy (HD2070 
Sonopulus Ultrasonic Homogenizer, Bandelín) was applied for 6 min. 
The extracts were passed through a 0.45 μm filter and diluted in water 
down to a concentration of 1 % HNO3. Finally the concentration of Al, 
As, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Sn, V and Zn was measured in the 
samples by inductively coupled plasma mass spectrometry (ICP/MS) 
(Perkin-Elmer, NexION 300). The analysis were carried out inside a 100 
Class clean room. The external calibration method with internal 

correction was used. Standard solutions of the analytes and the internal 
standards (45Sc, 115In, 209Bi, 9Be and 74Ge) were obtained from Alfa 
Aesar (SpecpureR, Plasma standard solution, Karlsruhe, Germany). The 
calibrants were prepared in 1 % subboiled HNO3. The detection limits 
and reproducibility estimated for each element are summarized in 
Table 1. More details about the analytical procedure and quality 
assurance and quality control (QA/QC) procedures can be found else
where (Fdez-Ortiz de Vallejuelo et al., 2009). 

The average concentrations and the maximum and minimum values 
obtained in the sediments of the Oka river estuary are summarized in 
Table 1. The highest concentrations obtained along the course of the 
river were those of Fe, Mg and Al, probably because of their lithogenic 
origin. The sediments of the Oka River are the result of the erosion of the 
surrounding sedimentary rocks (Irabien and Velasco, 1999). In fact, high 
concentrations of Fe, Mn, Cr, Ni and Co were measured in the volcanic 
rocks studied around Gernika (Rossy, 1988). 

On the other hand, in the case of Ni, Cr, Cu and Zn, for example, the 
maximum values deviated significantly from the average value. This 
may be an indicator of marginal or extreme points, meaning that there 
was significantly more Ni, Cr, Cu and Zn in the sediments collected at 
some sampling points than in most of the others. Regarding the rest of 
the elements, the differences between the average and the maximum or 
minimum values was not so obvious, but since the identification of these 
outlying data was important for the analysis, the distribution of the 
concentrations corresponding to each element was represented in Box- 
Whisker type graphs (Fig. 2). These graphs allowed the identification 
of the outlier concentration values collected in Table 1. 

The identified high outlier values (mg kg− 1) for each element were as 
follows: Al (3.23 × 103, 3.24 × 103, 2.87 × 103), Cd (0.212, 0.210), Co 
(8.18), Cr (90.0, 34.6, 33.1, 31.0), Cu (82.1, 50.1, 36.3, 34.8, 33.3), Fe 
(1.30 × 104, 1.27 × 104, 1.09 × 104, 1.07 × 104), Mn (618), Ni (105, 
36.2, 23.8), Pb (50.0), Sn (3.08, 2.86, 2.66) and Zn (154, 118, 116). As 
depicted in Fig. S1, these representative points appeared to be related to 
activities of the towns located in the estuary. In fact, the areas associated 
with the most populated areas showed the highest metal presence. In 
Bermeo, high concentrations of Al, Cu, Fe and Zn were measured near 
the dock (BE2) and in the dam of the seaport (BE). Even in the first, high 
values of Cd and Sn were obtained, which might be the result of accu
mulation of such metals caused by the coming and going of ships over 
the years (Ruiz et al., 1996). High concentrations of Cr and Ni were 
measured near Gernika (GE and GE2 sampling sites) and at the begin
ning (FO2) and end (I3, PI) of the artificial channel located in the highest 
part of the estuary. In this area, some industrial activities that use 
galvanizing processes are carried out. The reason for the high Co and Mn 
concentrations measured at point AX1 was not easily explained. It could 
be the result of the degradation of volcanic rocks of basaltic origin 
(Rossy, 1988; Irabien and Velasco, 1999). Sediments with excessively 
high Fe concentrations may have a lithogenic origin. In all the analyzed 
sediments, the concentration level of Fe was higher than the levels ob
tained for the other metals. However, apart from lithogenic origin, the 
potential impact of the anthropogenic contribution must be taken into 

Table 1 
Values corresponding to the maximum (max.), minimum (min), average (in mg⋅kg− 1) and the 25th and 75th percentiles of the concentrations obtained in the sediments 
collected at 45 sampling points in the estuary of the Oka River. The procedural Limit of detection (LOD, mg kg− 1), the relative standard deviation (RSD, n = 5) and the 
number of high and low outliers corresponding to each element are indicated.   

Al As Cd Co Cr Cu Fe Mg Mn Ni Pb Sn V Zn 

LOD 0.8  0.4  0.1  0.1  0.7  0.1 0.2 0.9  0.6  0.3  0.2  0.1  0.1  1 
RSD (%) 3  5  4  2  4  1 4 0.5  2  2  2  5  2  2 
Min. 911  0.200  0.0500  3.13  4.50  5.56 4.39 × 103 814  29.5  4.72  14.3  0.0500  0.0500  32.7 
Q25 1.51 × 103  2.23  0.0500  3.67  15.4  11.9 5.98 × 103 2.08 × 103  88.8  8.28  18.8  1.11  8.23  50.8 
Average 1.80 × 103  4.43  0.0571  4.41  19.3  18.1 7.16 × 103 2.63 × 103  156  13.5  24.1  1.35  10.6  4.43 
Q75 1.95 × 103  6.51  0.0500  5.08  21.6  17.9 7.76 × 103 3.26 × 103  202  14.0  28.1  1.68  13.6  69.1 
Max. 3.24 × 103  9.47  0.212  8.18  90.0  82.1 1.30 × 104 4.78 × 103  618  105  50.0  3.08  19.8  154 
High outliers 3  0  2  1  4  4 4 0  1  3  1  3  0  3 
Low outliers 0  0  0  0  2  0 0 0  0  0  0  1  2  0  
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account to explain the high concentration found in some elements in the 
sediments under study. 

To analyze the correlations between the concentrations of the 14 
elements that were measured, a Pearson's correlation matrix was built 
with the data from the 45 sampling points and the results are shown in 
Table 2. The values with a Pearson's correlation coefficient greater than 
r > 0.56 were considered statistically significant at a 95 % of confidence 
level. Representative correlations were obtained between Al-Cd, Al-Fe, 
Co-Mn, Cr-Ni, Cu-Sn, Cu-Zn, Pb-Zn, Pb-V, V-Mg, V-As and Sn-Zn 
(Table 2). 

The concentration values measured in the sediments at the 45 sam
pling points were also analyzed by Principal Component Analysis (PCA). 
Data were mean centered and scaled to unit standard deviation in the 
variables direction before analysis. Results showed that 77 % of the total 
data variance can be explained using four PCs (PC1: 30 %, PC2: 22 %, 
PC3: 15 %, PC4: 10 %). The obtained PC1-PC2 and PC4-PC3 score and 
loading plots are depicted in Fig. 3. Sampling points LT, SU, AP, MK2, BE 
and BE2, located closest to the sea, were distinguished from other 
sampling points along PC1, and such separation was related principally 
to higher levels of Al, Pb, Zn, Sn, Fe, Cd, Cu, V and Mg (Fig. 3a). KR2 was 
also separated from other sampling points along PC1, showing positive 
score values for Cr and Ni. GE2, located at the upstream river source, 
was also separated from the other sampling points along PC2, and this 
was related to higher levels of Co, Cr, Ni and Mn (Fig. 3a). Similarly, 

sampling points BE2, AP and GE were distinguished from other sampling 
locations along PC3, and for BE2 and AP, this was related to higher 
levels of Fe, Cd, Al and Mg, whereas for GE, this was related to higher 
levels of Ni, Sn and Cr (Fig. 3b). The sampling sites AX1 and MK2 were 
also separated from other sampling points along PC4, and for AX1, this 
was related to higher levels of Co and Mn, whereas for MK2, this was 
related to a higher level of Cu (Fig. 3b). 

In order to measure the magnitude of the anthropogenic contribution 
and, consequently, to estimate the contamination level of sediments, 
geoaccumulation indices were calculated. Geoaccumulation indices 
(Igeos), were calculated following Müller's (1981) equation for each 
sample and each element, as follows: 

Igeo = log2
c

1.5 cbg  

where c is the concentration of each element measured on each sample, 
and cbg is the concentration that can be considered natural for each 
element in the studied area. The Igeo can be used to estimate the 
magnitude of the anthropogenic contribution in the area under study. 
According to the scale established by Müller (1981) the following clas
sification can be used according to the Igeo values obtained: the sediment 
is not contaminated (Igeo < 1), very slightly contaminated (1 < Igeo < 2), 
slightly contaminated (2 < Igeo < 3), contaminated (3 < Igeo < 4), 
significantly contaminated (4 < Igeo < 5) and highly contaminated (Igeo 

Fig. 2. Distribution of the concentrations of the different elements measured in the sediments (mg kg− 1) in Box-Whisker graph format. The box shows the 25th and 
75th percentiles, the middle line the 50th percentile, and the stars the presence of high outlier data (purple star) or low outlier data (red star). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Correlation matrix. Correlations statistically significant (r > 0.56) are marked in grey. 

Al As Cd Co Cr Cu Fe Mg Mn Ni Pb Sn V Zn

Al 1.000

As -0.037 1.000

Cd 0.684 -0.058 1.000

Co 0.294 -0.148 0.023 1.000

Cr -0.095 -0.261 -0.101 -0.039 1.000

Cu 0.090 -0.073 0.155 -0.017 0.301 1.000

Fe 0.673 0.112 0.386 0.213 0.005 0.038 1.000

Mg 0.454 0.262 0.357 -0.250 -0.258 -0.069 0.302 1.000

Mn 0.291 -0.064 0.243 0.759 0.050 0.182 0.056 -0.112 1.000

Ni -0.021 -0.361 -0.021 0.163 0.912 0.394 -0.008 -0.289 0.275 1.000

Pb 0.392 0.305 0.202 0.061 -0.296 0.514 0.099 0.397 0.203 -0.214 1.000

Sn 0.421 -0.046 0.323 -0.042 0.374 0.588 0.325 0.313 0.017 0.358 0.511 1.000

V 0.374 0.563 0.232 -0.342 -0.324 0.013 0.219 0.642 -0.279 -0.473 0.577 0.307 1.000

Zn 0.493 -0.093 0.223 -0.001 -0.017 0.617 0.391 0.344 -0.033 0.051 0.730 0.745 0.336 1.000
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> 5). 
The concentration values that can be considered natural around 

Urdaibai (cbg) are those proposed by Cearreta et al. (2000), except in the 
case of Cd. In this case, the value estimated by Rodríguez et al. (2006) 
was used. The values used (in mg kg − 1) were as follows: As, 16.0; Cd, 
0.24; Cr, 85.0; Cu, 20.0; Fe, 25,000; Mn, 300; Ni, 23.0; Pb, 21.0; and Zn, 
63.0. For elements not mentioned, we did not find a cbg value in the 
bibliography. 

The geoaccumulation indices obtained indicated that the impact of 
the anthropogenic contribution in the Oka river estuary was small, 
because most of them were below 1 (the limit indicating the absence of 

contamination). Two very slightly contaminated points (1 < Igeo < 2) 
were found, one in Mundaka port (MK) for Cu and the other for Ni in 
Gernika (GE). Fig. 4 reflects the possible anthropogenic contribution of 
As, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn. Looking at the Box-Whisker dis
tribution (Fig. 4), it can be seen that the main part of the boxes and 
percentiles are below zero. The maximum values above zero are those of 
Cu (1.45), Mn (0.46), Ni (1.60), Pb (0.67) and Zn (0.71). 

With the aim to identify the most significant sources of metals and 
metalloids, the NWAC (Normalized and Weighed Average Concentra
tion) scores were calculated. For the calculation of NWACs, a score be
tween 0 and 10 was given firstly to each sediment (sampling point) 

Fig. 3. Scores and loadings plots of PC1-PC2 (a) and PC4-PC3 (b) obtained by analyzing the metal concentrations measured at 45 sampling points in this study.  

Fig. 4. Box-Whisker plots of calculated geoaccumulation indices in sediments for As, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn. The box shows the 25th and 75th percentiles 
and the center line of the box shows the 50th percentile. 
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depending on the concentration of contaminants determined. If the 
concentrations were low, the score was close to zero and vice versa 
(Gredilla et al., 2014). However, this does not necessarily mean that a 
sediment with a low concentration of elements is not toxic and inversely. 
In this work, the concentrations of the 14 measured elements were used 
in the calculation of the NWAC scores (see Fig. S2). The two sampling 
points with the highest concentrations of metals and metalloids were 
BE2 (NWAC score 10.00) and AP (NWAC score 9.76). Among all the 
sampling points, only AP and BE2 showed Cd concentrations above the 
detection limit. The sampling point AP is located in Sukarrieta and 
contained high concentrations of Al, Fe and Cd. The sampling point BE2, 
on the other hand, is located in the dock of the port of Bermeo, with the 
highest concentrations of all metals and metalloids. In particular, the 
concentrations of Al, Cd, Cu, Fe, Mg, Sn, V and Zn recorded at BE2 were 
the highest with respect to the average concentrations obtained for these 
elements along the estuary. While high concentrations of Cr, Cu, Ni and 
Sn were recorded at the sampling point GE, located downstream of the 
town Gernika, its NWAC score assigned was only 2.0 (Fig. S2). Such a 
lower score was due to the concentrations of As, Cd and V being below 
the limit of detection. From Fig. S2, sampling points with the lowest 
NWAC scores included KR2 (0.00), AO (1.3), NA (2.3), MK (1.6), GO 
(2.5) and IS (2.9). With the exception of KR2 and MK, these sampling 
points are located in the central part of the estuary, whereas KR2 is 
located in Busturia, at the upstream of a tributary river joining the es
tuary, and MK in the port of Mundaka. 

Sediment Quality Guidelines (SQGs), which express the relation 
between chemicals available in the sediment and the adverse effects 
they cause on benthic communities, were further used to classify the 
sampling points. As the SQGs refer to individual pollutants, the use of 
mean Sediment Quality Guidelines quotients (mSQGqs) has been pro
posed to account simultaneously for the combined effect of different 
pollutants present in the sediment (Garmendia et al., 2019). The 
mSQGqs have been broadly used in different parts of the world (Apitz 
et al., 2007; Chen et al., 2007; Stuart and Graeme, 2007; Balthis et al., 
2009), and are calculated by dividing the pollutant concentration 
measured in sediment by its respective SQG to obtain the corresponding 
SQGq. Based on the number of pollutants under study, these individual 
SQGs are summed and divided by the number of pollutants considered. 
Under the concept of SQGs, the effects range-median (ERM) has been the 
most widely used to calculate the corresponding mERMq of sediments 
(Long et al., 1995; Jeffrey et al., 1999; Hyland et al., 2003; Fulton et al., 
2006; Long, 2006; Alvarez-Guerra et al., 2009). The ERMs represent 
mid-range concentrations of chemicals above which adverse effects on a 

wide variety of benthic organisms are likely to occur (MacDonald et al., 
1996). ERM values have been reported for only 7 of the 14 elements 
considered in this work (As, Cd, Cr, Cu, Pb, Ni and Zn). The other ele
ments are considered to be non-toxic, or toxic only at extremely high 
concentrations. Based on the analyses of matching chemical and toxicity 
data from over 1000 sediment samples from the USA estuaries (Long 
et al., 2000), the mERMq of <0.1 have a 9 % probability of being toxic, 
the mERMq of 0.11–0.5 have a 21 % probability of being toxic, the 
mERMq of 0.51–1.5 have a 49 % probability of being toxic, and the 
mERMq of >1.50 have a 76 % probability of being toxic (Gredilla et al., 
2013). 

According to the mERMq values obtained (Fig. 5), only sediments 
coming from 15 of the 45 sampling points showed a probability of being 
slightly toxic (mERMq = 0.1–0.5), suggesting that the impact of 
anthropogenic activities were relatively small in the study area. The 
highest mERMq value were observed at GE (0.39), followed by GE2 and 
MK (0.17). 

The information obtained by NWAC and mERMq was found to 
complementary. According to the NWAC scores, the highest metal 
presence was found at sampling points BE2, AP, GE, MK, BE and SU. 
However, regarding mERMq values, FO2, AR2, LT, KA, AP and I3 should 
also be considered toxicologically relevant. 

This study provided information on the environmental conditions 
around the Oka river estuary located in the Urbaibai Biosphere Natural 
Reserve in Spain. In general, the estuary of the Oka River can be divided 
into four areas according to the level of metal contamination: i) the town 
of Gernika, ii) the artificial channel, iii) the area from Murueta (MU) to 
Sukarrieta (SU) and, iv) the lower left end of the estuary. Significantly, 
high concentrations of Ni and Cr were measured around the town of 
Gernika, possibly as the result of the town's industrial activities (Irabien 
and Velasco, 1999). Similar situation occurred in the main channel, with 
high concentrations of Ni and Cr being measured at the beginning and 
end of the artificial channel possibly due to accumulation of such ele
ments there. In the area that goes from Murueta to Sukarriera, the area 
where the majority of sampling points were located, no significant 
sources of metal pollution was found. The last mentioned area (the lower 
left end of the estuary) was the area with the most significant pollution, 
including the sampling points of Sukarrieta (SU), Mundaka (MK and 
MK2) and Bermeo (BE and BE2) with high concentrations of Cu, Pb, Sn 
and Zn. Sukarrieta, Mundaka and Bermeo are the towns that showed the 
highest anthropogenic activities in the estuary and the shipping and 
transport movements associated with the local ports may be responsible 
for such high metal concentrations found. 

Fig. 5. Geographical distribution of sampling points according to mERMq values. Points between 0.1 and 0.5 have been designated and marked in yellow. Sites with 
mERMq < 0.1 are shown in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In summary, the estuary was generally found to be healthy, and the 
high concentrations observed for various metal elements were related to 
lithogenic origin, except for the impact of human activities at specific 
towns that caused relatively higher concentrations of various toxic ele
ments. However, further studies should be focused on the potential 
pollution from Ni and Pb, as these elements are included in the list of 
priority substances within the European Water framework Directive 
(WFD, 2000). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2023.116010. 
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