
Influence of human-induced pressures on dissolved
and particulate metal concentrations in a South American
estuary

Noelia S. La Colla & Sandra E. Botté &

Vanesa L. Negrin & Analía V. Serra &

Jorge E. Marcovecchio

Received: 15 May 2018 /Accepted: 14 August 2018
# Springer Nature Switzerland AG 2018

Abstract Coastal areas are urbanized and industrialized
environments, affected by dredging operations, discharges
of untreated municipal wastewaters, and farming. Devel-
oping countries are in continuous growth and will deal, in
a close future, with the highest rate of coastal transforma-
tion, posing serious risks for the ecological and environ-
mental value of ecosystem assets. This research aims to
study the dissolved and particulate Cr, Ni, Pb and Zn
values within an argentinean estuarine environment which
is currently under human-induced pressures. Concentra-
tions of all the metals under analyses showed seasonal
variability of both dissolved and particulate metals. An
important outcome of this study was that dissolved Cr, Pb
and Zn attained maximum values and overall increased
concentrations with respect to previous records from the
same area. Indeed, the highest concentrations were found
during the dredging operations or in association with

increases in the metal levels from wastewater discharges.
The results also indicated that human activities contribut-
ed the least to the dissolved Ni concentrations. The par-
ticulate fraction of Cr, Ni and Zn showed an upward trend
in the concentrations, particularly during the last two
sampling dates, being also positively correlated between
each other. Regarding their respective environmental qual-
ity standards, many samples achieved dissolvedCr and Zn
concentrations above the maximum values recommended
by international guidelines. Thus, this study highlights the
possibility of stressors like dredging activities and munic-
ipal wastewaters to cause increases in the water column
pollution levels.
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Introduction

Coastal areas are urbanized and industrialized environ-
ments, and human-induced pressures, referred to as
stressors, modify these areas in several ways
(Verdonschot et al. 2013). Among coastal environments,
estuaries play a key role as carriers of inorganic ele-
ments, like metals, from terrestrial environments to the
open sea. Metals are elements of interest due to their
non-biodegradability and biogeochemical recycling (De
Souza Machado et al. 2016). They originate from natu-
ral sources, mainly the weathering of soil and rocks,
erosion, forest fires, and volcanic eruptions, and from a
huge variety of human activities (Yao et al. 2016).
Anthropogenic metal sources ranged from agricultural
and industrial to domestic effluents (Bhattacharya et al.
2015). Then, due to atmospheric depositions and during
storms, maritime traffic, and dredging, metals might be
mobilized and redistributed within the aquatic environ-
ment and they might also be incorporated by biota (e.g.,
Guerra et al. 2009; Hedge et al. 2009; Liang et al. 2016;
Tornero and Hanke 2016).

Both dissolved and particulate fractions in seawater
are important for metals dynamics within estuaries.
Metals remain only for a short time in the dissolved
fraction (Botté et al. 2013) and then, from this fraction,
metals can be incorporated into the particulate fraction,
sediments, or biota (Alquezar et al. 2007; Doig and
Liber 2007). During dredging operations, the resuspen-
sion of bottom sediments usually lead to an increase in
the water turbidity, and if the sediments act as a sink of
contaminants, they could be remobilized during the
oxidation of the anoxic sediments. These environmental
alterations are specific for each ecosystem due to the
degree of the sediments contamination levels (Vale et al.
1998). Then, the dissolved metals found in waters might
not only belong to the current metal incomes but also to
remobilization operations.

Metal behavior in estuaries throughout the globe
experience substantial differences since each estuary is
affected to a greater or lesser degree by anthropogenic
activities and specific physical forces that take place in
the area of influence (Diop et al. 2014). These systems
are influenced by land, fresh water, and ocean inputs,
resulting in unique and dynamic marine environments.
The Bahía Blanca estuary (BBE), located in Argentina,
South America, is a coastal system influenced by urban
and industrial activities. It is affected by the continuous
maintenance and dredging operations as a consequence

of the maritime traffic (Grecco et al. 2011) that arise
from being the most important deep water port system
of the country.

The current study reports the concentration of the
metals Cr, Ni, Pb and Zn in the dissolved and particulate
seawater fractions of the BBE. The goal was to evaluate
the anthropogenic influence (with emphasis on stressors
like dredging and untreated wastewaters) on the estua-
rine environment by means of the analysis of Cr, Ni, Pb
and Zn. These four metals have been previously identi-
fied as priority contaminants by the European Commu-
nity Water Framework Directive (2000/60/EC;
Anonymous 2000) and are widely used in environmen-
tal quality criteria (Burton 2002; Gao et al. 2015). A
comprehensive investigation into the temporal-spatial
metal distribution over a 3-year period (2011–2014)
was conducted. It was expected to achieve variations
in the metal concentrations throughout the sampling
period of analysis as a result of human and industrial
developments all along, mainly considering a major
dredging operation that was carried out in the BBE
during part of the sampling period.

This article is part of a series of studies dealing with
the effects of urban and industrial impact on the accu-
mulation pattern of metals on biotic and abiotic sub-
strates (i.e., La Colla et al. 2015, 2017, 2018).

Materials and methods

Study area

The study was conducted in the BBE (Fig. 1), located in
the southeast coast of Argentina. This mesotidal system,
the second largest estuary of the country, has an elongated
shape with a NW–SE orientation (Piccolo and Perillo
1990) and a main navigation channel of 60 km long
(Perillo and Piccolo 1999). The estuary is formed by a
series of tidal channels separated by extensive tidal flats
and saltmarsh patches that cover an area of approximately
2300 km2 (Piccolo et al. 2008). The estuary has been
regarded as turbid (Andrade et al. 2000) with an annual
mean of particulate suspended matter toward the inner
zone of 78 mg/L (Guinder et al. 2009). The BBE is
characterized by high salinities that usually vary between
33 and 40 PSU, even though values as low as 10 PSU have
been reported (Botté et al. 2007; La Colla et al. 2015).

On the north coast the estuary receives freshwater
inflows (mean discharge of 241,000 m3/day), mainly
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from two contributors: the Sauce Chico river and the
Naposta Grande stream (Limbozzi and Leitào 2008).
Other tributaries comprise small volumes of water,
whereas some channels discharge water only during pe-
riods of rainfall and behave as tidal channels during the
rest of the time. The BBE also receives groundwater
contributions, with an overall estimated inflow of
2000 m3/day (CTE 2003). The BBE receives wastewater
discharges from Bahía Blanca, the main city located
adjacent to the estuary which supports approximately
300,000 inhabitants (INDEC 2010). The mean discharge
is 70,000 m3/day, according to studies performed during
the period 2001–2010 (Cifuentes et al. 2011). Punta Alta,
another city close to the BBE, with 61,000 inhabitants
(INDEC 2010), also produces wastewater discharges of
around 19,000 m3/day (CTE 2003). Wastes generated
during industrial operations on the north shoreline also
flow into the estuary. Discharges from the petrochemical
center reach the estuary with different degree of treatment
and with a mean volume of 106,000 m3/day, according to
studies performed during the period 2001–2012
(Cifuentes et al. 2014).

The cities and industries enclosing the BBE are in
continuous development (expansion and production). By
2002, the industrial area surrounding the petrochemical
center embraced only 9 industries while in 2012, it includ-
ed more than 135 (Sznaiberg 2012). The harbor area

modifies the coastal environment with the maintenance
dredging activities, the infill material from the dredged
areas, and the modification of the coastlines. Altogether,
anthropogenic stressors result in the deterioration of the
Bahía Blanca estuarine environment. One of the major
dredging operations was carried out in the BBE during
part of the sampling period (May 2013–November 2013)
and included the removal of approximately 5,700,000 m3

of sediment from the inner estuary to go deep into the
navigation routes. These dredging operations allowed
ships with depths of up to 14 m to reach commercial
and recreational ports, docks, and harbors within the
estuary (Schnegelberger 2014). These operations directly
influenced sampling sites 5 to 9 from this research.

The assessment of the environmental condition of the
BBE has previous records regardingmetal determinations
in sediments, saltmarshes, microbial mats, and tissues of
aquatic organisms (e.g., Botté et al. 2010; Fernandez
Severini et al. 2011; La Colla et al. 2017, 2018; Negrin
et al. 2016; Serra et al. 2017; Simonetti et al. 2013, 2017,
among others).

Sampling sites

The sampling was carried out between November 2011
and May 2014 along the BBE on a trimonthly basis
(Fig. 1). The sampling procedures involved the inner

Fig. 1 Location map of sampling site in the Bahía Blanca Estuary, Argentina. From left to right: map of the Bahía Blanca estuary; specific
sampling sites (10) within the estuary
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and the middle-outer estuary. All sampling sites are
under human impact and the metal inputs are mainly
due to untreated municipal wastewater, farming, indus-
trial activities, dredging activities, and maritime traffic.
The sampling sites and dates, together with the fraction
analyzed (dissolved and/or particulate) and the descrip-
tion of the areas under study, are detailed in Table 1.

Cleaning procedures

All material used was cleaned according to internation-
ally recommended protocols (APHA 1998). The condi-
tioning procedure includes washing the material with
non-ionic detergent, tap water, and then deionized water.
After that, the material is soaked for 24 h in an acid nitric
solution (5.0% HNO3) and finally washed with deion-
ized water. The suspended particulate material (SPM)
filters are also conditioned in 0.70% HNO3 for 72 h,
rinsed with deionized water, dried to constant weight,
and then re-weighed.

Sample collection and laboratory analyses

Water samples were obtained using 1500 ml
polyethylene-tereftalate (PET) acid pre-cleaned bottles.
Before water collection, bottles were rinsed three times

with estuarine water. Then the bottles were filled by
moving it upward through the water column (typical
depth of 20–50 cm). Physicochemical parameters (sa-
linity, pH, turbidity, and temperature) were measured in
situ with a multisensor Horiba U-10.

The water samples were transported to the laboratory
in refrigerated boxes and filtered, during the next hours,
through 0.45 μm mesh cellulose acetate Millipore HA
filters in order to obtain the dissolved and particulate
fractions for metals determination. Filtered fractions
were kept in bottles, acidified with concentrated analyt-
ical quality HCl up to pH 2, and stored in darkness at
4 °C. The SPM retained in the filters was dried in a stove
at 50 ± 5 °C until constant weight, then weighted in an
analytical balance (OHAUS, Adventurer) and stored in
dry conditions. The content of SPM (mg) from each
sample was calculated as follows: (weight of the filter
with SPM) − (weight of the same filter before filtration).

A preconcentration procedure and organic extraction
was applied for the dissolved metals determination
(Botté et al. 2007; La Colla et al. 2015). Samples of
500 ml (by duplicate) were put in separatory funnels, its
pH adjusted to 4.0 ± 0.020, and then 10 ml of APDC
1.0% (ammonium pyrrolidine dithiocarbamate) and
20 ml of MIBK (methyl isobutyl ketone) were added
as chelating agent and as organic surfactant, respectively.

Table 1 Sampling sites, description of the area, type of fraction, and sampling period under analyses from the Bahía Blanca Estuary

Sampling sites Description Fraction Sampling period

1 Fishing and recreational area Dissolved August 2013–May 2014

2 Area of sewage discharges without
an appropriate treatment

Dissolved August 2013–May 2014

3 Area adjacent to an urban effluent discharge. The area was
an ancient municipal dump until 1992

Dissolved November 2011–February 2013

Particulate November 2011–February 2013

4 Area adjacent to an urban effluent discharge. The area was
an ancient municipal dump until 1992

Dissolved August 2013–May 2014

5 Harbor area Dissolved August 2013–May 2014

6 Harbor area Dissolved August 2013–May 2014

7 Harbor area, close to the petrochemical center Dissolved November 2011–February 2013

Particulate November 2011–February 2013

8 Area of main sewage discharges from Bahía Blanca city Dissolved August 2013–May 2014

9 Fishing and recreational area Dissolved November 2011–February 2013

Particulate November 2011–February 2013

10 Area with recreational boats and close to the main sewage
discharges from Punta Alta city, without an appropriate treatment

Dissolved November 2011–February 2013

Particulate November 2011–February 2013
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After that, samples were shaken for 30 min, then the
upper organic phase was separated in a beaker and the
volume was reduced. Metals contained in the final ex-
tract were diluted up to 10 ml with saturated MIBK and
were measured using an AAS (Perkin-Elmer AA-2380)
with air/acetylene flame.

Particulate metals analyses were performed based on
Botté et al. (2010) and La Colla et al. (2015). The filters
(by duplicate) were subjected to an acid pre-digestion
with 5.0 ml of HNO3 (65%) for at least 3 h. Then, 1.0 ml
of HClO4 was added and the samples were put in a
glycerin bath at 110 ± 10 °C for at least 72 h. The acidic
extracts were transferred to centrifuge tubes and brought
to 10 ml using 0.70% HNO3. Metals were determined
using an inductively coupled plasma-optical emission
spectrometer (ICP OES, Perkin Elmer Optima 2100
DV) with axial view. All reagents used were always
Merck or similar analytical quality.

Data processing and statistical analyses

The analytical method detection limit (MDL) for each
dissolved metal (μg/L) was 0.89 for Cr; 0.81 for Ni;
0.38 for Pb; 1.6 for Zn. The MDL for each particulate
metal (μg/g) was 2.2 for Cr; 6.7 for Ni; 9.3 for Pb; 4.0
for Zn. Metal concentrations reported as below MDL
were substituted by one-half the MDL for statistical
analyses (Jones and Clarke 2005). Because of the small
sampling size, no statistical analyses were performed
when 50% or more of the metal concentrations under
evaluation were below the MDL (EPA 2000).

The analytical quality was tested against reference
materials (pond sediment flour R.M.No. 82- and estua-
rine water R.M.No. 39-) provided by the National
Institute for Environmental Studies (NIES) from
Tsukuba University (Japan). The recovery percentages
were within 85–115% of the certified values for the four
measured elements. Blanks of reagents were used si-
multaneously in each batch of analysis to corroborate
the analytical quality. All analyses were done in dupli-
cate, and the uncertainty based on one relative standard
deviation of replicates was < 15%.

Normality and homogeneity of variance were tested
with Shapiro-Wilk and Levene tests, respectively. Non-
parametric tests were chosen as the data analyzed did
not meet the assumptions of the parametric statistics and
there were no possible transformations. The differences
in the physicochemical parameters and the metal con-
centrations between sampling sites and sampling dates

were evaluated with the nonparametric test Kruskal-
Wallis ANOVA. The significant results were analyzed
a posteriori with the Conover scores after a Kruskal-
Wallis test (Conover 1999). Error values, either in tables
or in the text, represent standard deviation.Metals might
be originated from similar sources and/or have similar
reactivity toward physicochemical parameters. There-
fore, significant relationships were evaluated with the
Spearman correlation tests. All statistical analyses were
carried out using STATISTICA 7.0 (StatSoft, Inc.), fol-
lowing Zar (1996). The acceptable level of statistical
significance used throughout the study was p < 0.05.
The graphics were performed using software R in ver-
sion 3.2.0 from the R-project (Wickham 2009).

Results and discussion

Analyses of the physicochemical variables

All the physicochemical parameters under study showed
no significant differences between sampling sites
(p > 0.30). However, some interesting differences be-
tween sampling dates were found.

Mean salinity was 36 ± 2.6 PSU, ranging from 29 to
42 PSU (Fig. 2). The distribution pattern of salinity
fluctuated seasonally, with February 2014 (summer)
achieving the statistically highest value compared to
November 2011 (spring), August 2012 (winter), De-
cember 2013 (spring), and May 2014 (autumn)
(p < 0.05). Salinity is directly related to the rainfall rates
and the freshwater incomes, and the BBE normally has
high salinity values with low variability due to the
reduced river water that flows towards the estuary
(Guinder et al. 2012 and references therein). During
the present research, summer samplings reached to the
highest salinities together with the highest temperatures
(Fig. 2) and the values were similar to those previously
registered in the BBE (Fernandez Severini et al. 2011;
Guinder et al. 2012).

Temperature varied between 6 and 26 °C with a
mean of 16 ± 5.6 °C (Fig. 2). Temperature values
showed the regular seasonal cycle, recording the
highest values in November 2012 (spring) and the
summer seasons of February 2012, 2013, and 2014
compared to August 2013 (winter). Also, February
2014 (summer) reported higher values than August
2012 (winter) (p < 0.05). The values achieved were
also in agreement with data from other previous
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studies from the BBE (Botté et al. 2007; Ferrer et al.
2000; Marcovecchio et al. 2010; Perillo et al. 2001).

Mean pH was 8.1 ± 0.31, with values between 7.4
and 9.1 (Fig. 2). There were significant differences
between sampling dates (p = 0.030), with values in Au-
gust 2013 being higher than in October 2012, February
2013, and February 2014. The lowest values were
achieved in February 2013. The pH range was within
the typical scope already described for the BBE (Freije
et al. 2008; Guinder et al. 2012).

Mean turbidity was 110 ± 100 NTU, fluctuating
from 10 to 490 NTU (Fig. 2). May 2014 exhibited
the lowest mean concentrations, even though no sig-
nificant differences between sampling dates were re-
corded (p > 0.50). Turbidity concentrations in this
study were as high as expected, since the BBE is
highly affected by winds and tides (Piccolo 2008),
becoming a turbid estuary due to the resuspension of
fine sediments (silt and clay) (Cuadrado et al. 2005).
Moreover, the regular dredging of the main navigation

Fig. 2 Physicochemical parameter concentrations from the sampling period 2011–2014
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channel contributes to the resuspension of fine sedi-
ments (Marcovecchio and Freije 2004).

The concentration and variation of these physico-
chemical parameters probably influenced the distribu-
tion of metals in both the dissolved and particulate
seawater fraction, since physical and chemical processes
which happen in these estuarine areas throughout the
year influence the geochemistry of metallic elements,
changing the behavior of metals in the water (Milazzo
et al. 2014).

Evaluation of water quality by means of dissolved
metals

Dissolved Cr, Ni, Pb and Zn concentrations were mea-
sured in the selected sites of the BBE (Fig. 1, Table 1)
throughout the sampling period 2011–2014. No signif-
icant differences were found in the metal values between
the different sampling sites (p > 0.35).

Dissolved Cr values obtained during the sampling
period ranged from below the MDL to 57 μg/L (Fig. 3).
Cr concentrations exhibited an upward trend in time,
with the highest concentrations found in October 2012
(45 μg/L), February 2013 (57 μg/L), and August 2013
(48 μg/L). Both sampling dates, October and February,
showed mean values that were significantly higher than
the ones found in August 2012 (p < 0.0090). August
2013 also achieved high mean but with no statistical
differences against the other dates (p > 0.50). As for the
sampling sites, it is important to note that the highest
mean dissolved value was achieved at site 5 (mean of
23 μg/L), which is located at the beginning of the zone
where the dredging operations were carried out.

Cr values from this study were compared with those
registered directly from the industrial effluent discharge
sites during the period 2011–2014, and provided by the
municipal government of the city (CTE 2011, 2012,
2013, 2014). The recorded dissolved Cr values were as
high as 70μg/L, withmean values of 17μg/L during the
sampling period. So, increases in the Cr values found in
the present research could be partly explained by the
industrial effluent discharges. Also, the high mean con-
centrations found in August 2013 might be influenced
by the increased resuspension of the bottom sediment
due to the major dredging operations (May 2013–No-
vember 2013). This is in concordance with the metal
rises registered by other authors in anthropogenic im-
pacted environments directly influenced by dredging
procedures (e.g., Cabrita 2014; Caetano et al. 2003).

In this study, all dissolved Ni concentrations were
below the MDL. These values were in agreement with
the Ni values recorded directly from within industrial
effluent discharge sites during the studied period
(CTE 2011, 2012, 2013, 2014), which were also be-
low the MDL.

Pb values found in the dissolved seawater fraction
ranged from below the MDL to 15 μg/L (Fig. 3). The
highest value was achieved in February 2014, compared
to November 2011, August 2012, and October 2012
(p = 0.048). The rest of the values were generally close
to the MDL. Metal values recorded directly from indus-
trial effluent discharge sites during the period 2011–
2014 (CTE 2011, 2012, 2013, 2014), registered values
mostly below the MDL, and were in agreement with the
dissolved Pb concentrations obtained during the present
research. Indeed, the increase observed in the Pb values
in February 2014 took place after an increase registered
by the CTE in January 2014 (32μg/L). Hence, industrial
discharges might have influenced, to some extent, the
maximum mean Pb values achieved in February 2014.
As regards the sampling sites, site 6 showed the highest
mean value during the sampling period.

Dissolved Zn concentrations showed wide ranges,
with values from below the MDL to 55 μg/L in the
sampling site 2 (August 2013) (Fig. 3). The mean
maximum concentration was registered in December
2013 (23 μg/L). More than 50% of the data were
below the MDL and thus, no statistical analyses were
performed. All the maximum concentrations were
achieved while the dredging activities were being
conducted. Nevertheless, the values from the study
were lower than the ones registered directly from the
industrial effluent discharge sites (CTE 2011, 2012,
2013, 2014), as these discharges reached to concen-
trations as high as 580 μg/L, with mean values of
140 μg/L. The dissimilarities in the concentrations
highlight the processes, like tides, that might be af-
fecting the distribution, dissolution, and/or precipita-
tion of Zn from the effluent discharges.

Concerning the hazardous properties of metals, dis-
solved Cr concentrations were, in 30% of the samples,
higher than the maximum recommended of 15 μg/L in
account to the Environmental Quality Standard (EQS,
for estuarine waters) (Cole et al. 1999). During the
period 2011–2014, the dissolved Cr concentrations were
also higher than those recorded in previous studies from
the BBE (Table 2). In this research, Cr reached maxi-
mum values of 57 μg/L, whereas Cr concentrations in
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previous studies registered maximum values of only
5.8 μg/L (Botté et al. 2007). Regarding dissolved Cr
values in impacted estuaries from around the world, Cr
values found in the BBE were usually similar than those
found in other coastal environments, with the exception
of the values found in the Tagus estuary in Portugal that
were considerably higher (Table 2).

Ni values from the study period, being all below the
MDL, would indicate that human activities contributed
the least to the levels of this dissolved metal. Ni values
were also lower compared to preceding concentrations
from the BBE (maximum of 3.5 μg/L in Botté et al.
2007) and to data from other anthropogenically impact-
ed coastal systems like the Tagus Estuary, world-known

Fig. 3 Dissolved Cr, Pb, and Zn concentrations (μg/L) from the sampling period 2011–2014. Ni is not plotted since all values were below
the limit of detection of the method. <MDL below the method detection limit
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as a sink of historically accumulated metals, with values
up to 350 μg/L (Duarte et al. 2014) (Table 2).

Dissolved Pb levels found in this research were
always below the maximum of 25 μg/L recommended
by the EQS (Cole et al. 1999). Nevertheless, these Pb
concentrations were higher than those recorded from
previous studies in the BBE (Table 2). Preceding
values indicated maximums of 7.5 μg/L (Botté et al.
2007). The concentrations registered for Pb could be
indicative of the slow decrease in the use of leaded
gasoline and/or a consequence of the role that cities
and industries surrounding the BBE have, since they
are in continuous development. After making compar-
isons with other anthropogenically impacted estuaries
worldwide (Table 2), the Tagus estuary (Duarte et al.
2014 and references therein) was the only system with
higher values compared to the BBE, whereas the rest
of the coastal systems used for comparison displayed
similar or lower mean Pb values.

Regarding dissolved Zn values, 6.3% of the sam-
ples were above the maximum recommended value of
40 μg/L, set by the EQS (Cole et al. 1999). Also
showed higher maximum concentrations compared
to previous studies from the BBE like Andrade
(2001), with a maximum of 25 μg/L (Table 2). Com-
pared to estuaries from around the world, the present
research showed, in general, higher or similar maxi-
mum values, with the exception of the ones found in
the Tagus estuary (Table 2).

Relevance of the suspended particulate fraction in metal
distribution

SPM includes, among others, the finest grain sediment,
usually clay and silt; consequently, these types of parti-
cles, with a large surface:volume relationship, present
great ability to trap substances or elements through
sorption processes (Pasternack and Brown 2006).More-
over, SPM concentrations are the result of bioturbation
processes, physical disturbances such as winds and
tides, and urban impacts such as dredging operations,
among others.

In this study, the concentrations of the metals Cr, Ni,
Pb and Zn associated to the SPM fraction were mea-
sured in all sites throughout the sampling period 2011–
2013 (Fig. 1, Table 1). Due to economic constraints,
particulate samples from the period between August
2013 and May 2014 could not be used in this study.
All metals evaluated showed a uniform distribution

between the different sampling sites, thus, no significant
differences were achieved (p > 0.68).

Particulate Cr concentrations ranged from below
the MDL to 35 μg/g (Fig. 4). An upward trend in
metal levels was reported toward the end of the sam-
pling period, showing significant higher mean values
in October 2012 (31 μg/g) in comparison to all the
previous sampling dates (p = 0.042). Moreover, in
February 2013, Cr values also reached to higher mean
values (26 μg/g), although compared, exclusively, to
November 2011 (p = 0.030). The highest concentra-
tions found in October 2012 and February 2013 could
be related to the trend of also highest dissolved Cr
values during the same sampling dates, since dis-
solved metals could rapidly become part of the partic-
ulate fraction.

As for particulate Ni concentrations, they ranged
from below the MDL to 32 μg/g (Fig. 4). An upward
trend in the concentrations was observed by the end of
the period, just like for particulate Cr. Indeed, Ni values
in October 2012 were significantly higher than those
found in November 2011 (p = 0.012). The presence of
Ni exclusively in the particulate fraction might be linked
to the fact that metals usually remain in the dissolved
fraction for a short time and then become part of the
particulate fraction by the adsorption to the fine grain
sediment with great contents of organic matter.

For particulate Pb, concentrations ranged from below
the MDL to 21 μg/g (Fig. 4), with no statistical differ-
ences between the sampling dates (p = 0.15). The par-
ticulate Zn concentrations found during the sampling
period varied between 54 and 470 μg/g (Fig. 4). Zn
levels remained approximately the same throughout
most of the sampling period, with the exception of an
upward trend found toward the last two sampling dates,
like for Cr and Ni (October 2012 and February 2013).
Moreover, an extremely high maximum value (470 μg/
g) was found at the sampling site 9 in October 2012.
These achieved concentrations might be related to the
dissolved values, as high as 570 μg/, registered in the
industrial effluent discharge sites during the period
2011–2013 (CTE 2011, 2012, 2013). These dissolved
metal concentrations might have influenced over the
suspended particulate metal values found during this
research through adsorption processes.

In comparison to previous metal values from the
same study area, particulate Cr values were slightly
higher than those concentrations previously recorded
by Andrade (2001) and reaching up to 28 μg/g. Zn
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values from this study were similar to those previously
recorded in the BBE (Table 2) whereas particulate Ni
and Pb values were below those maximum concentra-
tions registered in the BBE (Table 2).

Cr and Ni values were similar than those found in other
anthropogenically impacted estuaries (Table 2). Meanwhile,
current Pb and Zn values from this study were below those
registered in estuaries from around the world (Table 2).

Fig. 4 Particulate Cr, Ni, Pb and Zn concentrations (μg/g) from the sampling period 2011–2013. <MDL below the method detection limit
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Relationships among the studied metals
and between metals and the physicochemical
parameters

The correlation analyses between the physicochemical
parameters and the concentrations of dissolved and par-
ticulate metals were, in most cases, not significant
(p > 0.50) (Table 3). Among the statistical significant
correlations, those with values of correlation higher than
60% were taken into account. Positive significant cor-
relations were found, in the particulate fraction, between
Cr and Ni (r2:0.97), Cr and Zn (r2:0.87), and Ni and Zn
(r2:0.86). Dissolved Cr also correlated positively with
particulate Cr (r2:0.66) and particulate Ni (r2:0.71).
Moreover, high negative significant correlations were
found between pH and the particulate fraction of Cr (r2:
− 0.65) and Ni (r2: − 0.62).

The closer inter-element correlations observed for the
elements (Cr, Ni and Zn) in seawater might indicate
possible similar biogeochemical transformations, and
could provide interesting information for characterizing
the sources. These correlations might be the result of
similar sources or be a function of bottom-sediment re-
mobilization and re-release of previously sorbed contam-
inants. Studies performed in other coastal systems (e.g.,
Beltrame et al. 2009) have mentioned positive correla-
tions between Cr, Ni and Zn. Specifically for Cr and Ni, it
is important to highlight that the high correlations might
be related to the increased of bothmetals in the particulate
fraction by the end of the sampling period.

As regards the negative correlation between pH and
some metals in the SPM fraction, the highest Cr and Ni

levels achieved in October 2012 and February 2013
could be explained, at least in part, by decreases in the
pH. In the case of Cr, a small pH decrease can favor an
increase of the metal in the particulate fraction (Sadiq
1992). In the case of Ni, as a consequence of natural
processes, like the decrease in pH, Ni is usually released
into the water column, especially in turbid environments
(Angel et al. 2010).

Conclusion

An important outcome of this study was that dissolved
Cr, Pb and Zn attained maximum concentrations and
increased values with respect to previous records from
the same area. The results were linked to the role that
cities and industries surrounding the BBE have, since
they are in continuous development. Also, the increases
could be affected by the effluent discharges of the in-
dustrial and urban activities and the increased resuspen-
sion of the bottom sediment due to the major dredging
operations. Dissolved concentrations of Cr and Zn were
found above their respective environmental quality stan-
dards according to international guidelines. The excep-
tion was Ni, with the dissolved values being all below
the limit of detection of the method. These results would
indicate that human activities contributed less to the
levels of this metal than to the levels of the rest of the
evaluated elements.

The particulate concentrations of Cr, Ni and Zn
showed an upward trend toward the last two sampling
dates with the concentrations of Cr, Ni and Zn in close

Table 3 Spearman correlation analyses between metal concentrations and physicochemical parameters

Cr DISS Pb DISS Zn DISS Cr PART Ni PART Pb PART Zn PART Turbidity pH Salinity Temperature

Cr DISS 1.0

Pb DISS − 0.036 1.0

Zn DISS 0.32 0.22 1.0

Cr PART 0.66* − 0.38 0.35 1.0

Ni PART 0.71* − 0.028 0.54 0.97* 1.0

Pb PART 0.011 − 0.23 0.0082 0.45 0.37 1.0

Zn PART 0.53 − 0.071 0.46 0.87* 0.86* 0.54 1.0

Turbidity 0.15 − 0.20 0.14 − 0.17 0.27 0.18 0.18 1.0

pH − 0.086 − 0.062 − 0.11 − 0.65* − 0.62* 0.049 − 0.57 0.14 1.0

Salinity − 0.13 0.58 − 0.017 0.09 0.20 − 0.20 0.17 − 0.089 − 0.37 1.0

Temperature − 0.14 0.32 0.093 0.0078 0.051 − 0.14 − 0.14 − 0.27 − 0.45 0.41 1.0

Italic numbers with an asterisk are statistical significant correlations (r ≥ 0.60)
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association. The results could be mainly linked to the
wastewater discharges and the changes in the physico-
chemical parameters in the case of Cr and Ni.
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