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Abstract: A gravity core (220 cm depth) was collected to investigate the geochemistry, enrichment,
and pollution of trace metals in anoxic sediments from San Simon Bay, an ecosystem of high biological
productivity in the northwest of Spain. A five-step sequential extraction procedure was used. The
Cu, Pb, and Zn contents decreased with depth, with maximum values in the top layers. Ni and Zn
were bound to pyrite fractions, while Cd and Pb were associated with the most mobile fractions.
The analyzed metals were associated with the fractions bound to organic matter, mainly with the
strongly bound to organic matter fraction. High Cd and Cu values were observed. The fractionation
showed a high mobility for Cd (28.3–100%) and Pb (54.0–70.2%). Moreover, the pollution factor and
the geoaccumulation index reflected a high contamination for Pb and a moderate contamination for
Cu and Zn in the superficial layers, pointing to a possible ecotoxicological risk to organisms in San
Simon Bay.
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1. Introduction

Trace metals occur naturally in the environment, differing in contents along the Earth’s crust [1,2],
but presenting a surprisingly consistent background in sediments [3]. Human activities can drastically
increase their contents, mainly from agricultural, urban, and industrial land use [4,5]. Industrial and
mining activities contribute to 48% of the total release of contaminants in Europe [6]. The human
delivery of some trace metals to the coastal environment, putting coastal ecosystems under stress,
represents a current issue of concern. This is due to their persistence, potential toxicity, mobility,
and ability to be incorporated and accumulated in food chains, with important implications for risk
assessment, public health, and contamination management [7–11]. Trace metal pollution is related to a
deterioration of water quality and/or accumulation in plants and animals [12–14], being incorporated
into sediments as one of their reservoirs [15,16].

The distribution of trace metals in the different sediment fractions, their capacity for complexation,
and the magnitude of the contamination-related risks are conditioned by the intrinsic properties of
both metals and sediments, as well as their, mobilization in interstitial water and other factors (salinity,
bioturbation, redox or pH). Metal accumulation in sediments and the determination of their natural
and anthropogenic sources makes sedimentary records good environmental indicators and a powerful
tool by which evaluate geochemical changes, reconstructing the human–nature relationship over time,
particularly in coastal areas [17–19]. With the purpose of assessing trace metals contents in sediments
and their contamination degree, this study considers the distribution of Cadmium (Cd), Copper (Cu),
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Nickel (Ni), Lead (Pb), and Zinc (Zn) in a gravity core (220 cm depth) retrieved from San Simon Bay
(NW of the Iberian Peninsula). The bay is a Special Area of Conservation (SAC; included in the Natura
2000 Network), with high natural values affected by intense human pressure. It is a suitable site to
study natural and anthropogenic dynamics from pre-industrial society to today.

Numerous studies have focused on determining the contamination of the Galician Rias
(e.g., [20–24]), mainly in San Simon Bay (e.g., [25–27]). Some studies have analyzed the metal
fractionation [21,25,28,29]. However, these studies cover only the inner or middle zones of the Ria of
Vigo, analyzing the uppermost part of the sedimentary sequence (<100 cm deep). The objective of
this work was to analyze the trace metal contents in the San Simon Bay sediments in order to conduct
an environmental risk assessment to provide relevant information for environmental protection and
future management.

2. Materials and Methods

2.1. Study Area

The San Simon Bay, with a length of 8 km and a maximum width of 3.6 km, has a surface area
of 19.4 km2 with an average water depth < 5 m (Figure 1). The San Simon Bay can be considered
as an estuary, according to its hydrology and sedimentology [30]. The orientation and morphology
of this area cause low-energy hydrodynamics, which lead to the development of intertidal flats and
marshes [24,26]. The sedimentary environments in the bay are controlled by tidal processes, being
in the medium tidal range of 2.2 m. The upwelling process provides cold waters rich in nutrients,
causing San Simon Bay (as the Ria of Vigo) to have a high productivity. According to [31], the primary
production values range between 0.05 and 2.8 g C/m2 day. The high productivity increase the flow of
organic matter to the seabed, having sediments with total organic carbon (TOC) average values from
7% to 10% [32]. The TOC/TN (total nitrogen) ratio is from 11 to 21 [33], indicating that the organic
matter is of a continental origin [34]. The sediments are fine-grained and the pH values are close to
neutral or slightly alkaline. The sedimentation rates ranged between 3 and 6 mm y−1 [27]. The high
sedimentation rate, together with the high biological productivity, favor the development of anoxic
conditions in the sediment and biogenic methane production [33,35]. Shallow gas accumulations have
been observed in the Holocene sedimentary record [36], delimiting the sulfate-methane transition zone
(SMTZ) between an 80 and 100 cm depth in the inner zone of Ria of Vigo [35].

Intertidal areas are usually sinks for trace metals. Anoxic conditions, pH values near to neutrality,
and high TOC contents in the San Simon Bay sediment could determine the speciation of trace metals
and the behavior in these environments.
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Figure 1. Location of San Simon Bay in the Ria of Vigo (NW Iberian Peninsula) and the position of the 
sampling point. Map elaborated with QGIS 3.4 with layers from the Spanish National Geographic 
Institute (©IGN) and the Directorate General of Nature Conservation of the Ministry of the 
Environment, Territory and Infrastructures s (©Xunta de Galicia). 

Intertidal areas are usually sinks for trace metals. Anoxic conditions, pH values near to 
neutrality, and high TOC contents in the San Simon Bay sediment could determine the speciation of 
trace metals and the behavior in these environments. 

2.2. Sampling and Analysis 

In order to characterize the behavior and trace metals distribution in sediments with high 
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Bay (Latitude 42.302972°; Longitude –8.638778°, Figure 1) in November 2012, on board the R/V 
Mytillus. This core showed Eh values <–174 mV, and the pH ranged between 6.8 and 7.9. The 
sediments are fine-grained (48% and 46% on average of silt and clay, respectively). The TOC values 
varied from 4% to 15% [37]. 

The core was promptly sampled in the ship’s laboratory in order to minimize the oxidation of 
the sampled material. The core was sliced into 2.5 cm segments and frozen at –18 °C until chemical 
analysis. For the analysis of this work, 1 out of 4 samples (0–2.5 cm; 10–12.5 cm, and so on) were used. 

The samples were analyzed in duplicate after the separation of pore water by centrifugation for 
45 min at 4000 rpm. The percent wetness of the samples was calculated in order to express the final 
results in dry weight. The partitioning of the solid-phase trace metal contents was performed using 
the sequential extraction procedure proposed by [38]. This procedure allows separate five phases 
according to the nomenclature [37,39]: 
• Metals present in the ion-exchangeable form and bound to carbonate (F1), were obtained by 

adding 40mL of 1M ammonium acetate (NH4CH3CO2) adjusted to pH 5 with acetic acid to a 0.5 
g sample under stirring for 24 h at room temperature. 

Figure 1. Location of San Simon Bay in the Ria of Vigo (NW Iberian Peninsula) and the position of
the sampling point. Map elaborated with QGIS 3.4 with layers from the Spanish National Geographic
Institute (©IGN) and the Directorate General of Nature Conservation of the Ministry of the Environment,
Territory and Infrastructures s (©Xunta de Galicia).

2.2. Sampling and Analysis

In order to characterize the behavior and trace metals distribution in sediments with high organic
matter contents, a gravity core (220 cm depth) was retrieved in the subtidal area of San Simon Bay
(Latitude 42.302972◦; Longitude −8.638778◦, Figure 1) in November 2012, on board the R/V Mytillus.
This core showed Eh values <−174 mV, and the pH ranged between 6.8 and 7.9. The sediments are
fine-grained (48% and 46% on average of silt and clay, respectively). The TOC values varied from 4%
to 15% [37].

The core was promptly sampled in the ship’s laboratory in order to minimize the oxidation of
the sampled material. The core was sliced into 2.5 cm segments and frozen at −18 ◦C until chemical
analysis. For the analysis of this work, 1 out of 4 samples (0–2.5 cm; 10–12.5 cm, and so on) were used.

The samples were analyzed in duplicate after the separation of pore water by centrifugation for
45 min at 4000 rpm. The percent wetness of the samples was calculated in order to express the final
results in dry weight. The partitioning of the solid-phase trace metal contents was performed using
the sequential extraction procedure proposed by [38]. This procedure allows separate five phases
according to the nomenclature [37,39]:

• Metals present in the ion-exchangeable form and bound to carbonate (F1), were obtained by
adding 40mL of 1M ammonium acetate (NH4CH3CO2) adjusted to pH 5 with acetic acid to a 0.5 g
sample under stirring for 24 h at room temperature.

• Metals present in the reductive phase bound to manganese-iron oxides (F2), obtained with 20 mL
of 1M hydroxylammonium chloride (HONH2·HCl) and 20 mL of acetic acid (CH3COOH, 25%)
after 24 h of shaking at room temperature.
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• Metals weakly bound to organic matter (F3), obtained by adding 20 mL of 0.1 M HCl and stirring
for 24 h at room temperature.

• Metals strongly bound to organic matter (F4), obtained by adding 20 mL of 0.5 M NaOH under
stirring for 24 h at room temperature. For sediment samples with high organic carbon content,
this treatment should be repeated until a clear solution is obtained. All the solutions obtained
from the solids were dried at 55 ◦C and digested using 8 mL of HNO3 (65%) at 115 ◦C for 30 min.

• Metals bound to sulfide (F5), was obtained with 20 mL of 8 M HNO3 and digested for 3 h at 85 ◦C.

All the residues were washed with 5 mL of distilled water and the washings were added to the
solution. The trace metals contents were measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) with a Perkin Elmer Optima 4300 DV instrument. The reagents for analysis
were ISO grade and ACS. Calibration solutions were prepared in deionized water from stock solution.
The detection limits were: Cd: 0.005 mg L−1, Cu: 0.010 mg L−1, Ni: 0.010 mg L−1, Pb: 0.020 mg L−1,
and Zn: 0.005 mg L−1.

2.3. Assessment Indices

In the present study, the mobility factor (MF) and three others indices were selected for the
environmental assessment—i.e., the contamination factor (CF), geo-accumulation index (Igeo), and
risk assessment code (RAC).

The mobility factor (MF, [40]) describes the potential of a metal to become mobile in the environment
and to be bioavailable. This factor strongly depends on the specific chemical forms of association of
each metal [Me], and it is calculated following Equation (1), where Fn is the metal content (mg kg−1)
obtained for each extracted fraction (from F1 to F5):

MFMe = ((F1 + F2)/(F1 +F2 + F3 + F4 + F5)) × 100. (1)

The Contamination Factor (CF, [41] ) is calculated (Equation (2)) as the quotient between the
content of a single metal in the sediments [Me]i and the background content of the same metal
[Me]BG. The criteria adopted to determine the extent of the contamination were as follows: no/low
contamination (CF < 2), moderate (2 ≤ CF < 3), high (3 ≤ CF < 6), and very high (CF ≥ 6).

CF = [Me]i/[Me]BG (2)

The geoaccumulation index (Igeo; [42]) is used to quantify possible metal pollution in marine
sediments by comparing the current contents with preindustrial levels. The mathematical expression
of the Igeo is presented in Equation (3); a 1.5 factor is included to take into consideration the natural
variations caused by factors such as the lithology.

Igeo = log2 ([Me]i/1.5 [Me]BG) (3)

Based on [42], a sediment classification into seven grades can be established—i.e., grade 0:
uncontaminated (Igeo ≤ 0); grade 1: slightly contaminated (0 < Igeo ≤ 1); grade 2: moderately
contaminated (1 < Igeo ≤ 2); grade 3: moderately/severely contaminated (2 < Igeo ≤ 3); grade 4:
severely contaminated (3 < Igeo ≤ 4); grade 5: severely/extremely contaminated (4 < Igeo ≤ 5); grade 6:
extremely contaminated (Igeo > 5).

In this study, the background/preindustrial contents [Me]BG were established by the identification
of uncontaminated sediments within the core (“low down-hole metal profile” [3]) with a common
procedure found in the literature (e.g., [43–45]). This approach considers the local complexities,
more appropriate than the use of general or regional references [46], because small variations in the
geographic location may result in noticeable differences in the metal content (e.g., [47]).
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The risk assessment code (RAC) is defined as the percentage of the exchangeable fraction (F1) in
the total content of the selected metal. A five-level classification consists of no risk (<1%), low risk
(1–10%), medium risk (11–30%), high risk (31–50%), and very high risk (>50%) [48].

3. Results and Discussion

Assuming a rough sedimentation rate between 3 and 6 mm y−1 [27], the bottom of the core
(220 cm) could respond to sediments deposited 300–700 years ago. However, these sediments might be
older according to [49], who dated the sediments in San Simon Bay deposited at a 200–220 cm depth
to have sunk 8905 ± 305 cal. aBP. Anyway, the depth of the core supports the assumption that it has
reached a pre-industrial section.

The copper, Pb, and Zn total extractable contents can serve to identify the industrial boundary
(when the industrialization is clearly noticeable) in the 30 cm depth (Figure 2). Below this depth, the
contents remained nearly constant (RSD < 15%, except for Cd). In consequence, sediments below
a 30 cm depth can be considered as a pre-industrial record, assimilating them to the background
contents [3,44]. The sum of the five fractions, or metal total extractable contents (hereinafter denoted
as Tex), in the preindustrial layers of the core ranged between 18 and 30 mg Cu kg−1, 24–45 mgNi kg−1,
17–29 mgPb kg−1, and 85–135 mgZn kg−1. These preindustrial contents were coherent with previous
works in the Ria of Vigo (see Table 1), pointing to a minor contribution of the residual phase (not
measured in this work); therefore, Tex will be operatively considered as the total content. However,
it is necessary to acknowledge that a certain portion of the elements would be missing in the residual
portion of the sediments.
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Figure 2. Vertical distribution of the metal fractions (Cd, Cu, Ni, Pb, and Zn) in the sediments of San
Simon Bay. F1, metals present in exchangeable form and bound to carbonate; F2, metals present in
the reductive phase bound to Mn-Fe oxides; F3, metals weakly bound to organic matter; F4, metals
strongly bound to organic matter; F5, metals bound to sulfide.



Minerals 2020, 10, 826 6 of 15

Table 1. Local background [Me]BG levels for trace elements (mg kg−1).

Scale Cd Cu Ni Pb Zn Reference

Ria of Vigo – 39 26 66 106 [21]
Ria of Vigo – 25 30 25 100 [50]
Ria of Vigo – 22.5 32.2 73.3 133.3 [51]
Ria of Vigo – 29.4 30.3 51.3 105.3 [24]
Ria of Vigo – 20 30.3 25 105.3 [46]

San Simon Bay – 21 33 51 110 [52]
San Simon Bay – 19 33 54 111 [28]
San Simon Bay – 30 35 34 104 [28]

San Simon Bay (Tex) 1.0* 21.2 30.6 23.3 98.2 This study

* Indicative, the real background value was not possible to estimate due to the diagenetic mobilization of the element.
Tex: total extractable content.

The Tex content for Cd in the preindustrial section (0.1–2.1 mg kg−1) cannot be established as a
reference due to the high mobility of this element in sediments, affected by intense post-depositional
migrations [53]. Nevertheless, the Cd average Tex content in the preindustrial section (1.0 mg kg−1)
is similar to the top limit for the Cd background values previously established in the nearby Ria
of Arousa—i.e., 0.99–0.92 mg kg−1—respectively in [54,55]. This value is presented as indicative in
Table 1, but it needs to be considered carefully, and this level is probably an overestimation, as will be
discussed further.

The different distributions of the five trace metals under study among the five chemically defined
fractions are shown in Figure 2.

3.1. Cadmium

The total extractable contents of Cd varied between 0.1 and 2.1 mg kg−1, coherent with the ranges
of total contents previously determined in San Simon Bay (i.e., 0.2–5.5 mg kg−1; [56]. This trace
element is present along the core in the labile fraction (particularly F1) and bound to organic matter
(mainly F4), and was not detected in the sulfide fraction. Organic matter seems to be the major source
of variation. After simple regression, considering the Cd Tex content (mg kg−1) as the dependent
variable and the total organic carbon (%TOC) as the independent variable, the resulting function
([Cd]Tex = 4.71e0.434[TOC]) showed a moderately strong relationship between the variables (r2 = 0.56;
p-value < 0.05). Cadmium increased largely below a 90 cm depth, mainly in the strongly bound to
organic matter fraction (F4). This increase happened below the sulfate-methane transition zone (SMTZ;
see [35]). This enrichment of Cd may be related to the bacteria-mediated processes of solid sulfide
mineral production [53] or with the formation of organic-Cd complexes [57].

Cadmium was the most mobile element of those studied. The calculated MF (Figure 3a) showed
an average value of 66% ± 24%. Its mobility increased from the surface (51%) to a 30 cm depth (100%).
Below 90 cm, the values of Cd bound to the F4 fraction reduced its mobility drastically (28% at a 100 cm
depth), increasing again towards the bottom, but never passing the 72% mark. Similar to the MF, the
Risk Assessment Code (RAC, Figure 3b) indicated that Cd was at the level of very high risk, on average
at RAC0–220 cm = 66%, but the RAC is again irregularly distributed. Higher values were found in the
uppermost layer (average RAC0–90 cm = 88%). However, the total contents were low (average0–90 cm,
0.35 ± 0.21mg kg−1), probably without environmental meaning, and so under the threshold effects of
the sediment quality guidelines that can be found in the literature (e.g., 1.2 mg kg−1, [58] freshwater
ecosystems; [0.05] 0.5–1.5 mg kg−1 [59]; 0.68 mg kg−1 [60]). In the bottom core (100–200 cm depth), the
average RAC100–220 cm was 49% and the total content average was 1.29 ± 0.37 mg kg−1, indicating that
this core section acted as a sink of Cd and was a risk if the sediments were dredged, remobilized, or
resuspended. Contents of up to 2.1 mg kg−1 are above the available threshold effects and close to the
probable effect levels (e.g., 2.6 mg kg−1 [58]; 1–9.6 mg kg−1 [59]; 4.21 mg kg−1 [60]).
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Figure 3. Vertical distribution of the tested indices for the studied metals (Cd, Cu, Ni, Pb, and Zn) in
the sediments of San Simon Bay. (A) Mobility Factor; (B) Risk Assessment Code; (C) Contamination
Factor; (D) Geoaccumulation Index. Vertical broken lines in B, C, and D represent the thresholds used
in the assessment of each index.

The CF (Figure 3c) was not a good measure of anthropogenic pressure for Cd due to its mobility.
However, using as indicative value of 1.0 mgCd kg−1 (Table 1), the 90 cm depth boundary is revealed.
Sediments above 90 cm seemed to be depleted in Cd (average CF = 0.35), and the sediments below were
probably enriched by post-depositional migration (average CF = 1.28). The use of the Igeo (Figure 3d),
more restrictive than CF and taking into consideration a factor for natural variability, showed equivalent
results below the 90 cm boundary. Although Igeo cannot be used to measure contamination in this
case, its high negative values pointed to a possible overestimation of the indicative value used as
background, well above the upper continental crust reference (i.e., 0.09 mg kg−1; [61]) or the average in
regional (Galicia) continental sedimentary deposits (i.e., 0.10 ± 0.06 mg kg−1; [57]).

3.2. Copper

The copper Tex contents were the highest at the surface—i.e., 46.4 mg kg−1—decreasing until
being relatively constant below the 30 cm depth—i.e., 21.1 ± 2.8 (RSD = 13%). Only on the surface
(0–20 cm) the Cu Tex contents were slightly higher than the previous background values established
in the Ria of Vigo and in San Simon Bay (Table 1). They were regularly distributed within the five
fractions along the core, with the major carrier being organic matter (F3 + F4 ~ 63%), particularly in
the strongly bound to organic matter fraction (F4, 54.2 ± 3.0%). The second reservoir was bound to
sulfide (F5, 36.1 ± 3.9%), being the labile forms (F1 + F2 ~ 1%) of lesser importance. In the uppermost
layers (0–30 cm), we observed a general exponential increase (r2

≥ 0.9) towards the top core in all the
five fractions, mainly in the organic fractions (F3 + F4). Comparing the bottom core trend with the
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uppermost layer enrichment, the mass balance showed the following sequence from higher to lower:
F3 (from 1.6 ± 0.6 mg kg−1

40–220 cm to 10.9 mg kg−1
0 cm), F4 (from 11.60 ± 1.6 mg kg−1

40–220 cm to 20.4 mg
kg−1

0 cm), F1 (from 0.2 ± 0.2 mg kg−1
40–220 cm to 3.0 mg kg−1

0 cm), F5 (from 7.7 ± 0.8 mg kg−1
40–220 cm

to 10.5 mg kg−1
0 cm), and F2 (from negligible mg kg−1

40–220 cm to 1.7 mg kg−1
0 cm). Accordingly, the

organic matter (both F3 and F4) seemed to be the major carrier of the uppermost core enrichment in Cu.
Between the five studied elements, Cu is the least mobile. Its MF (Figure 3a) showed values below

3% in the whole core (range10–220 cm from negligible to 2.5%), except in the surficial layer (0 cm), where
the MF increased up to 10%. Cu was not detected in the reductive phase bound to manganese-iron
oxides (F2), except in the 0–10 cm section. The results calculated for the RAC (Figure 3b) were equal to
the MF below 10 cm, ranging in the core from 0% to 6.4%. The qualitative assessment for the RAC
placed Cu in the ranges between no risk and low risk. Unlike what was observed for Cd, although the
Cu contents in labile forms (F1 and F2) were scarce, the Tex contents were within the values between
the threshold effect (e.g., 16 mg kg−1 [58]; 16–70 mg kg−1 [59]; 18.7 mg kg−1 [60]) and the probable
effect levels (e.g., 34 mg kg−1 [58]; 36–390 mg kg−1 [59]; 108 mg kg−1 [60]), suggesting any kind of
potential risk.

The contaminant factor (CF, Figure 3c) is relatively constant in the sediment core (average
CF40–220 cm = 1.0 ± 0.1), except in the superficial layer, where the CF increased from 30 cm (0.9) to
the surface (2.2), reaching values in the range of moderate contamination. The Igeo (Figure 3d)
showed similar results (-0.6 ± 0.2 below 30 cm), increasing towards the surface (up to 0.6) to reach
a value classified as slightly contaminated in the uppermost layer. Although the inflexion in the
trend is observed above a 30 cm depth, only the surficial sediments showed indexes indicative of low
contamination, with Tex contents slightly above the local background values (Table 1), and also over
the range for unpolluted marine sediments (i.e., 30–35 mg kg−1), provided by [62] for the regional and
global scale.

3.3. Lead

The lead Tex contents ranged between 17.3 and 131.7 mg kg−1, showing the highest values at the
surface, over the local background values previously reported in the area (Table 1). The Tex contents
were relatively constant below a 40 cm depth, of 23.3 ± 3.4 mg kg−1 (RSD = 15%). The enrichment in
the uppermost 40 cm, ranging from 32.0 to 131.7 mg kg−1, increased towards the surface adjusted to
a power function (r2 ~ 0.95). Lead was mainly present in labile forms throughout the core (F1 + F2
gathers 60%, RSD < 10%), especially in the ion-exchangeable form, and was bound to carbonate (F1,
38% ± 6%). The second fraction in importance was the bound to sulfide (F5, 31% ± 4%), followed by
the Pb bound to organic matter (9% ± 5%), both weakly (F3, 6% ± 2%) and strongly bound (F4, 3%
± 4%). The standard deviations provided (or the relative standard deviations), except in the more
variable and less Pb-containing fractions (F3 and F4), showed a low variability. In consequence, all the
fractions increased in Pb content in the uppermost 40 cm, adjusting to a power function towards the
surface (r2 > 0.8, except for F3 -0.6- and F2 -0.7-).

The mobility factor (MF, Figure 3a) was high along the core, varying from 54% to 70%. Its average
mobility (65% ± 5%) was close to that of Cd but much less variable, not presenting any apparent
trend in its fluctuations. The RAC (Figure 3b, on average 38% ± 6%) showed three well differentiated
zones: (1) an uppermost zone (0–40 cm depth), ranging from 33% to 44%, with increasing values
towards the surface; (2) an intermediate zone (50–90 cm), ranging from 30% to 35%, with values
more or less constant; and (3) a downcore trend, varying from 29% to 47%, with higher fluctuations.
This assessment, based on the mobility of Pb (MF and RAC), could be relevant in the up-core section
(0–30 cm), where the Tex contents of Pb (34.4–131.7 mg kg−1) were higher than the threshold effect
levels (e.g., 31 mg kg−1 [58]; [0.1, 0.01] 28–85 mg kg−1 [59]; 30.2 mg kg−1 [60]) and even above the
probable effect levels (e.g., 68 mg kg−1 [58]; [0.3] 38–530 mg kg−1 [59]; 112 mg kg−1 [60]).

The CF (Figure 3c) showed a considerable variation (1.3 ± 1.0; RSD = 76%). The fluctuations
in the CF values again determined two zones: a down-core constant trend in the range of no/low
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contamination (CF = 1.0 ± 0.2), with progressively increasing values above the 50 cm depth, from 1.1
to 5.7 at the surface, reaching the classifications of moderate (10 cm) and high contamination (0 cm).
Similar results were provided by the Igeo (Figure 3d), below the inflexion at a 50 cm depth, with
the Igeo averages of −0.6 ± 0.2 being classified as uncontaminated. The increasing values above this
depth (50 cm)—i.e., from −0.4 to 1.9—classify the sediments as slightly (30, 10 cm) and moderately
contaminated (0 cm). In coherence, the superficial sediments (0 cm) overpass the background values at
the local (Table 1), regional, and global scales (e.g., 5–78 mgPb kg−1 [62]).

3.4. Nickel

The nickel Tex contents were relatively constant along the core (RSD = 13%), averaging 30.6 ±
4.1 mg kg−1, being in accordance with the previously established background values presented in
Table 1. The nickel fractionation showed that Ni bound to sulfide was the most abundant fraction (F5,
56% ± 4%), followed by the organic fractions (F3 + F4, 29% ± 3%), and particularly the strongly bound
to organic matter fraction (F4, 24 ± 3). The labile fractions were the minor drivers (F1, 6% ± 2%; F2,
10% ± 2%). The variability within the fractions was low (except in F1, RSD = 46%), so the proportions
were relatively constant in the sedimentary column.

The mobility factor (MF, Figure 3a) allowed distinguishing some differences along the core. This
index presented an average of 16% ± 4%, the lowest between the studied metals after Cu. Two sections
were differentiated in the core, occurring at the boundary with the SMTZ (90 cm depth, see [35]).
Above this depth, the MF slightly increased towards the surface (an average: 13%±2%), while below
90 cm the average mobility is higher, at 18% ± 3%. The RAC values (Figure 3b) followed a similar
dynamic to those for the MF. From the SMTZ (90 cm depth) towards the surface the values increased
regularly, from 2.7% (80 cm) to 9.0% (0 cm), averaging 4.7% ± 2.0%. Below 90 cm, the RAC was more
variable, showing slightly higher values (on average 6.1% ± 1.9%). The RAC values in the core were
indicative of low risk (<10%). However, the Ni contents (23-45) were similar to or slightly higher than
the threshold effect levels (e.g., 7.5 mg kg−1 [58]; 16–40 mg kg−1 [59]; 15.9 mg kg−1 [60]), but below
or close to the lower values for the probable effect levels (e.g., 19 mg kg−1 [58]; 36–130 mg kg−1 [59];
42.8 mg kg−1 [60]).

Both the CF and Igeo indices for Ni were indicative of uncontaminated sediments along the
core (Figure 3c,d). The contamination factor average was 1.0 ± 0.1 and the mean Igeo was −0.6 ± 0.2.
Although a slight difference can be observed over (CF average 1.0 ± 0.1, and Igeo average 0.6 ± 0.1) and
below (CF 1.0 ± 0.2 and Igeo 0.6 ± 0.2) the 90 cm depth, the variations were not significantly different.
This lack of evidence of contamination was coherent with the similarity of the values to those in the
local (Table 1) and broader references (e.g., 7–38 mgNi kg−1; [62]).

3.5. Zinc

The variations in Zn Tex in the sedimentary column were similar to those of Cu and Pb. Contents
averaged 103± 23 mg kg−1, being relatively constant below a 30 cm depth (98± 12 mg kg−1, RSD = 12%)
and increasing towards the surface, from 84 mg kg−1 (30 cm) to 189 mg kg−1 (0 cm). Below 30 cm,
the Zn Tex contents were slightly lower than the background values found in the literature, but the
top-core contents were well above the references (Table 1). Zinc bound to sulfide (F5) was the most
abundant fraction (52 ± 7%), presenting a low variation (RSD = 13%). The organic fractions (F3 + F4)
showed 31%±7% of Zn, with similar contents in the weakly (F3, 14% ± 5%) and strongly (F4, 17% ± 5%)
bound to organic matter fractions. The labile fractions (F1 and F2) were responsible, in average, for the
18% ± 8% of the Zn content. Both fractions—metals present in an ion-exchangeable form and bound to
carbonate (F1, 9% ± 4%) and metals present in the reductive phase bound to manganese-iron oxides
(F2, 9% ± 4%)—increased above 30 cm depth, reaching 48% of the Zn content at the core surface (F1,
28%; F2, 20%).

The MF (Figure 3a), average 17%±8%, clearly identified a bottom, nearly constant, low-mobility
trend (16% ± 3%) below 30 cm, and a top-core with a higher mobile Zn above 30 cm (26% ± 15%). This
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is a consequence of the top-core Zn enrichment on the most labile fractions (F1 and F2). The RAC
values (Figure 3b) were nearly constant along the core, being on average (9% ± 4%) within the limit for
low risk. It reached the medium risk classification above the 20 cm depth (12%), being maximum at
the surface (28%), presenting in this point a value below but close to the high risk level. It was also
highlightable a bottom-core section (180–210 cm) presenting RAC values (10–13%) which are in the
low range of medium risk. Only at the surface, the Tex content (189 mg kg−1) was within or slightly
over the threshold effect levels reported in the literature (e.g., 163 mg kg−1 [58]; 80–200 mg kg−1 [59];
124 mg kg−1 [60]), but the risk seems to be low or irrelevant because the content is well below the
probable effect levels (e.g., 305 mg kg−1 [58]; 100-700 mg kg−1 [59]; 271 mg kg−1 [60]).

Below a 30 cm depth, both indices (CF and Igeo) did not show evidence of reliable contamination
(Figure 3c,d). Their values were in this major section of the core in the range of uncontaminated
(CF30–220cm = 1.0 ± 0.1 and Igeo30–220cm = −0.6 ± 0.2). The contamination indices also increased towards
the surface in the uppermost 30 cm, but only on the most superficial layer was a legible contamination
observed. The Igeo and CF values (0.4 and 1.9, respectively) at the surface indicated low contamination
according to the assumed criteria, and showed that the low contamination at the surface was above the
local references (Table 1), and also over those in a world context (e.g., 20–136 mgZn kg−1; [62]).

3.6. Environmental Assessment

The San Simon Bay sediments have a clay-silty texture and high TOC contents (4–15%), resulting
from a mixture of terrestrial and marine inputs [37]. The high specific surface and surficial charge of clay
minerals together with the organic-rich fine-grained sediments favor the trace metals accumulation [63].
Organic matter and oxides act as principal adsorbents of the trace metals, controlling their mobility and
bioavailability [64,65]. The fractionation procedure in this study was useful to evaluate bioavailability
and possible risk associated with metals, separated between labile forms (F1 and F2), organic fractions
(F3 and F4), and the fraction bound to sulfides (F5).

The order of affinity of metal cations by organic matter (F3 + F4) in the sediments of San Simon
Bay was Cu > Cd > Zn > Ni > Pb. These trace metals were bound to strongly bound to the organic
matter (Figure 3).

The cluster analysis allowed us to differentiate three behaviors (Figure 4): (1) cadmium, a highly
mobile element affected by post-depositional migration being stored below the SMTZ (90 cm depth)
and keeping a potential risk in depth sediments if they are dredged or removed; (2) nickel, an stable
and conservative element mainly bound to the less mobile fractions (F5 and F4), did not show evidence
of important post-depositional migration or legible contamination; (3) copper, Pb. and Zn showed
contamination (particularly Pb) in the uppermost core at 30-40 cm. According to the RAC, only Pb
presented a high risk in the surface layer.

Several authors have pointed to a variety of contamination sources in the area, related to
the urbanization phenomenon coupled with industrial development—i.e., local industries [25,28],
wastewater outflows [66], harbor-shipyard activities [67], the use of fossil fuels [25,27], the traffic of
vehicles [22,68,69], or the use of fertilizers and pesticides in agriculture [27,52]. The anthropogenic
enrichment towards the surface was consistent with [27]. These authors found important metal
enrichments (particularly Cu and Pb) in sediments deposited after the 1970s attributed to anthropogenic
sources. The industrialization started in the area within the end the 19th century in the City of Vigo and
its surrounding area (including San Simon Bay) [70], suffering an important increase in the 1960s, being
coherent with the global phenomenon of the “Great Acceleration” of the mid-20th century [71,72].
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4. Conclusions

The sedimentary column allowed us to estimate the background for Cu, Pb, Ni, and Zn. Cadmium
was a particularly difficult element in estimating background values due to its high mobility and
participation in post-depositional processes, thus only a rough estimation is provided by previous
works. The fractionation procedure allowed us to identify the carriers of risk elements within the
sediments—i.e., Cd and Cu were driven by their association with organic matter, Pb was mainly in
the most mobile form (ion-exchangeable and bound to carbonates), and Ni and Zn were related to
the less mobile fraction (bound to sulfide). The use of the Risk Assessment Code index showed some
risk in surface sediments, particularly for Pb. It should be mentioned that contamination risks are
actual only within those sediment layers which are easily accessible to bottom fauna—i.e., above the
depth of 30 cm. In the deeper layers, as is known, most zoobenthic organisms are not found there. The
contamination indices showed contamination above 30-40 cm depth, in increasing order, by Zn, Cu,
and Pb. The nickel contamination was negligible, and it was not possible to determine for Cd.

This information is a valuable resource for management issues to be taken into account by
decision-makers. San Simon Bay sediments might be considered contaminated in the surface mainly
due to anthropogenic inputs, especially in the case of Pb, reflecting the enormous human pressure on
these ecosystems. Depth sediments showed a sink for Cd due to diagenetic processes. Both Pb and Cd
presented contents and mobility factors that can imply concern due to possible environmental risk.
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