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Abstract: At the Nalón River estuary (Asturias, Northern Spain), the occurrence of Hg is due to
historical mining activity which has resulted in environmental issues of great concern. Although
several studies have investigated the sediment compartment regarding Hg contamination, no in-
formation is currently available on the fate of Hg and MeHg in the water column. Considering
different hydrodynamic/seasonal conditions, water samples were collected along the estuary to
evaluate Hg and MeHg distribution and partitioning behaviour between solid and aqueous phases.
The complementary effect of the river discharge and tidal currents contributed to the prevalence of
the dissolved (4.02 ± 1.33 ng L−1) or particulate (8.37 ± 4.20 ng L−1) Hg under different conditions
of discharge in summer and autumn, respectively. Conversely, particulate MeHg prevailed when the
river flow was low, especially at the estuary mouth (25.8 ± 19.1 pg L−1) and most likely due to the
resuspension of fine particles promoted by a stronger tidal current. In comparison with the total Hg
concentration, extremely low amounts of dissolved and particulate MeHg were observed, and strong
interactions between MeHg and organic carbon highlighted a negligible risk of increased mobility
and potential bioaccumulation of MeHg.

Keywords: estuary; mercury; methylmercury; water column; suspended particulate matter

1. Introduction

Mercury (Hg) distribution and fate in estuaries represent major issues of global con-
cern [1–5] due to the toxicity and potential bioavailability of its organic form, methylmer-
cury (MeHg), which can be readily bioaccumulated in the aquatic food chain [6,7]. Several
anthropogenic activities as well as natural processes (e.g., erosion, river transport and
atmospheric deposition) may contribute to increasing the total amount of Hg and other
potentially toxic trace elements in estuaries and coastal areas [8,9] where water circula-
tion dynamics strongly affect the sedimentary processes leading to the accumulation of
contaminants, including Hg, in the sediment compartment.

Most of the MeHg in estuaries mainly originates from in situ sedimentary production
mediated by bacteria and promoted by changes in physico-chemical boundary condi-
tions [10]. Indeed, sediments are generally thought to act both as a sink and a secondary
source of contamination due to the remobilisation of Hg and other potentially toxic com-
pounds at the sediment–water interface (SWI) with the subsequent transfer to the water
column [11–13]. Several mechanisms can be responsible for Hg and MeHg remobilisa-
tion from sediments, including diffusive/advective fluxes, desorption processes, mixing
between different water masses and changes in the suspended particulate matter (SPM)
composition [14]. Moreover, the behaviour of Hg and MeHg in estuarine environments
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may also be affected by resuspension events induced by natural (e.g., tidal currents, river-
ine flow conditions, wave action and bioturbation) [15–17] and anthropogenic factors (e.g.,
dredging, shipping and trawling) [18–21]. This is of relevant concern, especially in the
case of shallow aquatic systems where sediment resuspension can be considered the main
factor governing the redistribution of particles as well as potentially toxic trace elements
adsorbed on their reactive surface [22].

The coastal area of Asturias (northern Spain) is one of the most economically pro-
ductive regions due to historical extraction activity of coal and sulphide ores (mainly
cinnabar, HgS). Indeed, Asturias is known as one of the largest Hg producers worldwide
and the main Hg deposits are in Mieres and Pola de Lena (the La Peña-Terronal and La
Sotteraña mining districts, respectively) [23,24]. Although this long-term mining activity
has certainly promoted the economic growth of the region, it can also be identified as
the primary source of several environmental issues. Indeed, several studies focused on
different environmental matrices such as soils, mine tailings, vegetation, surface water and
sediments in areas affected by Hg mining [25–30] highlighted the occurrence of notable
inputs of Hg and other potentially toxic trace elements to the Nalón River drainage basin,
which is the main hydrological system in Asturias, and its estuary [25,29,31,32].

At the Nalón River estuary, the behaviour of Hg has been investigated with respect to
Hg contamination in estuarine sediments and salt marshes [33–35], Hg bioaccumulation in
halophytes [36] and Hg mobility in resuspended contaminated estuarine sediments [37].
Conversely, there is a lack of information pertaining to the water column. Indeed, the
primary aim of this research is to assess the occurrence of Hg and MeHg and their water
column distribution along the Nalón River estuary focusing on the partitioning behaviour
between solid (suspended particulate matter, SPM) and dissolved phases as well as on the
effects of different seasonal conditions during low-normal river discharge.

Investigation into the mobility and fate of dissolved and particulate Hg and MeHg, as
well as their potential mobility in the estuarine environment of the Nalón River, is of great
importance with reference to the goals of the European Union’s Water Framework Directive
(WFD, European Parliament, Council of the European Union, 2000) and the European
Union’s Marine Strategy Framework Directive (MSFD, European Parliament, Council of
the European Union, 2008) [38,39]. In this context, the present research provides useful
scientific results to evaluate the chemical status of the investigated estuarine environment
with the final aim of supporting policymakers in protecting the fragile aquatic ecosystem.

2. Materials and Methods
2.1. Environmental Setting

The Nalón River is the largest hydrographic system of the Asturias region (northern
coastline of Spain) (Figure 1). The river basin presents a range of annual flows between
134 m3 s−1 to 171 m3 s−1, with an average annual flow of 143 m3 s−1. A marked variation
in river flow occurs between the wet months (maximum average monthly flow 417 m3 s−1)
and dry months (minimum average monthly flow 17.1 m3 s−1), with an approximate
difference of 400 m3 s−1. This difference occurs due to the grouping of rain and snowfall in
the upper sector of the river drainage basin during the autumn and winter months.

The river freshwater input to the estuarine environment is high and mixing pro-
cesses between river freshwater and marine saltwater may extend for several kilometres
inland [40]. Indeed, the estuary is over 6 km long, and its inland limit is defined by the
migration of saltwater in the upper sector of the estuary, according to the tidal range. The
main estuarine channel reaches a depth higher than 2 m and tides are over 2 m for more
than 70% of the year, showing an annual meso-tidal range fluctuating between 1.0 and
4.2 m [41].
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Figure 1. Study area and sampling points along the Nalón River estuary.

From a morphological point of view, the upper sector of the estuary is characterised
by natural riverbanks and meanders, whereas in the lowest sector of the estuary the natural
morphology has been modified by the construction of two small regional ports (San Juan
de la Arena and San Esteban de Pravia) with the subsequent alteration of the natural
sedimentary dynamics [42].

The Nalón River and its estuarine system are affected by several anthropogenic activi-
ties including tourism, fishing and yachting, as well as by built-up areas and agricultural
and mining-industrial settlements located inland along the Nalón River drainage basin.
Among these potential sources of contamination, the mining activity is the greatest source
of concern as it has been ongoing since 1850 and mainly focused on the extraction of cinnabar
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(HgS) followed by coal, gold and iron. Water draining from the decomissioned mining
districts as well as the erosion of tailing deposits accumulated along the riverbanks affected
the environmental quality of water and sediments downstream [23,33,43,44]. For this
reason, the Hg contamination at the Nalón River estuary still represents an environmental
issue of concern to be investigated.

2.2. Sampling and Analysis

Sampling in the estuary was carried out using a boat at seven previously selected
stations (Figure 1) during three different river flow conditions in the range of low-normal
flow in April (spring, 34.8 m3 s−1), July (summer, 21.6 m3 s−1) and October (autumn,
69.0 m3 s−1) 2015. At each sampling station, water samples and physico-chemical parame-
ters were taken and measured, respectively. For obtaining physico-chemical parameters, a
YSY 556 MPS multiprobe previously calibrated using pH (4.00, 7.00 and 9.28), conductivity
(147 µS cm−1 and 12.88 mS cm−1) and redox (220 mV recalibrated with temperature)
standards from Hach was used. A Niskin bottle (5 litre capacity) was used to collect water
samples at different depths. One aliquot of the water samples was filtered and used for
the determination of dissolved Hg, MeHg, Fe, Mn and DOC (Dissolved Organic Carbon).
Another aliquot was vacuum-filtered in the laboratory to recover suspended particulate
matter (SPM). This solid matrix was analysed for grain-size, Hg, MeHg, Fe, Mn, and POC
(Particulate Organic Carbon).

The measurement of Hg species was carried out via gas chromatography combined
with inductively coupled plasma mass spectrometry (7890A Agilent GC and HP 7500c
Agilent ICP-MS). The determination of the Hg elemental species concentration was car-
ried out by species-specific isotope dilution mass spectrometry. All sample preparation
procedures and methods for water [45–47], sediments/SPM [48,49] and the mathematical
equations [50] are described in detail in the cited documents.

Total Fe and Mn in dissolved and solid (SPM) phases were determined by ICP-MS (HP
7500c Agilent). The SPM phase was previously digested by aqua regia+ HF in a microwave
vessel [51]. Grain-size analyses on SPM were performed following the method outlined
by García-Ordiales et al. [34] by means of a laser diffractometer (Fritsch Anaysette 22
Laser-Particle Sizer Microtec). The DOC and POC were determined by direct combustion
using a TOC-V CSH (Shimadzu) instrument.

2.3. Exploratory Multivariate Data Analysis

A 3-way principal component analysis (3W-PCA) obtained using the Tucker-3 algo-
rithm [52] was used as an unsupervised exploratory chemometric tool for the identification
of relationships within objects (surface and bottom water samples collected at the seven
investigated sites), variables and conditions (spring, summer, autumn) [53]. Prior to mul-
tivariate analysis, a log-transform was applied to those variables which did not show
a normal distribution. Systematic differences between the experimental variables were
minimised by applying column autoscaling (j-scaling) to data matrices [52]. Multivariate
data processing was performed using the CAT (Chemometric Agile Tool) package, based
on the R platform (The R Foundation for Statistical Computing, Vienna, Austria) and freely
distributed by Gruppo Italiano di Chemiometria (Italy) [54].

3. Results and Discussion
3.1. Physico-Chemical Parameters of the Water Column

The Nalón River discharge was found to be quite different among the three sampling
campaigns: the highest river flow was observed in October (autumn, 69.0 m3 s−1) followed
by the sampling performed in April (spring, 34.8 m3 s−1) and July (summer, 21.6 m3 s−1).

Salinity distribution varied slightly among different seasonal conditions of river
discharge as well as along the whole estuary (Figure 2). Indeed, variations in the vertical
salinity gradient were limited and the estuary appeared to be dominated by partially
mixed estuarine circulation. In this context, conditions of turbulent mixing between
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different water masses as well as the effect of strong tidal currents at the bottom may inhibit
vertical salinity stratification [55]. Moreover, the interaction among the wave motion,
tidal currents and river inputs represented the main factors regulating the energy pattern
in this estuary [33,41] and the mixing zone between freshwater and saltwater reached
a different extension along the river axis. The maximum extension of saltwater (at the
bottom of site 3) was observed in summer, when the river discharge was lowest. When
the river flow became higher, the extension of the mixing zone increased and brackish
water dominated throughout the water column along the Nalón River estuary (from site 1
to site 4). In autumn, when the river discharge was highest, the extension of the mixing
zone was comparable to that observed in spring with the only difference being that river
freshwater dominated the surface water layer at site 3 and slightly lower values of salinity
were observed at a higher depth at site 3 (7.14 ± 0.93) and at site 4 (8.89 ± 1.65).
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Figure 2. Schematic areal distribution of salinity measured along the water column at the seven
investigated sites along the Nalón River estuary under different seasonal conditions (spring, summer,
autumn).

Commonly, saltwater prevailed at the estuary mouth (site 0) and in the lower estuary
(sites 1 and 2) especially at the bottom. The central sector of the estuary (sites 3 and 4) was
usually dominated by the occurrence of brackish water whereas the upper estuary was
characterised by river freshwater (sites 5 and 6) (Figure 2). Saltwater always prevailed
at the estuary mouth (site 0, always >31) and at site 1 under conditions of low discharge
observed in summer (avg. 31.1 ± 0.9) whereas brackish water was found in the surface
layer in spring (25.6) and autumn (18.6) when the river flow was highest. The occurrence
of brackish water along the water column was evident at site 2 (avg. 23.5 ± 6.8, 25.5 ± 10.6,
and 21.7 ± 8.7 in spring, summer and autumn, respectively) and site 3 in summer (avg.
20.5 ± 8.8) and spring (avg. 18.6 ± 1.5) whereas freshwater prevailed in the surface layer
in autumn (0.49) where salinity increased with depth. Similar conditions were also evident
at site 4 where brackish water was observed at the intermediate depth whereas freshwater
always occurred in the surface layer (avg. 0.26 ± 0.03). The upper sector of the estuary
(sites 5 and 6) was always dominated by freshwater along the water column showing an
average salinity of 0.21 ± 0.02 during the year.

Notable disparities in temperature were not observed although the bottom water
displayed slightly lower values (13.7 ± 0.5, 16.6 ± 0.5, 12.7 ± 0.4 ◦C in spring, sum-
mer and autumn, respectively) compared to those found in the surface layer (14.1 ± 0.6,
18.4 ± 0.6, and 13.8 ± 0.3 ◦C in spring, summer and autumn, respectively) especially in July
(Table S1). Slight variations in pH were measured among the different sampling campaigns
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(7.64 ± 0.06, 7.14 ± 0.29 and 7.87 ± 0.17 in spring, summer and autumn, respectively)
and the maximum values were observed at the estuary mouth (site 0), both in the surface
saltwater (8.12) and at the bottom (8.09) (Table S1).

The redox potential (Eh) pointed to oxidative conditions (444 ± 28, 436 ± 43, and
472 ± 18 mV in spring, summer and autumn, respectively) (Table S1). This is consistent
with the dissolved oxygen (DO) which varied slightly among different sampling cam-
paigns (7.93 ± 0.12, 7.44 ± 0.27, and 8.02 ± 0.06 mg L−1 in spring, summer and autumn,
respectively). The highest values were measured in saltwater in particular at the estuary
mouth under low river flow in summer (Table S1).

3.2. Suspended Particulate Matter: Distribution, Grain Size and Sources

The maximum values of SPM were found in autumn, when the river discharge was
highest (7.64 ± 3.05 mg L−1) whereas lower values were observed during the sampling cam-
paigns performed under conditions of low discharge both in spring (3.48 ± 0.95 mg L−1)
and summer (2.81 ± 0.68 mg L−1) (Table S1). At the seven investigated sites along the
Nalón River estuary, notable differences in the SPM values were not observed with increas-
ing depth, suggesting that the water column was vertically well-mixed most likely due
to the shallow depth of the water. This was consistent with the salinity distribution and
confirmed by the surface-bottom SPM ratios which were generally low (0.52–0.88, 0.60–1.34
and 0.36–0.92 in spring, summer and autumn, respectively).

The SPM grain size spectra did not notably change among the three different sampling
campaigns, whereas the SPM was found to have a different grain size distribution along the
Nalón River estuary (Figure S1). At the estuary mouth (site 0) as well as in the lower and
central sectors (sites 1, 2, 3 and 4) surface SPM samples were skewed and sorted whereas
a poorly sorted distribution was usually observed at the bottom testifying to the marine
origin of the suspended particles. The only exception is represented by site 3 where skewed
and sorted spectra were observed throughout the water column most likely due to low
hydrodynamics at this site where a clear dominance of riverine or marine particles did not
appear to occur.

Conversely, the SPM samples collected in the upper sector of the estuary (sites 5 and 6)
appeared to be poorly sorted both in the surface layer and at the bottom. There, the grain
size distribution and selection appeared to be inhibited by the shallow water depth and the
absence of a relevant freshwater flow.

Marked differences in PHg, PFe and PMn concentrations along the water column were
not generally observed at the different investigated sites suggesting that mixing processes
between different water masses as well as resuspension of bottom sediments were the main
factors governing trace element distribution along the Nalón River estuary.

Particulate Hg was found to be quite constant by comparing the results relating to
spring (1.59 ± 0.53 µg g−1), summer (1.80 ± 0.47 µg g−1) and autumn (1.20 ± 0.66 µg g−1)
conditions (Table S2). Particulate Hg appeared to be mainly associated with fine particles
(2–8 µm) especially in autumn when a significant correlation was found (N = 17, r = 0.787,
p < 0.01). This is consistent with previous research which highlighted that Hg distribution
along the Nalón River estuary was strictly correlated to decreasing grain size leading to Hg
accumulation in fine sediments restricted to the port areas of San Esteban de Pravia and
San Juan de la Arena [33]. Moreover, the amount of PHg was found to be comparable to the
total Hg concentration in the surface sediments ranging between 0.10 and 1.33 µg g−1 [33].

From the comparison of several aquatic systems affected by anthropogenic activities
it can be seen that the PHg concentrations obtained from this research were one order of
magnitude lower than those observed at the Isonzo River mouth (0.09–37.3 µg g−1, Gulf
of Trieste, Italy [56]; 12.1 µg g−1, [57]) and at the estuarine systems along the Portuguese
coast (0.80–15.3 µg g−1, [58]). Conversely, comparable PHg contents were measured at the
Tagus estuary in Portugal (0.36–8.63 µg g−1, [14]) as well as at the Tinto (0.06–1.12 µg g−1)
and Odiel (0.14–6.52 µg g−1) estuaries along the SW Spanish coast [1].
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Particulate MeHg was found to be notably lower with respect to the total amount
of Hg (Table S2). As already stated for PHg, in the case of PMeHg a strong correlation
with fine particles (2–8 µm) was observed in autumn when the river discharge was highest
(N = 17, r = 0.779, p < 0.01). Although the PMeHg concentrations were extremely low, a
significant correlation with PHg was found in the case of a high river flow observed in
autumn (N = 17, r = 0.943, p < 0.01) most likely due to a vertically well-mixed water column
along the Nalón River estuary. Conversely, a weaker correlation was observed in spring,
when the river discharge was lower (N = 17, r = 0.772, p < 0.01) and no correlation was
observed in summer. However, a slight increase in the PMeHg concentration was found
in saltwater from autumn (≤0.005 µg g−1), to spring (0.006–0.015 µg g−1) and summer
(0.015–0.022 µg g−1) following a decrease in the river discharge. This can be related to the
role of tidal currents which were stronger when the river discharge was low (summer),
thus promoting the resuspension of fine particles which were more enriched in MeHg with
respect to those transported by the river freshwater.

Nevertheless, MeHg percentages in the SPM were found to be extremely low and
generally below 1% (0.12–0.65%, 0.09–1.56% and 0.09–0.27% in spring, summer and autumn,
respectively). This is in agreement with the results of previous investigations focused on
estuarine sediments thus demonstrating that only low amounts of the total Hg are in
methylated form (from 0.003 to 0.009 µg g−1 of MeHg in the surface sediments) [33] and
potentially resuspended in the water column [37].

Iron and Mn were found to be notably present in the SPM and their average concen-
trations increased from summer (6.75 ± 1.72% for Fe and 4.60 ± 1.29% for Mn) to spring
(8.17 ± 1.33% for Fe and 4.98 ± 1.19% for Mn) following the increase in the river flow show-
ing the maximum values when the river discharge was higher in autumn (10.9 ± 1.38%
for Fe and 5.86 ± 0.96% for Mn) (Table S2). The occurrence of such elevated concentra-
tions of PFe and PMn could be the result of the combined effect of riverine suspended
particles together with the resuspension of bottom sediments. In addition, Asturias is
known as one of the main Hg mining districts worldwide and anthropogenic inputs of
Hg and As in the Nalón River estuary are mainly due to the long-term mining activity in
the river basin [25,29,31,33]. In detail, the physico-chemical alteration of tailing deposits
at La Soterraña, El Terronal and Los Rueldos decommissioned mine sites can lead to an
increasing mobility of Hg, As and other potentially toxic trace elements in the Caudal
River freshwater, which is the second most important tributary of the Nalón River [59].
This can also be a possible explanation for the elevated PFe and PMn concentrations since
iron sulphides (pyrite and marcasite) and iron oxides were found to be the most abundant
mineral phases in mine tailings [24].

3.3. Dissolved and Particulate Hg and MeHg: The Effect of the River Discharge
3.3.1. Occurrence and Distribution of Dissolved and Particulate Hg and MeHg

River discharge can seriously affect the occurrence and distribution of trace elements
as well as their partitioning between solid and dissolved phases in estuarine environments.
Moreover, trace element distribution in estuaries can be notably affected by sediment
resuspension events [19,60,61] which control both the movement and redistribution of
particles in shallow aquatic systems playing a crucial role in regulating trace element
mobility and bioavailability [22].

In this research, a 3W-PCA (59.4% of explained variance) was used as an additional
chemometric tool to highlight the effects of different seasonal conditions of river flow
(spring, summer and autumn) on the behaviour of dissolved and particulate variables
(Hg, MeHg, Fe, Mn, DOC and POC) as well as the physico-chemical parameters along the
Nalón River estuary (Figure 3). The seven investigated sites along the Nalón River estuary
are clearly represented by the multivariate model and their position in the 3W-PCA output
appears to be regulated by salinity which varies along Axis 2 as seen in Figure 3.
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Notable differences in the dissolved and particulate concentrations were not ob-
served among the seven investigated sites along the Nalón River estuary (Figures 4 and 5,
Table S2). This is also evident in the 3W-PCA (Figure 3) output and most likely due to
the fact that the water column was generally vertically well-mixed at each site as the
result of the relatively shallow water depth along the river axis. Moreover, the 3W-PCA
output also clearly denotes the difference among the three levels of river flow during the
year and especially between summer and autumn (Figure 3). Generally, concentrations
of DHg (4.02 ± 1.33 ng L−1), DMeHg (18.1 ± 6.8 pg L−1), DFe (7.56 ± 2.39 µg L−1), DMn
(2.86 ± 0.62 µg L−1) and DOC (0.64 ± 0.18 mg L−1) prevailed in summer under conditions
of low discharge. Conversely, they reached minimum values during high river discharge in
autumn (DHg = 2.13 ± 0.70 ng L−1, DMeHg = 5.69 ± 2.10 pg L−1, DFe = 2.50 ± 0.63 µg L−1,
DMn = 0.81 ± 0.27 µg L−1, DOC = 0.37 ± 0.08 mg L−1) most likely due to dilution effects
related to higher river discharge (Figure S2).

Dissolved Hg was found to be one order of magnitude lower compared to other
aquatic systems in the Iberian Peninsula such as the Tagus estuary (3.61–65.4 ng L−1, [14]),
the Portuguese coast (1.00–28.1 ng L−1, [58]), the Tinto estuary (1.66–19.8 ng L−1, [1]) and
the Odiel estuary (3.29–40.0 ng L−1, [1]). In contrast, slightly lower concentrations of DHg
were observed in the Gulf of Cadíz (0.42–0.76 ng L−1, [1]).

The most toxic and bioavailable DMeHg reached concentrations in the range be-
tween 2.48 and 34.5 pg L−1 which were higher than those measured in the Tagus estuary
(0.06–6.90 pg L−1, [14]) but notably lower if compared to other estuarine systems affected
by the legacy of mining activities, such as the Isonzo River mouth (Gulf of Trieste, Italy,
<LOD–1323 pg L−1, [56]), or chlor-alkali plants as in the case of the Wuli estuary and
Jinzhou Bay in NE China (640 and 45–280 pg L−1, respectively, [62]).



Appl. Sci. 2021, 11, 4396 9 of 16
Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 
Figure 4. Distribution of DHg, DMeHg, DFe, DMn and DOC in the water column from the upper 
sector of the estuary of the Nalón River to its mouth (from site 6 to site 0) under different seasonal 
conditions (spring, summer and autumn). 

 
Figure 5. Distribution of PHg, PMeHg, PFe, PMn and POC in the water column from the upper 
sector of the estuary of the Nalón River to its mouth (from site 6 to site 0) under different seasonal 
conditions (spring, summer and autumn). 

Figure 4. Distribution of DHg, DMeHg, DFe, DMn and DOC in the water column from the upper sector of the estuary of
the Nalón River to its mouth (from site 6 to site 0) under different seasonal conditions (spring, summer and autumn).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 
Figure 4. Distribution of DHg, DMeHg, DFe, DMn and DOC in the water column from the upper 
sector of the estuary of the Nalón River to its mouth (from site 6 to site 0) under different seasonal 
conditions (spring, summer and autumn). 

 
Figure 5. Distribution of PHg, PMeHg, PFe, PMn and POC in the water column from the upper 
sector of the estuary of the Nalón River to its mouth (from site 6 to site 0) under different seasonal 
conditions (spring, summer and autumn). 

Figure 5. Distribution of PHg, PMeHg, PFe, PMn and POC in the water column from the upper sector of the estuary of the
Nalón River to its mouth (from site 6 to site 0) under different seasonal conditions (spring, summer and autumn).



Appl. Sci. 2021, 11, 4396 10 of 16

The amount of DMeHg was also found to be significantly low if compared to the
total concentration of Hg in the dissolved fraction. Indeed, the percentage of DMeHg
was always <1% (0.07–0.43%, 0.08–0.81%, and 0.15–0.58% in spring, summer and autumn,
respectively). This would testify to the minimal risk of MeHg bioaccumulation since the
amount of MeHg in the water column can be seen as a strong predictor of its concentration
in the biota [63]. Moreover, the bioavailability of MeHg depends on several factors and
its dissolved concentration is usually the result of the balance between methylation and
demethylation processes [64]. In aquatic systems, most of the MeHg originates from in situ
production in the sediment compartment [2,11,12,65] near the SWI [66] and methylation
is not simply influenced by the total amount of Hg [67,68] since several parameters (e.g.,
temperature, pH, Eh, inorganic and/or organic complexing agents) contribute to MeHg
production, mobility and fate [69–71]. Once released in the water column, the amount of
DMeHg also depends on demethylation processes due to sunlight [72] which could be
enhanced at the Nalón River estuary where the water depth is generally shallow.

Regarding the SPM, the particulate forms of the investigated variables reached the maxi-
mum values on average in autumn under higher river discharge (PHg = 8.37 ± 4.20 ng L−1,
PFe = 848 ± 413 µg L−1, PMn = 445 ± 175 µg L−1, POC = 1.48 ± 0.10 mg L−1) and were
found to be notably lower and quite constant in summer (PHg = 5.05 ± 1.84 ng L−1, PFe = 195
± 83 µg L−1, PMn = 131 ± 54 µg L−1, POC = 0.40 ± 0.10 mg L−1) (Figure S2 and Table S2).

The only exception is represented by PMeHg which appeared to be mostly present in
the saltwater in the lower sector of the estuary as well as at the estuary mouth, especially in
summer under conditions of low river discharge (25.8 ± 19.1 pg L−1) rather than in autumn
(18.2 ± 11.1 pg L−1) when the river flow was highest (Figure 3, Figure 5 and Figure S2).

In this context, the surface sediments can be considered a secondary source of MeHg to
the overlying water column, most likely due to sediment resuspension induced by natural
and/or anthropogenic events [22,37,64,68,73]. Indeed, it has been demonstrated that the
mobilisation of sediment particles during a tidal resuspension event can notably affect the
PMeHg concentrations in the water column [74]. In the case of the Nalón River, the tidal
currents prevailing under conditions of low discharge could be responsible for perturbed
conditions at the bottom of the estuary mouth. This could enhance the resuspension of fine
particles which may be a valid explanation for the highest values of PMeHg in the lower
sector of the estuary.

Although slightly lower values were observed during resuspension experiments, it
has been demonstrated that PMeHg concentrations sharply decreased after 24 h [37]. In
addition, Kim et al. [22] stated that the dynamics between the dissolved and the particulate
phases of Hg and MeHg during resuspension experiments also depended on the type of
particles involved which can accumulate and may or may not release Hg and MeHg.

Moreover, as previously mentioned for the dissolved fraction, the percentages of
PMeHg with respect to the total amount of PHg were generally low (0.12–0.65%, 0.09–1.56%
and 0.61–3.47% in spring, summer and autumn, respectively) and did not seem to represent
a relevant environmental issue in terms of potential MeHg bioaccumulation.

A strong correlation (N = 50, r = 0.934, p < 0.01) occurred between DMeHg and
DOC, especially in summer as also evident from the 3W-PCA output (Figure 3), as well as
between PMeHg and POC (N = 17, r = 0.651, 0.01 < p<0.1; N = 16, r = 0.768, p < 0.01; N = 17,
r = 0.784, p < 0.01 for spring, summer and autumn) (Figure 6) thus suggesting that organic
carbon strongly interacted with MeHg playing a crucial role in MeHg binding, distribution
and fate in the water column. Indeed, it has been demonstrated that complexation with
DOC can limit the solubility of MeHg and subsequently its bioaccumulation [75–77].
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Particulate Fe and Mn were found to be notably present at the Nalón River estuary
and a clear increase of the amount of these elements in the SPM as a function of the three
different levels of river discharge (summer < spring < autumn) was evident (Figure S2).
Indeed, the highest concentrations were observed in autumn (358–2022 and 192–792 µg L−1

of PFe and PMn, respectively) followed by spring (152–516 and 90–319 µg L−1 of PFe and
PMn, respectively) and summer (86–389 and 66–221 µg L−1 of PFe and PMn, respectively)
conditions of river discharge (Table S2). Generally, PFe and PMn were found to be slightly
higher in freshwater and brackish water with respect to saltwater as the result of dilution
effects involving riverine and marine particles [78,79].

Moreover, the significant correlation between PFe and PMn (N = 50, r = 0.963, p < 0.01)
testified to a common source and behaviour of these elements in the SPM which is
also confirmed by the fact that both PFe and PMn show strong correlations with SPM
(N = 50, r = 0.985, p < 0.01 and N = 50, r = 0.954, p < 0.01 for PFe and PMn, respectively)
(Figures 3 and 6).

3.3.2. Distribution Coefficients (KD)

In estuarine systems, a chemical constituent can be partitioned in the solid or dissolved
fraction reflecting the predominance of adsorption/precipitation or desorption/dissolution
processes [80–82]. In this research, the partitioning behaviour of Hg and MeHg as well as
that of Fe and Mn among different environmental conditions at the Nalón River estuary
was evaluated by means of distribution coefficients (KD, L kg−1) which were calculated
according to the following equation and expressed on a logarithmic scale [80] (Table 1):

LogKD = [MeSPM]/[MeDISS]

where MeSPM and MeDISS are the metal concentrations in the SPM and in the dissolved
fraction, respectively. Although information on the precise chemical form is not provided
by logKD, this index can be useful in the evaluation of the behaviour of contaminants
among different phases in aquatic systems [82,83].

The logKD values were rather constant among different seasonal conditions of the river
discharge and generally high suggesting that the investigated elements were preferentially
partitioned in the suspended particles (Table 1).

This is in agreement with the Eh values (always >400 mV) indicating oxidative condi-
tions which can promote precipitation and/or adsorption processes. Mercury showed an
average logKD value ranging between 5.66 ± 0.16 and 6.65 ± 0.21 (Table 1) which was com-
parable to that observed at the NY/NJ Harbor (5.3–6.5, [2]) as well as at the Isonzo River
mouth (Italy, avg. 6.19) where the element was found to be almost completely partitioned
in the SPM [57].
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Table 1. Minimum, maximum and average values of logKD (L Kg−1) for Hg, MeHg, Fe and Mn
along the Nalón River estuary under low, normal and high river discharge.

River Discharge Hg MeHg Fe Mn

Low
Min 5.34 5.08 6.71 7.01
Max 5.99 6.24 7.41 7.39
Average 5.66 ± 0.16 5.64 ± 0.39 6.96 ± 0.19 7.20 ± 0.10

Normal
Min 5.15 5.37 6.97 6.72
Max 6.04 6.45 7.41 7.65
Average 6.65 ± 0.21 5.83 ± 0.31 7.21 ± 0.15 7.17 ± 0.20

High
Min 5.15 4.81 7.44 7.63
Max 6.27 6.18 7.87 8.32
Average 5.70 ± 0.36 5.57 ± 0.36 7.65 ± 0.15 7.89 ± 0.21

In the case of MeHg, the logKD values were found to be comparable with those
observed for Hg and similar to those observed in the Adour River estuary (SW France,
4.8–6.9, [84]) and in the waters of the NY/NJ Harbor (4.5–5.6, [2]). Conversely, slightly
lower values were reported by Cesário et al. [14] at the Tagus estuary (2.1–5.5) and by
Gosnell et al. [73] at the Delaware River estuary (3.4–5.1).

The highest logKD values were reached by Fe and Mn, especially in autumn when
the river flow was highest, confirming their affinity for SPM which was often the main
vehicle for trace elements from inland areas to estuaries and coastal environments [85,86].
Although significant disparities in the logKD values were not observed among the different
sampling campaigns, a clear relationship describes the partitioning behaviour of Fe and
Mn which appeared to be governed by the partially mixed estuarine circulation at the
Nalón River estuary and, as a result, by the increase in the SPM content from low to high
river flow (Figure S3). Adsorption on the surface of the suspended particles as well as
precipitation of Fe and Mn oxy-hydroxides promoted by the oxidative conditions along
the water column (Eh always >400 mV) appeared to be responsible for the increase in PFe
and PMn from low (summer) to high (autumn) river flow (Figure S3). This was consistent
with the behaviour of Fe and Mn in the dissolved fraction since the lowest DFe and DMn
concentrations were observed when the river flow was high most likely due to stronger
dilution effects.

4. Conclusions

The occurrence of Hg and MeHg at the Nalón River estuary still represents an issue
of environmental concern due to the legacy of long-term mining activity along the river
drainage basin.

The interaction between the river freshwater inputs and the tidal currents, as well
as the relatively shallow water depth, appeared to be the primary environmental agents
regulating the distribution of both dissolved and particulate Hg and MeHg.

The estuary was dominated by oxidative conditions along the water column which
promoted the precipitation and/or adsorption processes responsible for Hg and MeHg
preferential partitioning in the suspended particles. However, the partitioning behaviour
of Hg and MeHg was also affected by different seasonal hydrodynamic conditions. Indeed,
results suggested that the dissolved fraction commonly prevailed under conditions of low
river discharge (summer), whereas the particulate fraction dominated the water column
when the river flow was high (autumn). Particulate MeHg was found to be the only
exception since the effects of the tidal currents, which were prevailing when the river
discharge was low, promoted resuspension of MeHg enriched particles from bottom
sediment thus increasing PMeHg concentrations in the lower sector of the estuary and at
the estuary mouth.

Although resuspension may increase the mobility of MeHg at the estuary mouth, its
concentration both in the dissolved and the SPM was found to be extremely low with
respect to the total amount of Hg thus suggesting a minimal risk of MeHg bioaccumulation
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in the aquatic trophic chain. Moreover, organic carbon was found to be one of the main
factors governing MeHg distribution and fate at the Nalón River estuary. This is of relevant
concern since complexation with organic matter appeared to play a large role in inhibiting
MeHg mobility and potential bioaccumulation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11104396/s1, Figure S1: Grain size spectra of SPM along the water column at the seven
investigated sites (from site 6 to site 0) along the Nalón River estuary in spring, Figure S2: Minimum
(yellow circle), maximum (black square) and average (red triangle) values of DHg, DMeHg, DFe,
DMn, DOC, PHg, PMeHg, PFe, PMn and POC in freshwater, brackish water and saltwater collected
along the Nalón River estuary under different seasonal conditions (spring, summer and autumn),
Figure S3: Relationship between logKD and dissolved Fe and Mn (A, B) as well as between logKD
and particulate Fe and Mn (C, D) along the water column at the Nalón River estuary under different
seasonal conditions (spring, summer and autumn), Table S1: Physico-chemical parameters observed
along the water column at the Nalón River estuary under different seasonal conditions (spring,
summer and autumn), Table S2: Concentrations of PHg, PMeHg, PFe and PMn along the water
column at the Nalón River estuary under different seasonal conditions (spring, summer and autumn).
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