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• The behaviour of As and Hg species dur-
ing sediment resuspension was investi-
gated.

• As andHgoccurrence inporewaters is re-
lated to dissolution of Fe oxy-hydroxides.

• Particulate and dissolved As and Hg in-
creased following the resuspension.

• Fe oxy-hydroxides strongly regulate the
mobility of As and Hg in the water col-
umn.

• The restoration of pre-resuspension
conditions was mainly reached after few
hours.
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Estuarine sedimentsmust be dredged to allow for navigation, andwhere these sediments are placed after dredg-
ing depends upon guidelines based only on the total concentration of contaminants. However, resuspension
events could seriously affect the mobility and speciation of contaminants, including potentially toxic trace ele-
ments stored in sediments. The effects of resuspension on the cycling of mercury (Hg) and arsenic (As) between
the sediment and water column was investigated in a mesocosm study. Four experiments were conducted in
three estuaries in northern Spain based on samples collected from sites which have been impacted by
decommissioned Hg and Asmines and periodically subjected to dredging activities. Designed tomimic the resus-
pension of particles, each of the experiments revealed that the release of Hg and As species does not only depend
on the total concentration in the sediments (16.3–50.9 mg kg−1, for As and 0.52–5.01mg kg−1 for Hg). The con-
tribution from porewaters and the subsequent reductive dissolution and/or desorption appear to be the main
processes responsible for the abrupt increase in dissolved Hg and As species (maximum release of 427% and
125%, respectively). In some cases, As and Hg continued to remain at high concentrations in the water column
even after the experiments were completed, thus testifying to their critical persistence in the dissolved form.
Conversely, at the other sites, the restoration of pre-resuspension conditions was observed only a few hours
after resuspension, mainly due to the role of Fe oxy-hydroxides which provides suitable surfaces for adsorption
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1. Introduction

Estuaries are crucial areas for sediment tra

of human activities take place in these sites (i.
nsfer between fluvial and

The Asturias coast (northern Spain) represents one of the most im-
pacted regions of Spain due to several anthropogenic activities, includ-
ing long-termmining of sulphide ore, which have severely affected the
marine systems, often forming sinks for sedimen
alongshore or landwards (Ridgway and Shimmie
t moving downstream,
ld, 2002). A wide range

Nalòn River drainage basin, the main hydrographical system (3692
km2) of the region (Loredo et al., 1999; Loredo, 2000; Fernández-
e., ports, industrial, urban Martínez et al., 2005). The sources and distribution of trace elements,

2

and recreational settlements) and, as a result, estuarine waters receive
dissolved and particulate contaminants, including potentially toxic
trace elements (PTEs). Fine-grained sediments often become a reposi-
tory for contaminants by reducing their toxicity (Eggleton and Thomas,
2004 and references therein). However, natural events such as tidal cur-
rents, wave action, storm surge and bioturbation (Sanford et al., 1991;
Arfi et al., 1993; Kalnejais et al., 2007), along with anthropogenic activi-
ties including dredging, shipping and trawling (Schoellhamer, 1996;
Lewis et al., 2001), may be responsible for the resuspension of sediment
particles. In particular, dredging and disposal are common practices to
maintain navigation channels and access to port areas, but theymay im-
pact upon aquatic communities (Roberts, 2012) since contaminants can
be released in dissolved form in thewater column (Stephens et al., 2001;
Caplat et al., 2005).When resuspended in the oxic water column, anoxic
sediments may result in variable desorption rates of PTEs previously co-
precipitated with/or adsorbed to Fe and Mn sulphides (Simpson et al.,
1998; Caetano et al., 2003). The released Fe and Mn are quickly
reprecipitated, acting as scavengers for PTEs and other contaminants
(Caetano et al., 2003; Jones-Lee and Lee, 2005). This precipitation pro-
cess will involve any particle available with a layer of Fe oxy-
hydroxide, previously mobilised by the oxidation of sulphides, and
PTEs will bind to the newly created adsorption surfaces of the settling
particles (Goossens and Zwolsman, 1996). The extent of sediment resus-
pension and dispersal depends on the water movements in nearby
dredging/disposal areas (Eggleton and Thomas, 2004). The modification
of the physico-chemical properties (i.e., pH and redox conditions) can af-
fect not only themobility, but also the bioavailability of toxic compounds
with adverse effects on aquatic organisms (Kim et al., 2004, 2006; Cotou
et al., 2005; Bocchetti et al., 2008).

Investigation into the potential mobility and bioavailability of
contaminants in estuarine sediments is a challenging but essential
task, since the understanding of the processes involved in the
recycling of these contaminants between solid and aqueous phases
may contribute to the preservation of water quality by informing en-
vironmental policies. To better evaluate these issues, most research
has taken the form of laboratory experiments which simulate the
dredging effects using different time intervals (e.g. Van Den Berg
et al., 2001; Caetano et al., 2003; Cantwell et al., 2008; Monte et al.,
2015; de Freitas et al., 2019).

Among PTEs, mercury (Hg) and arsenic (As) are well known for the
recognised toxicity of their different chemical species and diffusion in
the environment (i.e., industrial settlements, mining activity). There
are several studies on Hg (and methylmercury, MeHg) remobilisation
after resuspension from bottom sediments (e.g. Bloom and Lasorsa,
1999; Conaway et al., 2003; Kim et al., 2004; Benoit et al., 2009;
Acquavita et al., 2012; Seelen et al., 2018; Zhu et al., 2018). In particular,
Bloom and Lasorsa (1999) found that approximately 5% ofMeHg bound
to the sediment and b1% of total Hg were released during a laboratory
mixing experiment, but the release can be limited in quantity and
time due to the dilution of the Hg species in thewater body and their re-
burial in the solid phase (Acquavita et al., 2012).
especially As and Hg, have been investigated in several environmental
matrices including soils, mine tailings, fresh and ground waters and es-
tuarine sediments (e.g. Loredo et al., 2010; Ordóñez et al., 2014; Silva
et al., 2014; García-Ordiales et al., 2018). In the Nalón River estuary, in
spite of the high levels of As and Hg in the fine sediments, redox condi-
tions appear to govern the speciation cycles of these elements, thus re-
ducing the formation of themost toxic species, such asAs(III) andMeHg
(García-Ordiales et al., 2018). In addition, there is evidence along the
Asturian coasts that other minor estuarine systems may be potentially
affected by Hg and As contamination (Forján et al., 2019; García-
Ordiales et al., 2019a, 2020; Sanz-Prada et al., 2020).

The primary aim of this research was to investigate the effects of sim-
ulated resuspension events in replicate mesocosms to predict the behav-
iour of Hg and As associated with bottom sediments and porewaters and
their fate in the water column after a perturbative event. A comparison
among similar estuarine environments in Asturias affected by various
sources of contamination andwhere dredging operations are periodically
needed to allow navigationwas provided. The occurrence andmobility of
Hg and As in this area is of great concern due to their potential bioaccu-
mulation in the aquatic trophic chain. Within the European Union, the
Water Framework Directive (WFD, European Parliament, Council of the
European Union, 2000) sets “good status” objectives for water bodies
throughout the member states. The status is simply based on chemical
and ecological criteria. A classification system has been developed to
decide upon chemical status, with threshold values known as “Environ-
mental Quality Standards” (EQS). A specific maritime policy was later
established and directed for marine ecosystem protection and conserva-
tion by the EU Marine Strategy Framework Directive (MSFD) (European
Parliament, Council of the EuropeanUnion, 2008). TheMSFD specifically
requests that member states implement monitoring programs for
the assessment of the environmental status of marine waters. The re-
sults of this experimental studymay be useful in providing the scien-
tific background to help policy-makers take appropriate decisions
regarding dredging and to control PTE contamination levels. This is
especially relevant due to the biological richness of estuaries, their
significance as sites of a wide variety of food intended for human
consumption (fisheries, aquaculture, mussel collection), and the
possible implications for the health and economy of affected areas.
This experimental approach could be applied to all coastal environ-
ments where information regarding the major geochemical pro-
cesses that regulate PTE behaviour, mobility and fate is needed to
support environmental management and risk assessment.

2. Materials and methods

2.1. Study area

The experimental sites are located in three estuaries found in eastern
central Asturias (Fig. 1), which has one of the best-preserved coastline
environments in Spain. As part of this conservation policy, these estuar-
ies are supported by several environmental protection programs and



Fig. 1. The study area along the Asturian coast where sediment samples for resuspension experiments were collected from the following sites: the Nalón River Estuary (SJ and SE), the
Villaviciosa estuary (VV) and the port of Llanes (LL).
strategic EU initiatives such as the Habitats Directive and the Natura
Network 2000 (92/43/EC). Each of these estuaries has diverse charac-
teristics (Table 1).
Table 1
Resuming of the main characteristics of the investigated sampling sites along the Asturian c
Llanes (LL).

Sampling site San Juan (SJ) San

Location Port areas in the Nalón R. e

Latitude 43° 33′ 21.56″ N 4
Longitude 6° 4′ 37.51″ W
Depth (m) 3.20
Water circulation Open estuarine area Sh
Sediment grain sizea Sand 26.4%

Mud 73.6%
As in sediments (μg g−1) 20.1–68.1b

Hg in sediments (μg g−1) 0.10–1.33b

3

2.1.1. The Nalón River estuary
The Nalón River empties into the largest drainage basin in the

northern Spain. Its estuary has been subject to very high levels of
oast: the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and the port of

Esteban (SE) Villaviciosa (VV) Llanes (LL)

stuary Port area 60 km E of
the Nalón R. estuary

Port area 110 km E of
the Nalón R. estuary

3° 33′ 4.90″ N 43° 31′ 31.54″ N 43° 25′13.04″ N
6° 5′ 40″ W 5° 23′ 21.20″ W 4° 45′12.02″ W

4.50 2.40 3.80
eltered harbour Sheltered harbour

4.92% 3.91% 27.4%
95.1% 96.1% 72.6%

Average 11.3c –
Average 0.18c N3.81c



contamination due to mining which took place over a period of 150
years (García-Ordiales et al., 2019a). The riverine flow to the estuary
is high, showing a notable water column stratification that may ex-
tend several kilometres (Ceñal and Flor, 1993). The estuary has two
port areas which are exposed to the main channel flows, which in
turn affects the grain size of the sediments. The San Juan (SJ) port
area is quite open and the accumulated bottom sediments are mostly
sandy, whereas the San Esteban (SE) port area has a protection dock
which acts as a sedimentary trap for silt and clay (García-Ordiales
et al., 2018). García-Ordiales et al. (2018, 2019b) reported high con-
centrations of As (20.1–68.1 μg g−1) and Hg (0.10–1.33 μg g−1) in
bottom sediments and the potential transfer to biota.

2.1.2. The Villaviciosa estuary
The Ria de Villaviciosa (VV) is located approximately 60 km east of

the Nalón estuary. The drainage basin extends for 160 km2 and the estu-
arine area is 12.6 km2. The freshwater flow rate is low and the tidal influ-
ence is strong, producing a total mixing, the absence of water column
stratification and a high sedimentary accumulation rate (Flor et al.,
1996). Recently, as a consequence of wastewater discharge, mussel col-
lection has been banned. Other potential anthropogenic contamination
sources are not known. Conversely, in nearby areas there are different
outcrops of bituminous rocks and hydrothermal ores of fluorite that
could potentially be the sources of As and Hg (Iglesias and Loredo,
1994; González-Fernández et al., 2018). Preliminary sediment analyses
performed by the regional port authority have reported average concen-
trations of 11.3 μg g−1 for As and 0.18 μg g−1 for Hg (unpublished data).

2.1.3. The Llanes port
The Llanes (LL) port is approximately 110 km east of the Nalón estu-

ary and 50 km east of VV estuary. Similar to VV, the tidal influence in LL
is high, producing a lack of stratification in the water column due to the
almost null contributions of freshwater from the inflowing Carroced
creek. The sedimentary dynamics are controlled by an access gate be-
tween the old (inner) and new (outer) port areas. The tidal flow restric-
tion produced by the gate has converted the old port area, where
sediments were collected for this study, into a sedimentary trap of
fine sediments similar to SE. Over the last 15 years, sediment monitor-
ing conducted by the regional port authority has shown the presence
of high Hg concentrations (up to 3.81 μg g−1) (unpublished data). Po-
tential local sources of Hg are currently under investigation.

2.2. Experimental approach

A scuba diver collected undisturbed short sediment cores by pushing
a Plexiglass tube (30 cm length; 16 cm i.d.) into the bottom sediment.
Upon collection and transport to the laboratory, these cores were ex-
truded and sectioned into five slices (0–1, 1–2, 2–3.5, 3.5–5 and 5–7
cm) in a N2-filled chamber to preserve the original redox conditions.
At the same time, the redoxpotential (Eh)wasmeasured in the superna-
tant water and the corresponding slices. These slices were homogenised
and split to determinewater content. The remaining sediment was cen-
trifuged at in situ temperature and the extracted porewaters, recovered
in the inert atmosphere (N2-filled chamber), were filtered (0.45 μm
pore size, i.d. = 33 mm, Millex-HV), collected in acid pre-cleaned vials
and stored in a deep-freeze until analyses.

In parallel, bottom sediments and the overlying water were collected
by a scuba diver using a cylindrical Plexiglas chamber as a sampler (h=
25 cm, i.d.=24 cm,wall thickness=0.6 cm) following the experimental
approach applied by Acquavita et al. (2012). The average depth of sedi-
ments inside the chamberwas 10 cmwith approximately 15 cm of over-
lying water (ratio water/sediment = 1.5). Careful transportation of the
chamber to the laboratory minimised perturbation at the sediment-
water interface (SWI). Here the overlying water was drained off and
carefully replaced with bottom water collected from the same sampling
location using aNiskin bottle. This stepwas taken in order to exclude any
4

possible perturbative effect on thewater inside the chamber possibly oc-
curring during transportation (e.g. Bertuzzi et al., 1996; Emili et al., 2011;
Acquavita et al., 2012). The basic physico-chemical parameters (T, pH,
Eh) were measured using a portable multiprobe (Crison MP41). Redox
potential (Eh) measurements were performed by means of a Pt/KCl–
Ag/AgCl electrode calibrated with ZoBell solution (220 mV at 25 °C).
Values of Eh were not corrected to hydrogen potential.

The simulated resuspensionwas performed using amechanical hor-
izontal shaker (130–150 cycles min−1, t = 10min) after sealing the top
hole of the chamber. Periodic sampling of the resulting mixture be-
tween dissolved and particulate phases was then performed. In detail,
the benthic chamber was left open and undisturbed between one sam-
pling and the next to simulate real environmental conditionswhere the
water column is in direct contact with the atmosphere. In order to allow
the collection of water just above the SWI, the cover was repositioned
before each sampling. The cover has two valves on its lid, one being con-
nected to a tube (0.5 cm diameter) that allows for water sample collec-
tion at approximately 5 cm above the SWI. This is important to properly
evaluate variations of the dissolved and particulate concentration of
chemical species as a function of time, as well as the grain size compo-
sition of the suspended particles which tend to become finer after the
resuspension event. Using a plastic syringe, water lying on top of the
sediment was syphoned off via one of the two valves on the lid of the
chamber and placed in a pre-treated borosilicate container (Vf = 600
mL). Seven samples were recovered within 24 h (T0 = 0, T1 = 30
min; T2 = 1 h; T3 = 2 h; T4 = 4 h; T5 = 8 h; T6 = 24 h) and the main
physico-chemical parameters were promptly measured. Samples were
then centrifuged (10,000 rpm min−1, t = 10 min; Eppendorf 5804) to
separate the dissolved phase from the suspended particles. The solid
fractions were collected for both grain size and chemical analyses. The
dissolved phase was subsequently filtered (0.45 μm pore size, i.d. =
33 mm, Millex-HV) and divided for the necessary analytical aliquots.

2.3. Analyses of samples

Grain-size analyses on bottom sediments and resuspended particles
were performed following themethod outlined by García-Ordiales et al.
(2017). The sediment aliquots were oxidised (H2O2 = 3%, t = 24 h) to
removemost of the organicmatter (OM). Successively, the solutionwas
wet-sieved through a 2-mm sieve to remove coarse, shelly fragments.
The fraction b 2000 μmwas recovered and analysed using a laser diffrac-
tometer (Fritsch Anaysette 22 Laser-Particle Sizer Microtec).

The measurement of the isotopic composition of Hg 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 elemental species concentrations was carried
out by species-specific isotope dilution mass spectrometry. All sample
preparation procedures were previously developed and validated for
water (Amouroux et al., 1998; Rodríguez-González et al., 2002; Bouchet
et al., 2011) and sediments (Rodríguez Martin-Doimeadios et al., 2003;
Rodríguez-González et al., 2007). The mathematical approach of the
methods was described in detail in Rodríguez-González et al. (2013).

The As specieswere analysed using amobile phase of 2Mphosphate
buffered saline (PBS)/0.2 M EDTA (pH 6.0) in a separation columnwith
a 1260 Infinity high-performance liquid chromatograph (HPLC) coupled
with ICP-MS. The As species were directly measured in the porewater
samples, whereas in the case of solids, 0.1 g of sample was placed to-
gether with an extracting agent (1 M H3PO4 + 0.1 M, ascorbic acid) in
a microwave vessel (Ruiz-Chancho et al., 2005). The digested solution
was analysed following the aforementioned method. The accuracy of
the results was verified by comparing the total As concentration to the
sum of all the determined species concentrations. The recovery of As
speciation ranged from 95% to 106%.

Total As, Fe, Mn and S concentrations in dissolved and solid phases
(bottom sediments and resuspended sediment particles) were deter-
mined by ICP-MS and ICP-OES. For solids, samples were previously



digested by aqua regia+ HF in a microwave vessel (EPA method 3052).
Samples were analysed in batches, and the accuracy of the elemental de-
termination was verified using the CRM042-056 and other internal labo-
ratory standards. Recovery percentages of the different elements were in
the range of 93–106%, and the RSDwas b7%. The dissolved organic carbon
(DOC) was determined using the TOC-V CSH (Shimadzu) instrument.

2.4. Explorative multivariate data analysis

Principal component analysis (PCA) was employed as an unsu-
pervised exploratory chemometric tool for the visual identification
of relationships among the samples (PC scores and score plots),
within variables (PC loadings and loading plots), and between sam-
ples and variables (biplots) (Oliveri et al., 2020). In order to mini-
mise systematic differences between variables, data matrices were
pre-processed (column autoscaling) before the multivariate analysis
(Oliveri et al., 2019). Multivariate analysis was performed using the
CAT (Chemometric Agile Tool) package, based on the R platform (The
R Foundation for Statistical Computing, Vienna, Austria) and freely dis-
tributed byGruppo Italianodi Chemiometria (Italy) (Leardi et al., 2019).

3. Results and discussion

3.1. Sediment and porewater chemistry

Grain-size distributionwas found to be different among the sampling
sites and rather constant with increasing depth (Table 2, Fig. S1A). Ac-
cording to Shepard's (1954) classification, the sediment consisted
mostly of silt, which was found to be higher than 90% at VV and SE,
followed by SJ and LL which appeared to be less homogeneous with
depth. The clayey fraction was rather constant with depth and generally
poorly represented, whereas the sandy fraction clearly prevailed at LL
and SJ (Table 2, Fig. S1A).

The Asturian estuarine systems are known to be affected by high
levels of anthropogenic pressure (García-Ordiales et al., 2018, 2019a,
2019b), thus the sediments collected displayed elevated concentrations
of both As and Hg (Table 2). Although disparities in trace element con-
centrations along the sediment cores collected at the investigated sites
are not particularly evident, the PCA output (explaining 84.7% of the
total variance) clearly denotes the differences among the various sites
which are distinctly represented in the biplot (Fig. S1A). Arsenic was
found to be rather homogeneous downcore, with the lone exception
Table 2
Grain size composition, Eh values and concentrations of As, Hg, Mn, Fe and S in the sediment co
Estuary (SJ and SE).

Sampling site Sediment layer Sand Silt Clay E

cm % % % m

LL 0–1 11.8 85.5 2.64 −
1–2 33.1 65.5 1.40 −
2–3.5 36.8 62.0 1.22 −
3.5–5 27.0 71.4 1.58 −
5–7 28.1 70.4 1.54 −

VV 0–1 4.23 93.2 2.54 −
1–2 4.06 92.8 3.11 −
2–3.5 4.38 92.5 3.07 −
3.5–5 2.46 94.4 3.16 −
5–7 4.42 92.8 2.81 −

SJ 0–1 35.8 62.8 1.35
1–2 32.0 66.6 1.41 −
2–3.5 26.3 72.1 1.63 −
3.5–5 23.7 74.0 2.32 −
5–7 14.1 83.7 2.17 −

SE 0–1 5.00 92.2 2.78 −
1–2 5.01 92.5 2.51 −
2–3.5 4.58 92.8 2.61 −
3.5–5 4.26 93.0 2.70 −
5–7 5.77 91.7 2.51 −

5

being site SE, where As rapidly decreased from 50.9 mg kg−1 (0–1
cm) to 31.8mg kg−1 (1–2 cm). No significant differenceswere observed
for Hg at sites VV, SJ and SE (mostly lower than 1.0 mg kg−1), whereas
the element was found to be one order of magnitude higher at site LL
(3.73 ± 0.76 mg kg−1) as also confirmed in the PCA output showing a
relatively clear relationship between Hg and site LL (Fig. S1A). Silva
et al. (2014) reported that As incorporated into short-range ordered
Fe oxy-hydroxides was the predominant fraction in the stream
sediment samples of the Nalòn River drainage basin. This fraction rep-
resented N80% of the total As concentration, although realgar and
pararealgar [As4S4], orpiment [As2S3], and arsenic-rich pyrite were
the original sulphide ore deposits (Ordóñez et al., 2014).

Similarly, Fe, Mn and S were rather constant moving downcore, ex-
cept for theweak increase observed forMn at SE. Comparable S concen-
trations were found among sites, although slightly higher values were
detected at LL and VV. Conversely, Fe and Mn showed the highest con-
centrations at the Nalón River estuary sites, especially at SE (Fig. S1A).

Estuarine sediments suffer intense chemical, physical and biological
reactions due to the interaction between the solid phase and porewaters,
promoting the formation of new and altered minerals and/or changes in
the porewater composition (Beck et al., 2008; Oliveri et al., 2016). In
this context, Fe and Mn oxy-hydroxides represent suitable adsorptive
phases for PTEs, especially under oxidising conditions (Turner et al.,
2004). Conversely, under conditions of oxygen depletion, Fe and Mn
oxy-hydroxides may act as secondary oxidant sources during OM degra-
dation (Froelich et al., 1979) and their subsequent reduction/dissolution
could be responsible for the release of dissolved PTEs in porewaters.

Oxidative conditions were found in the supernatant water (Eh
ranged from 132 to 161 mV) as well as quite low total dissolved Hg,
MeHg and As (III and V) species, followed by Fe and Mn (Fig. 2). This
is clearly evident in the PCA output (explaining 71.1% of the total vari-
ance) highlighting a strong relationship between the redox conditions
and the supernatant water collected from all sites (Fig. S1B). Although
some differences occurred among the sites, OM degradation and slow
oxygen diffusion through the sediment drove reductive conditions just
below the SWI. Redox potential (Eh) decreased downcore at all sites
(up to almost −400 mV) whereas dissolved As and Hg species (at LL)
and MeHg (0–2 cm) at site SE increased with depth (Figs. 2 and S1B),
due to reductive dissolution of Fe oxy-hydroxides (Smedley and
Kinniburgh, 2002; Fiket et al., 2019). In detail, the strong correlations
between As(III) and As(V) (r= 0.919) and between As species and dis-
solved Fe (r = 0.770 and r = 0.757 for As(III) and As(V), respectively)
res collected from the port of Llanes (LL), the Villaviciosa estuary (VV) and the Nalón River

h As Hg Mn Fe S

V mg kg−1 mg kg−1 mg kg−1 % %

191 23.9 3.12 101 1.41 1.12
235 23.2 3.29 108 1.50 1.19
318 23.0 3.44 109 1.49 1.10
341 22.7 3.79 114 1.71 1.40
355 26.3 5.01 124 1.67 1.21
153 20.2 0.77 194 2.51 0.81
164 17.6 0.69 190 2.50 0.89
175 17.3 0.68 193 2.57 1.01
185 16.3 0.57 191 2.57 1.14
191 16.5 0.58 192 2.58 1.20
−87 26.8 0.79 411 2.32 1.01
134 25.5 0.58 386 2.37 1.00
241 26.1 0.52 447 2.62 0.94
187 27.8 0.59 474 2.79 0.97
307 27.3 0.57 469 2.62 0.88
118 50.9 0.80 463 3.38 0.62
232 31.8 0.75 499 3.48 0.66
263 35.1 0.83 484 3.32 0.84
375 32.1 0.67 554 3.03 0.62
348 34.6 0.83 637 3.28 0.82



Fig. 2. Vertical profiles for both As and Hg species, Fe, Mn, DOC, SO4
2− in dissolved form in porewaters and Eh values in the four sediment cores collected from the Nalón River estuary (SJ

and SE), the Villaviciosa estuary (VV) and the port of Llanes (LL).
highlighted in the PCA output (Fig. S1B) could be explained as Fe disso-
lution, rather than Mn (r = 0.171 and r = 0.131 for As(III) and As(V),
respectively), drove the release of As species especially at the Nalòn es-
tuary sites (SE and SJ). This is also consistent with the fact that the role
of Mn oxide in the reduction and subsequent release of adsorbed As
(V) into porewaters definitely appears to be secondary (Masscheleyn
et al., 1991) confirming that As should be mainly released from Fe
oxy-hydroxides at sites SJ and SE.

Conversely, at site VV, a marked release of dissolved Fe and Mn in
the upper sediment (520–1360 μg L−1 and 299–828 μg L−1, respec-
tively) appears not to have affected the dissolved Hg and As species
that, in fact, showed constant trends with depth (Fig. 2). Moreover, no
6

variability was noticed in the sediments downcore for As, Hg, Fe and
Mn. It is possible that their behaviour in the sediment did not result in
Fe andMn oxy-hydroxides precipitation. Due to highly reducing condi-
tions (−400 mV), Hg and As could be present as insoluble or very low
soluble sulphur compounds, as also suggested by the strong correlation
between Hg and S in the sediment matrix (r = 0.628, Fig. S1A) (Fang
and Chen, 2015; Wang et al., 2016; Petranich et al., 2018).

Dissolved As species were found to be high in the Nalón estuary (SJ
and SE, Fig. S1B), where both As(V) and As(III) notably increased with
depth reaching concentrations of 231 and 67.3 μg L−1 at SE whereas
lower values were found at SJ (179 and 32.9 μg L−1, for As(V) and As
(III), respectively). In this context, simultaneous dissolution and



desorption processes involving Fe oxy-hydroxides, carbonate fraction
and/or the degradation of OM (Wang et al., 2016 and references
therein), may have led to elevated amounts of As(V), which in turn
might be rapidly reduced by bacteria to the more labile and toxic As
(III) (Dowdle et al., 1996; Smedley and Kinniburgh, 2002; Pfeifle et al.,
2018). Indeed, dissolved Fe increased in the first cm (up to 4131 μg
L−1 at SJ and 6469 μg L−1 at SE, respectively) attesting to the transition
to anoxic conditions (Fiket et al., 2019). This is in agreement with the
trend described for As species, since the reduction of As(V) usually oc-
curred after Fe(III) and before sulphate reduction according to the dia-
genetic sequence (Froelich et al., 1979; Smedley and Kinniburgh, 2002).

As also confirmed in the PCA output (Fig. S1B), total dissolved Hg
gradually increased with depth only at LL (from 2.18 to 13.3 pg L−1 in
the supernatant water and deepest layer, respectively). In this site,
MeHg was found to be extremely low (0.40 ± 0.26 pg L−1) and
represented only 8.26 and 6.64% of the dissolved Hg pool in the superna-
tant water and downcore, respectively. Moreover, a constant increase
downcore was observed (from 0.18 to 0.88 pg L−1) whereas slightly ele-
vated amounts of MeHgwere found in the 1–2 cm level at sites SJ and SE
(Figs. 2 and S1B). Although Hg and MeHg generally displayed extremely
low concentrations, theMeHg profile found at site SE suggests thatmeth-
ylation processes mediated by sulphate reducing bacteria (Hines et al.,
2017) cannot be completely excluded and could be favoured under low
rates of sulphate reduction (Gilmour et al., 1992). The Log KD of Hg
(where KD is expressed in L kg−1), which describes the partitioning be-
tween the solid and dissolved phases (Hammerschmidt et al., 2004),
was quite constant with depth, varying between 8.18 ± 0.02 (SE) and
9.13 ± 0.13 (VV), thus suggesting the prevalence of the element in the
solid phase (Table S1). The extremely negative values of Eh can favour
the occurrence of sulphate reduction allowing for sulphide precipitation
(Hines et al., 1997). However, although the highest concentrations of
both Hg (5.01 mg kg−1) and S (1.20%) were detected at site LL, no corre-
lation was found between the two elements (r = 0.297 at site LL), con-
trary to what was observed at sites VV (r = 0.959), SJ (r = 0.577) and
SE (r = 0.732). This suggests that the occurrence of Hg at site LL may be
related to a different local source currently under investigation. Indeed,
Forján et al. (2019) pointed out high concentrations of Hg at Vega beach
(approximately 40 km west of site LL) due to the discharge of mine tail-
ings from the district of Berbeswhichwas one of themainfluoritemining
areas in Europe where cinnabar was occasionally present (Iglesias and
Loredo, 1994; Symons et al., 2017; Levresse et al., 2019). On account of
Fig. 3. Trend of total suspendedmatter (TSM) concentrations during resuspension experiments
in the Nalón River Estuary (below).
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the marine outfall, which has been built up for the discharge since
1990s (Forján et al., 2019), it is reasonable to expect that ocean and shore-
line currents play a crucial role in transporting fine suspended particles
enriched in Hg into the Llanes estuary (LL).

The sulphate reduction may also have influenced the low levels of
dissolved As(III) in the deepest layer at VV and LL (0.07 and 9.42 μg
L−1), since the reduction of As(V) is inhibited when sulphate reduction
occurs (Moore et al., 1988; Frohne et al., 2011; Burton et al., 2013). At
these sites, the reduction of Fe andMn oxy-hydroxides appear to be rel-
atively notable only in the upper sediments. Conversely, dissolved Fe
and Mn showed the highest concentrations in porewaters only below
2 cm at SE and SJ as well as in the corresponding sediment cores
(Figs. 2 and 1SB), thus indicating a higher release from sediment to
porewaters at the Nalón estuary sites.

Sulphate profiles showed an almost stable trend, except for LL,
where they decreased downcore. Together with the increase of Hg
and the elevated DOC concentrations, this may have favoured methyla-
tion processes at LL, thus explaining the increase in dissolved MeHg in
the deeper layers (Figs. 2 and S1B).

3.2. Resuspension experiments

3.2.1. Physico-chemical parameter variability
Total suspended matter (TSM) content wasmarkedly high just after

artificial perturbation was stopped (T0) (Fig. 3), especially at SE and LL
(4.88 and 3.42 g L−1, respectively), and decreased abruptly after 30
min (Table S2) at all sites until the end of the experiments. This trend
suggests that the effect of resuspension is limited at the initial stage of
the experiments, when the highest turbidity was followed by the
rapid deposition of the coarser fractions (Van Den Berg et al., 2001).

Total suspended matter (TSM) grain size distribution was deter-
mined only at the Nalón estuary (SJ and SE) (Fig. 3). At site SE, coarse
and fine silt predominated at T0, followed by the finer fraction (very
fine silt) after 30 min and by the clayey fraction after 8 h. At site SJ,
the distribution was trimodal and fine sand, coarse and fine silt
prevailed at T0. Due to the low amount of TSM (close to the lod of the
instrument), the distributionwas irregular in the rest of the experiment
but similar to that described for SE (Fig. 3).

The pH varied in a narrow range at all the sites (7.08–7.86) with the
exception of SE (7.04–8.02) (Table S2). The Eh values testified to the oc-
currence of oxidising conditions throughout all the experiments with a
at all sites (above) and grain-size distribution of TSM at San Esteban (SE) and San Juan (SJ)



decreasing trend frompre-resuspension to the initial stage of the exper-
iment (T0) at LL and SJ, and an increasing trend at VV and SE (Table S2).
Generally, there were no marked variations (almost constant) and the
values at the end of the experiment were lower than the beginning
(Fig. 3). Despite the reductant conditions found in the upper levels of
the sediment cores (Fig. 2), the oxidising environment in themesocosm
experiment suggested that the direct contribution fromporewaterswas
negligible (Van Den Berg et al., 2001) or had hidden any dilution pro-
cesses between porewaters and the water into the chamber.
3.2.2. Behaviour of dissolved chemical species after resuspension
The behaviour of PTEs during a resuspension event is influenced by

physico-chemical parameters and by dissolved Fe and Mn occurrence.
In oxic conditions, Fe and Mn are present as oxy-hydroxides and are
often involved in adsorption processes, co-precipitation, but when re-
ducing conditions occur there is a dissolution with the subsequent re-
lease of dissolved PTEs (Gagnon et al., 1997).
Fig. 4. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2− in the dissolved phase of

Villaviciosa estuary (VV). Note that the term “pre” that follows the chemical element in each
time Tpre-res).
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Noteworthy differences were found among the sites, both in terms
of concentration and trend during the experiments (Figs. 4 and 5).
Iron and Mn varied in a wide range being the highest concentrations
at SE (up to 7180 and 2760 μg L−1, respectively) followed by SJ. Con-
versely, at LL and VV there was a low variability and the concentrations
were significantly lower.

A common behaviour at all the sites was the increasing trend in the
earliest phase of resuspension, since the disturbance events involving
anoxic sediments usually lead to the release of dissolved Fe and Mn
(Saulnier and Mucci, 2000; Caetano et al., 2003). Considering dissolved
Fe, for instance, the maximum concentrations found at SE (7180 μg L−1

after 30min) and SJ (5100 μg L−1 at T0) could be due to the contribution
of porewaters following resuspension. In fact, at SE, Fe was found to be
higher than 6000 μg L−1 in the porewaters extracted from the first
centimetre (Fig. 2). Iron andMn decreased over time at the Nalón estu-
ary sites, reaching concentrations lower than the beginning, most likely
due to oxidation processes and subsequent precipitation of Fe oxides.
According to Caetano et al. (2003), adsorption and co-precipitation in
the water column during resuspension experiments at the port of Llanes (LL) and at the
graph (e.g. As(V) pre) indicates the PTE concentration before the resuspension event (at



Fig. 5. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2− in the dissolved phase of the water column during resuspension experiments at the Nalón River estuary (SJ and SE).

Note that Hg,MeHg, Fe andMn at San Juan (SJ) and San Esteban (SE) show a different scale and As(III) is only present at these two sites. Note that the term “pre” that follows the chemical
element in each graph (e.g. As(V) pre) indicates the PTE concentration before the resuspension event (at time Tpre-res).
association with Fe oxides represents the main processes responsible
for the removal of dissolved Mn from the solution. Indeed, Fe oxides
appear to play a crucial role as surface catalysts in the oxidation of Mn
(Caetano et al., 2003 and references therein). Indeed, due to the
oxidising conditions measured in the chamber (Eh N 120 mV), adsorp-
tion and co-precipitation with freshly formed Fe oxides are likely the
main processes which remove Mn from the solution.

Conversely, at the other sites, Fe variedmore (LL) or less (VV)mark-
edly during the experiments, especially until 4 h (Fig. 4), whereas Mn
was almost constant at both sites during the resuspension experiment
(24 h). Similar behaviour was observed by Caetano et al. (2003), who
stated that following resuspension, dissolved Mn remains in solution
over a longer period of time than Fe and then decreases slowly to
reach stable levels after one week (Saulnier and Mucci, 2000).

At the four investigated sites, the behaviour of dissolved Hg,MeHg, As
(III) andAs(V) during the resuspension experiment is discussed in the fol-
lowing paragraphs and described by a negative exponential Eq. (1):

CTi ¼ CT0 e−kx ð1Þ
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where CTi is the concentration at any time (Ti) during the resuspension
experiment, CT0 is the concentration at T0 and k is the rate constant for
the contaminant dispersion as a function of time (Fig. S2). Eq. (1) was
calculated until a decreasing trend was observed and was not applied
when the concentration at T0, was higher than the concentration mea-
sured before the resuspension experiment (Tpre). Indeed, the final aim
was to verify how long it took for the samples to return to their initial
pre-resuspension conditions.
3.2.2.1. Behaviour of dissolved mercury species. Although the highest Hg
concentrations in sediments and porewaters were found at LL (avg.
3.90 mg kg−1 and 6.85 pg L−1, respectively), the release of total dis-
solved Hg at this site (1.18–6.22 pg L−1) was found to be comparable
with those observed at sites SE (1.90–4.50 ng L−1) and SJ (2.95–5.90
ng L−1). The lowest values were found at site VV (0.41–1.27 pg L−1).
This could indicate greater Hg mobility at the Nalón estuary sites, in
agreement with previous research (García-Ordiales et al., 2018). In ad-
dition, MeHg at these sites was found to be twenty times higher
(3.54–9.97 pg L−1 at SJ and 4.13–6.93 pg L−1at SE, respectively) than



at LL (0.12–0.33 pg L−1) and VV (blod–0.14 pg L−1) (Figs. 4 and 5). Mer-
cury concentrations at SE and SJ were similar to those reported by
Acquavita et al. (2012) in a lagoon environment contaminated by Hg
from mining and industrial origin. The same authors reported notably
higher (avg. 226 and 51 pg L−1, respectively) MeHg concentrations
than our study, likely due to a sudden release from porewaters at T0.

Total dissolved Hg and MeHg increased after resuspension and then
decreased, at all the investigated sites, until the end of the experiment.
According to the equation given above (Eq. (1)), dissolved Hg and
MeHg reached concentrations comparable to those measured before
the resuspension experiment (Tpre) after 6 h at sites LL, VV and SJ
(Fig. S2). The only exception was the dissolved Hg at site LL, where Hg
was found to be slightly higher at the end of the experiment (1.87 pg
L−1 after 24 h) with respect to the initial stage (1.18 pg L−1 before the
experiment). These trends are similar to those for dissolved Fe and
Mn, thus suggesting a potential removal (scavenging) of Hg species
due to Fe oxy-hydroxide formation (Gagnon et al., 1997; Acquavita
et al., 2012; Petranich et al., 2018). The only exception was SE, where
Hg and MeHg slightly decreased from 4.50 ng L−1 and 5.08 pg L−1

(pre-resuspension, Tpre-res) to 3.10 ng L−1 and 4.13 pg L−1 (T0), respec-
tively (Fig. 5). Successively, Hg decreased to the same levels observed at
other sites, whereas MeHg progressively increased to 7.25 pg L−1 (after
4 h) and remained almost constant until the end of the experiment
(after 24 h). This could be attributed both to MeHg released from
porewaters (Fig. 2) or to the mobilisation of bioavailable OM during
resuspension, which may have favoured the metabolic activity of
sulphate-reducing bacteria involved in Hg methylation (Gilmour et al.,
1992) as suggested by the high levels of DOC (11.2–17.6mg L−1, Fig. 5).

Since essential changes in the association with Hg binding phases
could influence methylation and the subsequent transfer of MeHg
from the sediment to biota (Kim et al., 2006), the MeHg/Hg ratio (%)
in the dissolved phase after resuspension was calculated. Despite the
low MeHg levels (blod–0.33 pg L−1), VV and LL displayed the highest
average ratio (11.5 and 4.79%, respectively), if compared to SJ and SE
(0.15 and 0.22%, respectively). This is due to Hg that was at most one
order of magnitude higher than MeHg at LL and VV, whereas at SJ and
SE Hg was three orders of magnitude higher. A lower MeHg/Hg ratio
was reported by Acquavita et al. (2012) where Hg levels (2.95–15.2
ng L−1) were far higher than MeHg (0.15–0.30 ng L−1): here the ratio
increased at the end of the experiment. In our study, this occurred
only at SE, where increasing MeHg concentrations and decreasing Hg
concentrations over time were observed and could be the result of
methylation processes (Fig. 5). Indeed, theMeHg concentrations during
resuspension were found to be one order of magnitude higher than
those measured in the sediment porewaters, suggesting that a certain
amount of MeHg may be produced during the experiment and/or re-
leased from the resuspended fine particles due to desorption processes.
This is in agreement with previous research at the Nalòn estuary which
has found that the highest levels of MeHg in the surface sediments oc-
curred at site SE (García-Ordiales et al., 2018). The same authors also
found that low amounts of THg are available for methylation under un-
perturbed conditions. However, resuspension eventsmay alter the orig-
inal conditions with the subsequent remobilisation of MeHg from the
surface of the resuspended particles. Moreover, at site SE the highest
concentrations of inorganic dissolved Hg were observed, as well as ele-
vated concentrations of SO4

2− and an increase in DOC due to OM degra-
dation during the resuspension experiment. Since sediments can show
different methylation potential (Bloom et al., 2003) depending on sev-
eral factors such as bacterial activity, the occurrence of OM and the con-
centration of inorganic Hg available for methylation (Gilmour et al.,
1992; Bloom and Lasorsa, 1999), it is reasonable to hypothesise that
sediment resuspension may promote methylation processes at site SE.

3.2.2.2. Behaviour of dissolved arsenic species. The behaviour of As is of
particular interest as it was found to be readily bioavailable in surface
sediments of the Nalón River estuary (García-Ordiales et al., 2019a,
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2019b). The release of As(III) from sediments to porewaters is enhanced
under reducing conditions (Bataillard et al., 2014) due to desorption
processes (Wilkin and Ford, 2006; Beak et al., 2008). Conversely, As sol-
ubility decreases during oxidation events as a result of precipitation of
As(V), which often occurs coupled with adsorption on the surface of
Fe(III) oxy-hydroxides (Saulnier and Mucci, 2000; Amirbahman et al.,
2006; Root et al., 2007; Jeong et al., 2010). Thus, resuspension events in-
volving anoxic sediments strongly affect the release of dissolved As
(Saulnier and Mucci, 2000). Indeed, sediment resuspension processes
can interfere with the equilibrium of these chemical forms, inducing
changes in the redox conditions, which in turn could favour the desorp-
tion of As from Fe oxy-hydroxides, aswell as the reductive dissolution of
theseminerals, with a subsequent release from sediment porewaters to
the overlying water column (Smedley and Kinniburgh, 2002). This
could explain the high As(V) concentrations at T0, whereas the re-
lease of As(III), with concentrations up to ten times lower than As
(V), was evident only at SE and SJ (Fig. 5). The prevalence of As
(V) may be related to oxidation and/or adsorption processes medi-
ated by Fe oxy-hydroxides, which represent very efficient oxidants
of As(III) (Saulnier and Mucci, 2000; Amirbahman et al., 2006; Root
et al., 2007; Jeong et al., 2010).

The highest concentrations of As species, released from porewaters,
were found at SE. Generally, As(V) markedly decreased at LL and VV
reaching pre-resuspension conditions after 4–5 h (Fig. S2). To a lesser
extent, something similar was observed at SJ, where As(V) and As(III)
concentrations comparable with the beginning (pre-resuspension,
Tpre-res) were reached after 18 and 9 h for As(V) and As(III), respectively
(Fig. S2). On the contrary, the concentration of As(V) at SE after 24 hwas
higher than that seen before the experiment (15.3 and 9.81 μg L−1 at T6
and Tpre-res, respectively). At the same site, As(III) showed a sharp initial
increase during the first 30 min of resuspension (0.19 to 2.77 μg L−1 at
Tpre-res and T0, respectively) reaching concentrations comparable to
those measured before the experiment after 7–8 h, and then decreased
over time until the end of the experiment (0.29 μg L−1 after 24 h)
(Figs. 5 and S2). This behaviour can be attributed to adsorption pro-
cesses onto Fe oxy-hydroxides (Smedley and Kinniburgh, 2002)
(Fig. 5), and to the formation of As(V), which consistently showed
high concentrations throughout the experiment as a consequence of
As(III) oxidation (Bataillard et al., 2014) sustained by the oxidising con-
ditionsmeasured in the chamber (Table S2). Thebehaviour of As species
during resuspension at site SE was found to be markedly different with
respect to the other sitesmost likely due to the different composition of
the sediment and the peculiar characteristics of this port area. Indeed,
both sediments and porewaters collected at site SE showed the highest
concentrations of As and Fe. Arsenic was found to be notably present in
surface sediments of the Nalòn River drainage basin (García-Ordiales
et al., 2019a, 2019b) due to intense past mining activity and was
found to be mainly associated with Fe oxy-hydroxides (Silva et al.,
2014). This is consistentwith the results obtained from this study show-
ing that the sediment collected at site SE appeared to be enriched in As
with respect to site SJ, most likely due to the presence of a protection
dock which acts as a sedimentary trap for fine particles.

On the contrary, the rapid initial decrease in As(V) at LL and VV until
4 h after resuspension, could be due to adsorption processes on Fe oxy-
hydroxides (Fig. 4), since dissolved Fe showed comparable behaviour
during the experiments. Regarding the As(III), values b lod were likely
related to the scarce contribution fromporewaters,where very low con-
centrationswere found (0.12–9.42 μg L−1 at LL and blod and 0.07 μg L−1

at VV).Moreover, the availability of high concentrations of SO4
2− (N2000

mg L−1) to be reduced can inhibit the reduction of As(V) to As(III)
(Burton et al., 2013). Bacterial activity also controls the As(V)/As(III)
ratio (Bataillard et al., 2014): in oxic and abiotic conditions the As
(V) form prevails, whereas in biotic conditions, As is preserved from
total oxidation, thus both chemical forms can be present. This feature
deserves to bemore carefully investigated and should be taken into con-
sideration in future studies.



Even DOC can be involved in adsorption processes on the suspended
particulate matter. In our study, DOC concentrations immediately
decreased at T0, likely caused by the dilution with porewaters, and
remained almost constant until 4 h after resuspension. Successively,
DOC increased (at VV, SJ and SE) until the end of the experiment
(after 24 h) and reached values lower than the beginning, with the ex-
ception of LLwhere a slight decrease was seen between 4 and 24 h after
resuspension (13.2 and 10.3 mg L−1, respectively).

3.2.3. Behaviour of the particulate phase after resuspension
Sediment resuspension events can determine the recycling of parti-

cles aswell as the reintroduction of contaminants into thewater column
through the SWI (Bloesch, 1995). However, if the event occurred over a
short period of time (24 h), the release of dissolved species is limited
and most of the PTEs remain bound to the particulate phase (Van Den
Berg et al., 2001; Cantwell and Burgess, 2004; Cantwell et al., 2008;
Bataillard et al., 2014). According to Guerra et al. (2009), even in heavily
contaminated sites (e.g. Pialassa Baiona Lagoon, Italy), dredging does
not always have dramatic effects on the environmental quality of the
aquatic environment. This could be the case in our study where resus-
pension was simulated for a limited time.

The Log KD values for Hg and MeHg (KD = [PHg] / [DHg], L kg−1)
were significantly higher at LL and VV (see Table S3), suggesting that
these species remain preferentially partitioned in the particulate
phase also during resuspension events, as previously stated by Kim
et al. (2004). However, it is interesting to note that Log KD at SJ and SE
showed a decrease of two orders of magnitude if compared to that cal-
culated for core sediments, thus confirming the evidence reported in
García-Ordiales et al. (2018). The Log KD of As species was generally
low and did not show noticeable differences among the sites. Con-
versely, Fe andMn appeared to bemainly associated with the dissolved
phase (Log KD, 0.81–4.08).

Although Hg and As(V) at SJ (which saw an increase during the first
30min after resuspension), and As(V) at SE (which saw an increase be-
tween 30 min and 1 h after resuspension), particulate PTEs showed de-
creasing trends at all the sites (Fig. 6). This behaviour was also reported
for Zn and Cu by Vidal-Durà et al. (2018) as the result of the settling of
the resuspended particles as a function of time.

By comparing the particulate PTE trends with TSM content, a prefer-
ential bond to the silty or clayey fraction was found. At SE, the TSM
Fig. 6. Behaviour of As(V), As(III), Hg, MeHg, Fe andMn in the particulate phase of thewater colum
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rapidly decreased in the first 4 h after resuspension, from 4.88 (coarse
silt) to 0.31 mg L−1 (very fine silt), as well as particulate Hg and
MeHg, from 14.6 μg g−1 and 1.76 pg g−1 (T0) to 5.65 μg g−1 and 0.67
pg g−1 (after 4 h), respectively. However, as the particles in suspension
became finer, particulate Hg and MeHg concentrations slightly in-
creased up to 6.29 μg g−1 and 0.83 pg g−1 (after 24 h), respectively.
This is consistent with the evolution of the grain size spectra and com-
position as a function of time (Fig. 3) and indicates that Hg and MeHg
were bound to both the silty and clayey fractions, in addition to Fe. On
the contrary, As(V), As(III) and Mn showed the highest concentrations
in the early phase of the experiment, thus were preferentially bound
to the silty fraction (Fig. 3).

At SJ, the clay prevailed in suspension as early as 1 h after resuspen-
sion, when particulate Hg reached the highest concentration (9.18 μg
g−1), and particulate MeHg (0.98 pg g−1) was slightly lower than the
beginning (1.29 pg g−1) and decreased as particles settled down
(Fig. 6). As observed at site SE, Hg was found to be bound to both
grain size fractions, whereas MeHg, Fe and Mn were preferentially
bound to the silty fraction. Conversely, particulate As(V) and As(III) in-
creased as the particles in suspension became finer.

3.3. Assessment of arsenic and mercury species released-removal after sim-
ulated resuspension events

The amounts of Hg, MeHg, As(V) and As(III) released during the ex-
periments were estimated assuming that the resuspension events in-
volved only the first 3.5 cm of the sedimentary sequence (based on
visual observations), considering the size of the chamber and the
water content in each layer of the sediment cores. Furthermore, the con-
centrations at Tpre-res were converted into the amount (mass) of each
chemical species. By adding the amounts of elements released by
porewaters to those of the water column before resuspension (Tpre-
res), and dividing by the water volume in the chamber (6.79 L), the
chemical species concentrations that should have been found following
the resuspension in the water column (T0) were estimated (Table S4).

The concentrations measured at LL, VV and SJ (only for Hg species
promptly re-precipitated/re-adsorbed) at T0 were higher than those es-
timated for the sole porewater contribution, thus there was also an ac-
tive desorption from the resuspended sediment. For the Nalón River
estuary, the concentrations of Hg and As species at T0 were found to
n during resuspension experiments at all investigated sites, expressed using different scales.



Fig. 7. Percentages of removal (negative values) and/or release (positive values) of As and Hg species in thewater column from T0 to T6 with respect to the dissolved concentrations before
resuspension (Tpre-res).
be lower than the estimated concentrations at SE. In addition, the per-
centages of As andHg species in thewater columnuntil the end of the ex-
periment (after 24 h), with respect to the dissolved concentrations before
resuspension were calculated (Table S4 and Fig. 7). Positive values for Hg
andMeHg (excluding the sampling performed after 8 h) at LL and, in the
first hour, at VV, suggested a further release from resuspended sediments.
In detail, at LL the percentage of Hg released at T0 was especially high
(335%) and remained so (58%) after 24 h. Surprisingly, a scarce release
at T0 was found at SE where the concentration was approximately 30%
lower than before the experiment (Tpre-res) and became even lower
(−58%) after 24 h (Fig. 7). The time of removal for MeHg from the
water column was quite variable among the sites, however, the MeHg
levels were almost constant thus suggesting the enhancement of methyl-
ation processes after resuspension as observed by Acquavita et al. (2012).
As suggested by Bloom and Lasorsa (1999), the mixing of surface sedi-
ments associated with fresh sulphate and organic carbon with contami-
nated deep sediments may be a favourable environment for MeHg
production: if these conditions occur, unacceptably high levels of MeHg
could result, however, this does not appear to be the case in this study.

At the end of the experiment, the concentration of As(V) at site SJ
(4.97 μg L−1) was found to be slightly lower than that measured be-
fore the resuspension (5.55 μg L−1, Tpre-res) suggesting that the As
(V) released during resuspension was removed at the end of the ex-
periment (after 24 h). On the contrary, this was not evident at site SE,
where As(V) concentration was still higher (56%) at the end of the
experiment (15.5 μg L−1) than before the experiment (9.81 μg L−1,
Tpre-res). Something similar was observed for As(III) which was re-
moved after 9 h at SJ (blod) and slightly higher (0.29 μg L−1 after
24 h) than before resuspension (0.19 μg L−1, Tpre-res) at SE.

4. Conclusions

Mainly due to the legacy ofmining activities, Hg andAs accumulated
in sediments found on the Asturian coasts could be problematic in the
case of resuspension due to natural (e.g. storm surges) or anthropogenic
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events (e.g. dredging). A preliminary characterisation of the area (sedi-
ment cores) was provided for the selected sites. Furthermore, to inves-
tigate the effect of resuspension and the subsequent remobilisation and
redistribution of As and Hg species, a mesocosm experiment (simulated
resuspension under controlled conditions) was performed. The major
findings can be summarised as follows:

- The bottom sediments were mostly constituted of silt at SE and VV,
whereas sand prevailed at LL and SJ. Arsenic concentration demon-
strated a wider range than Hgmoving downcore with rather homo-
geneous profiles. However, for both elements the levels were quite
high and exceeded the standard set by the EU. Increasing negative
Eh values moving downcore were measured at all the sites.

- Several dissolved species were determined in porewaters (As(V), As
(III), Hg and MeHg). Generally, Hg concentrations were rather con-
stantwith depth. In the case of As species, an increase due to the dis-
solution and desorption from Fe, rather than Mn, oxy-hydroxides
coupled with the transition from oxic to anoxic conditions occurred.
These processes could have led to high amounts of As(V), which in
turn might be rapidly reduced to the more labile and toxic As(III).
The highest As(V) and SO4

2− concentrations detected in porewaters
at the Nalón River estuarine sites could testify to a scarce sulphate
reduction which usually inhibits the reduction of As(V). Moreover,
the low rates of sulphate reduction could also explain the pro-
nounced increase in MeHg at the same sites (SJ and SE).

- Particulate and dissolved PTE concentration increasedwhen the artifi-
cial perturbation stopped and together TSM rapidly decreased over
time. The abrupt increase in dissolved PTEs can be mainly ascribed
to the porewater contribution and the effects of resuspension lasted
only a few hours until pre-resuspension conditions were restored.
Part of the Hg and MeHg released from porewaters and/or desorbed
during resuspension was removed after 6 h at sites LL, VV and SJ
(with the exception of Hg at site LL) by the re-adsorption onto the set-
tling fine particles and/or co-precipitation with Fe oxy-hydroxides. In
the case of As species, the restoration of the pre-resuspension



concentrations of As(III) was reached after 7–9 h at the Nalòn estuary
sites. Something similar was observed for As(V) which showed
concentrations comparable to the beginning after 4–5 h at LL
and VV and after 18 h at SJ, whereas the re-adsorption and/or
re-precipitation was incomplete at site SE.

These results suggest that resuspension events of contaminated es-
tuarine sediments can be critical for the surrounding environment,
resulting in a worsening of the quality for water and biota. The conse-
quences, however, are not unequivocal, strongly depending on site
characteristics and, as seen in the mesocosm experiments, appear to
be limited in time. The restoration of pre-resuspension conditions is ob-
served a few hours after resuspension, but in some sites precautions
should be taken when planning to dredge. Indeed, at the Nalòn estuary
and in particular at site SE, the release of dissolved As(V) andMeHg ap-
peared to be favoured during resuspension and can be considered an
important issue to be taken into account when dredging must be done.

Further investigation could be helpful in order to elucidate the be-
haviour of other pollutants such as POPs and TBT, which commonly af-
fect estuarine and coastal areas.Moreover, it would be useful tomonitor
thewater columnquality duringdredging operations in situ and to com-
pare the results with the mesocosm approach.
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