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Abstract: Estuarine sediments must be dredged in order to allow for 

navigation, and where these sediments are placed after dredging 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 elements 

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 now decommissioned Hg and As mines and 

periodically subjected to dredging activities. Designed to mimic the 

resuspension of particles, each of the experiments revealed that the 

release of Hg and As species does not depend on the total concentration 

in the sediments (16.3-50.9 mg kg-1, for As and 0.52-5.01 mg kg-1 for 

Hg). The contribution from porewaters and the subsequent reductive 

dissolution and/or desorption appears 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 (after 24 h), thus testifying to 

their critical persistence in the dissolved form. Conversely, at the 

other sites, the restoration of pre-resuspension conditions were observed 

only a few hours after resuspension, mainly due to the role of Fe oxy-

hydroxides which provides suitable surfaces for adsorption and/or co-

precipitation processes involving dissolved Hg (maximum removal of -58 %) 

and As (maximum removal of -25 %) species. The results of this research 

could be helpful for policy making and to take appropriate decisions 

regarding dredging 

 

Response to Reviewers: Responses to Reviewers comments:     

 

Reviewer #1: The manuscript by García-Ordiales et al., attempts to 

evaluate the total Hg and As concentrations in both sediments and 



porewaters in a case study (Asturias, Spain), together with the effects 

of a mesocosm simulated resuspension in order to predict their behavior 

in real conditions. Such studies are of great importance for estuaries 

environmental quality and therefore research on monitoring approaches 

should be encouraged. However, while I enjoyed the flow of the paper, I 

could not overcome the sense that there are several issues that should be 

addressed prior to publication. In this context, the authors should 

provide more information concerning the methodological approach followed 

as well as to explain clearly which is the novelty of this work compared 

to others recently published (even from the same scientific team).  

 

Graphical abstract: The graphical abstract is attractive to the readers 

and it does reflect the title of the paper and the key findings of the 

paper. 

 

Thank you! 

 

Highlights: The highlights are very general thus please add some 

specific/tangible results. To be honest, the last highlight seems so 

general in principle since e.g. "co-precipitation" is mentioned in the 

manuscript only 3 times, L. 316, 331 and in the conclusions. 

 

Following your suggestion, the highlights have been rewritten and 

improved. 

 

Introduction: The novelty of the study should be more highlighted. What 

is novel/new in this study, compared with other similar studies? What is 

the contribution of this investigation and it's major findings to 

understand this type of contamination in other parts in the world rather 

than in Spain (Asturias)? What kind of local and global knowledge the 

authors want to improve? Furthermore, which was the reason that the 

authors concentrated on Hg and As rather than other elements/metals that 

have been evaluated in their previous studies? These questions aren´t 

clear in the introduction and need further consideration/explanation. 

 

Asturias is one of the most important Regions for mining and extraction 

activity of Hg and coal in Spain. Especially, the Nalòn River drainage 

basin has been severely affected by long term exploitation of sulphide 

ores (several mines north from Oviedo) and there are evidences that the 

sediments not only in the Nalòn estuary (García-Ordiales et al., 2019a, 

2020), but also along the whole coastline (Forján et al., 2019; Sanz-

Prada et al., 2020) are contaminated by Hg and As mainly by this source. 

On the basis of this comment and following your suggestions, we have 

improved the Introduction. In detail, we have added further information 

on the investigated area in order to clarify the reasons that we focused 

on the behaviour of Hg and As species. We have also better highlighted 

the primary aim of our study at the end of the Introduction (now Lines 

107-128). 

“The primary aim of this research was to investigate the effects of 

simulated resuspension events in replicate mesocosms to predict the 

behaviour 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 and where dredging operations are 

periodically needed to allow navigation was provided. The occurrence and 

mobility of Hg and As in this area is of great concern due to their 

potential bioaccumulation in the aquatic trophic chain” with subsequent 

high risk of transfer to human beings through consumption of fish and, 



especially, mussels. In addition, following the specific maritime policy 

established and directed for marine ecosystem protection and conservation 

by the EU Marine Strategy Framework Directive, we believe that this 

experimental approach could be applied to all coastal environments where 

information regarding the major geochemical processes that regulate PTE 

behaviour, mobility and fate is needed to support environmental 

management and risk assessment.” 

 

Materials and Methods: There are several places where the methods are 

poorly described and where it cannot be derived the reason why or/and 

what the authors have done. The clearest example is the description of 

the resuspension tests. There are quite several protocol leaching methods 

available in the literature, but it cannot be derived which one have the 

authors used or they have modified. However, since sealing of the top 

hole of the chamber was done, how do the authors conducted sampling 

without avoiding conduct with air or liberation of gases? In this 

context, how long was the benthic chamber left open and undisturbed 

between one sampling and the next one? Cover reposition before each 

sampling do not avoid the aforementioned problems. Moreover, how many 

bottom sediments and overlying water were collected? Please elaborate 

these points in detail. 

 

Following your suggestions, we have improved the description of the 

methods section. 

Regarding the protocol for the resuspension experiment, we have specified 

that we followed the experimental approach applied by Acquavita et al. 

(2012) (now Lines 184-186). We have also specified that the overlying 

water was carefully replaced with bottom water collected from the same 

sampling location in order to get the starting conditions as they 

effectively were and avoiding then any possible perturbative effect due 

to the transport of the chamber to the lab for the experiment (now Lines 

189-193). This procedure was also successfully employed in other similar 

studies (e.g. Bertuzzi et al., 1996; Emili et al., 2011; Acquavita et 

al., 2012). We have added this information in the text. 

The benthic chamber was left open and undisturbed between one sampling 

and the next one with the aim to simulate real environmental conditions 

where the water column is in direct contact with the atmosphere at the 

water-atmosphere interface. In addition, the benthic chamber was not 

sealed between one sampling and the next one in order to avoid possible 

oxygen consumption with subsequent alteration of the pyhsico-chemical 

boundary conditions of the system. Indeed, significant decrease in the 

oxygen concentration was pointed out by previous incubation experiments 

during which the benthic chamber was sealed (Emili et al., 2011, 2014).  

Although fluxes of trace elements at the water-atmosphere interface could 

occur, we retain that the liberation of gases (e.g. gaseous dissolved 

Hg0) may be negligible since the concentration of Hg0 is generally very 

low in sediments, water column and porewaters. Then, in order to allow 

the collection of the water just above the sediment-water interface 

(SWI), the cover was repositioned before each sampling. Indeed, the cover 

has two valves on its lid and one of them is connected to a tube that 

allows the sample collection at a defined depth, just above the SWI. 

Consequently, the cover has to be repositioned in order to be sure that 

the sampling is done at the same depth during the resuspension 

experiment. The sampling has to be done at the same depth during the 

experiment. This is extremely important for properly evaluate variations 

of the investigated parameters (Eh, dissolved and particulate PTEs) as 

well as the grain size composition of the suspended particles which tend 

to become finer with time due to settling of resuspended particles. 



We have improved this description in the text (now Lines 198-213). 

The benthic chamber was left open and undisturbed between one sampling 

and the next one. This means that, for instance, the benthic chamber was 

left open for 30 min between the sample T0 (when shaking has stopped) and 

T1 (after 30 min). Then, the benthic chamber was left open for more 30 

min between sample T1 (after 30 min) and T2 (after 1 h) and so on. Seven 

samples were collected within 24 h (T0 = 0, T1 = 30 min; T2 = 1h; T3 = 

2h; T4 = 4h; T5 = 8h; T6 = 24h). This was already stated in the text (now 

Lines 208-209). For each sampling, the dissolved phase was separated from 

the suspended particles which were collected for both grain-size and 

chemical analyses. We have slightly modified the text in order to make 

this more clear (now Lines 211-213). 

Bottom sediments were not collected during the resuspension experiment. 

Short sediment cores were collected in parallel with the benthic chamber 

at the same site to get a picture of the situation (sediment and 

porewater composition) before the resuspension event. The cores were 

extruded and sectioned into five slices (0-1, 1-2, 2-3.5, 3.5-5 and 5-7 

cm) in a N2-filled chamber. This was already written at the beginning of 

the section 2.2 Experimental approach (now Lines 175-183). 

 

Results and discussion: This section needs strengthening to improve 

clarity.  

- The authors discuss about the possible sources of the effect of 

resuspension and the subsequent remobilisation and redistribution of As 

and Hg species. However, they only make general assumptions without 

providing arguments that support one or more of these assumptions in the 

specific area. Even though a plethora of data is provided for an in-depth 

geochemical study via geochemical modelling/kinetics only hypothesis and 

assumptions such as L. 358-359 for Hg " This could be attributed both to 

MeHg released from porewaters or to the mobilisation of bioavailable OM 

during resuspension " along with L. 384-385 for As " The prevalence of 

As(V) may be related to oxidation and/or adsorption processes mediated by 

Fe and Mn oxy-hydroxides, which represent very efficient oxidants of 

As(III) " are provided. How both outcomes derived and experimentally 

proved? The linkages presented here between are too loose, and would be 

strengthened considerably by a geochemical modelling analysis to 

conclusively demonstrate the crucial role of Fe in relation to As and Hg 

mobilisation and how this may affect pore water/sediment quality. A 

detailed geochemical modelling study will also help to identify the most 

critical parameters that affect either primary or secondary sources of 

iron and distinguish them on a real basis based on the obtained results. 

 

In order to provide a statistical and modelling support to our hypothesis 

and assumptions through the different sectors of our article, we have 

added: 

1. Principal component analysis (PCA) which was performed on both the 

sediment matrix (Fig. S1A) and porewaters (Fig. S1B). 

We have added a brief explanation “2.4 Explorative multivariate data 

analysis” in the Materials and Methods section (now Lines 247-255). 

We have improved the section 3.1. Sediment and porewater chemistry by 

adding further information provided by the PCA performed both on the 

sediment matrix and porewaters: 

Regarding the sediment matrix, the PCA output (Fig. S1A, explaining 84.7% 

of the total variance) clearly denotes the differences among the 

different sites which are distinctly represented in the biplot although 

disparities in trace element concentrations along the sediment cores are 

not so evident. 



As already reported in the text, no significant differences were 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). This is also confirmed by the PCA output showing a 

quite evident relation between Hg and site LL (Fig. S1A). Slightly the 

same is also true in the case of Sulphur (which is higher at LL and VV), 

Fe and Mn (which showed the highest values at sites SJ and SE): these 

relationships are clearly supported by the PCA output. We have added this 

information in the text. 

Regarding the porewater samples, oxidative conditions were found in the 

surnatant water (Eh ranged from 132 to 161 mV as well as quite low 

dissolved Hg, MeHg and As species, followed by Fe and Mn. This is clearly 

evident in the PCA output (explaining 71.1% of the total variance) 

highlighting a strong relation between the redox conditions and the 

surnatant water of all sites (Fig. S1B). In addition, the PCA output 

clearly highlighted strong correlations between As(III) and As(V) 

(r=0.919) and between As species and dissolved Fe (r=0.770 and r=0.757 

for As(III) and As(V), respectively) (Fig. 2B). This suggested that the 

dissolution of Fe oxy-hydroxides could be responsible for the release of 

dissolved As species rather than Mn (r=0.171 and r=0.131 for As(III) and 

As(V), respectively). We have added this information in the text. 

2. Equations describing the behaviour of dissolved As and Hg species as a 

function of time with the final aim to better describe if and after how 

long the system returns to the initial conditions (pre-resuspension) 

(Fig. S2). 

The behaviour of dissolved As(III), As(V), Hg and MeHg during the 

resuspension experiment is described by a negative exponential equation: 

C_Ti= C_T0  e^(-kx) 

where CTi is the concentration at any time (Ti) during the resuspension 

experiment, CT0 is the concentration after shaking (T0) and k is the rate 

constant for the contaminant dispersion as a function of time (Fig. 6). 

The equation (1) was calculated until a decreasing trend was observed and 

was not applied when the concentration after shaking (T0) was higher than 

the concentration measured before the resuspension experiment (Tpre). 

Indeed, the final aim was to verify after how long the system gets the 

initial conditions (pre-resuspension). 

We have added a brief explanation in the section 3.2.2 Behaviour of 

dissolved chemical species after resuspension (now Lines 417-426) and we 

have added further details in the sections Behaviour of dissolved mercury 

species (now Lines 441-445) and Behaviour of dissolved arsenic species 

(now Lines 500-509). 

  

- Yes, we all know that L. 315-317 " In oxic conditions, Fe and Mn are 

present as oxyhydroxides and are often involved in adsorption processes, 

coprecipitation, but when reducing conditions occur there is a 

dissolution with the subsequent release of dissolved PTEs " but arguing 

that L. 329-330-" This could be related to the crucial role of Fe oxides 

as surface catalysts in the oxidation of Mn " is far too simple. It's 

much more complicated than that and therefore studies such as modelling, 

leaching tests and analytical characterization tests have been developed 

to take all possible factors and feedback mechanisms into account to 

answer these questions. 

 

The first sentence you are referring to (now Lines 390-393) is at the 

beginning of the section 3.2.2 Behaviour of dissolved chemical species 

after resuspension and it is only introductory. We can agree with you 

saying that the role of Fe and Mn oxy-hydroxides can be more complex.  

 



On the basis of your comment (second sentence you are referring to), we 

have slightly modified the text by adding a more detailed description of 

the role of Fe oxides in regulating dissolved Mn concentrations during a 

resuspension event (now Lines 403-416). Moreover, the mineralogical 

composition of the sediments from the Nalón River estuary is reported in 

García-Ordiales et al. (2017): it is mainly quartz, which is predominant 

in the coarse fractions, and kaolinite-smectite, illite, albite, and 

vermiculite in the finer fractions. The chemical concentrations in the 

sediments reported as oxides are clearly dominated by SiO2 (66.3%) and 

Al2O3 (8%), in addition to the significant presence of light amounts of 

Fe2O3 (3.7%), as expected based on the mineralogical analysis. Detected 

concentrations of MnO were consistently less than 1% and were not 

directly correlated with the fine fraction. 

 

Although modelling, leaching tests and analytical characterisation tests 

(honestly, what do you mean with “analytical characterisation tests”? It 

is not properly clear for us) have been applied in other studies, the 

approach we have followed has been previously applied with success. This 

procedure allowed us to provide further information on As and Hg mobility 

in different environmental conditions.  

 

-Another issue worthy of further discussion is the interrelated issue of 

contaminants and sediment cores surface/interparticle mass transfer. This 

is again related to the dynamic nature of "release from sediment to 

porewaters" and is closely linked to the issue of temporally "bonding" 

loss under different conditions that resulted in remobilisation and 

redistribution. 

 

Unfortunately, the comment of the reviewer is not properly clear. If we 

have understood we are asked for a further discussion about the dynamics 

of the remobilisation of the elements from porewaters and sediment 

particles after the resuspension event. The simulation showed us that, 

not always, the release of trace elements from porewaters associated with 

desorption from particles is effective and there is also an antagonism 

between release/desorption and reprecipitation/readsorption processes. 

This is why we have introduced a simple modelling for calculating time 

necessary to go back to concentrations in dissolved form in the situation 

pre-resuspension. 

 

Other comments 

- Part of the conclusion is a direct repetition of the abstract e.g. 

"Part of the Hg and As released from porewaters and/or desorbed during 

resuspension was presumably removed by the subsequent adsorption onto the 

settling fine particles and/or co-precipitated in association with Fe and 

Mn oxy-hydroxides". Please modify the whole conclusion accordingly.  

 

Please, we apologise for this inaccuracy and thank you for noticing it. 

We have decided to improve and modify the abstract also on the basis on 

the comments of the other Reviewers. We did not modify the conclusions 

since the Reviewer #3 stated that is well summarized but we have included 

an additional comment about the time necessary to restore the pre-

resuspension As and Hg concentrations. 

 

- Fig.1. Please provide GIS coordination grid in the provided map of the 

study area 

We have added the following Table (Table 1) resuming the main 

characteristics of the investigated sampling sites including latitude and 

longitude. 



 

- Some figures can be notably improved e.g. Fig.4 (split and use bigger 

graphs, not easily readable). Please make titles in both axes large 

enough such that the parameters are readable. Use bigger font size both 

in titles and legends. 

 

Following your suggestion, we have improved and split the Fig. 4 in two 

figures: one for sites LL and VV (now Fig. 5) and one for SJ and SE (now 

Fig. 6). 

 

- Limitation and scope of the study should be provided at the end. 

Limitations aren't weaknesses but can be possibilities for other studies 

- highlight them as necessary.  

 

Following your suggestion, we have better highlighted the primary aim of 

our study at the end of the Introduction (now Lines 107-128) where we 

have also added further information on the investigated area in order to 

clarify the reasons that we focused on the behaviour of Hg and As (now 

Lines 95-106). 

Regarding the limitations of our study, we had already stated in the text 

(see the last sentence of the Conclusions) that it would be useful to 

monitor the water column quality during dredging operations in situ and 

to compare the results with the mesocosm approach. In our opinion, this 

represent an extremely difficult task to perform since one has to study 

an open system which is much more complex compared to the mesocosm 

experiment.  

 

- Authors should carefully revise the reference list as some citations 

are not reported and some others mentioned in the list are not present in 

the text e.g. L. 609 "García-Ordiales et al. 2020"  

 

As suggested, we have carefully revised the reference list and deleted 

those citations that were not present in the text. 

 

- L. 137. Full spot after "González-Fernández et al., 2018)", L. 175. 

Please change "hours" into "h), L.176. Please erase dot before 

parenthesis. Please choose "co-precipitation" or "coprecipitation" 

throughout the text.  

 

We have modified the text following your suggestions. We have changed 

“hours” into “h” and coprecipitation” to “co-precipitation” throughout 

the text. 

 

Reviewer #2: This paper investigates at lab conditions the remobilization 

of Hg and As after sediment resuspension, mimicking dredging. This type 

of papers are of scientific interest and fits well with the scope of the 

journal. My main concerns about the suitability of this work are related 

to its novelty and the absence of mineralogical/geochemical evidences to 

support their findings. Other works dealing with As and Hg mobility after 

sediment resuspension has been previously published. In addition, the 

authors discuss their analytical results without providing mineralogical 

composition of sediments or performing any sequential extraction to guess 

the affinity of As and Hg in the sediments. A statistical analysis of 

results could provide more robustness to result interpretation. On the 

other hand, the authors must take the most of data; for example, a 

geochemical modelling of porewater-sediment interaction could improve the 

quality of this paper. 

 



First, there are a few papers dealing with Hg and, especially, As 

mobility after resuspension events associated mainly to dredging 

operations. A similar issue raised by the first reviewer and we have 

explained that the novelty of this paper is the idea to compare similar 

estuarine environments affected by different sources of contamination 

related to Hg and As. If the Nalòn River drainage basin has been severely 

impacted by long term exploitation of sulphide ores and coal the whole 

coastline further east is contaminated by Hg and As mainly by this 

source. The main ore mineral of these deposits is cinnabar in association 

with native Hg, stibnite [Sb2S3], and important amounts of As-bearing 

minerals such as realgar and pararealgar [As4S4], orpiment [As2S3], and 

arsenic-rich pyrite (Ordoñez et al. 2014).  

In addition, we investigated also two other estuaries, Villaviciosa and 

Llanes, where the contamination is related to other anthropogenic sources 

(e.g. the Aviles port area) in addition to mining. A statistical analysis 

(PCA) has been added to the discussion to make our interpretation more 

robust.  

We did not perform mineralogical analyses in our study but several 

information can be obtained from previous studies. From the geological 

point of view, at the basin level, the hydrographic system of the Nalòn 

River flows through Paleozoic bedrock from the Cambrian to the Upper 

Carboniferous periods (García-Ordiales et al., 2017). The western sector 

of the river basin is characterized by the presence of low-grade 

metamorphic silico-clastic rocks interbedded with a calcareous series of 

grey limestones and dolomites, whereas, in the eastern section, 

calcareous and siliciclastic series predominate. The Villaviciosa and 

Llanes estuaries belong to the second main set of rocks which is 

considered a mixed section with limestones, sandstones, quartzite and 

lutite of Permian-Mesozoic and Paleogene-Neogene periods. 

The mineralogical composition of the sediments from the Nalón River 

estuary is reported in García-Ordiales et al. (2017): it is mainly 

quartz, which is predominant in the coarse fractions, and kaolinite-

smectite, illite, albite, and vermiculite in the finer fractions. The 

total chemical concentrations in the sediments reported as oxides are 

clearly dominated by SiO2 (66.3%) and Al2O3 (8%), in addition to the 

significant presence of light amounts of Fe2O3 (3.7%), as expected based 

on the mineralogical analysis. Detected concentrations of MnO were 

consistently less than 1% and were not directly correlated with the fine 

fraction thus indicating that its variability is not directly related to 

the aluminosilicate minerals which, conversely, are correlated with total 

Fe concentrations.  

Villaviciosa and Llanes located in the eastern area of Asturias also 

matched with another anomalous geological materials rich in As and Hg. 

This area is formed by materials from the ages between the Carboniferous 

and Jurassic in which hydrothermal processes generated ores (mainly 

fluorite) with metal sulphides rich in this element (Sanz-Prada et al., 

2020). The same authors explained that regarding Hg, most of the sandy 

beach samples, whose concentrations were above the ERL (Effect Range Low) 

level, were from the eastern region where the lithology of the area is 

rich in carbonated rocks. Thus, it appeared that Hg concentrations could 

be related to this kind of geology because there are few industrial 

activities which could have affected this area. Forján et al. (2020) 

reported high concentrations of Hg and Ba on Vega beach, 30 km further 

east the Llanes estuary. Both elements belong to the fluorite ore 

paragenesis, mined in the surroundings. Hg was enriched in the finer 

fractions, and overall the main input was attributed to the mining waste 

discharged along the coast in the past. The district of Berbes, was in 

the 20th century, the most productive fluorite mining area not only of 



Asturias, but also of Europe because of the outcropping of important 

mineral ores along much of its perimeter. The paragenesis of the 

mineralization in this area is composed by fluorite (CaF2) and abundant 

barite (BaSO4). Furthermore, cinnabar (HgS) is occasionally present in 

the form of fine inclusions in the fluorite and copper minerals 

(chalcopyrite, fahlore and Cu-carbonates are also abundant). Other 

potential contaminants are arsenic (As), related to the iron and copper 

sulfides in the area. 

In literature, we can find results about speciation of As and Hg in 

fluvial sediments of the Nalon River drainage basin (Larios et al., 2012; 

Silva et al., 2014). The second authors report that “in spite of a higher 

As accumulation in the finest particle-size subsamples, As fractionation 

did not seem to depend on grain size since similar distribution profiles 

were obtained for the studied granulometric fractions. The presence of As 

was relatively low in the most mobile forms. Arsenic was predominantly 

linked to short-range ordered Fe oxyhydroxides, coprecipitated with Fe 

and partially with Al oxyhydroxides and associated with structural 

material in mine waste samples. Arsenic incorporated into short-range 

ordered Fe oxyhydroxides was the predominant fraction at stream sediment 

samples, representing more than 80 % of total As…Arsenic is retained in 

sediments mainly as highly stable amorphous iron oxyhydroxide–arsenic 

complexes, which can be present in a wide range of grain size classes.” 

  

Highlights:  

Rewrite the highlight #2 as follows: "As and Hg released from porewaters 

due to dissolution of Fe-Mn oxy-hydroxides" 

 

Following your suggestion, we have modified the highlight #2. 

 

Rewrite the highlights #4 and #5 

 

As you suggested, we have rewritten the highlights. 

 

Line 31: not only contaminated sediments must be dredged to allow 

navigation.  

 

Following your suggestion, we have modified the sentence and deleted the 

word “contaminated”. 

 

Lines 31-50: I miss here a quantification of changes in concentrations of 

elements following resuspension (e.g. 20% increase at t= X, etc.) 

 

Following your suggestion and on the basis on the comments of Reviewer #3 

we have modified the abstract providing a more generalised explanation of 

the main results of this research as well as maximum release and removal 

percentages observed for As and Hg species during the resuspension 

experiments. 

 

Line 82: I do not see the point how investigating resuspension of 

estuarine sediments could contribute to improve air quality. 

In estuarine environments, fluxes of trace elements at the water-

atmosphere interface could occur (e.g. Floreani et al., 2019; O’Driscoll 

et al., 2019) and we retain that the processes involved in these fluxes 

are of concern. However, we agree with your observation. Since our 

research is primarily focused on the sediment-water interface we decided 

to delete the word “air” from that sentence. 

 



Lines 82-85: the authors must explain the novelty of this study compared 

with previous similar experiments? 

 

As already reported following a question of the reviewer #1, Asturias is 

one of the most important Regions for mining and extraction activity of 

Hg and coal in Spain. Especially, the Nalòn River drainage basin has been 

severely affected by long term exploitation of sulphide ores (several 

mines north from Oviedo) and there are evidences that the sediments not 

only in the Nalòn estuary (García-Ordiales et al. 2019, 2020), but also 

along the whole coastline (Forjan et al., 2019; Sanz-Prada et al. 2020) 

are contaminated by Hg and As mainly by this source. Besides, we 

investigated also two other estuaries where the contamination is related 

to other anthropogenic sources in addition to mining. The novelty is not 

the method itself but the comparison similar estuarine environments 

affected by different sources of contamination and where dredging 

operations are periodically needed to allow navigation. 

 

Line 156: what the authors probably measured was ORP instead of Eh, 

right?  And why did the authors not measure also pH? It is a critical 

parameter in metal solubility. 

 

Technically, there is no difference between ORP and Eh. ORP is used for 

measurements in aquatic environments and Eh for water and other 

environmental systems. We measured Eh by means of a Pt/KCl–Ag/AgCl 

electrode calibrated with ZoBell solution (220 mV at 25ºC). This 

description has been added to the text (now Lines 194-195). 

We have added the Eh values in Table 2. 

pH was measured in the surnatant water and in the water in the benthic 

chamber before and during the resuspension experiment (Table S2). 

Regarding the sediment samples, pH was measured only at sites SJ and SE 

(Table B).  

 

Table B. pH values measured in the sediment cores collected at the Nalòn 

River estuary (sites SJ and SE). 

Sediment layer (cm) SJ SE 

Surnatant water 7.56 7.68 

0-1 7.40 7.46 

1-2 7.51 7.51 

2-3.5 7.42 7.34 

3.5-5 7.32 7.38 

5-7 7.35 7.28 

 

We agree with you saying that pH is also a critical parameter in metal 

solubility. However, slight variations with increasing depth were 

observed: 7.43 ± 0.09 at SJ and 7.44 ± 0.14 at SE. 

In this context, Fiket et al. (2019), in a study strictly focused on the 

geochemistry of porewaters, collected two sediment cores: one for 

geochemical analysis and the other one for determination of physico-

chemical parameters (Eh and pH). According to the authors, pH values in 

the sediment porewaters display more uniform distribution (from 7.18 to 

7.83, RSD < 1.5%) along the depth profiles with respect to Eh. The 

authors also pointed out that the pH does not seem to have such an 

important influence in determining the levels of several trace elements 

in the sediment porewaters whereas Eh plays an important role.  

For these reasons we decided not to include the pH values in our study.  

 



Lines 165-167: why did the authors empty the water from the corers and 

take new water with a Niskin bottle? It seems to be more realistic to use 

the overlying water. 

 

The overlying water was drained off from the benthic chamber (now Lines 

189-193) and replaced with bottom water collected from the same sampling 

location using a Niskin bottle following the experimental approach 

applied by Acquavita et al. (2012). The overlying water was replaced in 

order to avoid any possible perturbation effect during the transport of 

the chamber from field to the laboratory and to get the undisturbed 

starting conditions. This procedure was also successfully employed in 

other similar studies (e.g. Bertuzzi et al., 1996; Emili et al., 2011; 

Acquavita et al., 2012). We have added these details in the text. 

 

Lines 167-168: was dissolved oxygen monitored? 

 

Unfortunately, the oxymeter was out of order. 

 

Line 170: which is the reason for selecting the resuspension time as 10 

min? based on previous studies or mimicking real dredgings? 

 

We selected a resuspension time of 10 min following previous research 

(e.g. Acquavita et al., 2012; Bataillard et al., 2014). Indeed, we retain 

that 10 min of shaking may be enough to allow the resuspension of the 

surface sediments which usually is not compacted and quite fluid, also in 

terms of visual observation of the experiment. For instance, Saulnier and 

Mucci (2000) demonstrated that a significant amount of As is already 

released in solution after 6 min of resuspension.  

 

Lines 199-200: the treatment of the solid sample with ascorbic and 

phosphoric + microwave acid was done for total composition determination? 

I see in lines 205-206, that total composition was performed by acid 

mixtures and microwave. 

 

As already stated few lines above (“The As species were analysed 

using…”), the treatment you are referring to was performed for the 

analyses of the As species (As(III) and As(IV)) in the solid samples. 

Since we needed a solution for HPLC-ICP-MS analyses, 0.1 g of sample was 

placed together 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 then analysed. 

We have slightly modified the sentence writing “The As species were 

directly measured in the porewater samples, whereas in the case of 

solids, 0.1 g of sample was placed together with an extracting agent (1 M 

H3PO4+0.1 M, ascorbic acid) in a microwave vessel. The digested solution 

was analysed following the aforementioned method.” Now Lines 229-233. 

The analytical determination of the total concentrations of As, Fe, Mn 

and S was also performed after acid digestion in a close microwave system 

but using aqua regia and HF, following the EPA method 3052. This was 

already written in the text. 

 

Line 239: Eh or ORP?, please clear it up. If they are Eh values, I am not 

sure if those can be considered as oxidative conditions. 

 

As explained in the comment related to line 156, we measured Eh. They are 

oxidative conditions compared to the reducing conditions found in the 

sediments. 

 



Line 244: such Eh decrease causes a reductive dissolution of Fe/Mn oxides 

rather than desorption processes. 

 

We have modified the sentence following your suggestion. 

 

Lines 245-247: did the authors performed a statistical analysis to 

support this fact? 

 

In order to provide statistical support to the traditional data 

interpretation, principal component analysis (PCA) was performed on both 

the sediment matrix (Fig. 2A) and porewaters (Fig. 2B). We have added a 

brief explanation “Explorative multivariate data analysis” in the 

Materials and Methods section. 

Regarding your comment concerning porewaters, the PCA output (biplot 

explaining 71.1% of the total variance, Fig. 2B) highlighted a strong 

correlation between As species and dissolved Fe (r=0.919 between As(III) 

and As(V), r=0.770 between As(III) and Fe, r=0.757 between As(V) and Fe). 

In order to be consistent, r values reported in the text are referred to 

the entire set of data (LL, VV, SJ and SE). We have added this 

information in the text.  

In order to provide you further information, we have also checked the 

correlations between dissolved As species and Fe at each sampling site. 

As species reached higher concentrations at the Nalòn estuary sites (SJ 

and SE) and showed strong correlations at all sites (r=0.941 at LL, 

r=0.689 at VV, r=0.971 at SJ, r=0.954 at SE). This is consistent with the 

results depicted in the PCA output. Weak correlation was found between 

dissolved As species and Fe at sites LL (r=0.346 and r=0.193 for As(III) 

and As(V), respectively) and VV (r=0.438 and r=0.470 for As(III) and 

As(V), respectively). Conversely, As species appear to be strong 

correlated with dissolved Fe at sites SJ (r=0.837 and r=0.890 for As(III) 

and As(V), respectively) and SE (r=0.526 and r=0.585 for As(III) and 

As(V), respectively). 

 

Lines 258-260: does the authors have any evidence of the presence of 

these mineral phases in the sediments? 

 

We did not perform any mineralogical analysis. As reported above, the 

mineralogical composition of the sediments from the Nalón River estuary 

is reported in García-Ordiales et al. (2017): it is mainly quartz, which 

is predominant in the coarse fractions, and kaolinite-smectite, illite, 

albite, and vermiculite in the finer fractions. The chemical 

concentrations in the sediments reported as oxides are clearly dominated 

by SiO2 (66.3%) and Al2O3 (8%), in addition to the significant presence 

of light amounts of Fe2O3 (3.7%), as expected based on the mineralogical 

analysis. Detected concentrations of MnO were consistently less than 1% 

and were not directly correlated with the fine fraction thus indicating 

that its variability is not directly related to the aluminosilicate 

minerals which, conversely, are correlated with Fe2O3. These data are 

consistent with the results we obtained from our analyses where Mn 

concentrations in the sediments are two orders of magnitude lower than Fe 

concentrations. 

 

Lines 257-266: according to the author's belief, which redox pair may 

control the redox condition in the sediments, S(-II)-S(VI), Fe(III)-

Fe(II), As(V)-As(III) or that of Mn?  

 

The redox conditions in our sediments are mainly controlled by the redox 

pairs Fe(OH)3/Fe2+ considering the pH value of about 7.3-7.4 and the Eh 



negative values. In addition, reducing conditions favor the much more 

hazardous chemical form of arsenite (As+3) and this is visible in our 

porewater profiles where there is an increase of concentrations with 

depth (HAsO42-/H3AsO3). The redox pair SO42-/HS- can be present but our 

conditions are not strongly reducing to reach sulphate reduction. In 

these conditions, at the pH of the seawater and with available carbonate 

species, solid manganese could be present in form of rhodocrosite 

MnO2(s)+ HCO3 +3H+ +2e- = MnCO3(s)+2H2O whereas at the same conditions Fe 

is controlled more by the sulphides. Usually, the Eh-pH relations show 

relatively large field of stability for dissolved Mn2+ compared to the 

solid oxides MnO2. 

 

Lines 278-281: again, does the authors have statistical evidence of this 

relatiship? 

 

In order to provide statistical support to the traditional data 

interpretation, principal component analysis (PCA) was performed on both 

the sediment matrix (Fig. 2A) and porewaters (Fig. 2B). We have added a 

brief explanation “Explorative multivariate data analysis” in the 

Materials and Methods section. 

Regarding your comment concerning the relationship between Hg and S in 

the sediment matrix, the PCA output (explaining 84.7% of the total 

variance, Fig. 2A) highlighted a strong correlation between Hg and S 

(r=0.628). Moreover, these elements also showed a clear relationship with 

the sediment core collected at site LL where the highest concentrations 

of Hg and S were observed. This is not surprising since most of the Hg of 

mining origin was present as cinnabar (HgS). 

However, at site LL, no correlation was found between the two elements 

(r=0.297 at site LL) contrary to what was observed at sites VV (r=0.959), 

SJ (0.577) and SE (r=0.732). In this context, it is reasonable to expect 

that the occurrence of Hg at site LL may be related to a different local 

source which is currently under investigation.  

Indeed, high concentrations of Hg were detected at the Vega beach 

(approximately 40 km west of site LL) due to the discharge of mine 

tailings from the district of Berbes which was one of the main fluorite 

mining areas in Europe where cinnabar was occasionally present (Symons et 

al., 2017; Forjan et al., 2019; Leuresse et al., 2019). According to 

Florjan et al. (2019), a marine outfall located 660 m away from the 

average low tide level has been build up for the discharge since 1990s. 

This suggests that fine suspended particles enriched in Hg could be 

transported by the ocean and shoreline currents and transported into the 

estuarine environment at site LL. 

We have improved the text and added furhter information regarding the 

source of Hg at site LL (now Lines 341-352). 

 

Line 295 onwards: please replace T1, T2…. the real time (15 min, 1h, 2h, 

etc.) 

 

Following your suggestion, we have replaced T1-T6 with the real time and 

wrote “when shaking has stopped (T0)” and “before resuspension (Tpre-res) 

when necessary. 

 

Lines 329-332: could the authors discard diffusion into the sediment of 

more metal-rich waters after the resuspension? As metal-rich porewaters 

seem to be diffused into the water column during the resuspension, the 

opposite effect could be also produced. Could the authors give their 

opinion on that? 

 



We agree with you since also influxes of trace elements from the 

overlying water into the sediment could occur. Unfortunately, we did not 

investigate these processes and we actually do not have any experimental 

evidence to proof if a certain influx of trace elements could occur. 

However, we retain that influx of trace elements into the sediment during 

a resuspension event is a much more slow mechanism compared to other 

geochemical processes such as precipitation and adsorption on the surface 

of the resuspended particles. 

 

Line 368: a lower? 

 

We have modified the text following your suggestion. 

 

Lines 370-371: which is the reason of this evolution? 

 

At site SE, an increase of dissolved MeHg and a decrease of dissolved Hg 

were observed during the resuspension experiment. We retain that this 

evolution is the result of methylation processes which appear to prevail 

at site SE with respect to the other investigated sites. At site SE, the 

MeHg concentrations during the resuspension were found to be one order of 

magnitude higher than those measured in the sediment porewaters. This 

suggests that a certain amount of MeHg may be produced during the 

resuspension experiment and/or released from the resuspended fine 

particles due to desorption processes. Indeed, previous research at the 

Nalòn River estuary stated that the highest levels of MeHg in the surface 

sediments occurred at site SE (García-Ordiales et al., 2018). The same 

authors stated also that only low amounts of the THg are available for 

methylation. However, changes in environmental conditions (e.g. 

hydrological events) or anthropogenic activities (e.g. dredging) may 

alter the original unperturbed conditions with subsequent remobilization 

of PTEs from bottom sediments through resuspension. Moreover, at site SE 

the highest concentrations of inorganic Hg were observed (three orders of 

magnitude higher with respect to the other sites) as well as elevated 

amounts of SO42- and the increase of DOC due to OM degradation during the 

resuspension experiment. Since sediments can show different methylation 

potential (Bloom et al., 2003) which depends on several factors such as 

the bacterial activity, the physico-chemical boundary conditions, the 

occurrence of OM and the concentration of inorganic Hg available for 

methylation it is reasonable to suppose that sediment resuspension may 

promote methylation processes at site SE. 

We have improved this discussion in the text (now Lines 464-480) 

 

Lines 401-402: which is the cause of inhibition? The high concentration 

of sulphate or the availability of high concentrations of sulphate to be 

reduced instead of As(V). 

 

The availability of high concentrations of sulphate to be reduced instead 

of As(V). On the basis of your comment we have modified the sentence as 

follows “Moreover, the availability of high concentrations of SO42- 

(>2,000 mg L-1) to be reduced can inhibit the reduction of As(V) to 

As(III)”. Now Lines 518-520. 

 

Lines 408-408: why is not possible here the oxidation of DOC and 

conversion into DIC? 

 

We should take into consideration that only a small part of DOC is 

bioavailable or biodegradable by bacteria. The remaining part is 

recalcitrant to degradation as it is made by fulvic and humic acids and a 



myriad of macro- and micromolecular compounds also highly ramified and 

less active. This is why we think that dilution due to porewaters can 

explain the low concentrations after the resuspension but we cannot 

exclude a degradation to DIC although this process is not so fast and 

influent due to what reported above.  

 

Lines 430-432: and associated to what? 

 

At all the investigated sites, particulate PTEs showed decreasing trends 

as the result of the settling of the resuspended particles as a function 

of time. We have modified the sentence in order to better highlight this 

behaviour (now Lines 548-562). 

 

Lines 438-439: how the authors could support this fact? Have the authors 

any information from sequential extraction or mineralogical evidences?  

 

Unfortunately, we have no information from sequential extraction or 

mineralogical evidences. 

The fact that Hg and MeHg were bound to the silty fraction is supported 

by the grain size spectra and composition (see Fig. 4) which tends to 

move to finer particles as a function of time. At site SE, these finer 

particles appear to be enriched in Hg and MeHg and, consequently, their 

concentrations (µg g-1) increase as the particles become finer. We 

already stated in the text that “by comparing the particulate PTE trends 

with TSM content, a preferential bound to the silty or clayey fraction 

was found (now Lines 553-554). We slightly modified the text specifying 

that the fact that particulate Hg and MeHg concentrations increased is 

consistent with the evolution of the grain size spectra and composition 

(Fig. 4) as a function of time and it indicates that Hg and MeHg were 

bound to both the silty and clayey fractions (now Lines 556-562). 

Moreover, this fact is also confirmed by the significant correlations 

between the percentage of silt and particulate Hg and MeHg during the 

resuspension experiment at site SE: 

 

Line 476: As(V) was totally removed? If so, I do not see how it could be 

higher than at Tpres-res 

 

At site SJ, the concentrations of As(V) was 4.97 µg L-1 at the end of the 

experiment (after 24 h). This concentration is slightly lower to that 

measured immediately before resuspension (5.55 µg L-1) suggesting that 

the As(V) resealed during resuspension was removed from the solution. 

This was not observed at site SE where As(V) showed higher concentrations 

at the end of the experiment. 

On the basis of your comment, we have modified the sentence in order to 

better explain the difference between the two sites and we have added 

further details regarding As(III): “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 to that measured before the resuspension (5.55 µg L-1, Tpre-res) 

suggesting that the As(V) released during resuspension was removed after 

24 h at SJ. On the contrary, this is 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). Slightly the 

same was observed for As(III) which was removed after 8 h at SJ (<lod) 

and slightly higher (0.29 µg L-1 after 24 h) rather than before the 

resuspension (0.19 µg L-1, Tpre-res). 

 

Lines 492-493: check this sentence 

 



Thank you for notice this mistake. We have checked and corrected this 

sentence. 

 

Reviewer #3: The authors investigated metal contents in marine sediments 

in Spain, and performed resuspension experiments in order to investigate 

the behavior of potentially toxic trace elements (PTEs) during sediment 

disturbance, ex dredging. The objectives and the experiments are 

interesting, and the manuscript is generally well written. However, I 

would like to suggest possible improvements and comments as follows.  

Abstract: it is not generalized, with only fragmented explanation of 

results of each sediments. Abstract must clearly state the background, 

objectives and results with a flow of logic, and generalized 

explanation/interpretation should be provided, instead of independently 

stating results with each sediment. The conclusion is well summarized, so 

use some of those statements.  

 

Following your suggestion we have modified the abstract providing a more 

generalised explanation of the main results of this research avoiding 

stating results regarding each sampling site.  

 

Introduction: an explanation is lacking as to what is important research 

question. Sediment resuspension and PTE mobilization is well explained 

from L55 to 78 based on literature review, but no research question is 

provided. The explanation in L86-99 and L95-99 have some challenges 

regarding Hg and As resuspension in Nalon River estuary, but the 

explanation appear to be a bit weak. L100-L107 is a bit too general. 

There should be a strong, detailed statement as to what is unknown to 

date, and therefore what was investigated in this study. They must be 

explained well in accordance to the employed experimental methods.  

Following your suggestion, we have improved the Introduction. 

We have adding further information on the investigated area (now Lines 

95-106) in order to expand the reasons that we focused on Hg and As. 

Indeed, Asturias is one of the most important Regions for mining and 

extraction activity of Hg and coal in Spain. Especially, the Nalòn River 

drainage basin has been severely affected by long term exploitation of 

sulphide ores (several mines north from Oviedo) and there are evidences 

that the sediments not only in the Nalòn estuary (García-Ordiales et al., 

2019, 2020), but also along the whole coastline (Forjan et al., 2019; 

Sanz-Prada et al., 2020) are contaminated by Hg and As mainly by this 

source.  

We have also better highlighted the aim of our study (now Lines 107-128). 

 

L117-150: The description of the targeted three ports could be summarized 

in a Table, which would be easier to understand their different 

characteristics. 

 

Following your suggestion, we have added a Table (Table 1) resuming the 

main characteristics of the investigated sampling sites. 

 

L159: what inert atmosphere means? Which gas? 

 

Inert atmosphere means filled with N2, as already specified few lines 

above. Following your suggestion, we have modified the sentence 

specifying that the extracted porewaters were recovered in the inert 

atmosphere chamber filled with N2. 

 

L245-266: They should be explained in more details to facilitate 

understanding. Why it is inferred that Fe dissolution drove the release 



of As and Hg, rather than Mn? What is the reason? The surface sediment of 

site SE has the most As content among all. If As is mobilized to 

dissolved phase because of Fe dissolution, the why porewater of upper 

sediments had low As content but deeper sediments had high As in pore 

waters? Why porewater Fe (and Mn) had a peak in upper sediments? In L264-

265, when Fe reduction occurs, As(V), which was adsorbed in the iron 

(hydr)oxides, would be immediately released to dissolved phase, but As(V) 

did not show immediate increase in the upper sediment pore water. Why? 

 

First, Fe concentrations in the sediment is two orders of magnitude 

higher than Mn, also in the Nalòn R. estuary, where the concentrations of 

the two elements are the highest (SE and SJ). In these two sites, Fe 

concentrations are very high in porewaters from the first level (0-1 cm) 

at SE and from the second level (1-2 cm) at SJ. The dissolved Fe 

concentrations keep high throughout the porewater profile. It means that 

redox-conditions facilitate the reduction of the Fe oxy-hydroxides which 

must be an important component of the Nalòn estuarine sediments compared 

to the other two estuarine sampling sites. At VV and LL, indeed, Fe in 

the porewaters is far less abundant compared to SE and SJ but the 

profiles show peaks for Fe and Mn (not evident for LL) just below the 

sediment-water interface. We mean that the reduction of Fe and Mn oxy-

hydroxides at VV and LL is relatively important only in upper sediments 

and not in the deeper layers as it is at SE and SJ. At these two sites, 

Arsenic should be present in association to Fe oxy-hydroxides. The role 

of Mn oxide phase in terms of reduction and release of adsorbed arsenate 

into porewaters (Masscheleyn et al., 1991a) appears definitely secondary. 

Silva et al. (2014) found As incorporated into short-range ordered Fe 

oxyhydroxides as the predominant fraction at stream sediment samples 

collected close to the mining sources in the Nalon River drainage basin. 

Arsenate may then be reduced to arsenite by bacteria in reducing 

sediments (Dowdle et al., 1996). This is what we observed throughout the 

sedimentary sequence at SE and SJ sites where Arsenate concentration in 

porewaters increases in parallel to Arsenite where the dissolved Fe is 

high. The solubility of As is less limited in estuarine sediments, which 

often have low concentrations of Sulphur, by formation of insoluble 

sulphide minerals. Therefore high-As waters are not expected where there 

is a high concentration of free sulphide (Moore et al., 1988). If 

sediment Eh drops below about -130 mV, the concentration of dissolved As 

may increase in sediment porewaters (Neff, 2002 and references therein). 

Sulphate reduction should not be particularly effective at these sites. 

This also evident at LL sites, where Hg concentrations in sediments are 

high but there is an increase in porewaters of dissolved Hg and MeHg with 

depth. If H2S had been present, Hg as As would have precipitated as 

sulphides and MeHg production would be inhibited.  

On the basis of your comments and our explanations, we have 

modified/included some sentences in the text at Lines (275-327). 

 

L252: "the metals" specify which metals. 

 

Mercury and As. As suggested, we have specified it in the text. 

 

Fig 2: the Eh values corrected for hydrogen-standard electrode? 

 

No, it’s not necessary. We measured Eh by means of a Pt/KCl–Ag/AgCl 

electrode calibrated with ZoBell solution (220 mV at 25ºC). This 

description has been added to the text in the Materials & Methods 

section. 

 



Fig 3 and in the text: I would recommend not to use T1, T2,, but directly 

indicate 30min, 1h, etc. 

Following your suggestion, we have replaced T1-T6 with the real time and 

wrote “when shaking has stopped (T0)” and “before resuspension (Tpre-res) 

when necessary. We have also modified the legend in the Fig. 4 by adding 

the time (T0==min, T1=30 min, T2=1 h, etc.) 

 

Fig 4: the resolution is low. 

 

Following your suggestion, we have improved and split the Fig. 4 in two 

figures: one for sites LL and VV (now Fig. 5) and one for SJ and SE (now 

Fig. 6). 

 

3.2.2: Somehow Fig 4 and Fig 3 have similar temporal trends. How much 

possible that iron and manganese in the dissolved phase, along with other 

PTE, decreased simply by sedimentation, just like particulate phase in 

Fig 5? The dissolved samples are already filtered by 0.45 um filters, but 

some large fraction can be deposited during the first few hours? For 

example of As(V), given that As(V) has low solubility, it is easily bound 

to small particles (<0.45um). Therefore, in LL and VV, it is already 

bound to Fe or other adsorption sites in small particles at the beginning 

of the resuspension experiment, and deposited altogether?  

In L382, how the the authors explain the initial high As(V) concentration 

immediately after resuspension? It is just a resuspension of As(V)-bound 

small particles or As(V) is mobilized from small particles? This may 

concern also the interpretation in 3.3. 

 

In our opinion, the first part of your comment is not properly clear. 

Indeed, how can be possible that the concentration of a dissolved 

chemical species decreases simply by sedimentation? Do you mean that the 

decrease of dissolved iron is due to precipitation following 

sedimentation of this freshly formed solid phase?  

The high concentrations of dissolved Fe could be due to the contribution 

of porewaters following resuspension. Dissolved Fe and Mn decreased over 

time at the Nalòn sites reaching concentrations lower than the beginning 

most likely due to oxidation processes and subsequent precipitation of Fe 

oxides. Although this was already stated, we have slightly modified the 

text (now Lines 398-411). 

The large particles appear to be deposited during the initial stage of 

the experiment. Indeed, this is clearly evident from the grain size 

spectra (Fig. 4) which testify to sedimentation of large particles in the 

first 30 minutes (between T0 and T1). Then, the grain size spectra tend 

to move to finer particles as a function of time.   

Regarding your comment concerning As(V) in LL and VV, are you talking 

about dissolved or particulate As(V)? It is not clear. If you are 

referring to dissolved As(V), a certain amount of As(V) could be bound to 

colloids (<0.45 µm). This could be verified by ultrafiltration. However, 

this technique needs large volume of water which is impossible to get 

from this experimental approach.  

Moreover, As solubility decreases during oxidation events as a result of 

precipitation of As(V), which often occurs coupled with adsorption on the 

surface of Fe oxy-hydroxides. This was already stated in the text (now 

Lines 486-489). 

The high concentrations of As(V) at the initial stage of the resuspension 

experiment (when shaking was stopped, T0) could be related to the 

contribution of porewaters. Indeed, sediment resuspension can affect the 

equilibrium of the chemical forms in the sediment matrix, inducing 

changes in the redox conditions, which in turn could favour the 



desorption of As from Fe oxy-hydroxides, as well as the reductive 

dissolution of these minerals, with the subsequent release from sediment 

porewaters to the overlying water column. We have modified the text on 

the basis of these comments (now Lines 489-499). 

 

Reviewer #4:  

1.  The paper is not well written. 

 

Respectfully, we do not agree and it’s not the opinion of the other three 

reviewers.  

 

2.  The paper will be far better suited for a different journal such as 

something more regional or perhaps even a aquatic toxicology journal. 

 

We think that since the topic is related to the coastal marine 

environment and environmental issues it matches very well with this 

journal.  

 

3.  The paper is based on very small sample sizes with limited 

replication.  I also question the papers reproducibility. 

 

You can reproduce easily analysis but not experiments. Anyhow, we 

performed 4 experiments although in 4 different sites with the same 

approach and the reproducibility in terms of trends of parameters is 

evident.  

 

4.  STOTEN does not prioritze laboratory work except in cases where the 

work is of considerable interest to its broad readership. 

 

Respectfully, this is a matter of the Editor 

 

5.  The paper has no hypotheseses presented. 

 

The hypotheses have been rewritten 

 

6.  the Introdcution section is not complete with no set of specfic 

objectives identified. 

 

The Introduction has been revised and improved 

 

7.  The grammar and syntax will need a major improvement. 

 

Proofreading was provided by an expert professional mother tongue before 

submission. The same has been done with this revised version. 

 

8.  The paper has a considerable amount of speculation and is based on a 

vert small set of samples and the investigation has very low 

sptatitistical power. 

 

The set of samples is not small. Statistical analysis has been added. 

 

9.  I found the conclusions in this investigation to not match up well 

with the data and again there is too much specualtion. 

 

We do not agree. Abstract and Conclusion have been revised according to 

the useful suggestions of the other three reviewers. 

 



10. I did not fins this paper to be in strong accordance withthe goals of 

the journal nor the quality expected of papers published by STOTEN.     

 

As stated above at question n° 4. 

 

11. The paper may become publishable, in a more specialized and/or 

regional journal, after some major revisions and a langauage wash by an 

expert in Enlgish language. 

 

Proofreading was provided by an expert professional mother tongue before 

submission. The same has been done with this revised version. 
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Dear Prof. Dr. Barceló, 

 

The manuscript entitled "Mercury and arsenic mobility in resuspended contaminated estuarine 

sediments (Asturias, Spain): a laboratory-based study", coauthored by García-Ordiales E., Covelli S., 

Braidotti G., Petranich E., Pavoni E., Acquavita A., Sanz-Prada L., Roqueñí N. and Loredo J., has been 

carefully revised and restructured following the constructive comments made by the reviewers. 

Respectfully, we did find some of the suggestions made by Reviewer #4 to be a bit vague. However, we 

have answered each of the questions posed and we believe that the manuscript has improved as a 

result of the comments and queries. We are grateful to all the reviewers for the time they dedicated to 

revising our work.  

Briefly, as suggested by Reviewer #1, we have clarified some points in the Materials and Methods 

section where the description of the resuspension experiments is reported. As suggested by the first 

two reviewers, we have included some statistical analysis (Principal Component Analyses, PCA, Fig. S1 

in the Supplementary Material) to support the discussion of our results on sediment and porewaters 

and simple modelling providing an explanation for the observed decrease of trace element 

concentrations in the dissolved phase after the simulated resuspension (Figure S2 in the 

Supplementary Material). In the Introduction section, we have better clarified the aim of our work as 

suggested by Reviewer#1. The Highlights, along with the Conclusions and Abstract sections, have been 

revised and adjusted following the suggestions of Reviewers #1, 2 and 3.  

In addition, we have added comments and explanations in the “Revision Notes” section regarding 

minor changes for each point made by the reviewers. 

My colleagues and I hope this revised version may be considered for publication in Science of the 

Total Environment.  

Should you require any further information, please do not hesitate to contact us at any time 

convenient to you.  

 

We look forward to hearing from you. 

 

Best regards, 

  

Stefano Covelli, Dr. Prof. 

e-mail: covelli@units.it 
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Reviewers/Editor comments:     

Reviewer #1: The manuscript by García-Ordiales et al., attempts to evaluate the total Hg and As 

concentrations in both sediments and porewaters in a case study (Asturias, Spain), together with the 

effects of a mesocosm simulated resuspension in order to predict their behavior in real conditions. 

Such studies are of great importance for estuaries environmental quality and therefore research on 

monitoring approaches should be encouraged. However, while I enjoyed the flow of the paper, I 

could not overcome the sense that there are several issues that should be addressed prior to 

publication. In this context, the authors should provide more information concerning the 

methodological approach followed as well as to explain clearly which is the novelty of this work 

compared to others recently published (even from the same scientific team).  

 

Graphical abstract: The graphical abstract is attractive to the readers and it does reflect the title of 

the paper and the key findings of the paper. 

Thank you! 

 

Highlights: The highlights are very general thus please add some specific/tangible results. To be 

honest, the last highlight seems so general in principle since e.g. "co-precipitation" is mentioned in 

the manuscript only 3 times, L. 316, 331 and in the conclusions. 

Following your suggestion, the highlights have been rewritten and improved. 

 

Introduction: The novelty of the study should be more highlighted. What is novel/new in this study, 

compared with other similar studies? What is the contribution of this investigation and it's major 

findings to understand this type of contamination in other parts in the world rather than in Spain 

(Asturias)? What kind of local and global knowledge the authors want to improve? Furthermore, 

which was the reason that the authors concentrated on Hg and As rather than other elements/metals 

that have been evaluated in their previous studies? These questions aren´t clear in the introduction 

and need further consideration/explanation. 

Asturias is one of the most important Regions for mining and extraction activity of Hg and coal in 

Spain. Especially, the Nalòn River drainage basin has been severely affected by long term 

exploitation of sulphide ores (several mines north from Oviedo) and there are evidences that the 

sediments not only in the Nalòn estuary (García-Ordiales et al., 2019a, 2020), but also along the 

whole coastline (Forján et al., 2019; Sanz-Prada et al., 2020) are contaminated by Hg and As mainly 

by this source. On the basis of this comment and following your suggestions, we have improved the 

Introduction. In detail, we have added further information on the investigated area in order to clarify 

the reasons that we focused on the behaviour of Hg and As species. We have also better highlighted 

the primary aim of our study at the end of the Introduction (now Lines 107-128). 

“The primary aim of this research was to investigate the effects of simulated resuspension events in 

replicate mesocosms to predict the behaviour 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 and where 

dredging operations are periodically needed to allow navigation was provided. The occurrence and 

*Responses to Reviewers Comments
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mobility of Hg and As in this area is of great concern due to their potential bioaccumulation in the 

aquatic trophic chain” with subsequent high risk of transfer to human beings through consumption 

of fish and, especially, mussels. In addition, following the specific maritime policy established and 

directed for marine ecosystem protection and conservation by the EU Marine Strategy Framework 

Directive, we believe that this experimental approach could be applied to all coastal environments 

where information regarding the major geochemical processes that regulate PTE behaviour, 

mobility and fate is needed to support environmental management and risk assessment.” 

 

Materials and Methods: There are several places where the methods are poorly described and where 

it cannot be derived the reason why or/and what the authors have done. The clearest example is the 

description of the resuspension tests. There are quite several protocol leaching methods available in 

the literature, but it cannot be derived which one have the authors used or they have modified. 

However, since sealing of the top hole of the chamber was done, how do the authors conducted 

sampling without avoiding conduct with air or liberation of gases? In this context, how long was the 

benthic chamber left open and undisturbed between one sampling and the next one? Cover 

reposition before each sampling do not avoid the aforementioned problems. Moreover, how many 

bottom sediments and overlying water were collected? Please elaborate these points in detail. 

Following your suggestions, we have improved the description of the methods section. 

Regarding the protocol for the resuspension experiment, we have specified that we followed the 

experimental approach applied by Acquavita et al. (2012) (now Lines 184-186). We have also 

specified that the overlying water was carefully replaced with bottom water collected from the same 

sampling location in order to get the starting conditions as they effectively were and avoiding then 

any possible perturbative effect due to the transport of the chamber to the lab for the experiment 

(now Lines 189-193). This procedure was also successfully employed in other similar studies (e.g. 

Bertuzzi et al., 1996; Emili et al., 2011; Acquavita et al., 2012). We have added this information in 

the text. 

The benthic chamber was left open and undisturbed between one sampling and the next one with 

the aim to simulate real environmental conditions where the water column is in direct contact with 

the atmosphere at the water-atmosphere interface. In addition, the benthic chamber was not sealed 

between one sampling and the next one in order to avoid possible oxygen consumption with 

subsequent alteration of the pyhsico-chemical boundary conditions of the system. Indeed, 

significant decrease in the oxygen concentration was pointed out by previous incubation 

experiments during which the benthic chamber was sealed (Emili et al., 2011, 2014).  

Although fluxes of trace elements at the water-atmosphere interface could occur, we retain that the 

liberation of gases (e.g. gaseous dissolved Hg
0
) may be negligible since the concentration of Hg

0
 is 

generally very low in sediments, water column and porewaters. Then, in order to allow the 

collection of the water just above the sediment-water interface (SWI), the cover was repositioned 

before each sampling. Indeed, the cover has two valves on its lid and one of them is connected to a 

tube that allows the sample collection at a defined depth, just above the SWI. Consequently, the 

cover has to be repositioned in order to be sure that the sampling is done at the same depth during 

the resuspension experiment. The sampling has to be done at the same depth during the experiment. 

This is extremely important for properly evaluate variations of the investigated parameters (Eh, 

dissolved and particulate PTEs) as well as the grain size composition of the suspended particles 

which tend to become finer with time due to settling of resuspended particles. 
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We have improved this description in the text (now Lines 198-213). 

The benthic chamber was left open and undisturbed between one sampling and the next one. This 

means that, for instance, the benthic chamber was left open for 30 min between the sample T0 

(when shaking has stopped) and T1 (after 30 min). Then, the benthic chamber was left open for 

more 30 min between sample T1 (after 30 min) and T2 (after 1 h) and so on. Seven samples were 

collected within 24 h (T0 = 0, T1 = 30 min; T2 = 1h; T3 = 2h; T4 = 4h; T5 = 8h; T6 = 24h). This 

was already stated in the text (now Lines 208-209). For each sampling, the dissolved phase was 

separated from the suspended particles which were collected for both grain-size and chemical 

analyses. We have slightly modified the text in order to make this more clear (now Lines 211-213). 

Bottom sediments were not collected during the resuspension experiment. Short sediment cores 

were collected in parallel with the benthic chamber at the same site to get a picture of the situation 

(sediment and porewater composition) before the resuspension event. The cores were extruded and 

sectioned into five slices (0-1, 1-2, 2-3.5, 3.5-5 and 5-7 cm) in a N2-filled chamber. This was 

already written at the beginning of the section 2.2 Experimental approach (now Lines 175-183). 

 

Results and discussion: This section needs strengthening to improve clarity.  

- The authors discuss about the possible sources of the effect of resuspension and the subsequent 

remobilisation and redistribution of As and Hg species. However, they only make general 

assumptions without providing arguments that support one or more of these assumptions in the 

specific area. Even though a plethora of data is provided for an in-depth geochemical study via 

geochemical modelling/kinetics only hypothesis and assumptions such as L. 358-359 for Hg " This 

could be attributed both to MeHg released from porewaters or to the mobilisation of bioavailable 

OM during resuspension " along with L. 384-385 for As " The prevalence of As(V) may be related 

to oxidation and/or adsorption processes mediated by Fe and Mn oxy-hydroxides, which represent 

very efficient oxidants of As(III) " are provided. How both outcomes derived and experimentally 

proved? The linkages presented here between are too loose, and would be strengthened 

considerably by a geochemical modelling analysis to conclusively demonstrate the crucial role of 

Fe in relation to As and Hg mobilisation and how this may affect pore water/sediment quality. A 

detailed geochemical modelling study will also help to identify the most critical parameters that 

affect either primary or secondary sources of iron and distinguish them on a real basis based on the 

obtained results. 

In order to provide a statistical and modelling support to our hypothesis and assumptions through 

the different sectors of our article, we have added: 

1. Principal component analysis (PCA) which was performed on both the sediment matrix (Fig. 

S1A) and porewaters (Fig. S1B). 

We have added a brief explanation “2.4 Explorative multivariate data analysis” in the Materials and 

Methods section (now Lines 247-255). 

We have improved the section 3.1. Sediment and porewater chemistry by adding further 

information provided by the PCA performed both on the sediment matrix and porewaters: 

Regarding the sediment matrix, the PCA output (Fig. S1A, explaining 84.7% of the total variance) 

clearly denotes the differences among the different sites which are distinctly represented in the 
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biplot although disparities in trace element concentrations along the sediment cores are not so 

evident. 

As already reported in the text, no significant differences were 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

). This is also confirmed by the PCA output showing a quite 

evident relation between Hg and site LL (Fig. S1A). Slightly the same is also true in the case of 

Sulphur (which is higher at LL and VV), Fe and Mn (which showed the highest values at sites SJ 

and SE): these relationships are clearly supported by the PCA output. We have added this 

information in the text. 

Regarding the porewater samples, oxidative conditions were found in the surnatant water (Eh 

ranged from 132 to 161 mV as well as quite low dissolved Hg, MeHg and As species, followed by 

Fe and Mn. This is clearly evident in the PCA output (explaining 71.1% of the total variance) 

highlighting a strong relation between the redox conditions and the surnatant water of all sites (Fig. 

S1B). In addition, the PCA output clearly highlighted strong correlations between As(III) and 

As(V) (r=0.919) and between As species and dissolved Fe (r=0.770 and r=0.757 for As(III) and 

As(V), respectively) (Fig. 2B). This suggested that the dissolution of Fe oxy-hydroxides could be 

responsible for the release of dissolved As species rather than Mn (r=0.171 and r=0.131 for As(III) 

and As(V), respectively). We have added this information in the text. 

2. Equations describing the behaviour of dissolved As and Hg species as a function of time with the 

final aim to better describe if and after how long the system returns to the initial conditions (pre-

resuspension) (Fig. S2). 

The behaviour of dissolved As(III), As(V), Hg and MeHg during the resuspension experiment is 

described by a negative exponential equation: 

          
    

where CTi is the concentration at any time (Ti) during the resuspension experiment, CT0 is the 

concentration after shaking (T0) and k is the rate constant for the contaminant dispersion as a 

function of time (Fig. 6). The equation (1) was calculated until a decreasing trend was observed and 

was not applied when the concentration after shaking (T0) was higher than the concentration 

measured before the resuspension experiment (Tpre). Indeed, the final aim was to verify after how 

long the system gets the initial conditions (pre-resuspension). 

We have added a brief explanation in the section 3.2.2 Behaviour of dissolved chemical species 

after resuspension (now Lines 417-426) and we have added further details in the sections Behaviour 

of dissolved mercury species (now Lines 441-445) and Behaviour of dissolved arsenic species (now 

Lines 500-509). 
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- Yes, we all know that L. 315-317 " In oxic conditions, Fe and Mn are present as oxyhydroxides 

and are often involved in adsorption processes, coprecipitation, but when reducing conditions occur 

there is a dissolution with the subsequent release of dissolved PTEs " but arguing that L. 329-330-" 

This could be related to the crucial role of Fe oxides as surface catalysts in the oxidation of Mn " is 

far too simple. It's much more complicated than that and therefore studies such as modelling, 

leaching tests and analytical characterization tests have been developed to take all possible factors 

and feedback mechanisms into account to answer these questions. 

The first sentence you are referring to (now Lines 390-393) is at the beginning of the section 3.2.2 

Behaviour of dissolved chemical species after resuspension and it is only introductory. We can 

agree with you saying that the role of Fe and Mn oxy-hydroxides can be more complex.  

On the basis of your comment (second sentence you are referring to), we have slightly modified the 

text by adding a more detailed description of the role of Fe oxides in regulating dissolved Mn 

concentrations during a resuspension event (now Lines 403-416). Moreover, the mineralogical 

composition of the sediments from the Nalón River estuary is reported in García-Ordiales et al. 

(2017): it is mainly quartz, which is predominant in the coarse fractions, and kaolinite-smectite, 

illite, albite, and vermiculite in the finer fractions. The chemical concentrations in the sediments 

reported as oxides are clearly dominated by SiO2 (66.3%) and Al2O3 (8%), in addition to the 

significant presence of light amounts of Fe2O3 (3.7%), as expected based on the mineralogical 

analysis. Detected concentrations of MnO were consistently less than 1% and were not directly 

correlated with the fine fraction. 

Although modelling, leaching tests and analytical characterisation tests (honestly, what do you 

mean with “analytical characterisation tests”? It is not properly clear for us) have been applied in 

other studies, the approach we have followed has been previously applied with success. This 

procedure allowed us to provide further information on As and Hg mobility in different 

environmental conditions.  

 

-Another issue worthy of further discussion is the interrelated issue of contaminants and sediment 

cores surface/interparticle mass transfer. This is again related to the dynamic nature of "release from 

sediment to porewaters" and is closely linked to the issue of temporally "bonding" loss under 

different conditions that resulted in remobilisation and redistribution. 

Unfortunately, the comment of the reviewer is not properly clear. If we have understood we are 

asked for a further discussion about the dynamics of the remobilisation of the elements from 

porewaters and sediment particles after the resuspension event. The simulation showed us that, not 

always, the release of trace elements from porewaters associated with desorption from particles is 

effective and there is also an antagonism between release/desorption and 

reprecipitation/readsorption processes. This is why we have introduced a simple modelling for 

calculating time necessary to go back to concentrations in dissolved form in the situation pre-

resuspension. 

 

Other comments 

- Part of the conclusion is a direct repetition of the abstract e.g. "Part of the Hg and As released 

from porewaters and/or desorbed during resuspension was presumably removed by the subsequent 
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adsorption onto the settling fine particles and/or co-precipitated in association with Fe and Mn oxy-

hydroxides". Please modify the whole conclusion accordingly.  

Please, we apologise for this inaccuracy and thank you for noticing it. We have decided to improve 

and modify the abstract also on the basis on the comments of the other Reviewers. We did not 

modify the conclusions since the Reviewer #3 stated that is well summarized but we have included 

an additional comment about the time necessary to restore the pre-resuspension As and Hg 

concentrations. 

 

- Fig.1. Please provide GIS coordination grid in the provided map of the study area 

We have added the following Table (Table 1) resuming the main characteristics of the investigated 

sampling sites including latitude and longitude. 

Table 1. Resuming of the main characteristics of the investigated sampling sites along the Asturian 

coast: the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and the port of Llanes 

(LL).  

Sampling site San Juan (SJ) San Esteban (SE) Villaviciosa (VV) Llanes (LL) 

Location port areas in the Nalón R. estuary 
port area 60 km E of 

the Nalón R. estuary 

port area 110 km E of 

the Nalón R. estuary 

Latitude 43º 33´ 21.56" N 43º 33´ 4.90" N 43º 31´ 31.54" N 43º 25´13.04" N 

Longitude 6º 4´ 37.51" W 6º 5´ 40" W 5º 23´ 21.20" W 4º 45´12.02" W 

Depth (m) 3.20 4.50 2.40 3.80 

Water circulation  open estuarine area sheltered harbour sheltered harbour 

Sediment grain size* 
sand 26.4 % 4.92 %  3.91 % 27.4 %  

mud 73.6 % 95.1 % 96.1 % 72.6 % 

As in sediments (µg g
-1

) 20.1 - 68.1** average 11.3*** - 

Hg in sediments (µg g
-1

) 0.10 - 1.33** average 0.18*** > 3.81*** 

*: average grain size composition, this study; **: Garcìa-Oridales et al., 2018, 2019b; ***: unpublished data 

 

- Some figures can be notably improved e.g. Fig.4 (split and use bigger graphs, not easily readable). 

Please make titles in both axes large enough such that the parameters are readable. Use bigger font 

size both in titles and legends. 

Following your suggestion, we have improved and split the Fig. 4 in two figures: one for sites LL 

and VV (now Fig. 5) and one for SJ and SE (now Fig. 6). 

 

- Limitation and scope of the study should be provided at the end. Limitations aren't weaknesses but 

can be possibilities for other studies - highlight them as necessary.  

Following your suggestion, we have better highlighted the primary aim of our study at the end of 

the Introduction (now Lines 107-128) where we have also added further information on the 

investigated area in order to clarify the reasons that we focused on the behaviour of Hg and As (now 

Lines 95-106). 

Regarding the limitations of our study, we had already stated in the text (see the last sentence of the 

Conclusions) that it would be useful to monitor the water column quality during dredging 
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operations in situ and to compare the results with the mesocosm approach. In our opinion, this 

represent an extremely difficult task to perform since one has to study an open system which is 

much more complex compared to the mesocosm experiment.  

 

- Authors should carefully revise the reference list as some citations are not reported and some 

others mentioned in the list are not present in the text e.g. L. 609 "García-Ordiales et al. 2020"  

As suggested, we have carefully revised the reference list and deleted those citations that were not 

present in the text. 

 

- L. 137. Full spot after "González-Fernández et al., 2018)", L. 175. Please change "hours" into "h), 

L.176. Please erase dot before parenthesis. Please choose "co-precipitation" or "coprecipitation" 

throughout the text.  

We have modified the text following your suggestions. We have changed “hours” into “h” and 

coprecipitation” to “co-precipitation” throughout the text. 

 

Reviewer #2: This paper investigates at lab conditions the remobilization of Hg and As after 

sediment resuspension, mimicking dredging. This type of papers are of scientific interest and fits 

well with the scope of the journal. My main concerns about the suitability of this work are related to 

its novelty and the absence of mineralogical/geochemical evidences to support their findings. Other 

works dealing with As and Hg mobility after sediment resuspension has been previously published. 

In addition, the authors discuss their analytical results without providing mineralogical composition 

of sediments or performing any sequential extraction to guess the affinity of As and Hg in the 

sediments. A statistical analysis of results could provide more robustness to result interpretation. On 

the other hand, the authors must take the most of data; for example, a geochemical modelling of 

porewater-sediment interaction could improve the quality of this paper. 

First, there are a few papers dealing with Hg and, especially, As mobility after resuspension events 

associated mainly to dredging operations. A similar issue raised by the first reviewer and we have 

explained that the novelty of this paper is the idea to compare similar estuarine environments 

affected by different sources of contamination related to Hg and As. If the Nalòn River drainage 

basin has been severely impacted by long term exploitation of sulphide ores and coal the whole 

coastline further east is contaminated by Hg and As mainly by this source. The main ore mineral of 

these deposits is cinnabar in association with native Hg, stibnite [Sb2S3], and important amounts of 

As-bearing minerals such as realgar and pararealgar [As4S4], orpiment [As2S3], and arsenic-rich 

pyrite (Ordoñez et al. 2014).  

In addition, we investigated also two other estuaries, Villaviciosa and Llanes, where the 

contamination is related to other anthropogenic sources (e.g. the Aviles port area) in addition to 

mining. A statistical analysis (PCA) has been added to the discussion to make our interpretation 

more robust.  

We did not perform mineralogical analyses in our study but several information can be obtained 

from previous studies. From the geological point of view, at the basin level, the hydrographic 

system of the Nalòn River flows through Paleozoic bedrock from the Cambrian to the Upper 
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Carboniferous periods (García-Ordiales et al., 2017). The western sector of the river basin is 

characterized by the presence of low-grade metamorphic silico-clastic rocks interbedded with a 

calcareous series of grey limestones and dolomites, whereas, in the eastern section, calcareous and 

siliciclastic series predominate. The Villaviciosa and Llanes estuaries belong to the second main set 

of rocks which is considered a mixed section with limestones, sandstones, quartzite and lutite of 

Permian-Mesozoic and Paleogene-Neogene periods. 

The mineralogical composition of the sediments from the Nalón River estuary is reported in García-

Ordiales et al. (2017): it is mainly quartz, which is predominant in the coarse fractions, and 

kaolinite-smectite, illite, albite, and vermiculite in the finer fractions. The total chemical 

concentrations in the sediments reported as oxides are clearly dominated by SiO2 (66.3%) and 

Al2O3 (8%), in addition to the significant presence of light amounts of Fe2O3 (3.7%), as expected 

based on the mineralogical analysis. Detected concentrations of MnO were consistently less than 

1% and were not directly correlated with the fine fraction thus indicating that its variability is not 

directly related to the aluminosilicate minerals which, conversely, are correlated with total Fe 

concentrations.  

Villaviciosa and Llanes located in the eastern area of Asturias also matched with another anomalous 

geological materials rich in As and Hg. This area is formed by materials from the ages between the 

Carboniferous and Jurassic in which hydrothermal processes generated ores (mainly fluorite) with 

metal sulphides rich in this element (Sanz-Prada et al., 2020). The same authors explained that 

regarding Hg, most of the sandy beach samples, whose concentrations were above the ERL (Effect 

Range Low) level, were from the eastern region where the lithology of the area is rich in carbonated 

rocks. Thus, it appeared that Hg concentrations could be related to this kind of geology because 

there are few industrial activities which could have affected this area. Forján et al. (2020) reported 

high concentrations of Hg and Ba on Vega beach, 30 km further east the Llanes estuary. Both 

elements belong to the fluorite ore paragenesis, mined in the surroundings. Hg was enriched in the 

finer fractions, and overall the main input was attributed to the mining waste discharged along the 

coast in the past. The district of Berbes, was in the 20th century, the most productive fluorite mining 

area not only of Asturias, but also of Europe because of the outcropping of important mineral ores 

along much of its perimeter. The paragenesis of the mineralization in this area is composed by 

fluorite (CaF2) and abundant barite (BaSO4). Furthermore, cinnabar (HgS) is occasionally present in 

the form of fine inclusions in the fluorite and copper minerals (chalcopyrite, fahlore and Cu-

carbonates are also abundant). Other potential contaminants are arsenic (As), related to the iron and 

copper sulfides in the area. 

In literature, we can find results about speciation of As and Hg in fluvial sediments of the Nalon 

River drainage basin (Larios et al., 2012; Silva et al., 2014). The second authors report that “in spite 

of a higher As accumulation in the finest particle-size subsamples, As fractionation did not seem to 

depend on grain size since similar distribution profiles were obtained for the studied granulometric 

fractions. The presence of As was relatively low in the most mobile forms. Arsenic was 

predominantly linked to short-range ordered Fe oxyhydroxides, coprecipitated with Fe and partially 

with Al oxyhydroxides and associated with structural material in mine waste samples. Arsenic 

incorporated into short-range ordered Fe oxyhydroxides was the predominant fraction at stream 

sediment samples, representing more than 80 % of total As…Arsenic is retained in sediments 

mainly as highly stable amorphous iron oxyhydroxide–arsenic complexes, which can be present in a 

wide range of grain size classes.” 
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Highlights:  

Rewrite the highlight #2 as follows: "As and Hg released from porewaters due to dissolution of Fe-

Mn oxy-hydroxides" 

Following your suggestion, we have modified the highlight #2. 

 

Rewrite the highlights #4 and #5 

As you suggested, we have rewritten the highlights. 

 

Line 31: not only contaminated sediments must be dredged to allow navigation.  

Following your suggestion, we have modified the sentence and deleted the word “contaminated”. 

 

Lines 31-50: I miss here a quantification of changes in concentrations of elements following 

resuspension (e.g. 20% increase at t= X, etc.) 

Following your suggestion and on the basis on the comments of Reviewer #3 we have modified the 

abstract providing a more generalised explanation of the main results of this research as well as 

maximum release and removal percentages observed for As and Hg species during the resuspension 

experiments. 

 

Line 82: I do not see the point how investigating resuspension of estuarine sediments could 

contribute to improve air quality. 

In estuarine environments, fluxes of trace elements at the water-atmosphere interface could occur 

(e.g. Floreani et al., 2019; O’Driscoll et al., 2019) and we retain that the processes involved in these 

fluxes are of concern. However, we agree with your observation. Since our research is primarily 

focused on the sediment-water interface we decided to delete the word “air” from that sentence. 

 

Lines 82-85: the authors must explain the novelty of this study compared with previous similar 

experiments? 

As already reported following a question of the reviewer #1, Asturias is one of the most important 

Regions for mining and extraction activity of Hg and coal in Spain. Especially, the Nalòn River 

drainage basin has been severely affected by long term exploitation of sulphide ores (several mines 

north from Oviedo) and there are evidences that the sediments not only in the Nalòn estuary 

(García-Ordiales et al. 2019, 2020), but also along the whole coastline (Forjan et al., 2019; Sanz-

Prada et al. 2020) are contaminated by Hg and As mainly by this source. Besides, we investigated 

also two other estuaries where the contamination is related to other anthropogenic sources in 

addition to mining. The novelty is not the method itself but the comparison similar estuarine 

environments affected by different sources of contamination and where dredging operations are 

periodically needed to allow navigation. 
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Line 156: what the authors probably measured was ORP instead of Eh, right?  And why did the 

authors not measure also pH? It is a critical parameter in metal solubility. 

Technically, there is no difference between ORP and Eh. ORP is used for measurements in aquatic 

environments and Eh for water and other environmental systems. We measured Eh by means of a 

Pt/KCl–Ag/AgCl electrode calibrated with ZoBell solution (220 mV at 25ºC). This description has 

been added to the text (now Lines 194-195). 

We have added the Eh values in Table 2. 

pH was measured in the surnatant water and in the water in the benthic chamber before and during 

the resuspension experiment (Table S2). Regarding the sediment samples, pH was measured only at 

sites SJ and SE (Table B).  

 

Table B. pH values measured in the sediment cores collected at the Nalòn River estuary (sites SJ 

and SE). 

Sediment layer (cm) SJ SE 

Surnatant water 7.56 7.68 

0-1 7.40 7.46 

1-2 7.51 7.51 

2-3.5 7.42 7.34 

3.5-5 7.32 7.38 

5-7 7.35 7.28 

 

We agree with you saying that pH is also a critical parameter in metal solubility. However, slight 

variations with increasing depth were observed: 7.43 ± 0.09 at SJ and 7.44 ± 0.14 at SE. 

In this context, Fiket et al. (2019), in a study strictly focused on the geochemistry of porewaters, 

collected two sediment cores: one for geochemical analysis and the other one for determination of 

physico-chemical parameters (Eh and pH). According to the authors, pH values in the sediment 

porewaters display more uniform distribution (from 7.18 to 7.83, RSD < 1.5%) along the depth 

profiles with respect to Eh. The authors also pointed out that the pH does not seem to have such an 

important influence in determining the levels of several trace elements in the sediment porewaters 

whereas Eh plays an important role.  

For these reasons we decided not to include the pH values in our study.  

 

Lines 165-167: why did the authors empty the water from the corers and take new water with a 

Niskin bottle? It seems to be more realistic to use the overlying water. 

The overlying water was drained off from the benthic chamber (now Lines 189-193) and replaced 

with bottom water collected from the same sampling location using a Niskin bottle following the 

experimental approach applied by Acquavita et al. (2012). The overlying water was replaced in 

order to avoid any possible perturbation effect during the transport of the chamber from field to the 

laboratory and to get the undisturbed starting conditions. This procedure was also successfully 

employed in other similar studies (e.g. Bertuzzi et al., 1996; Emili et al., 2011; Acquavita et al., 

2012). We have added these details in the text. 

 

Lines 167-168: was dissolved oxygen monitored? 

Unfortunately, the oxymeter was out of order. 
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Line 170: which is the reason for selecting the resuspension time as 10 min? based on previous 

studies or mimicking real dredgings? 

We selected a resuspension time of 10 min following previous research (e.g. Acquavita et al., 2012; 

Bataillard et al., 2014). Indeed, we retain that 10 min of shaking may be enough to allow the 

resuspension of the surface sediments which usually is not compacted and quite fluid, also in terms 

of visual observation of the experiment. For instance, Saulnier and Mucci (2000) demonstrated that 

a significant amount of As is already released in solution after 6 min of resuspension.  

 

Lines 199-200: the treatment of the solid sample with ascorbic and phosphoric + microwave acid 

was done for total composition determination? I see in lines 205-206, that total composition was 

performed by acid mixtures and microwave. 

As already stated few lines above (“The As species were analysed using…”), the treatment you are 

referring to was performed for the analyses of the As species (As(III) and As(IV)) in the solid 

samples. Since we needed a solution for HPLC-ICP-MS analyses, 0.1 g of sample was placed 

together 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 then analysed. 

We have slightly modified the sentence writing “The As species were directly measured in the 

porewater samples, whereas in the case of solids, 0.1 g of sample was placed together with an 

extracting agent (1 M H3PO4+0.1 M, ascorbic acid) in a microwave vessel. The digested solution 

was analysed following the aforementioned method.” Now Lines 229-233. 

The analytical determination of the total concentrations of As, Fe, Mn and S was also performed 

after acid digestion in a close microwave system but using aqua regia and HF, following the EPA 

method 3052. This was already written in the text. 

 

Line 239: Eh or ORP?, please clear it up. If they are Eh values, I am not sure if those can be 

considered as oxidative conditions. 

As explained in the comment related to line 156, we measured Eh. They are oxidative conditions 

compared to the reducing conditions found in the sediments. 

 

Line 244: such Eh decrease causes a reductive dissolution of Fe/Mn oxides rather than desorption 

processes. 

We have modified the sentence following your suggestion. 

 

Lines 245-247: did the authors performed a statistical analysis to support this fact? 

In order to provide statistical support to the traditional data interpretation, principal component 

analysis (PCA) was performed on both the sediment matrix (Fig. 2A) and porewaters (Fig. 2B). We 

have added a brief explanation “Explorative multivariate data analysis” in the Materials and 

Methods section. 
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Regarding your comment concerning porewaters, the PCA output (biplot explaining 71.1% of the 

total variance, Fig. 2B) highlighted a strong correlation between As species and dissolved Fe 

(r=0.919 between As(III) and As(V), r=0.770 between As(III) and Fe, r=0.757 between As(V) and 

Fe). In order to be consistent, r values reported in the text are referred to the entire set of data (LL, 

VV, SJ and SE). We have added this information in the text.  

In order to provide you further information, we have also checked the correlations between 

dissolved As species and Fe at each sampling site. As species reached higher concentrations at the 

Nalòn estuary sites (SJ and SE) and showed strong correlations at all sites (r=0.941 at LL, r=0.689 

at VV, r=0.971 at SJ, r=0.954 at SE). This is consistent with the results depicted in the PCA output. 

Weak correlation was found between dissolved As species and Fe at sites LL (r=0.346 and r=0.193 

for As(III) and As(V), respectively) and VV (r=0.438 and r=0.470 for As(III) and As(V), 

respectively). Conversely, As species appear to be strong correlated with dissolved Fe at sites SJ 

(r=0.837 and r=0.890 for As(III) and As(V), respectively) and SE (r=0.526 and r=0.585 for As(III) 

and As(V), respectively). 

 

Lines 258-260: does the authors have any evidence of the presence of these mineral phases in the 

sediments? 

We did not perform any mineralogical analysis. As reported above, the mineralogical composition 

of the sediments from the Nalón River estuary is reported in García-Ordiales et al. (2017): it is 

mainly quartz, which is predominant in the coarse fractions, and kaolinite-smectite, illite, albite, and 

vermiculite in the finer fractions. The chemical concentrations in the sediments reported as oxides 

are clearly dominated by SiO2 (66.3%) and Al2O3 (8%), in addition to the significant presence of 

light amounts of Fe2O3 (3.7%), as expected based on the mineralogical analysis. Detected 

concentrations of MnO were consistently less than 1% and were not directly correlated with the fine 

fraction thus indicating that its variability is not directly related to the aluminosilicate minerals 

which, conversely, are correlated with Fe2O3. These data are consistent with the results we obtained 

from our analyses where Mn concentrations in the sediments are two orders of magnitude lower 

than Fe concentrations. 

 

Lines 257-266: according to the author's belief, which redox pair may control the redox condition in 

the sediments, S(-II)-S(VI), Fe(III)-Fe(II), As(V)-As(III) or that of Mn?  

The redox conditions in our sediments are mainly controlled by the redox pairs Fe(OH)3/Fe
2+

 

considering the pH value of about 7.3-7.4 and the Eh negative values. In addition, reducing 

conditions favor the much more hazardous chemical form of arsenite (As
+3

) and this is visible in our 

porewater profiles where there is an increase of concentrations with depth (HAsO4
2-

/H3AsO3). The 

redox pair SO4
2-

/HS
-
 can be present but our conditions are not strongly reducing to reach sulphate 

reduction. In these conditions, at the pH of the seawater and with available carbonate species, solid 

manganese could be present in form of rhodocrosite MnO2(s)+ HCO3 +3H
+
 +2e

-
 = 

MnCO3(s)+2H2O whereas at the same conditions Fe is controlled more by the sulphides. Usually, 

the Eh-pH relations show relatively large field of stability for dissolved Mn2+ compared to the solid 

oxides MnO2. 

 

Lines 278-281: again, does the authors have statistical evidence of this relatiship? 
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In order to provide statistical support to the traditional data interpretation, principal component 

analysis (PCA) was performed on both the sediment matrix (Fig. 2A) and porewaters (Fig. 2B). We 

have added a brief explanation “Explorative multivariate data analysis” in the Materials and 

Methods section. 

Regarding your comment concerning the relationship between Hg and S in the sediment matrix, the 

PCA output (explaining 84.7% of the total variance, Fig. 2A) highlighted a strong correlation 

between Hg and S (r=0.628). Moreover, these elements also showed a clear relationship with the 

sediment core collected at site LL where the highest concentrations of Hg and S were observed. 

This is not surprising since most of the Hg of mining origin was present as cinnabar (HgS). 

However, at site LL, no correlation was found between the two elements (r=0.297 at site LL) 

contrary to what was observed at sites VV (r=0.959), SJ (0.577) and SE (r=0.732). In this context, it 

is reasonable to expect that the occurrence of Hg at site LL may be related to a different local 

source which is currently under investigation.  

Indeed, high concentrations of Hg were detected at the Vega beach (approximately 40 km west of 

site LL) due to the discharge of mine tailings from the district of Berbes which was one of the main 

fluorite mining areas in Europe where cinnabar was occasionally present (Symons et al., 2017; 

Forjan et al., 2019; Leuresse et al., 2019). According to Florjan et al. (2019), a marine outfall 

located 660 m away from the average low tide level has been build up for the discharge since 

1990s. This suggests that fine suspended particles enriched in Hg could be transported by the ocean 

and shoreline currents and transported into the estuarine environment at site LL. 

We have improved the text and added furhter information regarding the source of Hg at site LL 

(now Lines 341-352). 

 

Line 295 onwards: please replace T1, T2…. the real time (15 min, 1h, 2h, etc.) 

Following your suggestion, we have replaced T1-T6 with the real time and wrote “when shaking 

has stopped (T0)” and “before resuspension (Tpre-res) when necessary. 

 

Lines 329-332: could the authors discard diffusion into the sediment of more metal-rich waters after 

the resuspension? As metal-rich porewaters seem to be diffused into the water column during the 

resuspension, the opposite effect could be also produced. Could the authors give their opinion on 

that? 

We agree with you since also influxes of trace elements from the overlying water into the sediment 

could occur. Unfortunately, we did not investigate these processes and we actually do not have any 

experimental evidence to proof if a certain influx of trace elements could occur. However, we retain 

that influx of trace elements into the sediment during a resuspension event is a much more slow 

mechanism compared to other geochemical processes such as precipitation and adsorption on the 

surface of the resuspended particles. 

 

Line 368: a lower? 

We have modified the text following your suggestion. 



14 
 

 

 

Lines 370-371: which is the reason of this evolution? 

At site SE, an increase of dissolved MeHg and a decrease of dissolved Hg were observed during the 

resuspension experiment. We retain that this evolution is the result of methylation processes which 

appear to prevail at site SE with respect to the other investigated sites. At site SE, the MeHg 

concentrations during the resuspension were found to be one order of magnitude higher than those 

measured in the sediment porewaters. This suggests that a certain amount of MeHg may be 

produced during the resuspension experiment and/or released from the resuspended fine particles 

due to desorption processes. Indeed, previous research at the Nalòn River estuary stated that the 

highest levels of MeHg in the surface sediments occurred at site SE (García-Ordiales et al., 2018). 

The same authors stated also that only low amounts of the THg are available for methylation. 

However, changes in environmental conditions (e.g. hydrological events) or anthropogenic 

activities (e.g. dredging) may alter the original unperturbed conditions with subsequent 

remobilization of PTEs from bottom sediments through resuspension. Moreover, at site SE the 

highest concentrations of inorganic Hg were observed (three orders of magnitude higher with 

respect to the other sites) as well as elevated amounts of SO4
2-

 and the increase of DOC due to OM 

degradation during the resuspension experiment. Since sediments can show different methylation 

potential (Bloom et al., 2003) which depends on several factors such as the bacterial activity, the 

physico-chemical boundary conditions, the occurrence of OM and the concentration of inorganic 

Hg available for methylation it is reasonable to suppose that sediment resuspension may promote 

methylation processes at site SE. 

We have improved this discussion in the text (now Lines 464-480) 

 

Lines 401-402: which is the cause of inhibition? The high concentration of sulphate or the 

availability of high concentrations of sulphate to be reduced instead of As(V). 

The availability of high concentrations of sulphate to be reduced instead of As(V). On the basis of 

your comment we have modified the sentence as follows “Moreover, the availability of high 

concentrations of SO4
2-

 (>2,000 mg L
-1

) to be reduced can inhibit the reduction of As(V) to 

As(III)”. Now Lines 518-520. 

 

Lines 408-408: why is not possible here the oxidation of DOC and conversion into DIC? 

We should take into consideration that only a small part of DOC is bioavailable or biodegradable by 

bacteria. The remaining part is recalcitrant to degradation as it is made by fulvic and humic acids 

and a myriad of macro- and micromolecular compounds also highly ramified and less active. This is 

why we think that dilution due to porewaters can explain the low concentrations after the 

resuspension but we cannot exclude a degradation to DIC although this process is not so fast and 

influent due to what reported above.  

 

Lines 430-432: and associated to what? 
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At all the investigated sites, particulate PTEs showed decreasing trends as the result of the settling 

of the resuspended particles as a function of time. We have modified the sentence in order to better 

highlight this behaviour (now Lines 548-562). 

 

Lines 438-439: how the authors could support this fact? Have the authors any information from 

sequential extraction or mineralogical evidences?  

Unfortunately, we have no information from sequential extraction or mineralogical evidences. 

The fact that Hg and MeHg were bound to the silty fraction is supported by the grain size spectra 

and composition (see Fig. 4) which tends to move to finer particles as a function of time. At site SE, 

these finer particles appear to be enriched in Hg and MeHg and, consequently, their concentrations 

(µg g
-1

) increase as the particles become finer. We already stated in the text that “by comparing the 

particulate PTE trends with TSM content, a preferential bound to the silty or clayey fraction was 

found (now Lines 553-554). We slightly modified the text specifying that the fact that particulate 

Hg and MeHg concentrations increased is consistent with the evolution of the grain size spectra and 

composition (Fig. 4) as a function of time and it indicates that Hg and MeHg were bound to both 

the silty and clayey fractions (now Lines 556-562). 

Moreover, this fact is also confirmed by the significant correlations between the percentage of silt 

and particulate Hg and MeHg during the resuspension experiment at site SE: 

 

 

Line 476: As(V) was totally removed? If so, I do not see how it could be higher than at Tpres-res 

At site SJ, the concentrations of As(V) was 4.97 µg L
-1

 at the end of the experiment (after 24 h). 

This concentration is slightly lower to that measured immediately before resuspension (5.55 µg L
-1

) 

suggesting that the As(V) resealed during resuspension was removed from the solution. This was 

not observed at site SE where As(V) showed higher concentrations at the end of the experiment. 

On the basis of your comment, we have modified the sentence in order to better explain the 

difference between the two sites and we have added further details regarding As(III): “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 to 

that measured before the resuspension (5.55 µg L
-1

, Tpre-res) suggesting that the As(V) released 

during resuspension was removed after 24 h at SJ. On the contrary, this is 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). Slightly the same was observed for As(III) which was 

removed after 8 h at SJ (<lod) and slightly higher (0.29 µg L
-1

 after 24 h) rather than before the 

resuspension (0.19 µg L
-1

, Tpre-res). 
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Lines 492-493: check this sentence 

Thank you for notice this mistake. We have checked and corrected this sentence. 

 

Reviewer #3: The authors investigated metal contents in marine sediments in Spain, and performed 

resuspension experiments in order to investigate the behavior of potentially toxic trace elements 

(PTEs) during sediment disturbance, ex dredging. The objectives and the experiments are 

interesting, and the manuscript is generally well written. However, I would like to suggest possible 

improvements and comments as follows.  

Abstract: it is not generalized, with only fragmented explanation of results of each sediments. 

Abstract must clearly state the background, objectives and results with a flow of logic, and 

generalized explanation/interpretation should be provided, instead of independently stating results 

with each sediment. The conclusion is well summarized, so use some of those statements.  

Following your suggestion we have modified the abstract providing a more generalised explanation 

of the main results of this research avoiding stating results regarding each sampling site.  

 

Introduction: an explanation is lacking as to what is important research question. Sediment 

resuspension and PTE mobilization is well explained from L55 to 78 based on literature review, but 

no research question is provided. The explanation in L86-99 and L95-99 have some challenges 

regarding Hg and As resuspension in Nalon River estuary, but the explanation appear to be a bit 

weak. L100-L107 is a bit too general. There should be a strong, detailed statement as to what is 

unknown to date, and therefore what was investigated in this study. They must be explained well in 

accordance to the employed experimental methods.  

Following your suggestion, we have improved the Introduction. 

We have adding further information on the investigated area (now Lines 95-106) in order to expand 

the reasons that we focused on Hg and As. Indeed, Asturias is one of the most important Regions 

for mining and extraction activity of Hg and coal in Spain. Especially, the Nalòn River drainage 

basin has been severely affected by long term exploitation of sulphide ores (several mines north 

from Oviedo) and there are evidences that the sediments not only in the Nalòn estuary (García-

Ordiales et al., 2019, 2020), but also along the whole coastline (Forjan et al., 2019; Sanz-Prada et 

al., 2020) are contaminated by Hg and As mainly by this source.  

We have also better highlighted the aim of our study (now Lines 107-128). 

 

L117-150: The description of the targeted three ports could be summarized in a Table, which would 

be easier to understand their different characteristics. 

Following your suggestion, we have added a Table (Table 1) resuming the main characteristics of 

the investigated sampling sites. 
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Table 1. Resuming of the main characteristics of the investigated sampling sites along the Asturian 

coast: the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and the port of Llanes 

(LL).  

Sampling site San Juan (SJ) San Esteban (SE) Villaviciosa (VV) Llanes (LL) 

Location port areas in the Nalón R. estuary 
port area 60 km E of 

the Nalón R. estuary 

port area 110 km E of 

the Nalón R. estuary 

Latitude 43º 33´ 21.56" N 43º 33´ 4.90" N 43º 31´ 31.54" N 43º 25´13.04" N 

Longitude 6º 4´ 37.51" W 6º 5´ 40" W 5º 23´ 21.20" W 4º 45´12.02" W 

Depth (m) 3.20 4.50 2.40 3.80 

Water circulation  open estuarine area sheltered harbour sheltered harbour 

Sediment grain size* 
sand 26.4 % 4.92 %  3.91 % 27.4 %  

mud 73.6 % 95.1 % 96.1 % 72.6 % 

As in sediments (µg g
-1

) 20.1 - 68.1** average 11.3*** - 

Hg in sediments (µg g
-1

) 0.10 - 1.33** average 0.18*** > 3.81*** 

*: average grain size composition, this study; **: Garcìa-Oridales et al., 2018, 2019b; ***: unpublished data 

 

L159: what inert atmosphere means? Which gas? 

Inert atmosphere means filled with N2, as already specified few lines above. Following your 

suggestion, we have modified the sentence specifying that the extracted porewaters were recovered 

in the inert atmosphere chamber filled with N2. 

 

L245-266: They should be explained in more details to facilitate understanding. Why it is inferred 

that Fe dissolution drove the release of As and Hg, rather than Mn? What is the reason? The surface 

sediment of site SE has the most As content among all. If As is mobilized to dissolved phase 

because of Fe dissolution, the why porewater of upper sediments had low As content but deeper 

sediments had high As in pore waters? Why porewater Fe (and Mn) had a peak in upper sediments? 

In L264-265, when Fe reduction occurs, As(V), which was adsorbed in the iron (hydr)oxides, would 

be immediately released to dissolved phase, but As(V) did not show immediate increase in the 

upper sediment pore water. Why? 

First, Fe concentrations in the sediment is two orders of magnitude higher than Mn, also in the 

Nalòn R. estuary, where the concentrations of the two elements are the highest (SE and SJ). In these 

two sites, Fe concentrations are very high in porewaters from the first level (0-1 cm) at SE and from 

the second level (1-2 cm) at SJ. The dissolved Fe concentrations keep high throughout the 

porewater profile. It means that redox-conditions facilitate the reduction of the Fe oxy-hydroxides 

which must be an important component of the Nalòn estuarine sediments compared to the other two 

estuarine sampling sites. At VV and LL, indeed, Fe in the porewaters is far less abundant compared 

to SE and SJ but the profiles show peaks for Fe and Mn (not evident for LL) just below the 

sediment-water interface. We mean that the reduction of Fe and Mn oxy-hydroxides at VV and LL 

is relatively important only in upper sediments and not in the deeper layers as it is at SE and SJ. At 

these two sites, Arsenic should be present in association to Fe oxy-hydroxides. The role of Mn 

oxide phase in terms of reduction and release of adsorbed arsenate into porewaters (Masscheleyn et 

al., 1991a) appears definitely secondary. Silva et al. (2014) found As incorporated into short-range 

ordered Fe oxyhydroxides as the predominant fraction at stream sediment samples collected close to 

the mining sources in the Nalon River drainage basin. Arsenate may then be reduced to arsenite by 
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bacteria in reducing sediments (Dowdle et al., 1996). This is what we observed throughout the 

sedimentary sequence at SE and SJ sites where Arsenate concentration in porewaters increases in 

parallel to Arsenite where the dissolved Fe is high. The solubility of As is less limited in estuarine 

sediments, which often have low concentrations of Sulphur, by formation of insoluble sulphide 

minerals. Therefore high-As waters are not expected where there is a high concentration of free 

sulphide (Moore et al., 1988). If sediment Eh drops below about -130 mV, the concentration of 

dissolved As may increase in sediment porewaters (Neff, 2002 and references therein). Sulphate 

reduction should not be particularly effective at these sites. This also evident at LL sites, where Hg 

concentrations in sediments are high but there is an increase in porewaters of dissolved Hg and 

MeHg with depth. If H2S had been present, Hg as As would have precipitated as sulphides and 

MeHg production would be inhibited.  

On the basis of your comments and our explanations, we have modified/included some sentences in 

the text at Lines (275-327). 

 

L252: "the metals" specify which metals. 

Mercury and As. As suggested, we have specified it in the text. 

 

Fig 2: the Eh values corrected for hydrogen-standard electrode? 

No, it’s not necessary. We measured Eh by means of a Pt/KCl–Ag/AgCl electrode calibrated with 

ZoBell solution (220 mV at 25ºC). This description has been added to the text in the Materials & 

Methods section. 

 

Fig 3 and in the text: I would recommend not to use T1, T2,, but directly indicate 30min, 1h, etc. 

Following your suggestion, we have replaced T1-T6 with the real time and wrote “when shaking 

has stopped (T0)” and “before resuspension (Tpre-res) when necessary. We have also modified the 

legend in the Fig. 4 by adding the time (T0==min, T1=30 min, T2=1 h, etc.) 

 

Fig 4: the resolution is low. 

Following your suggestion, we have improved and split the Fig. 4 in two figures: one for sites LL 

and VV (now Fig. 5) and one for SJ and SE (now Fig. 6). 

 

3.2.2: Somehow Fig 4 and Fig 3 have similar temporal trends. How much possible that iron and 

manganese in the dissolved phase, along with other PTE, decreased simply by sedimentation, just 

like particulate phase in Fig 5? The dissolved samples are already filtered by 0.45 um filters, but 

some large fraction can be deposited during the first few hours? For example of As(V), given that 

As(V) has low solubility, it is easily bound to small particles (<0.45um). Therefore, in LL and VV, 

it is already bound to Fe or other adsorption sites in small particles at the beginning of the 

resuspension experiment, and deposited altogether?  
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In L382, how the the authors explain the initial high As(V) concentration immediately after 

resuspension? It is just a resuspension of As(V)-bound small particles or As(V) is mobilized from 

small particles? This may concern also the interpretation in 3.3. 

In our opinion, the first part of your comment is not properly clear. Indeed, how can be possible that 

the concentration of a dissolved chemical species decreases simply by sedimentation? Do you mean 

that the decrease of dissolved iron is due to precipitation following sedimentation of this freshly 

formed solid phase?  

The high concentrations of dissolved Fe could be due to the contribution of porewaters following 

resuspension. Dissolved Fe and Mn decreased over time at the Nalòn sites reaching concentrations 

lower than the beginning most likely due to oxidation processes and subsequent precipitation of Fe 

oxides. Although this was already stated, we have slightly modified the text (now Lines 398-411). 

The large particles appear to be deposited during the initial stage of the experiment. Indeed, this is 

clearly evident from the grain size spectra (Fig. 4) which testify to sedimentation of large particles 

in the first 30 minutes (between T0 and T1). Then, the grain size spectra tend to move to finer 

particles as a function of time.   

Regarding your comment concerning As(V) in LL and VV, are you talking about dissolved or 

particulate As(V)? It is not clear. If you are referring to dissolved As(V), a certain amount of As(V) 

could be bound to colloids (<0.45 µm). This could be verified by ultrafiltration. However, this 

technique needs large volume of water which is impossible to get from this experimental approach.  

Moreover, As solubility decreases during oxidation events as a result of precipitation of As(V), 

which often occurs coupled with adsorption on the surface of Fe oxy-hydroxides. This was already 

stated in the text (now Lines 486-489). 

The high concentrations of As(V) at the initial stage of the resuspension experiment (when shaking 

was stopped, T0) could be related to the contribution of porewaters. Indeed, sediment resuspension 

can affect the equilibrium of the chemical forms in the sediment matrix, inducing changes in the 

redox conditions, which in turn could favour the desorption of As from Fe oxy-hydroxides, as well 

as the reductive dissolution of these minerals, with the subsequent release from sediment porewaters 

to the overlying water column. We have modified the text on the basis of these comments (now 

Lines 489-499). 

 

Reviewer #4:  

1.  The paper is not well written. 

Respectfully, we do not agree and it’s not the opinion of the other three reviewers.  

 

2.  The paper will be far better suited for a different journal such as something more regional or 

perhaps even a aquatic toxicology journal. 

We think that since the topic is related to the coastal marine environment and environmental issues 

it matches very well with this journal.  
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3.  The paper is based on very small sample sizes with limited replication.  I also question the 

papers reproducibility. 

You can reproduce easily analysis but not experiments. Anyhow, we performed 4 experiments 

although in 4 different sites with the same approach and the reproducibility in terms of trends of 

parameters is evident.  

 

4.  STOTEN does not prioritze laboratory work except in cases where the work is of considerable 

interest to its broad readership. 

Respectfully, this is a matter of the Editor 

 

5.  The paper has no hypotheseses presented. 

The hypotheses have been rewritten 

 

6.  the Introdcution section is not complete with no set of specfic objectives identified. 

The Introduction has been revised and improved 

 

7.  The grammar and syntax will need a major improvement. 

Proofreading was provided by an expert professional mother tongue before submission. The same 

has been done with this revised version. 

 

8.  The paper has a considerable amount of speculation and is based on a vert small set of samples 

and the investigation has very low sptatitistical power. 

The set of samples is not small. Statistical analysis has been added. 

 

9.  I found the conclusions in this investigation to not match up well with the data and again there is 

too much specualtion. 

We do not agree. Abstract and Conclusion have been revised according to the useful suggestions of 

the other three reviewers. 

 

10. I did not fins this paper to be in strong accordance withthe goals of the journal nor the quality 

expected of papers published by STOTEN.     

As stated above at question n° 4. 
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11. The paper may become publishable, in a more specialized and/or regional journal, after some 

major revisions and a langauage wash by an expert in Enlgish language. 

Proofreading was provided by an expert professional mother tongue before submission. The same 

has been done with this revised version. 
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ABSTRACT 29 

 30 

Contaminated eEstuarine sediments must be dredged in order to allow for navigation, and where 31 

these sediments are placed after dredging depends upon guidelines based only on the total 32 

concentration of contaminants. However, resuspension events could seriously affect the mobility 33 

and speciation of contaminants, including potentially toxic trace elements stored in sediments.  34 

The effects of resuspension on the cycling of mercury (Hg) and arsenic (As) between the sediment 35 

and water column was investigated in a mesocosm study. Four experiments were conducted in three 36 

estuaries inof northern Spain, based on samples collected from sites which have been impacted by 37 

now decommissioned Hg and As mines and periodically subjected to dredging activities. Designed 38 

to mimic the resuspension of particles, each of the experiments revealed that the release of Hg and 39 

As species does not depend on the total concentration in the sediments (16.3-50.9 mg kg
-1

, for As 40 

and 0.52-5.01 mg kg
-1

 for Hg). The contribution from porewaters and the subsequent reductive 41 

dissolution and/or desorption appears to be the main processes responsible for the An abrupt 42 

increase in particulate and dissolved Hg and As species (maximum release of 427 % and 125 %, 43 

respectively) was observed following a resuspension event which involved both contaminated 44 

resuspended particles and the release of these species from porewaters. At San Esteban, in the 45 

Nalón River estuaryIn some cases, the concentrations of As and Hg in the water column continued 46 

to remained at high concentrations in the water column even after the experiments were completed 47 

(after 24 hours), thus testifying to their critical persistence in the dissolved form. A similar trend 48 

was observed for Hg in the port of Llanes. Conversely, at the other sites, the effects of resuspension 49 

lasted only a few hours and were followed by the restoration of pre-resuspension conditions were 50 

observed only a few hours after resuspension, mainly due to the role of Fe oxy-hydroxides which 51 

provides suitable surfaces for adsorption and/or co-precipitation processes involving dissolved Hg 52 
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(maximum removal of -58 %) and As (maximum removal of -25 %) species. Part of the Hg and As 53 

released from porewaters and/or desorbed during resuspension was presumably removed by the 54 

subsequent adsorption onto the settling fine particles and/or co-precipitated in association with Fe 55 

and Mn oxy-hydroxides. The results of this research could be helpful for policy making and to take 56 

appropriate decisions regarding dredging. 57 

 58 

Keywords: estuarine sediments, mercury, arsenic, contamination, resuspension, dredging 59 

1. Introduction 60 

 61 

Estuaries are crucial areas for sediment transfer between fluvial and marine systems, often forming 62 

sinks for sediment moving downstream, alongshore or landwards (Ridgway and Shimmield, 2002). 63 

A wide range of human activities take place in these sites (i.e., ports, industrial, urban and 64 

recreational settlements) and, as a result, estuarine waters receive dissolved and particulate 65 

contaminants, including potentially toxic trace elements (PTEs). Fine-grained sediments often 66 

become a repository for contaminants by reducing their toxicity (Eggleton and Thomas, 2004 and 67 

references therein). However, Nnatural events such as tidal currents, wave action, storm surge and 68 

bioturbation (Sanford et al., 1991; Arfi et al., 1993; Kalnejais et al., 2007), along with 69 

anthropogenic activities such asincluding dredging, shipping and trawling (Schoellhamer, 1996; 70 

Lewis et al., 2001), may be responsible for the resuspension of sediment particles. In particular, 71 

dredging and disposal are common practices to maintain navigation channels and access to port 72 

areas, but they may impact upon aquatic communities (Roberts, 2012) since contaminants can be 73 

released in dissolved form in the water column (Stephens et al., 2001; Caplat et al., 2005). When 74 

resuspended in the oxic water column, anoxic sediments may result in variable desorption rates of 75 

PTEs previously co-precipitated with/or adsorbed to Fe and Mn sulphides (Simpson et al., 1998; 76 
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Caetano et al., 2003). The released Fe and Mn are quickly reprecipitated, acting as scavengers for 77 

PTEs and other contaminants (Caetano et al., 2003; Jones-Lee and Lee, 2005). This precipitation 78 

process will involve any particle available with a layer of Fe oxy-hydroxide, previously mobilised 79 

by the oxidation of sulphides, and PTEs will bind to the newly created adsorption surfaces of the 80 

settling particles (Goossens and Zwolsman, 1996). The extent of sediment resuspension and 81 

dispersal depends on the water movements in nearby dredging/disposal areas (Eggleton and 82 

Thomas, 2004). The modification of the physico-chemical properties (i.e., pH and redox conditions) 83 

can affect not only the mobility, but also the bioavailability of toxic compounds with adverse effects 84 

on aquatic organisms (Kim et al., 2004, 2006; Cotou et al., 2005; Bocchetti et al., 2008). 85 

Investigation into the potential mobility and bioavailability of contaminants in estuarine sediments 86 

is a challenging but essential task, since the understanding of the processes involved in the recycling 87 

of these contaminants between solid and aqueous phases may contribute to the preservation of 88 

water/air quality by informing environmental policies. To better evaluate these issues, most research 89 

has taken the form of laboratory experiments which simulate the dredging effects using different 90 

time intervals (e.g. Van Den Berg et al., 2001; Caetano et al., 2003; Cantwell et al., 2008; Monte et 91 

al., 2015; de Freitas et al., 2019).  92 

Among PTEs, mercury (Hg) and arsenic (As) are well known for the recognised toxicity of their 93 

different chemical species and diffusion in the environment (i.e., industrial settlements, mining 94 

activity). There are several studies on Hg (and methylmercury, MeHg) remobilisation after 95 

resuspension from bottom sediments (e.g. Bloom and Lasorsa, 1999; Conaway et al., 2003; Kim et 96 

al., 2004; Benoit et al., 2009; Acquavita et al., 2012; Seelen et al., 2018; Zhu et al., 2018). In 97 

particular, Bloom and Lasorsa (1999) found that approximately 5% of MeHg bound to the sediment 98 

and less than 1% of total Hg were released during a laboratory mixing experiment, but the release 99 

can be limited in quantity and time due to the dilution of the Hg species in the water body and their 100 

reburial in the solid phase (Acquavita et al., 2012).  101 
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The Asturias coast (northern Spain) represents one of the most impacted regions of Spain due to 102 

several anthropogenic activities, including long-term mining of sulphide ore, which have severely 103 

affected the Nalòn River drainage basin, the main hydrographical system (3692 km
2
) of the region 104 

(Loredo et al., 1999; Loredo, 2000; Fernández-Martínez et al., 2005). The sources and distribution 105 

of trace elements, especially As and Hg, have been investigated in several environmental matrices 106 

including soils, mine tailings, fresh and ground waters and estuarine sediments (e.g. Loredo et al., 107 

2010; Ordóñez et al., 2014; Silva et al., 2014; García-Ordiales et al., 2018). In the Nalón River 108 

estuary, in spite of the high levels of As and Hg in the fine sediments, the high presence of 109 

sulphides and the redox conditions appear to govern the speciation cycles of these elements, thus 110 

reducing the formation of the most toxic species, such as As(III) and MeHg (García-Ordiales et al., 111 

2018). In addition, there is evidence along the Asturian coasts that other minor estuarine systems 112 

may be potentially affected by Hg and As contamination (Forján et al., 2019; García-Ordiales et al., 113 

2019a, 2020; Sanz-Prada et al., 2020). However, no experimental evidence is available on the 114 

effects of possible resuspension events. 115 

In this study, the total Hg and As concentrations in the sediments and porewaters, together with The 116 

primary aim of this research was to investigate the effects of a mesocosm simulated resuspension 117 

events in replicate mesocosms were investigated to predict the behaviour of Hg and As associated 118 

with bottom sediments and porewaters and their fate these PTEs in the water column after a 119 

perturbative event. A comparison among at four selected sites.  similar estuarine environments in 120 

Asturias affected by various sources of contamination and where dredging operations are 121 

periodically needed to allow navigation was provided. The occurrence and mobility of Hg and As in 122 

this area is of great concern due to their potential bioaccumulation in the aquatic trophic. Within the 123 

European Union, the Water Framework Directive (WFD, European Parliament, Council of the 124 

European Union, 2000) sets “good status” objectives for water bodies throughout the member 125 

states. The status is simply based on chemical and ecological criteria. A classification system has 126 
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been developed to decide upon chemical status, with threshold values known as “Environmental 127 

Quality Standards” (EQS). A specific maritime policy was later established and directed for marine 128 

ecosystem protection and conservation by the EU Marine Strategy Framework Directive (MSFD) 129 

(European Parliament, Council of the European Union 2008). The MSFD specifically requests that 130 

member states implement monitoring programs for the assessment of the environmental status of 131 

marine waters. The results of this experimental study  obtained following this experimental 132 

approach may be useful in providing the scientific background to help policy-makers take 133 

appropriate decisions regarding dredging and to control As and HgPTE contamination levels.  134 

Controlling As and Hg levelsThis is especially relevant due to the biological richness of estuaries, 135 

their significance as sites of a wide variety of food intended for human consumption (fisheries, 136 

aquaculture, mussel collection), and the possible implications for the health and economy of 137 

affected areas. This experimental approach could be applied to all coastal environments where 138 

information regarding the major geochemical processes that regulate PTE behaviour, mobility and 139 

fate is needed to support environmental management and risk assessment.  140 

 141 

 142 

2. Materials and Methods 143 

2.1. Study area 144 

The experimental sites are located in three estuaries found in eastern central Asturias (Fig. 1), which 145 

has one of the best-preserved coastline environments in Spain. As part of this conservation policy, 146 

these estuaries are supported by several environmental protection programmes and strategic EU 147 

initiatives such as the Habitats Directive and the Natura Network 2000 (92/43/EC). Each of these 148 

estuaries has diverse characteristics (Table 1). 149 

 150 
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The Nalón River estuary 151 

The Nalón River empties into the largest drainage basin in the northern Spain. Its estuary has been 152 

subject to very high levels of contamination due to mining which took place over a period of 150 153 

years (García-Ordiales et al., 2019a). The riverine flow to the estuary is high, showing a notable 154 

water column stratification that may extend several kilometres (Ceñal and Flor, 1993). The estuary 155 

has two port areas which are exposed to the main channel flows, which in turn affects the grain size  156 

of the sediments. The San Juan (SJ) port area is quite open and the accumulated bottom sediments 157 

are mostly sandy, whereas the San Esteban (SE) port area has a protection dock which acts as a 158 

sedimentary trap for silt and clay (García-Ordiales et al., 2018). García-Ordiales et. al. (2018, 159 

2019b) reported high concentrations of As (20.10-68.10 µg g
-1

) and Hg (0.10-1.33 µg g
-1

) in bottom 160 

sediments and the potential transfer to biota. 161 

 162 

The Villaviciosa estuary 163 

The Ria de Villaviciosa (VV) is located approximately 60 km east of the Nalón estuary. The 164 

drainage basin extends for 160 km
2
 and the estuarine area is 12.6 km

2
. The freshwater flow rate is 165 

low and the tidal influence is strong, producing a total mixing, the absence of water column 166 

stratification and a high sedimentary accumulation rate (Flor et al., 1996). Recently, as a 167 

consequence of wastewater discharge, mussel collection has been banned. Other potential 168 

anthropogenic contamination sources are not known. Conversely, in nearby areas there are different 169 

outcrops of bituminous rocks and hydrothermal ores of fluorite that could potentially be the sources 170 

of As and Hg (Iglesias and Loredo, 1994; González-Fernández et al., 2018). Preliminary sediment 171 

analyses performed by the regional port authority have reported average concentrations of 11.3 µg 172 

g
-1 

for As and 0.18 µg g
-1

 for Hg (unpublished data). 173 

 174 

Formatted: Not Highlight

Formatted: Not Highlight

Formatted: Not Highlight

Formatted: Not Highlight

Formatted: Not Highlight

Formatted: Not Highlight



8 

 

The Llanes port 175 

The Llanes (LL) port is approximately 110 km east of the Nalón estuary and 50 km east of VV 176 

estuary. Similar to VV, the tidal influence in LL is high, producing a lack of stratification in the 177 

water column due to the almost null contributions of freshwater from the inflowing Carroced creek. 178 

The sedimentary dynamics are controlled by an access gate between the old (inner) and new (outer) 179 

port areas. The tidal flow restriction produced by the gate has converted the old port area, where 180 

sediments were collected for this study, into a sedimentary trap of fine sediments similar to SE. 181 

Over the last 15 years, sediment monitoring conducted by the regional port authority has shown the 182 

presence of high Hg concentrations (up to 3.81 µg g
-1

) (unpublished data). Potential local sources of 183 

Hg are currently under investigation.  184 

 185 

2.2. Experimental approach 186 

A scuba diver collected undisturbed short sediment cores by pushing a Plexiglass tube (30 cm 187 

length; 16 cm i.d.) into the bottom sediment. Upon collection and transport to the laboratory, these 188 

cores were extruded and sectioned into five slices (0-1, 1-2, 2-3.5, 3.5-5 and 5-7 cm) in a N2-filled 189 

chamber to preserve the original redox conditions. At the same time, the redox potential (Eh) was 190 

measured in the surnatant water and the corresponding slices. These slices were homogenised and 191 

split to determine water content. The remaining sediment was centrifuged at in situ temperature and 192 

the extracted porewaters, recovered in the inert atmosphere (N2-filled chamber), were filtered (0.45 193 

µm pore size, i.d. = 33 mm, Millex-HV), collected in acid pre-cleaned vials and stored in a deep-194 

freeze until analyses. 195 

In parallel, bottom sediments and the overlying water were collected by a scuba diver using a 196 

cylindrical Plexiglas chamber as a sampler (h = 25 cm, i.d. = 24 cm, wall thickness = 0.6 cm) 197 

following the experimental approach applied by Acquavita et al. (2012). The average depth of 198 

sediments inside the chamber was 10 cm with approximately 15 cm of overlying water (ratio 199 
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water/sediment = 1.5). Careful transportation of the chamber to the laboratory minimised 200 

perturbation at the sediment-water interface (SWI). Here the overlying water was drained off and 201 

carefully replaced with bottom water collected from the same sampling location using a Niskin 202 

bottle. This step was taken in order to exclude any possible perturbative effect on the water inside 203 

the chamber possibly occurring during transportation (e.g. Bertuzzi et al., 1996; Emili et al., 2011; 204 

Acquavita et al., 2012). The basic physico-chemical parameters (T, pH, Eh) were measured using a 205 

portable multiprobe (Crison MP41). Eh measurements were performed by means of a Pt/KCl–206 

Ag/AgCl electrode calibrated with ZoBell solution (220 mV at 25ºC). 207 

The simulated resuspension was performed using a mechanical horizontal shaker (130-150 cycles 208 

min
-1

, t = 10 min) after sealing the top hole of the chamber. Periodic sampling of the resulting 209 

mixture between dissolved and particulate phases was then performed. In detail, the benthic 210 

chamber was left open and undisturbed between one sampling and the next to simulate real 211 

environmental conditions where the water column is in direct contact with the atmosphere. In order 212 

to allow the collection of water just above the SWI, and the cover was repositioned before each 213 

sampling. In detail, the cover has two valves on its lid, one being connected to a tube (0.5 cm 214 

diameter) that allows for water sample collection at approximately 5 cm just above the SWI. This is 215 

important to properly evaluate variations of the dissolved and particulate concentration of chemical 216 

species as a function of time, as well as the grain size composition of the suspended particles which 217 

tend to become finer after the resuspension event. Using a plastic syringe, water lying on top of the 218 

sediment was syphoned off via one of the two valves on the lid of the chamber and placed in a pre-219 

treated borosilicate container (Vf = 600 mL). Seven samples were recovered within 24 hours (T0 = 220 

0, T1 = 30 min; T2 = 1h; T3 = 2h; T4 = 4h; T5 = 8h; T6 = 24h.) and the main physico-chemical 221 

parameters were promptly measured. Samples were then centrifuged (10,000 rpm min
-1

, t = 10 min; 222 

Eppendorf 5804) to separate the dissolved phase from the suspended particles. The solid fraction 223 

latest were collected for both grain size and chemical analyses. The dissolved phase was 224 
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subsequently filtered (0.45 µm pore size, i.d. = 33 mm, Millex-HV) and divided for the necessary 225 

analytical aliquots.  226 

 227 

2.3. Analyses of samples 228 

Grain-size analyses on bottom sediments and resuspended particles were performed following the 229 

method outlined by García-Ordiales et al. (2017). The sediment aliquots were oxidised (H2O2=3%, 230 

t=24 h) to remove most of the organic matter (OM). Successively, the solution was wet-sieved 231 

through a 2-mm sieve to remove coarse, shelly fragments. The fraction < 2000 μm was recovered 232 

and analysed using a laser difractometer (Fritsch Anaysette 22 Laser-Particle Sizer Microtec).  233 

The measurement of the isotopic composition of Hg was carried out via gas chromatography 234 

combined with inductively coupled plasma mass spectrometry (7890A Agilent GC and HP 7500c 235 

Agilent ICP-MS). The determination of the elemental species concentrations was carried out by 236 

species-specific isotope dilution mass spectrometry. All sample preparation procedures were 237 

previously developed and validated for water (Amouroux et al., 1998, Rodríguez-González et al., 238 

2002, Bouchet et al., 2011) and sediments (Rodríguez-González et al., 2007; Rodríguez Martin-239 

Doimeadios et al., 2003; Rodríguez-González et al., 2007). The mathematical approach of the 240 

methods was described in detail in Rodríguez-González et al. (2013). 241 

The As species were analysed using a mobile phase of 2 M phosphate buffered saline (PBS)/0.2 M 242 

EDTA (pH 6.0) in a separation column with a 1260 Infinity high-performance liquid chromatograph 243 

(HPLC) coupled with ICP-MS. The As species were directly measured in the porewaterLiquid 244 

samples were directly measured, whereas in the case of solids, 0.1 g of sample was placed together 245 

with an extracting agent (1 M H3PO4+0.1 M, ascorbic acid) in a microwave vessel (Ruiz-Chancho 246 

et al., 2005). The digested solution was analysed following the aforementioned method. The 247 
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accuracy of the results was verified by comparing the total As concentration to the sum of all the 248 

determined species concentrations. The recovery of As speciation ranged from 95% to 106%. 249 

Total As, Fe, Mn and S concentrations in dissolved and solid phases (bottom sediments and 250 

resuspended sediment particles) were determined by ICP-MS and ICP-OES. For solids, samples 251 

were previously digested by aqua regia + HF in a microwave vessel (EPA method 3052). Samples 252 

were analysed in batches, and the accuracy of the elemental determination was verified using the 253 

CRM042-056 and other internal laboratory standards. Recovery percentages of the different 254 

elements were in the range of 93–106%, and the RSD was less than 7%. The dissolved organic 255 

carbon (DOC) was determined using the TOC-V CSH (Shimadzu) instrument. 256 

 257 

2.4. Explorative multivariate data analysis 258 

Principal component analyses (PCA) was employed as an unsupervised exploratory chemometric 259 

tool for the visual identification of relationships among the samples (PC scores and score plots), 260 

within variables (PC loadings and loading plots), and between samples and variables (biplots) 261 

(Oliveri et al., 2020). In order to minimise systematic differences between variables, data matrices 262 

were pre-processed (column autoscaling) before the multivariate analysis (Oliveri et al., 2019). 263 

Multivariate analysis was performed using the CAT (Chemometric Agile Tool) package, based on 264 

the R platform (The R Foundation for Statistical Computing, Vienna, Austria) and freely distributed 265 

by Gruppo Italiano di Chemiometria (Italy) (Leardi et al., 2019). 266 

 267 

3. Results and Discussion  268 

3.1. Sediment and porewater chemistry 269 

Grain-size distribution was found to be different among the sampling sites and rather constant with 270 

increasing depth (Table 12, Fig. S1A). According to Shepard’s (1954) classification, the sediment 271 
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consisted mostly of silt, which was found to be higher than 90% at VV and SE, followed by SJ and 272 

LL which appeared to be less homogeneous with depth. The clayey fraction was rather constant 273 

with depth and generally poorly represented, whereas the sandy fraction clearly prevailed at LL and 274 

SJ (Table 21, Fig. S1A). 275 

The Asturian estuarine systems are known to be affected by high levels of anthropogenic pressure 276 

(García-Ordiales et al., 2018, 2019a, b), thus the sediments collected displayed elevated 277 

concentrations of both As and Hg (Table 21). Although disparities in trace element concentrations 278 

along the sediment cores collected at the investigated sites are not particularly evident, the PCA 279 

output (explaining 84.7% of the total variance) clearly denotes the differences among the various 280 

sites and are distinctly represented in the biplot (Fig. S1A). Arsenic was found to be rather 281 

homogeneous downcore, with the lone exception being site SE, where As rapidly decreased from 282 

50.9 mg kg
-1

 (0-1 cm) to 31.8 mg kg
-1

 (1-2 cm). No significant differences were observed for Hg at 283 

sites VV, SJ and SE (mostly lower than 1.0 mg kg
-1

), whereas the element was found to be one 284 

order of magnitude higher at site LL (3.73 ± 0.76 mg kg
-1

) as also confirmed in the PCA output 285 

showing a relatively clear relationship between Hg and site LL (Fig. S1A). Silva et al. (2014) 286 

reported that As incorporated into short-range ordered Fe oxy-hydroxides was the predominant 287 

fraction in the stream sediment samples of the Nalòn River drainage basin. This fraction represented 288 

more than 80 % of the total As concentration, although realgar and pararealgar [As4S4], orpiment 289 

[As2S3], and arsenic-rich pyrite were the original sulphide ore deposits (Ordoñez et al., 2014). 290 

 Similarly, Fe, Mn and S were rather constant moving downcore, except for the weak increase 291 

observed for Mn at SE. Comparable S concentrations were found among sites, although slightly 292 

higher values were detected at LL and VV. Conversely, Fe and Mn showed the highest 293 

concentrations at the Nalón River estuary sites, especially at SE (Fig. S1A).  294 
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Estuarine sediments suffer intense chemical, physical and biological reactions due to the interaction 295 

between the solid phase and porewaters, promoting the formation of new and altered minerals 296 

and/or changes in the porewater composition (Beck et al., 2008; Oliveri et al., 2016). In this context, 297 

Fe and Mn oxy-hydroxides represent suitable adsorptive phases for PTEs, especially under 298 

oxidising conditions (Turner et al., 2004). Conversely, under conditions of oxygen depletion, Fe 299 

and Mn oxy-hydroxides may act as secondary oxidant sources during OM degradation (Froelich et 300 

al., 1979) and their subsequent reduction/dissolution could be responsible for the release of 301 

dissolved PTEs in porewaters.  302 

Oxidative conditions were found in the surnatant water (Eh ranged from 132 to 161 mV) as well as 303 

quite low total dissolved Hg, MeHg and As (III and V) species, followed by Fe and Mn (Fig. 2). 304 

This is clearly evident in the PCA output (explaining 71.1% of the total variance) highlighting a 305 

strong relationship between the redox conditions and the surnatant water collected from all sites 306 

(Fig. S1B). Although some differences occurred among the sites, OM degradation and slow oxygen 307 

diffusion through the sediment drove reductive conditions just below the SWI. Redox potential (Eh) 308 

decreased downcore at all sites (up to almost - 400 mV) as well aswhereas dissolved As and Hg 309 

species (at LL) and MeHg (0-2 cm) at site SE (Fig. 2)increased with depth (Fig. 2 and S1B), due to 310 

desorption and/orreductive dissolution of Fe and Mn oxy-hydroxides (Smedley and Kinniburgh, 311 

2002; Fiket et al., 2019). In detaildeed, the strong correlations similar trend between As(III) and 312 

As(V) (r = 0.919) and between As species and dissolved Fe (r =0 .770 and r = 0.757 for As(III) and 313 

As(V), respectively) highlighted in the PCA output (Fig. S1B) observed at site SE could be 314 

explained as the Fe dissolution, rather than Mn (r = 0.171 and r = 0.131 for As(III) and As(V), 315 

respectively), drove the release of As and Hg species especially at the Nalòn estuary sites (SE and 316 

SJ). This is also consistent with the fact that the role of Mn oxide in the reduction and subsequent 317 

release of adsorbed As(V) into porewaters definitely appears to be secondary (Masscheleyn et al., 318 

1991) confirming that As should be mainly released from Fe oxy-hydroxides at sites SJ and SE.  319 
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Conversely, at site VV, a marked release of dissolved Fe and Mn in the upper sediment (520-1,360 320 

µg L
-1

 and 299-828
 
µg L

-1
, respectively) appears not to have affected the dissolved Hg and As 321 

species that, in fact, showed constant trends with depth (Fig. 2). Moreover, no variability was 322 

noticed in the sediments downcore for As, Hg, Fe and Mn. It is possible that their behaviour in the 323 

sediment did not result in Fe and Mn oxy-hydroxides precipitation. Due to highly reducing 324 

conditions (- 400 mV), the metalsHg and As could be present as insoluble or very low soluble 325 

sulphur compounds, as also suggested by the strong correlation between Hg and S in the sediment 326 

matrix (r = 0.628, Fig. S1A) (Fang and Chen, 20156; Wang et al., 2016; Petranich et al., 2018).  327 

Dissolved As species were found to be high in the Nalón River estuary (SJ and SE, Fig. S1B), 328 

where both As(V) and As(III) notably increased with depth reaching concentrations of 231 and 67.3 329 

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), 330 

respectively). In this context, simultaneous dissolution and desorption processes involving Fe and 331 

Mn oxy-hydroxides, carbonate fraction and/or the degradation of OM (Wang et al., 2016 and 332 

references therein) and soluble As sulphur complexes, may have led to elevated amounts of As(V), 333 

which in turn might be rapidly reduced by bacteria to the more labile and toxic As(III) (Dowdle et 334 

al., 1996; Smedley and Kinniburgh, 2002; Pfeifle et al., 2018). Indeed, dissolved Fe and Mn 335 

increased in the first cm (up to 4,131 and 604 µg L
-1

 at SJ and 6,469 and 451 µg L
-1

 at SE, 336 

respectively) attesting to the transition to anoxic conditions (Fiket et al., 2019). This is in agreement 337 

with the trend described for As species, since the reduction of As(V) usually occurred after Fe(III) 338 

and before sulphate reduction according to the diagenetic sequence (Froelich et al., 1979; Smedley 339 

and Kinniburgh, 2002).  340 

As also confirmed in the PCA output (Fig. S1B), Ttotal dissolved Hg gradually increased with 341 

depth only at LL (from 2.18 to 13.3 pg L
-1

 in the surnatant water and deepest layer, respectively). In 342 

this site, MeHg was found to be extremely low (0.40 ± 0.26 pg L
-1

) and represented only 8.26 and 343 
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6.64 % of the dissolved Hg pool in the surnatant water and downcore, respectively. Moreover, a 344 

constant increase downcore was observed (from 0.18 to 0.88 pg L
-1

) whereas slightly elevated 345 

amounts of MeHg were found in the 1-2 cm level at sites SJ and SE (Fig. 2 and S1B). Although Hg 346 

and MeHg generally displayed extremely low concentrations, the MeHg profile found at site SE 347 

suggests that methylation processes mediated by sulphate reducing bacteria (Hines et al., 2017) 348 

cannot be completely excluded and could be favoured under low rates of sulphate reduction 349 

(Gilmour et al., 1992). The Log KD of Hg (expressed in L kg
-1

), which describes the partitioning 350 

between the solid and dissolved phases (Hammerschmidt et al., 2004), was quite constant with 351 

depth, varying between 8.18 ± 0.02 (SE) and 9.13 ± 0.13 (VV), thus suggesting the prevalence of 352 

the element in the solid phase (Table S1). The extremely negative values of Eh can favour the 353 

occurrence of sulphate reduction allowing for sulphide precipitation (Hines et al., 1997). :However, 354 

although this was evident at site LL, where the highest elevated concentrations of both Hg (5.01 mg 355 

kg
-1

) and S (1.20 %) were detected at site LL, no correlation was found between the two elements (r 356 

= 0.297 at site LL), contrary to what was observed at sites VV (r = 0.959), SJ (r = 0.577) and SE (r 357 

= 0.732). This suggests that the occurrence of Hg at site LL may be related to a different local 358 

source currently under investigation. Indeed, Forján et al. (2019) pointed out high concentrations of 359 

Hg at Vega beach (approximately 40 km west of site LL) due to the discharge of mine tailings from 360 

the district of Berbes which was one of the main fluorite mining areas in Europe where cinnabar 361 

was occasionally present (Iglesias and Loredo, 1994; Symons et al., 2017; Levresse et al., 2019).  362 

On account of the marine outfall, which has been built up for the discharge since 1990s (Forján et 363 

al., 2019), it is reasonable to expect that ocean and shoreline currents play a crucial role in 364 

transporting fine suspended particles enriched in Hg into the Llanes estuary (LL). 365 

The sulphate reduction may also have influenced the low levels of dissolved As(III) in the deepest 366 

layer at VV and LL (0.07 and 9.42 µg L
-1

), since the reduction of As(V) is inhibited when sulphate 367 

reduction occurs (Moore et al., 1998; Frohne et al., 2011; Burton et al., 2013). At these sites, the 368 
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reduction of Fe and Mn oxy-hydroxides appear to be relatively notable only in the upper sediments. 369 

Similarly,Conversely, dissolved Fe and Mn showed the highest concentrations in porewaters only 370 

below 2 cm at SE and SJ as well as in the corresponding sediment cores (Fig. 2 and 1SB), thus 371 

indicating a higher release from sediment to porewaters at the Nalón River estuary sites. 372 

Sulphate profiles showed an almost stable trend, except for LL, where they decreased downcore. 373 

Together with the increase of Hg and the elevated DOC concentrations, this may have favoured 374 

methylation processes at LL, thus explaining the increase in dissolved MeHg in the deeper layers 375 

(Fig. 2 and S1B). 376 

 377 

3.2. Resuspension experiments 378 

3.2.1. Physico-chemical parameter variability  379 

Total suspended matter (TSM) content was markedly high just after artificial perturbation was 380 

stopped immediately after the resuspension events(T0) (Fig. 3), especially at SE and LL (4.88 and 381 

3.42 g L
-1

, respectively), and decreased abruptly after 30 mint T1 (Table S2) at all sites until the end 382 

of the experiments. This trend suggests that the effect of resuspension is limited at the initial stage 383 

of the experiments, when the highest turbidity was followed by the rapid deposition of the coarser 384 

fractions (Van Den Berg et al., 2001).  385 

Total suspended matter (TSM) grain size distribution was determined only at the Nalón River 386 

estuary (SJ and SE) (Fig. 3). At site SE, coarse and fine silt predominated at T0, followed by the 387 

finer fraction (very fine silt) after 30 minat T1 and by the clayey fraction after 8 hat T5. At site SJ, 388 

the distribution was trimodal and fine sand, coarse and fine silt prevailed at T0. Due to the low 389 

amount of TSM (close to the lod of the instrument), the distribution was irregular in the rest of the 390 

experiment but similar to that described for SE (Fig. 3). 391 
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The pH varied in a narrow range at all the sites (7.08-7.86) with the exception of SE (7.04-8.02) 392 

(Table S2). The Eh values testified to the occurrence of oxidising conditions throughout all the 393 

experiments with a decreasing trend from pre-resuspension to the initial stage of the experiment 394 

(T0) at LL and SJ, and an increasing trend at VV and SE (Table S2). Generally, there were no 395 

marked variations (almost constant) and the values at the end of the experiment were lower than the 396 

beginning (Fig. 3). Despite the reductant conditions found in the upper levels of the sediment cores 397 

(Fig. 2), the oxidising environment in the mesocosm experiment suggested that the direct 398 

contribution from porewaters was negligible (Van Den Berg et al., 2001) or had hidden any dilution 399 

processes between porewaters and the water into the chamber. 400 

 401 

3.2.2 Behaviour of dissolved chemical species after resuspension 402 

The behaviour of PTEs during a resuspension event is influenced by physico-chemical parameters 403 

and by dissolved Fe and Mn occurrence. In oxic conditions, Fe and Mn are present as oxy-404 

hydroxides and are often involved in adsorption processes, co-precipitation, but when reducing 405 

conditions occur there is a dissolution with the subsequent release of dissolved PTEs (Gagnon et al., 406 

1997). 407 

Noteworthy differences were found among the sites, both in terms of concentration and trend during 408 

the experiments (Fig. 4 and 5). Iron and Mn varied in a wide range being the highest concentrations 409 

at SE (up to 7,180 and 2,760 µg L
-1

, respectively) followed by SJ. Conversely, at LL and VV there 410 

was a low variability and the concentrations were significantly lower. 411 

A common behaviour at all the sites was the increasing trend in the earliest phase of resuspension, 412 

since the disturbance events involving anoxic sediments usually lead to the release of dissolved Fe 413 

and Mn (Saulnier and Mucci, 2000; Caetano et al., 2003). Considering dissolved Fe, for instance, 414 

the maximum concentrations found at SE (7,180 µg L
-1

 after 30 minat T1) and SJ (5,100 µg L
-1

 at 415 
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T0) could be due to the contribution of porewaters following resuspension. In fact, at SE, Fe was 416 

found to be higher than 6,000 µg L
-1

 in the porewater extracted from the first centimetre (Fig. 2). 417 

IronFe and Mn decreased over time at the Nalón estuary sites, reaching concentrations lower than 418 

the beginning, most likely due to oxidation processes and subsequent precipitation of Fe oxides. 419 

According to Caetano et al. (2003), adsorption and co-precipitation in association with Fe oxides 420 

represents the main processes responsible for the removal of dissolved Mn from the solution. 421 

Indeed, This could be related to the crucial role of Fe oxides appear to play a crucial role as surface 422 

catalysts in the oxidation of Mn (Caetano et al., 2003 and references therein). Indeed, due to the 423 

oxidising conditions measured in the chamber (Eh > 120 mV), adsorption and co-precipitation with 424 

freshly formed Fe oxides are likely the main processes which remove Mn from the solution. 425 

Conversely, at the other sites, Fe varied more (LL) or less (VV) markedly during the experiments, 426 

especially until 4 hT4 (Fig. 4), whereas Mn was almost constant at both sites during the 427 

resuspension experiment (24 h)from T0 to T6. Similar behaviour was observed by Caetano et al. 428 

(2003), who stated that following resuspension, dissolved Mn remains in solution over a longer 429 

period of time than Fe and then decreases slowly to reach stable levels after one week (Saulnier and 430 

Mucci, 2000).  431 

At the four investigated sites, the behaviour of dissolved Hg, MeHg, As(III) and As(V) during the 432 

resuspension experiment is discussed in the following paragraphs and described by a negative 433 

exponential equation (1): 434 

(1)           
    435 

where CTi is the concentration at any time (Ti) during the resuspension experiment, CT0 is the 436 

concentration at T0 and k is the rate constant for the contaminant dispersion as a function of time 437 

(Fig. S2). The equation (1) was calculated until a decreasing trend was observed and was not 438 
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applied when the concentration at T0 was higher than the concentration measured before the 439 

resuspension experiment (Tpre). Indeed, the final aim was to verify how long it took for the samples 440 

to return to their initial pre-resuspension. 441 

 442 

Behaviour of dissolved mercury species 443 

Although the highest Hg concentrations in sediments and porewaters were found at LL (avg. 3.90 444 

mg kg
-1

 and 6.85 pg L
-1

, respectively), the release of total dissolved Hg at this site (1.18-6.22 pg L
-

445 

1
) was found to be comparable with those observed at sites SE (1.90-4.50 ng L

-1
) and SJ (2.95-5.90 446 

ng L
-1

). The lowest values were found at site VV (0.41-1.27 pg L
-1

). This could indicate greater Hg 447 

mobility at the Nalón estuary sites, in agreement with previous research (Garcíia-Ordiales et al., 448 

2018). In addition, MeHg at these sites was found to be twenty times higher (3.54-9.97 pg L
-1

 at SJ 449 

and 4.13-6.93 pg L
-1

at SE, respectively) than at LL (0.12-0.33 pg L
-1

) and VV (< lod-0.14 pg L
-1

) 450 

(Fig. 4 and 5). Mercury concentrations at SE and SJ were similar to those reported by Acquavita et 451 

al. (2012) in a lagoon environment contaminated by Hg from mining and industrial origin. The 452 

same authors reported notably higher (avg. 226 and 51 pg L
-1

, respectively) MeHg concentrations 453 

than our study, likely due to a sudden release from porewaters at T0 immediately after resuspension.  454 

Total dissolved Hg and MeHg increased after resuspension and then decreased, in all the 455 

investigated sites, until the end of the experiment. According to the equation given above (1), 456 

dissolved Hg and MeHg reached concentrations comparable to those measured before the 457 

resuspension experiment (Tpre) after 6 h at sites LL, VV and SJ (Fig. S2). The only exception was 458 

the dissolved Hg at site LL, where Hg was found to be slightly higher at the end of the experiment 459 

(1.87 pg L
-1

 after 24 h) with respect to the initial stage (1.18 pg L
-1

 before the experiment). These 460 

trends are similar to those for dissolved Fe and Mn, thus suggesting a potential removal 461 

(scavenging) of Hg species due to Fe and Mn oxy-hydroxide formation (Gagnon et al., 1997; 462 
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Acquavita et al., 2012; Petranich et al., 2018). The only exception was SE, where Hg and MeHg 463 

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 464 

4.13 pg L
-1

 (T0), respectively (Fig. 54). Successively, Hg decreased to the same levels observed at 465 

other sites, whereas MeHg progressively increased to 7.25 pg L
-1

 (after 4 hT4) and remained almost 466 

constant until the end of the experiment (after 24 h)T6. This could be attributed both to MeHg 467 

released from porewaters (Fig. 2) or to the mobilisation of bioavailable OM during resuspension, 468 

which may have favoured the metabolic activity of sulphate-reducing bacteria involved in Hg 469 

methylation (Gilmour et al., 1992) as suggested by the high levels of DOC (11.2-17.6 mg L
-1

, Fig. 470 

54).  471 

Since significant changes in the association with Hg binding phases could influence methylation 472 

and the subsequent transfer of MeHg from the sediment to biota (Kim et al., 2006), the MeHg/Hg 473 

ratio (%) in the dissolved phase after resuspension was calculated. Despite the low MeHg levels (< 474 

lod-0.33 pg L
-1

), VV and LL displayed the highest average ratio (9.211.5 and 4.798 %, 475 

respectively), if compared to SJ and SE (0.15 and 0.22 %, respectively). This is due to Hg that was 476 

at most one order of magnitude higher than MeHg at LL and VV, whereas at SJ and SE Hg was 477 

three orders of magnitude higher. A lower MeHg/Hg ratio was reported by Acquavita et al. (2012) 478 

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 479 

increased at the end of the experiment. In our study, this occurred only at SE, where increasing 480 

MeHg concentrations and decreasing Hg concentrations over time were observed and could be the 481 

result of methylation processes (Fig. 54). Indeed, the MeHg concentrations during resuspension 482 

were found to be one order of magnitude higher than those measured in the sediment porewaters, 483 

suggesting that a certain amount of MeHg may be produced during the experiment and/or released 484 

from the resuspended fine particles due to desorption processes. This is in agreement with previous 485 

research at the Nalòn estuary which has found that which has found that the highest levels of MeHg 486 

in the surface sediments occurred at site SE (Gracía-Ordiales et al., 2018). The same authors also 487 
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found that low amounts of THg are available for methylation under unperturbed conditions. 488 

However, resuspension events may alter the original conditions with the subsequent remobilisation 489 

of MeHg from the surface of the resuspended particles. Moreover, at site SE the highest 490 

concentrations of inorganic dissolved Hg were observed, as well as elevated concentrations of SO4
2-

491 

, as well as an increase in DOC due to OM degradation during the resuspension experiment. Since 492 

sediments can show different methylation potential (Bloom et al., 2003) depending on several 493 

factors such as bacterial activity, the occurrence of OM and the concentration of inorganic Hg 494 

available for methylation (Gilmour et al., 1992; Bloom and Lasorsa, 1999), it is reasonable to 495 

hypothesise that sediment resuspension may promote methylation processes at site SE.  496 

 497 

Behaviour of dissolved arsenic species 498 

The behaviour of As is of particular interest as it was found to be readily bioavailable in surface 499 

sediments of the Nalón River estuary (García-Ordiales et al., 2019a, b). The release of As(III) from 500 

sediments to porewaters is enhanced under reducing conditions (Bataillard et al., 2014) due to 501 

desorption processes (Wilkin and Ford, 2006; Beak et al., 2008). Conversely, As solubility 502 

decreases during oxidation events as a result of precipitation of As(V), which often occurs coupled 503 

with adsorption on the surface of Fe(III) oxy-hydroxides (Saulnier and Mucci, 2000; Amirbahman 504 

et al., 2006; Root et al., 2007; Jeong et al., 2010). Thus, resuspension events involving anoxic 505 

sediments strongly affect the release of dissolved As (Saulnier and Mucci, 2000). Indeed, sediment 506 

resuspension processes can interfere with the equilibrium of these chemical forms, inducing 507 

changes in the redox conditions, which in turn could favour the desorption of As from Fe oxy-508 

hydroxides, as well as the reductive dissolution of these minerals, with a subsequent release from 509 

sediment porewaters to the overlying water column (Smedley and Kinniburgh, 2002).  510 
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This could explain the high As(V) concentrations immediately after resuspension ( atT0), whereas 511 

the release of As(III), with concentrations up to ten times lower than As(V), was evident only at SE 512 

and SJ (Fig. 54). The prevalence of As(V) may be related to oxidation and/or adsorption processes 513 

mediated by Fe and Mn oxy-hydroxides, which represent very efficient oxidants of As(III) (Saulnier 514 

and Mucci, 2000; Amirbahman et al., 2006; Root et al., 2007; Jeong et al., 2010). 515 

The highest concentrations of As species, released from porewaters, were found at SE. Generally, 516 

As(V) species markedly decreased at LL and VV reachingreaching pre-resuspension conditions 517 

after 4-5 h (Fig. S2)., and tTo a lesser extent, something similar was observed at SJ and SE, where 518 

until T6, reaching As(V) and As(III) concentrations comparable with the beginning (pre-519 

resuspension, Tpre-res) were reached after 18 and 9 h for As(V) and As(III), respectively (Fig. S2). 520 

On the contrary, with the exception concentration of As(V) at SE, where at T6 the concentrations 521 

after 24 h was higher than that seen at before the experiment Tpre-res (15.3 and 9.81 μg L
-1

 at T6 and 522 

Tpre-res, respectively). AConversely, at the same site, As(III) showed a sharp initial increase during 523 

the first 30 min of resuspension from Tpre-res to T0 (0.19 to 2.77 μg L
-1

 at Tpre-res and T0, respectively) 524 

reaching concentrations comparable to those measured before the experiment after 7-8 h, and then 525 

decreased over time until the end of the experiment T6 (0.29 μg L
-1

 after 24 h) (Fig. 5 and S2). This 526 

behaviour can be attributed to adsorption processes onto Fe and Mn oxy-hydroxides (Smedley and 527 

Kinniburgh, 2002) , which showed a similar trend (Fig. 54), and to the formation of As(V), which 528 

consistently showed high concentrations throughout the experiment as a consequence of As(III) 529 

oxidation (Bataillard et al., 2014) sustained by the oxidising conditions measured in the chamber 530 

(Table S2). 531 

On the contrary, the rapid initial decrease in As(V) at LL and VV until 4 h after resuspensionfrom 532 

T0 to T4, could be due to adsorption processes on Fe oxy-hydroxides (Fig. 44), since dissolved Fe 533 

showed comparable behaviour during the experiments. Regarding the As(III), values < lod were 534 
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likely related to the scarce contribution from porewaters, where very low concentrations were found 535 

(0.12-9.42 μg L
-1

 at LL and < lod and 0.07 μg L
-1 

at VV). Moreover, the availability of high 536 

concentrations of SO4
2-

 (> 2,000 mg L
-1

) to be reduced can inhibit the reduction of As(V) to As(III) 537 

(Chen et al., 2002; Burton et al., 2013). Bacterial activity also controls the As(V)/As(III) ratio 538 

(Bataillard et al., 2014): in oxic and abiotic conditions the As(V) form prevails, whereas in biotic 539 

conditions, As is preserved from total oxidation, thus both chemical forms can be present. This 540 

feature deserves to be more carefully investigated and should be taken into consideration in future 541 

studies. 542 

Even DOC can be involved in adsorption processes on the suspended particulate matter. In our 543 

study, DOC concentrations immediately decreased at T0after resuspension, likely caused by the 544 

dilution with porewaters, and remained almost constant until 4 h after resuspensionT4. Successively, 545 

DOC increased (at VV, SJ and SE) until the end of the experiment (after 24 h)T6 and reached values 546 

lower than the beginning, with the exception of LL where a slight decrease was seen from between 547 

T4 4 toand 24 h after resuspensionT6 (13.2 and 10.3 mg L
-1

, respectively). 548 

 549 

3.2.3. Behaviour of the particulate phase after resuspension 550 

Sediment resuspension events can determine the recycling of particles as well as the reintroduction 551 

of contaminants into the water column through the SWI (Bloesch, 1995). However, if the event 552 

occurred over a short period of time (24 hours), the release of dissolved species is limited and most 553 

of the PTEs remain bound to the particulate phase (Van Den Berg et al., 2001; Cantwell and 554 

Burgess, 2004; Cantwell et al., 2008; Bataillard et al., 2014). According to Guerra et al. (2009), 555 

even in heavily contaminated sites (e.g. Pialassa Baiona Lagoon, Italy), dredging does not always 556 

have dramatic effects on the environmental quality of the aquatic environment. This could be the 557 

case in our study where resuspension was simulated for a limited time. 558 
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The Log KD values for Hg and MeHg (KD = [PHg]/[DHg], L kg
-1

) were significantly higher at LL 559 

and VV (see Table S3), suggesting that these species remain preferentially partitioned in the 560 

particulate phase also during resuspension events, as previously stated by Kim et al. (2004). 561 

However, it is interesting to note that Log KD at SJ and SE showed a decrease of two orders of 562 

magnitude if compared to that calculated for core sediments, thus confirming the evidence reported 563 

in Garcíia-Ordiales et al. (2018). The Log KD of As species was generally low and did not show 564 

noticeable differences among the sites. Conversely, Fe and Mn appeared to be mainly associated 565 

with the dissolved phase (Log KD, 0.81-4.08). 566 

Particulate PTEs showed decreasing trends at all the sites (Fig. 5), with the exception of Although 567 

Hg and As(V) at SJ (which saw an increase during the first 30 min after resuspensionfrom T0 to T1), 568 

and As(V) at SE (which saw an increase between 30 min and 1 h after resuspensionfrom T1 to T2), 569 

particulate PTEs showed decreasing trends at all the sites (Fig. 6).. This behaviour haswas also been 570 

reported for Zn and Cud by Vidal-Durà et al. (2018) as the result of the settling of the resuspended 571 

particles as a function of time.. 572 

By comparing the particulate PTE trends with TSM content, a preferential bond to the silty or 573 

clayey fraction was found. At SE, the TSM rapidly decreased in the first 4 hours after resuspension, 574 

from 4.88 (coarse silt) to 0.31 mg L
-1

 (very fine silt), as well as particulate Hg and MeHg, from 14.6 575 

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,T4), respectively. However, as the 576 

particles in suspension became finer, particulate Hg and MeHg concentrations slightly increased up 577 

to 6.29 μg g
-1

 and 0.83 pg g
-1

 (after 24 hT6), respectively. This is consistent with the evolution of 578 

the grain size spectra and composition as a function of time (Fig. 3) and indicates that Hg and 579 

MeHg were bound to both the silty and clayey fractions, in addition to Fe. On the contrary, As(V), 580 

As(III) and Mn showed the highest concentrations in the early phase of the experiment, thus were 581 

preferentially bound to the silty fraction (Fig. 3). 582 
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At SJ, the clay prevailed in suspension as early as 1 hour after resuspension (T2), when particulate 583 

Hg reached the highest concentration (9.18 µg g
-1

), and particulate MeHg (0.98 pg g
-1

) was slightly 584 

lower than the beginning (1.29 pg g
-1

) and decreased as particles settled down (Fig. 65). As 585 

observed at site SE, Hg was found to be bound to both grain size fractions, whereas MeHg, Fe and 586 

Mn were preferentially bound to the silty fraction. Conversely, particulate As(V) and As(III) 587 

increased as the particles in suspension became finer. 588 

 589 

3.3. Assessment of arsenic and mercury species released-removal after simulated resuspension 590 

events 591 

The amounts of Hg, MeHg, As(V) and As(III) released during the experiments were estimated 592 

assuming that the resuspension events involved only the first 3.5 cm of the sedimentary sequence 593 

(based on visual observations), considering the size of the chamber and the water content in each 594 

layer of the sediment cores. Furthermore, the concentrations at Tpre-res were converted into the 595 

amount (mass) of each chemical species. By adding the amounts of elements released by porewaters 596 

to those of the water column before resuspension (Tpre-res), and dividing by the water volume in the 597 

chamber (6.79 L), the chemical species concentrations that should have been found following the 598 

resuspension in the water column (T0) were estimated (Table S4). 599 

The concentrations measured at LL, VV and SJ (only for Hg species promptly re-precipitated/re-600 

adsorbed) at T0 were higher than those estimated for the sole porewater contribution, thus there was 601 

also an active desorption from the resuspended sediment. For the Nalón River estuary, the T0 602 

concentrations of Hg and As species at T0 were found to be lower than the estimated concentrations 603 

at SE. In addition, the percentages of As and Hg species in the water column until the end of the 604 

experiment (after 24 h)from T0 to T6, with respect to the dissolved concentrations before 605 

resuspension were calculated (Table S4 and Fig. 76). Positive values for Hg and MeHg (excluding 606 
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the sampling performed after 8 hT5) at LL and, in the first hour, at VV, suggested a further release 607 

from resuspended sediments. In detail, at LL the percentage of Hg released at T0 was especially 608 

high (335%) and remained so (58%) after 24 hours. Surprisingly, a scarce release after resuspension 609 

at T0 was found at SE where the concentration at T0 was approximately 30% lower than at before 610 

the experiment (Tpre-res) and becaome even lower (-58%) after 24 h (Fig. 76). The time of removal 611 

for MeHg from the water column was quite variable among the sites, however, the MeHg levels 612 

were almost constant thus suggesting the enhancement of methylation processes after resuspension 613 

as observed by Acquavita et al. (2012). As suggested by Bloom and Lasorsa (1999), the mixing of 614 

surface sediments associated with fresh sulphate and organic carbon with contaminated deep 615 

sediments may be a favourable environment for MeHg production: if these conditions occur, 616 

unacceptably high levels of MeHg could result, however, this does not appear to be the case in this 617 

study. 618 

At the end of the experiment, the concentration of As(V) at site SJ (4.97 µg L
-1

) was found to be 619 

slightly lower than that measured before the resuspension (5.55 µg L
-1

, Tpre-res) suggesting that the 620 

As(V) released during resuspension was removed at the end of the experiment (after 24 h)ours at 621 

SJ. On the contrary, this was not evident at site SE, where but its As(V) concentration was still 622 

higher (56%) at the end of the experiment (15.5 µg L
-1

) than before the experiment at (9.81 µg L
-1

, 623 

Tpre-res) at the end of the experiment at site SE,. Something similar was observed for As(III) which 624 

was removed after 9 h at SJ (<lod) and slightly higher (0.29 µg L
-1

 after 24 h) than before 625 

resuspension (0.19 µg L
-1

, Tpre-res) whereas As(III) released at SJ was removed 8 hours following 626 

resuspension. 627 

 628 

Conclusions 629 
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Mainly due to the legacy of mining activities, Hg and As accumulated in sediments found on the 630 

Asturian coasts could be problematic in the event case of resuspension due to natural (e.g. storm 631 

surges) or anthropogenic events (e.g. dredging). AIn this work a preliminary characterisation of the 632 

area (sediment cores) was performed provided for theat selected sites. Furthermore, to investigate 633 

the effect of resuspension and the subsequent remobilisation and redistribution of As and Hg 634 

species, a mesocosm experiment (simulated resuspension under controlled conditions) was 635 

performed. The major findings can be summarised as follows:  636 

- The bottom sediments were mostly constituted of silt at SE and VV, whereas sand prevailed 637 

at LL and SJ. As concentration demonstrarted a wider range than Hg moving downcore with 638 

rather homogeneous profiles. However, for both elements the levels were quite high and 639 

exceeded the standard set by the EU. Increasing negative Eh values moving downcore were 640 

measured at all the sites. 641 

- Several dissolved species were determined in porewaters (As(V), As(III), Hg and MeHg). 642 

Generally, Hg concentrations were rather constant with depth for. In the case of As species, 643 

an increase due to the dissolution and desorption from Fe, and rather than Mn, oxy-644 

hydroxides coupled with the transition from oxic to anoxic conditions occurred. These 645 

processes could have led to high amounts of As(V), which in turn might be rapidly reduced 646 

to the more labile and toxic As(III). The highest As(V) and SO4
2-

 concentrations detected in 647 

porewaters at the Nalón River estuarine sites could testify to a scarce sulphate reduction 648 

which usually inhibits the reduction of As(V). Moreover, the low rates of sulphate reduction 649 

could also explain the pronounced increase in MeHg at the same sites (SJ and SE). 650 

- Particulate and dissolved PTE concentration increased when the artificial perturbation 651 

stopped immediately after resuspension and together TSM rapidly decreased over time. The 652 

abrupt increase in dissolved PTEs can be mainly ascribed to the porewater contribution and 653 
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the effects of resuspension lasted only a few hours until pre-resuspension conditions were 654 

restored. Part of the Hg and As MeHg released from porewaters and/or desorbed during 655 

resuspension was presumably removed after 6 h at sites LL, VV and SJ (with the exception 656 

of Hg at site LL) by the re-adsorption onto the settling fine particles and/or co-precipitation 657 

with Fe and Mn oxy-hydroxides. In the case of As species, the restoration of the pre-658 

resuspension concentrations of As(III) was reached after 7-9 h at the Nalòn estuary sites. 659 

Something similar was observed for As(V) which showed concentrations comparable to the 660 

beginning after 4-5 h at LL and VV and after 18 h at SJ, whereas the re-adsorption and/or 661 

re-precipitation was incomplete at site SE. 662 

- However, in some cases the re-adsorption and/or re-precipitation was incomplete. 663 

These results suggest that resuspension events of contaminated estuarine sediments can be critical 664 

for the surrounding environment, resulting in a worsening of the quality for water and biota. The 665 

consequences, however, are not unequivocal, strongly depending on site characteristics and, as seen 666 

in the mesocosm experiments, appear to be limited in time. In this context, the restoration of pre-667 

resuspension conditions is observed a few hours after resuspension, but in some sites precautions 668 

should be taken when planning to dredge. 669 

Further investigation could be helpful in order to elucidate the behaviour of other pollutants such as 670 

POPs and TBT, which commonly affect estuarine and coastal areas. Moreover, it would be useful to 671 

monitor the water column quality during dredging operations in situ and to compare the results with 672 

the mesocosm approach. 673 
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Figure captions 943 

 944 

Fig. 1. The study area along the Asturian coast where sediment samples for resuspension 945 

experiments were collected from the following sites: the Nalón River Estuary (SJ and SE), the 946 

Villaviciosa estuary (VV) and the port of Llanes (LL). 947 

 948 

Fig. 2. Vertical profiles for both As and Hg species, Fe, Mn, DOC, SO4
2-

 in dissolved form in 949 

porewaters and Eh values in the four sediment cores collected from the Nalón River estuary (SJ and 950 

SE), the Villaviciosa estuary (VV) and the port of Llanes (LL). 951 

 952 

Fig. 3. Trend of total suspended matter (TSM) concentrations during resuspension experiments at 953 

all sites (above) and grain-size distribution of TSM at San Esteban (SE) and San Juan (SJ) in the 954 

Nalón River Estuary (below). 955 

 956 

Fig. 4. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2-

 in the dissolved phase of 957 

the water column during resuspension experiments at the port of Llanes (LL) and at the Villaviciosa 958 

estuary (VV). Note that Hg, MeHg, Fe and Mn at San Juan (SJ) and San Esteban (SE) show a 959 

different scale and As(III) is only present at these two sites. Note that the term “pre” that follows 960 

the chemical element in each graph (e.g. As(V) pre) indicates the PTE concentration before the 961 

resuspension event (at time Tpre-res). 962 

 963 

Fig. 5. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2-

 in the dissolved phase of 964 

the water column during resuspension experiments at the Nalón River estuary (SJ and SE). Note 965 

that Hg, MeHg, Fe and Mn at San Juan (SJ) and San Esteban (SE) show a different scale and 966 

As(III) is only present at these two sites. Note that the term “pre” that follows the chemical element 967 
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in each graph (e.g. As(V) pre) indicates the PTE concentration before the resuspension event (at 968 

time Tpre-res). 969 

 970 

Fig. 65. Behaviour of As(V), As(III), Hg, MeHg, Fe and Mn in the particulate phase of the water 971 

column during resuspension experiments at all investigated sites, expressed using different scales. 972 

 973 

Fig. 67. Percentages of removal (negative values) and/or release (positive values) of As and Hg 974 

species in the water column from T0 to T6 with respect to the dissolved concentrations before 975 

resuspension (Tpre-res). 976 

 977 

Supplementary Material - Figure captions 978 

Fig. S1. Biplots summarising the results of PCA performed on A) grain size composition and total 979 

concentrations of As, Hg, Fe, Mn and S in the sediment cores and B) physico-chemical parameters 980 

and dissolved concentrations of Hg, MeHg, As(III), As(V), Fe, Mn, SO42- and DOC in the 981 

porewaters collected from the port of Llanes (LL), the Villaviciosa estuary (VV) and the Nalòn 982 

River estuary (SJ and SE). 983 

 984 

Fig. S2. Behaviour of dissolved Hg, MeHg, As(V) and As(III) as a function of time during the 985 

resuspension experiments at the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and 986 

the port of Llanes (LL). Note As(III) is only present at these two sites. Note that the term “pre” 987 

indicates the PTE concentration before the resuspension event (at time Tpre-res). 988 
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ABSTRACT 29 

 30 

Estuarine sediments must be dredged in order to allow for navigation, and where these sediments 31 

are placed after dredging depends upon guidelines based only on the total concentration of 32 

contaminants. However, resuspension events could seriously affect the mobility and speciation of 33 

contaminants, including potentially toxic trace elements stored in sediments. The effects of 34 

resuspension on the cycling of mercury (Hg) and arsenic (As) between the sediment and water 35 

column was investigated in a mesocosm study. Four experiments were conducted in three estuaries 36 

in northern Spain based on samples collected from sites which have been impacted by now 37 

decommissioned Hg and As mines and periodically subjected to dredging activities. Designed to 38 

mimic the resuspension of particles, each of the experiments revealed that the release of Hg and As 39 

species does not depend on the total concentration in the sediments (16.3-50.9 mg kg
-1

, for As and 40 

0.52-5.01 mg kg
-1

 for Hg). The contribution from porewaters and the subsequent reductive 41 

dissolution and/or desorption appears to be the main processes responsible for the abrupt increase in 42 

dissolved Hg and As species (maximum release of 427 % and 125 %, respectively). In some cases, 43 

As and Hg continued to remain at high concentrations in the water column even after the 44 

experiments were completed (after 24 h), thus testifying to their critical persistence in the dissolved 45 

form. Conversely, at the other sites, the restoration of pre-resuspension conditions were observed 46 

only a few hours after resuspension, mainly due to the role of Fe oxy-hydroxides which provides 47 

suitable surfaces for adsorption and/or co-precipitation processes involving dissolved Hg 48 

(maximum removal of -58 %) and As (maximum removal of -25 %) species. The results of this 49 

research could be helpful for policy making and to take appropriate decisions regarding dredging. 50 

 51 

Keywords: estuarine sediments, mercury, arsenic, contamination, resuspension, dredging 52 
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1. Introduction 53 

 54 

Estuaries are crucial areas for sediment transfer between fluvial and marine systems, often forming 55 

sinks for sediment moving downstream, alongshore or landwards (Ridgway and Shimmield, 2002). 56 

A wide range of human activities take place in these sites (i.e., ports, industrial, urban and 57 

recreational settlements) and, as a result, estuarine waters receive dissolved and particulate 58 

contaminants, including potentially toxic trace elements (PTEs). Fine-grained sediments often 59 

become a repository for contaminants by reducing their toxicity (Eggleton and Thomas, 2004 and 60 

references therein). However, natural events such as tidal currents, wave action, storm surge and 61 

bioturbation (Sanford et al., 1991; Arfi et al., 1993; Kalnejais et al., 2007), along with 62 

anthropogenic activities including dredging, shipping and trawling (Schoellhamer, 1996; Lewis et 63 

al., 2001), may be responsible for the resuspension of sediment particles. In particular, dredging and 64 

disposal are common practices to maintain navigation channels and access to port areas, but they 65 

may impact upon aquatic communities (Roberts, 2012) since contaminants can be released in 66 

dissolved form in the water column (Stephens et al., 2001; Caplat et al., 2005). When resuspended 67 

in the oxic water column, anoxic sediments may result in variable desorption rates of PTEs 68 

previously co-precipitated with/or adsorbed to Fe and Mn sulphides (Simpson et al., 1998; Caetano 69 

et al., 2003). The released Fe and Mn are quickly reprecipitated, acting as scavengers for PTEs and 70 

other contaminants (Caetano et al., 2003; Jones-Lee and Lee, 2005). This precipitation process will 71 

involve any particle available with a layer of Fe oxy-hydroxide, previously mobilised by the 72 

oxidation of sulphides, and PTEs will bind to the newly created adsorption surfaces of the settling 73 

particles (Goossens and Zwolsman, 1996). The extent of sediment resuspension and dispersal 74 

depends on the water movements in nearby dredging/disposal areas (Eggleton and Thomas, 2004). 75 

The modification of the physico-chemical properties (i.e., pH and redox conditions) can affect not 76 
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only the mobility, but also the bioavailability of toxic compounds with adverse effects on aquatic 77 

organisms (Kim et al., 2004, 2006; Cotou et al., 2005; Bocchetti et al., 2008). 78 

Investigation into the potential mobility and bioavailability of contaminants in estuarine sediments 79 

is a challenging but essential task, since the understanding of the processes involved in the recycling 80 

of these contaminants between solid and aqueous phases may contribute to the preservation of water 81 

quality by informing environmental policies. To better evaluate these issues, most research has 82 

taken the form of laboratory experiments which simulate the dredging effects using different time 83 

intervals (e.g. Van Den Berg et al., 2001; Caetano et al., 2003; Cantwell et al., 2008; Monte et al., 84 

2015; de Freitas et al., 2019).  85 

Among PTEs, mercury (Hg) and arsenic (As) are well known for the recognised toxicity of their 86 

different chemical species and diffusion in the environment (i.e., industrial settlements, mining 87 

activity). There are several studies on Hg (and methylmercury, MeHg) remobilisation after 88 

resuspension from bottom sediments (e.g. Bloom and Lasorsa, 1999; Conaway et al., 2003; Kim et 89 

al., 2004; Benoit et al., 2009; Acquavita et al., 2012; Seelen et al., 2018; Zhu et al., 2018). In 90 

particular, Bloom and Lasorsa (1999) found that approximately 5% of MeHg bound to the sediment 91 

and less than 1% of total Hg were released during a laboratory mixing experiment, but the release 92 

can be limited in quantity and time due to the dilution of the Hg species in the water body and their 93 

reburial in the solid phase (Acquavita et al., 2012).  94 

The Asturias coast (northern Spain) represents one of the most impacted regions of Spain due to 95 

several anthropogenic activities, including long-term mining of sulphide ore, which have severely 96 

affected the Nalòn River drainage basin, the main hydrographical system (3692 km
2
) of the region 97 

(Loredo et al., 1999; Loredo, 2000; Fernández-Martínez et al., 2005). The sources and distribution 98 

of trace elements, especially As and Hg, have been investigated in several environmental matrices 99 

including soils, mine tailings, fresh and ground waters and estuarine sediments (e.g. Loredo et al., 100 
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2010; Ordóñez et al., 2014; Silva et al., 2014; García-Ordiales et al., 2018). In the Nalón River 101 

estuary, in spite of the high levels of As and Hg in the fine sediments, redox conditions appear to 102 

govern the speciation cycles of these elements, thus reducing the formation of the most toxic 103 

species, such as As(III) and MeHg (García-Ordiales et al., 2018). In addition, there is evidence 104 

along the Asturian coasts that other minor estuarine systems may be potentially affected by Hg and 105 

As contamination (Forján et al., 2019; García-Ordiales et al., 2019a, 2020; Sanz-Prada et al., 2020).  106 

The primary aim of this research was to investigate the effects of simulated resuspension events in 107 

replicate mesocosms to predict the behaviour of Hg and As associated with bottom sediments and 108 

porewaters and their fate in the water column after a perturbative event. A comparison among 109 

similar estuarine environments in Asturias affected by various sources of contamination and where 110 

dredging operations are periodically needed to allow navigation was provided. The occurrence and 111 

mobility of Hg and As in this area is of great concern due to their potential bioaccumulation in the 112 

aquatic trophic chain. Within the European Union, the Water Framework Directive (WFD, 113 

European Parliament, Council of the European Union, 2000) sets “good status” objectives for water 114 

bodies throughout the member states. The status is simply based on chemical and ecological 115 

criteria. A classification system has been developed to decide upon chemical status, with threshold 116 

values known as “Environmental Quality Standards” (EQS). A specific maritime policy was later 117 

established and directed for marine ecosystem protection and conservation by the EU Marine 118 

Strategy Framework Directive (MSFD) (European Parliament, Council of the European Union 119 

2008). The MSFD specifically requests that member states implement monitoring programs for the 120 

assessment of the environmental status of marine waters. The results of this experimental study may 121 

be useful in providing the scientific background to help policy-makers take appropriate decisions 122 

regarding dredging and to control PTE contamination levels. This is especially relevant due to the 123 

biological richness of estuaries, their significance as sites of a wide variety of food intended for 124 

human consumption (fisheries, aquaculture, mussel collection), and the possible implications for the 125 
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health and economy of affected areas. This experimental approach could be applied to all coastal 126 

environments where information regarding the major geochemical processes that regulate PTE 127 

behaviour, mobility and fate is needed to support environmental management and risk assessment.  128 

 129 

2. Materials and Methods 130 

2.1. Study area 131 

The experimental sites are located in three estuaries found in eastern central Asturias (Fig. 1), which 132 

has one of the best-preserved coastline environments in Spain. As part of this conservation policy, 133 

these estuaries are supported by several environmental protection programmes and strategic EU 134 

initiatives such as the Habitats Directive and the Natura Network 2000 (92/43/EC). Each of these 135 

estuaries has diverse characteristics (Table 1). 136 

 137 

The Nalón River estuary 138 

The Nalón River empties into the largest drainage basin in the northern Spain. Its estuary has been 139 

subject to very high levels of contamination due to mining which took place over a period of 150 140 

years (García-Ordiales et al., 2019a). The riverine flow to the estuary is high, showing a notable 141 

water column stratification that may extend several kilometres (Ceñal and Flor, 1993). The estuary 142 

has two port areas which are exposed to the main channel flows, which in turn affects the grain size 143 

of the sediments. The San Juan (SJ) port area is quite open and the accumulated bottom sediments 144 

are mostly sandy, whereas the San Esteban (SE) port area has a protection dock which acts as a 145 

sedimentary trap for silt and clay (García-Ordiales et al., 2018). García-Ordiales et al. (2018, 146 

2019b) reported high concentrations of As (20.1-68.1 µg g
-1

) and Hg (0.10-1.33 µg g
-1

) in bottom 147 

sediments and the potential transfer to biota. 148 

 149 
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The Villaviciosa estuary 150 

The Ria de Villaviciosa (VV) is located approximately 60 km east of the Nalón estuary. The 151 

drainage basin extends for 160 km
2
 and the estuarine area is 12.6 km

2
. The freshwater flow rate is 152 

low and the tidal influence is strong, producing a total mixing, the absence of water column 153 

stratification and a high sedimentary accumulation rate (Flor et al., 1996). Recently, as a 154 

consequence of wastewater discharge, mussel collection has been banned. Other potential 155 

anthropogenic contamination sources are not known. Conversely, in nearby areas there are different 156 

outcrops of bituminous rocks and hydrothermal ores of fluorite that could potentially be the sources 157 

of As and Hg (Iglesias and Loredo, 1994; González-Fernández et al., 2018). Preliminary sediment 158 

analyses performed by the regional port authority have reported average concentrations of 11.3 µg 159 

g
-1 

for As and 0.18 µg g
-1

 for Hg (unpublished data). 160 

 161 

The Llanes port 162 

The Llanes (LL) port is approximately 110 km east of the Nalón estuary and 50 km east of VV 163 

estuary. Similar to VV, the tidal influence in LL is high, producing a lack of stratification in the 164 

water column due to the almost null contributions of freshwater from the inflowing Carroced creek. 165 

The sedimentary dynamics are controlled by an access gate between the old (inner) and new (outer) 166 

port areas. The tidal flow restriction produced by the gate has converted the old port area, where 167 

sediments were collected for this study, into a sedimentary trap of fine sediments similar to SE. 168 

Over the last 15 years, sediment monitoring conducted by the regional port authority has shown the 169 

presence of high Hg concentrations (up to 3.81 µg g
-1

) (unpublished data). Potential local sources of 170 

Hg are currently under investigation.  171 

 172 

 173 
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2.2. Experimental approach 174 

A scuba diver collected undisturbed short sediment cores by pushing a Plexiglass tube (30 cm 175 

length; 16 cm i.d.) into the bottom sediment. Upon collection and transport to the laboratory, these 176 

cores were extruded and sectioned into five slices (0-1, 1-2, 2-3.5, 3.5-5 and 5-7 cm) in a N2-filled 177 

chamber to preserve the original redox conditions. At the same time, the redox potential (Eh) was 178 

measured in the surnatant water and the corresponding slices. These slices were homogenised and 179 

split to determine water content. The remaining sediment was centrifuged at in situ temperature and 180 

the extracted porewaters, recovered in the inert atmosphere (N2-filled chamber), were filtered (0.45 181 

µm pore size, i.d. = 33 mm, Millex-HV), collected in acid pre-cleaned vials and stored in a deep-182 

freeze until analyses. 183 

In parallel, bottom sediments and the overlying water were collected by a scuba diver using a 184 

cylindrical Plexiglas chamber as a sampler (h = 25 cm, i.d. = 24 cm, wall thickness = 0.6 cm) 185 

following the experimental approach applied by Acquavita et al. (2012). The average depth of 186 

sediments inside the chamber was 10 cm with approximately 15 cm of overlying water (ratio 187 

water/sediment = 1.5). Careful transportation of the chamber to the laboratory minimised 188 

perturbation at the sediment-water interface (SWI). Here the overlying water was drained off and 189 

carefully replaced with bottom water collected from the same sampling location using a Niskin 190 

bottle. This step was taken in order to exclude any possible perturbative effect on the water inside 191 

the chamber possibly occurring during transportation. (e.g. Bertuzzi et al., 1996; Emili et al., 2011; 192 

Acquavita et al., 2012). The basic physico-chemical parameters (T, pH, Eh) were measured using a 193 

portable multiprobe (Crison MP41). Eh measurements were performed by means of a Pt/KCl–194 

Ag/AgCl electrode calibrated with ZoBell solution (220 mV at 25ºC). 195 

The simulated resuspension was performed using a mechanical horizontal shaker (130-150 cycles 196 

min
-1

, t = 10 min) after sealing the top hole of the chamber. Periodic sampling of the resulting 197 

mixture between dissolved and particulate phases was then performed. In detail, the benthic 198 
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chamber was left open and undisturbed between one sampling and the next to simulate real 199 

environmental conditions where the water column is in direct contact with the atmosphere. In order 200 

to allow the collection of water just above the SWI, the cover was repositioned before each 201 

sampling. In detail, the cover has two valves on its lid, one being connected to a tube (0.5 cm 202 

diameter) that allows for water sample collection at approximately 5 cm just above the SWI. This is 203 

important to properly evaluate variations of the dissolved and particulate concentration of chemical 204 

species as a function of time, as well as the grain size composition of the suspended particles which 205 

tend to become finer after the resuspension event. Using a plastic syringe, water lying on top of the 206 

sediment was syphoned off via one of the two valves on the lid of the chamber and placed in a pre-207 

treated borosilicate container (Vf = 600 mL). Seven samples were recovered within 24 h (T0 = 0, T1 208 

= 30 min; T2 = 1h; T3 = 2h; T4 = 4h; T5 = 8h; T6 = 24h) and the main physico-chemical parameters 209 

were promptly measured. Samples were then centrifuged (10,000 rpm min
-1

, t = 10 min; Eppendorf 210 

5804) to separate the dissolved phase from the suspended particles. The solid fractions were 211 

collected for both grain size and chemical analyses. The dissolved phase was subsequently filtered 212 

(0.45 µm pore size, i.d. = 33 mm, Millex-HV) and divided for the necessary analytical aliquots.  213 

 214 

2.3. Analyses of samples 215 

Grain-size analyses on bottom sediments and resuspended particles were performed following the 216 

method outlined by García-Ordiales et al. (2017). The sediment aliquots were oxidised (H2O2=3%, 217 

t=24 h) to remove most of the organic matter (OM). Successively, the solution was wet-sieved 218 

through a 2-mm sieve to remove coarse, shelly fragments. The fraction < 2000 μm was recovered 219 

and analysed using a laser difractometer (Fritsch Anaysette 22 Laser-Particle Sizer Microtec).  220 

The measurement of the isotopic composition of Hg was carried out via gas chromatography 221 

combined with inductively coupled plasma mass spectrometry (7890A Agilent GC and HP 7500c 222 



10 

 

Agilent ICP-MS). The determination of the elemental species concentrations was carried out by 223 

species-specific isotope dilution mass spectrometry. All sample preparation procedures were 224 

previously developed and validated for water (Amouroux et al., 1998, Rodríguez-González et al., 225 

2002, Bouchet et al., 2011) and sediments (Rodríguez Martin-Doimeadios et al., 2003; Rodríguez-226 

González et al., 2007). The mathematical approach of the methods was described in detail in 227 

Rodríguez-González et al. (2013). 228 

The As species were analysed using a mobile phase of 2 M phosphate buffered saline (PBS)/0.2 M 229 

EDTA (pH 6.0) in a separation column with a 1260 Infinity high-performance liquid chromatograph 230 

(HPLC) coupled with ICP-MS. The As species were directly measured in the porewater samples, 231 

whereas in the case of solids, 0.1 g of sample was placed together with an extracting agent (1 M 232 

H3PO4+0.1 M, ascorbic acid) in a microwave vessel (Ruiz-Chancho et al., 2005). The digested 233 

solution was analysed following the aforementioned method. The accuracy of the results was 234 

verified by comparing the total As concentration to the sum of all the determined species 235 

concentrations. The recovery of As speciation ranged from 95% to 106%. 236 

Total As, Fe, Mn and S concentrations in dissolved and solid phases (bottom sediments and 237 

resuspended sediment particles) were determined by ICP-MS and ICP-OES. For solids, samples 238 

were previously digested by aqua regia + HF in a microwave vessel (EPA method 3052). Samples 239 

were analysed in batches, and the accuracy of the elemental determination was verified using the 240 

CRM042-056 and other internal laboratory standards. Recovery percentages of the different 241 

elements were in the range of 93–106%, and the RSD was less than 7%. The dissolved organic 242 

carbon (DOC) was determined using the TOC-V CSH (Shimadzu) instrument. 243 

 244 

 245 

 246 
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2.4. Explorative multivariate data analysis 247 

Principal component analyses (PCA) was employed as an unsupervised exploratory chemometric 248 

tool for the visual identification of relationships among the samples (PC scores and score plots), 249 

within variables (PC loadings and loading plots), and between samples and variables (biplots) 250 

(Oliveri et al., 2020). In order to minimise systematic differences between variables, data matrices 251 

were pre-processed (column autoscaling) before the multivariate analysis (Oliveri et al., 2019). 252 

Multivariate analysis was performed using the CAT (Chemometric Agile Tool) package, based on 253 

the R platform (The R Foundation for Statistical Computing, Vienna, Austria) and freely distributed 254 

by Gruppo Italiano di Chemiometria (Italy) (Leardi et al., 2019). 255 

 256 

3. Results and Discussion  257 

3.1. Sediment and porewater chemistry 258 

Grain-size distribution was found to be different among the sampling sites and rather constant with 259 

increasing depth (Table 2, Fig. S1A). According to Shepard’s (1954) classification, the sediment 260 

consisted mostly of silt, which was found to be higher than 90% at VV and SE, followed by SJ and 261 

LL which appeared to be less homogeneous with depth. The clayey fraction was rather constant 262 

with depth and generally poorly represented, whereas the sandy fraction clearly prevailed at LL and 263 

SJ (Table 2, Fig. S1A). 264 

The Asturian estuarine systems are known to be affected by high levels of anthropogenic pressure 265 

(García-Ordiales et al., 2018, 2019a, b), thus the sediments collected displayed elevated 266 

concentrations of both As and Hg (Table 2). Although disparities in trace element concentrations 267 

along the sediment cores collected at the investigated sites are not particularly evident, the PCA 268 

output (explaining 84.7% of the total variance) clearly denotes the differences among the various 269 

sites and are distinctly represented in the biplot (Fig. S1A). Arsenic was found to be rather 270 

homogeneous downcore, with the lone exception being site SE, where As rapidly decreased from 271 
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50.9 mg kg
-1

 (0-1 cm) to 31.8 mg kg
-1

 (1-2 cm). No significant differences were observed for Hg at 272 

sites VV, SJ and SE (mostly lower than 1.0 mg kg
-1

), whereas the element was found to be one 273 

order of magnitude higher at site LL (3.73 ± 0.76 mg kg
-1

) as also confirmed in the PCA output 274 

showing a relatively clear relationship between Hg and site LL (Fig. S1A). Silva et al. (2014) 275 

reported that As incorporated into short-range ordered Fe oxy-hydroxides was the predominant 276 

fraction in the stream sediment samples of the Nalòn River drainage basin. This fraction represented 277 

more than 80 % of the total As concentration, although realgar and pararealgar [As4S4], orpiment 278 

[As2S3], and arsenic-rich pyrite were the original sulphide ore deposits (Ordoñez et al., 2014). 279 

Similarly, Fe, Mn and S were rather constant moving downcore, except for the weak increase 280 

observed for Mn at SE. Comparable S concentrations were found among sites, although slightly 281 

higher values were detected at LL and VV. Conversely, Fe and Mn showed the highest 282 

concentrations at the Nalón River estuary sites, especially at SE (Fig. S1A).  283 

Estuarine sediments suffer intense chemical, physical and biological reactions due to the interaction 284 

between the solid phase and porewaters, promoting the formation of new and altered minerals 285 

and/or changes in the porewater composition (Beck et al., 2008; Oliveri et al., 2016). In this context, 286 

Fe and Mn oxy-hydroxides represent suitable adsorptive phases for PTEs, especially under 287 

oxidising conditions (Turner et al., 2004). Conversely, under conditions of oxygen depletion, Fe 288 

and Mn oxy-hydroxides may act as secondary oxidant sources during OM degradation (Froelich et 289 

al., 1979) and their subsequent reduction/dissolution could be responsible for the release of 290 

dissolved PTEs in porewaters.  291 

Oxidative conditions were found in the surnatant water (Eh ranged from 132 to 161 mV) as well as 292 

quite low total dissolved Hg, MeHg and As (III and V) species, followed by Fe and Mn (Fig. 2). 293 

This is clearly evident in the PCA output (explaining 71.1% of the total variance) highlighting a 294 

strong relationship between the redox conditions and the surnatant water collected from all sites 295 
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(Fig. S1B). Although some differences occurred among the sites, OM degradation and slow oxygen 296 

diffusion through the sediment drove reductive conditions just below the SWI. Redox potential (Eh) 297 

decreased downcore at all sites (up to almost - 400 mV) whereas dissolved As and Hg species (at 298 

LL) and MeHg (0-2 cm) at site SE increased with depth (Fig. 2 and S1B), due to reductive 299 

dissolution of Fe oxy-hydroxides (Smedley and Kinniburgh, 2002; Fiket et al., 2019). In detail, the 300 

strong correlations between As(III) and As(V) (r = 0.919) and between As species and dissolved Fe 301 

(r =0 .770 and r = 0.757 for As(III) and As(V), respectively) highlighted in the PCA output (Fig. 302 

S1B)  could be explained as Fe dissolution, rather than Mn (r = 0.171 and r = 0.131 for As(III) and 303 

As(V), respectively), drove the release of As species especially at the Nalòn estuary sites (SE and 304 

SJ). This is also consistent with the fact that the role of Mn oxide in the reduction and subsequent 305 

release of adsorbed As(V) into porewaters definitely appears to be secondary (Masscheleyn et al., 306 

1991) confirming that As should be mainly released from Fe oxy-hydroxides at sites SJ and SE.  307 

Conversely, at site VV, a marked release of dissolved Fe and Mn in the upper sediment (520-1,360 308 

µg L
-1

 and 299-828
 
µg L

-1
, respectively) appears not to have affected the dissolved Hg and As 309 

species that, in fact, showed constant trends with depth (Fig. 2). Moreover, no variability was 310 

noticed in the sediments downcore for As, Hg, Fe and Mn. It is possible that their behaviour in the 311 

sediment did not result in Fe and Mn oxy-hydroxides precipitation. Due to highly reducing 312 

conditions (- 400 mV), Hg and As could be present as insoluble or very low soluble sulphur 313 

compounds, as also suggested by the strong correlation between Hg and S in the sediment matrix (r 314 

= 0.628, Fig. S1A) (Fang and Chen, 2015; Wang et al., 2016; Petranich et al., 2018).  315 

Dissolved As species were found to be high in the Nalón estuary (SJ and SE, Fig. S1B), where both 316 

As(V) and As(III) notably increased with depth reaching concentrations of 231 and 67.3 µg L
-1

 at 317 

SE whereas lower values were found at SJ (179 and 32.9 µg L
-1

, for As(V) and As(III), 318 

respectively). In this context, simultaneous dissolution and desorption processes involving Fe oxy-319 
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hydroxides, carbonate fraction and/or the degradation of OM (Wang et al., 2016 and references 320 

therein), may have led to elevated amounts of As(V), which in turn might be rapidly reduced by 321 

bacteria to the more labile and toxic As(III) (Dowdle et al., 1996; Smedley and Kinniburgh, 2002; 322 

Pfeifle et al., 2018). Indeed, dissolved Fe increased in the first cm (up to 4,131 µg L
-1

 at SJ and 323 

6,469 µg L
-1

 at SE, respectively) attesting to the transition to anoxic conditions (Fiket et al., 2019). 324 

This is in agreement with the trend described for As species, since the reduction of As(V) usually 325 

occurred after Fe(III) and before sulphate reduction according to the diagenetic sequence (Froelich 326 

et al., 1979; Smedley and Kinniburgh, 2002).  327 

As also confirmed in the PCA output (Fig. S1B), total dissolved Hg gradually increased with depth 328 

only at LL (from 2.18 to 13.3 pg L
-1

 in the surnatant water and deepest layer, respectively). In this 329 

site, MeHg was found to be extremely low (0.40 ± 0.26 pg L
-1

) and represented only 8.26 and 6.64 330 

% of the dissolved Hg pool in the surnatant water and downcore, respectively. Moreover, a constant 331 

increase downcore was observed (from 0.18 to 0.88 pg L
-1

) whereas slightly elevated amounts of 332 

MeHg were found in the 1-2 cm level at sites SJ and SE (Fig. 2 and S1B). Although Hg and MeHg 333 

generally displayed extremely low concentrations, the MeHg profile found at site SE suggests that 334 

methylation processes mediated by sulphate reducing bacteria (Hines et al., 2017) cannot be 335 

completely excluded and could be favoured under low rates of sulphate reduction (Gilmour et al., 336 

1992). The Log KD of Hg (expressed in L kg
-1

), which describes the partitioning between the solid 337 

and dissolved phases (Hammerschmidt et al., 2004), was quite constant with depth, varying 338 

between 8.18 ± 0.02 (SE) and 9.13 ± 0.13 (VV), thus suggesting the prevalence of the element in 339 

the solid phase (Table S1). The extremely negative values of Eh can favour the occurrence of 340 

sulphate reduction allowing for sulphide precipitation (Hines et al., 1997). However, although the 341 

highest concentrations of both Hg (5.01 mg kg
-1

) and S (1.20 %) were detected at site LL, no 342 

correlation was found between the two elements (r = 0.297 at site LL), contrary to what was 343 

observed at sites VV (r = 0.959), SJ (r = 0.577) and SE (r = 0.732). This suggests that the 344 
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occurrence of Hg at site LL may be related to a different local source currently under investigation. 345 

Indeed, Forján et al. (2019) pointed out high concentrations of Hg at Vega beach (approximately 40 346 

km west of site LL) due to the discharge of mine tailings from the district of Berbes which was one 347 

of the main fluorite mining areas in Europe where cinnabar was occasionally present (Iglesias and 348 

Loredo, 1994; Symons et al., 2017; Levresse et al., 2019). On account of the marine outfall, which 349 

has been built up for the discharge since 1990s (Forján et al., 2019), it is reasonable to expect that 350 

ocean and shoreline currents play a crucial role in transporting fine suspended particles enriched in 351 

Hg into the Llanes estuary (LL). 352 

The sulphate reduction may also have influenced the low levels of dissolved As(III) in the deepest 353 

layer at VV and LL (0.07 and 9.42 µg L
-1

), since the reduction of As(V) is inhibited when sulphate 354 

reduction occurs (Moore et al., 1998; Frohne et al., 2011; Burton et al., 2013). At these sites, the 355 

reduction of Fe and Mn oxy-hydroxides appear to be relatively notable only in the upper sediments. 356 

Conversely, dissolved Fe and Mn showed the highest concentrations in porewaters only below 2 cm 357 

at SE and SJ as well as in the corresponding sediment cores (Fig. 2 and 1SB), thus indicating a 358 

higher release from sediment to porewaters at the Nalón estuary sites. 359 

Sulphate profiles showed an almost stable trend, except for LL, where they decreased downcore. 360 

Together with the increase of Hg and the elevated DOC concentrations, this may have favoured 361 

methylation processes at LL, thus explaining the increase in dissolved MeHg in the deeper layers 362 

(Fig. 2 and S1B). 363 

 364 

3.2. Resuspension experiments 365 

3.2.1. Physico-chemical parameter variability  366 

Total suspended matter (TSM) content was markedly high just after artificial perturbation was  367 
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stopped (T0) (Fig. 3), especially at SE and LL (4.88 and 3.42 g L
-1

, respectively), and decreased 368 

abruptly after 30 min (Table S2) at all sites until the end of the experiments. This trend suggests that 369 

the effect of resuspension is limited at the initial stage of the experiments, when the highest 370 

turbidity was followed by the rapid deposition of the coarser fractions (Van Den Berg et al., 2001).  371 

Total suspended matter (TSM) grain size distribution was determined only at the Nalón estuary (SJ 372 

and SE) (Fig. 3). At site SE, coarse and fine silt predominated at T0, followed by the finer fraction 373 

(very fine silt) after 30 min and by the clayey fraction after 8 h. At site SJ, the distribution was 374 

trimodal and fine sand, coarse and fine silt prevailed at T0. Due to the low amount of TSM (close to 375 

the lod of the instrument), the distribution was irregular in the rest of the experiment but similar to 376 

that described for SE (Fig. 3). 377 

The pH varied in a narrow range at all the sites (7.08-7.86) with the exception of SE (7.04-8.02) 378 

(Table S2). The Eh values testified to the occurrence of oxidising conditions throughout all the 379 

experiments with a decreasing trend from pre-resuspension to the initial stage of the experiment 380 

(T0) at LL and SJ, and an increasing trend at VV and SE (Table S2). Generally, there were no 381 

marked variations (almost constant) and the values at the end of the experiment were lower than the 382 

beginning (Fig. 3). Despite the reductant conditions found in the upper levels of the sediment cores 383 

(Fig. 2), the oxidising environment in the mesocosm experiment suggested that the direct 384 

contribution from porewaters was negligible (Van Den Berg et al., 2001) or had hidden any dilution 385 

processes between porewaters and the water into the chamber. 386 

 387 

3.2.2 Behaviour of dissolved chemical species after resuspension 388 

The behaviour of PTEs during a resuspension event is influenced by physico-chemical parameters 389 

and by dissolved Fe and Mn occurrence. In oxic conditions, Fe and Mn are present as oxy-390 

hydroxides and are often involved in adsorption processes, co-precipitation, but when reducing 391 
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conditions occur there is a dissolution with the subsequent release of dissolved PTEs (Gagnon et al., 392 

1997). 393 

Noteworthy differences were found among the sites, both in terms of concentration and trend during 394 

the experiments (Fig. 4 and 5). Iron and Mn varied in a wide range being the highest concentrations 395 

at SE (up to 7,180 and 2,760 µg L
-1

, respectively) followed by SJ. Conversely, at LL and VV there 396 

was a low variability and the concentrations were significantly lower. 397 

A common behaviour at all the sites was the increasing trend in the earliest phase of resuspension, 398 

since the disturbance events involving anoxic sediments usually lead to the release of dissolved Fe 399 

and Mn (Saulnier and Mucci, 2000; Caetano et al., 2003). Considering dissolved Fe, for instance, 400 

the maximum concentrations found at SE (7,180 µg L
-1

 after 30 min) and SJ (5,100 µg L
-1

 at T0) 401 

could be due to the contribution of porewaters following resuspension. In fact, at SE, Fe was found 402 

to be higher than 6,000 µg L
-1

 in the porewater extracted from the first centimetre (Fig. 2). Iron and 403 

Mn decreased over time at the Nalón estuary sites, reaching concentrations lower than the 404 

beginning, most likely due to oxidation processes and subsequent precipitation of Fe oxides. 405 

According to Caetano et al. (2003), adsorption and co-precipitation in association with Fe oxides 406 

represents the main processes responsible for the removal of dissolved Mn from the solution. 407 

Indeed, Fe oxides appear to play a crucial role as surface catalysts in the oxidation of Mn (Caetano 408 

et al., 2003 and references therein). Indeed, due to the oxidising conditions measured in the 409 

chamber (Eh > 120 mV), adsorption and co-precipitation with freshly formed Fe oxides are likely 410 

the main processes which remove Mn from the solution. 411 

Conversely, at the other sites, Fe varied more (LL) or less (VV) markedly during the experiments, 412 

especially until 4 h (Fig. 4), whereas Mn was almost constant at both sites during the resuspension 413 

experiment (24 h). Similar behaviour was observed by Caetano et al. (2003), who stated that 414 
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following resuspension, dissolved Mn remains in solution over a longer period of time than Fe and 415 

then decreases slowly to reach stable levels after one week (Saulnier and Mucci, 2000).  416 

At the four investigated sites, the behaviour of dissolved Hg, MeHg, As(III) and As(V) during the 417 

resuspension experiment is discussed in the following paragraphs and described by a negative 418 

exponential equation (1): 419 

(1)           
    420 

where CTi is the concentration at any time (Ti) during the resuspension experiment, CT0 is the 421 

concentration at T0 and k is the rate constant for the contaminant dispersion as a function of time 422 

(Fig. S2). The equation (1) was calculated until a decreasing trend was observed and was not 423 

applied when the concentration at T0, was higher than the concentration measured before the 424 

resuspension experiment (Tpre). Indeed, the final aim was to verify how long it took for the samples 425 

to return to their initial pre-resuspension conditions. 426 

 427 

Behaviour of dissolved mercury species 428 

Although the highest Hg concentrations in sediments and porewaters were found at LL (avg. 3.90 429 

mg kg
-1

 and 6.85 pg L
-1

, respectively), the release of total dissolved Hg at this site (1.18-6.22 pg L
-430 

1
) was found to be comparable with those observed at sites SE (1.90-4.50 ng L

-1
) and SJ (2.95-5.90 431 

ng L
-1

). The lowest values were found at site VV (0.41-1.27 pg L
-1

). This could indicate greater Hg 432 

mobility at the Nalón estuary sites, in agreement with previous research (García-Ordiales et al., 433 

2018). In addition, MeHg at these sites was found to be twenty times higher (3.54-9.97 pg L
-1

 at SJ 434 

and 4.13-6.93 pg L
-1

at SE, respectively) than at LL (0.12-0.33 pg L
-1

) and VV (< lod-0.14 pg L
-1

) 435 

(Fig. 4 and 5). Mercury concentrations at SE and SJ were similar to those reported by Acquavita et 436 

al. (2012) in a lagoon environment contaminated by Hg from mining and industrial origin. The 437 
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same authors reported notably higher (avg. 226 and 51 pg L
-1

, respectively) MeHg concentrations 438 

than our study, likely due to a sudden release from porewaters at T0.  439 

Total dissolved Hg and MeHg increased after resuspension and then decreased, in all the 440 

investigated sites, until the end of the experiment. According to the equation given above (1), 441 

dissolved Hg and MeHg reached concentrations comparable to those measured before the 442 

resuspension experiment (Tpre) after 6 h at sites LL, VV and SJ (Fig. S2). The only exception was 443 

the dissolved Hg at site LL, where Hg was found to be slightly higher at the end of the experiment 444 

(1.87 pg L
-1

 after 24 h) with respect to the initial stage (1.18 pg L
-1

 before the experiment). These 445 

trends are similar to those for dissolved Fe and Mn, thus suggesting a potential removal 446 

(scavenging) of Hg species due to Fe oxy-hydroxide formation (Gagnon et al., 1997; Acquavita et 447 

al., 2012; Petranich et al., 2018). The only exception was SE, where Hg and MeHg slightly 448 

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

 449 

(T0), respectively (Fig. 5). Successively, Hg decreased to the same levels observed at other sites, 450 

whereas MeHg progressively increased to 7.25 pg L
-1

 (after 4 h) and remained almost constant until 451 

the end of the experiment (after 24 h). This could be attributed both to MeHg released from 452 

porewaters (Fig. 2) or to the mobilisation of bioavailable OM during resuspension, which may have 453 

favoured the metabolic activity of sulphate-reducing bacteria involved in Hg methylation (Gilmour 454 

et al., 1992) as suggested by the high levels of DOC (11.2-17.6 mg L
-1

, Fig. 5).  455 

Since significant changes in the association with Hg binding phases could influence methylation 456 

and the subsequent transfer of MeHg from the sediment to biota (Kim et al., 2006), the MeHg/Hg 457 

ratio (%) in the dissolved phase after resuspension was calculated. Despite the low MeHg levels (< 458 

lod-0.33 pg L
-1

), VV and LL displayed the highest average ratio (11.5 and 4.79 %, respectively), if 459 

compared to SJ and SE (0.15 and 0.22 %, respectively). This is due to Hg that was at most one 460 

order of magnitude higher than MeHg at LL and VV, whereas at SJ and SE Hg was three orders of 461 

magnitude higher. A lower MeHg/Hg ratio was reported by Acquavita et al. (2012) where Hg levels 462 
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(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 463 

of the experiment. In our study, this occurred only at SE, where increasing MeHg concentrations 464 

and decreasing Hg concentrations over time were observed and could be the result of methylation 465 

processes (Fig. 5). Indeed, the MeHg concentrations during resuspension were found to be one 466 

order of magnitude higher than those measured in the sediment porewaters, suggesting that a certain 467 

amount of MeHg may be produced during the experiment and/or released from the resuspended fine 468 

particles due to desorption processes. This is in agreement with previous research at the Nalòn 469 

estuary which has found that the highest levels of MeHg in the surface sediments occurred at site 470 

SE (Gracía-Ordiales et al., 2018). The same authors also found that low amounts of THg are 471 

available for methylation under unperturbed conditions. However, resuspension events may alter 472 

the original conditions with the subsequent remobilisation of MeHg from the surface of the 473 

resuspended particles. Moreover, at site SE the highest concentrations of inorganic dissolved Hg 474 

were observed, as well as elevated concentrations of SO4
2-

, as well as an increase in DOC due to 475 

OM degradation during the resuspension experiment. Since sediments can show different 476 

methylation potential (Bloom et al., 2003) depending on several factors such as bacterial activity, 477 

the occurrence of OM and the concentration of inorganic Hg available for methylation (Gilmour et 478 

al., 1992; Bloom and Lasorsa, 1999), it is reasonable to hypothesise that sediment resuspension may 479 

promote methylation processes at site SE.  480 

 481 

Behaviour of dissolved arsenic species 482 

The behaviour of As is of particular interest as it was found to be readily bioavailable in surface 483 

sediments of the Nalón River estuary (García-Ordiales et al., 2019a, b). The release of As(III) from 484 

sediments to porewaters is enhanced under reducing conditions (Bataillard et al., 2014) due to 485 

desorption processes (Wilkin and Ford, 2006; Beak et al., 2008). Conversely, As solubility 486 

decreases during oxidation events as a result of precipitation of As(V), which often occurs coupled 487 
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with adsorption on the surface of Fe(III) oxy-hydroxides (Saulnier and Mucci, 2000; Amirbahman 488 

et al., 2006; Root et al., 2007; Jeong et al., 2010). Thus, resuspension events involving anoxic 489 

sediments strongly affect the release of dissolved As (Saulnier and Mucci, 2000). Indeed, sediment 490 

resuspension processes can interfere with the equilibrium of these chemical forms, inducing 491 

changes in the redox conditions, which in turn could favour the desorption of As from Fe oxy-492 

hydroxides, as well as the reductive dissolution of these minerals, with a subsequent release from 493 

sediment porewaters to the overlying water column (Smedley and Kinniburgh, 2002). This could 494 

explain the high As(V) concentrations at T0, whereas the release of As(III), with concentrations up 495 

to ten times lower than As(V), was evident only at SE and SJ (Fig. 5). The prevalence of As(V) may 496 

be related to oxidation and/or adsorption processes mediated by Fe oxy-hydroxides, which represent 497 

very efficient oxidants of As(III) (Saulnier and Mucci, 2000; Amirbahman et al., 2006; Root et al., 498 

2007; Jeong et al., 2010). 499 

The highest concentrations of As species, released from porewaters, were found at SE. Generally, 500 

As(V) markedly decreased at LL and VV reaching pre-resuspension conditions after 4-5 h (Fig. S2). 501 

To a lesser extent, something similar was observed at SJ, where As(V) and As(III) concentrations 502 

comparable with the beginning (pre-resuspension, Tpre-res) were reached after 18 and 9 h for As(V) 503 

and As(III), respectively (Fig. S2). On the contrary, the concentration of As(V) at SE after 24 h was 504 

higher than that seen before the experiment (15.3 and 9.81 μg L
-1

 at T6 and Tpre-res, respectively). At 505 

the same site, As(III) showed a sharp initial increase during the first 30 min of resuspension (0.19 to 506 

2.77 μg L
-1

 at Tpre-res and T0, respectively) reaching concentrations comparable to those measured 507 

before the experiment after 7-8 h, and then decreased over time until the end of the experiment 508 

(0.29 μg L
-1

 after 24 h) (Fig. 5 and S2). This behaviour can be attributed to adsorption processes 509 

onto Fe oxy-hydroxides (Smedley and Kinniburgh, 2002) (Fig. 5), and to the formation of As(V), 510 

which consistently showed high concentrations throughout the experiment as a consequence of 511 
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As(III) oxidation (Bataillard et al., 2014) sustained by the oxidising conditions measured in the 512 

chamber (Table S2). 513 

On the contrary, the rapid initial decrease in As(V) at LL and VV until 4 h after resuspension, could 514 

be due to adsorption processes on Fe oxy-hydroxides (Fig. 4), since dissolved Fe showed 515 

comparable behaviour during the experiments. Regarding the As(III), values < lod were likely 516 

related to the scarce contribution from porewaters, where very low concentrations were found 517 

(0.12-9.42 μg L
-1

 at LL and < lod and 0.07 μg L
-1 

at VV). Moreover, the availability of high 518 

concentrations of SO4
2-

 (> 2,000 mg L
-1

) to be reduced can inhibit the reduction of As(V) to As(III) 519 

(Burton et al., 2013). Bacterial activity also controls the As(V)/As(III) ratio (Bataillard et al., 2014): 520 

in oxic and abiotic conditions the As(V) form prevails, whereas in biotic conditions, As is preserved 521 

from total oxidation, thus both chemical forms can be present. This feature deserves to be more 522 

carefully investigated and should be taken into consideration in future studies. 523 

Even DOC can be involved in adsorption processes on the suspended particulate matter. In our 524 

study, DOC concentrations immediately decreased at T0, likely caused by the dilution with 525 

porewaters, and remained almost constant until 4 h after resuspension. Successively, DOC 526 

increased (at VV, SJ and SE) until the end of the experiment (after 24 h) and reached values lower 527 

than the beginning, with the exception of LL where a slight decrease was seen between 4 and 24 h 528 

after resuspension (13.2 and 10.3 mg L
-1

, respectively). 529 

 530 

3.2.3. Behaviour of the particulate phase after resuspension 531 

Sediment resuspension events can determine the recycling of particles as well as the reintroduction 532 

of contaminants into the water column through the SWI (Bloesch, 1995). However, if the event 533 

occurred over a short period of time (24 h), the release of dissolved species is limited and most of 534 

the PTEs remain bound to the particulate phase (Van Den Berg et al., 2001; Cantwell and Burgess, 535 
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2004; Cantwell et al., 2008; Bataillard et al., 2014). According to Guerra et al. (2009), even in 536 

heavily contaminated sites (e.g. Pialassa Baiona Lagoon, Italy), dredging does not always have 537 

dramatic effects on the environmental quality of the aquatic environment. This could be the case in 538 

our study where resuspension was simulated for a limited time. 539 

The Log KD values for Hg and MeHg (KD = [PHg]/[DHg], L kg
-1

) were significantly higher at LL 540 

and VV (see Table S3), suggesting that these species remain preferentially partitioned in the 541 

particulate phase also during resuspension events, as previously stated by Kim et al. (2004). 542 

However, it is interesting to note that Log KD at SJ and SE showed a decrease of two orders of 543 

magnitude if compared to that calculated for core sediments, thus confirming the evidence reported 544 

in García-Ordiales et al. (2018). The Log KD of As species was generally low and did not show 545 

noticeable differences among the sites. Conversely, Fe and Mn appeared to be mainly associated 546 

with the dissolved phase (Log KD, 0.81-4.08). 547 

Although Hg and As(V) at SJ (which saw an increase during the first 30 min after resuspension), 548 

and As(V) at SE (which saw an increase between 30 min and 1 h after resuspension), particulate 549 

PTEs showed decreasing trends at all the sites (Fig. 6). This behaviour was also reported for Zn and 550 

Cu by Vidal-Durà et al. (2018) as the result of the settling of the resuspended particles as a function 551 

of time. 552 

By comparing the particulate PTE trends with TSM content, a preferential bond to the silty or 553 

clayey fraction was found. At SE, the TSM rapidly decreased in the first 4 h after resuspension, 554 

from 4.88 (coarse silt) to 0.31 mg L
-1

 (very fine silt), as well as particulate Hg and MeHg, from 14.6 555 

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 556 

particles in suspension became finer, particulate Hg and MeHg concentrations slightly increased up 557 

to 6.29 μg g
-1

 and 0.83 pg g
-1

 (after 24 h), respectively. This is consistent with the evolution of the 558 

grain size spectra and composition as a function of time (Fig. 3) and indicates that Hg and MeHg 559 
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were bound to both the silty and clayey fractions, in addition to Fe. On the contrary, As(V), As(III) 560 

and Mn showed the highest concentrations in the early phase of the experiment, thus were 561 

preferentially bound to the silty fraction (Fig. 3). 562 

At SJ, the clay prevailed in suspension as early as 1 hour after resuspension, when particulate Hg 563 

reached the highest concentration (9.18 µg g
-1

), and particulate MeHg (0.98 pg g
-1

) was slightly 564 

lower than the beginning (1.29 pg g
-1

) and decreased as particles settled down (Fig. 6). As observed 565 

at site SE, Hg was found to be bound to both grain size fractions, whereas MeHg, Fe and Mn were 566 

preferentially bound to the silty fraction. Conversely, particulate As(V) and As(III) increased as the 567 

particles in suspension became finer. 568 

 569 

3.3. Assessment of arsenic and mercury species released-removal after simulated resuspension 570 

events 571 

The amounts of Hg, MeHg, As(V) and As(III) released during the experiments were estimated 572 

assuming that the resuspension events involved only the first 3.5 cm of the sedimentary sequence 573 

(based on visual observations), considering the size of the chamber and the water content in each 574 

layer of the sediment cores. Furthermore, the concentrations at Tpre-res were converted into the 575 

amount (mass) of each chemical species. By adding the amounts of elements released by porewaters 576 

to those of the water column before resuspension (Tpre-res), and dividing by the water volume in the 577 

chamber (6.79 L), the chemical species concentrations that should have been found following the 578 

resuspension in the water column (T0) were estimated (Table S4). 579 

The concentrations measured at LL, VV and SJ (only for Hg species promptly re-precipitated/re-580 

adsorbed) at T0 were higher than those estimated for the sole porewater contribution, thus there was 581 

also an active desorption from the resuspended sediment. For the Nalón River estuary, the 582 

concentrations of Hg and As species at T0 were found to be lower than the estimated concentrations 583 
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at SE. In addition, the percentages of As and Hg species in the water column until the end of the 584 

experiment (after 24 h), with respect to the dissolved concentrations before resuspension were 585 

calculated (Table S4 and Fig. 7). Positive values for Hg and MeHg (excluding the sampling 586 

performed after 8 h) at LL and, in the first hour, at VV, suggested a further release from 587 

resuspended sediments. In detail, at LL the percentage of Hg released at T0 was especially high 588 

(335%) and remained so (58%) after 24 h. Surprisingly, a scarce release at T0 was found at SE 589 

where the concentration was approximately 30% lower than before the experiment (Tpre-res) and 590 

became even lower (-58%) after 24 h (Fig. 7). The time of removal for MeHg from the water 591 

column was quite variable among the sites, however, the MeHg levels were almost constant thus 592 

suggesting the enhancement of methylation processes after resuspension as observed by Acquavita 593 

et al. (2012). As suggested by Bloom and Lasorsa (1999), the mixing of surface sediments 594 

associated with fresh sulphate and organic carbon with contaminated deep sediments may be a 595 

favourable environment for MeHg production: if these conditions occur, unacceptably high levels 596 

of MeHg could result, however, this does not appear to be the case in this study. 597 

At the end of the experiment, the concentration of As(V) at site SJ (4.97 µg L
-1

) was found to be 598 

slightly lower than that measured before the resuspension (5.55 µg L
-1

, Tpre-res) suggesting that the 599 

As(V) released during resuspension was removed at the end of the experiment (after 24 h) at SJ. On 600 

the contrary, this was not evident at site SE, where As(V) concentration was still higher (56%) at 601 

the end of the experiment (15.5 µg L
-1

) than before the experiment (9.81 µg L
-1

, Tpre-res). Something 602 

similar was observed for As(III) which was removed after 9 h at SJ (<lod) and slightly higher (0.29 603 

µg L
-1

 after 24 h) than before resuspension (0.19 µg L
-1

, Tpre-res). 604 

 605 

 606 

Conclusions 607 
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Mainly due to the legacy of mining activities, Hg and As accumulated in sediments found on the 608 

Asturian coasts could be problematic in the case of resuspension due to natural (e.g. storm surges) 609 

or anthropogenic events (e.g. dredging). A preliminary characterisation of the area (sediment cores) 610 

was provided for the selected sites. Furthermore, to investigate the effect of resuspension and the 611 

subsequent remobilisation and redistribution of As and Hg species, a mesocosm experiment 612 

(simulated resuspension under controlled conditions) was performed. The major findings can be 613 

summarised as follows:  614 

- The bottom sediments were mostly constituted of silt at SE and VV, whereas sand prevailed 615 

at LL and SJ. As concentration demonstrated a wider range than Hg moving downcore with 616 

rather homogeneous profiles. However, for both elements the levels were quite high and 617 

exceeded the standard set by the EU. Increasing negative Eh values moving downcore were 618 

measured at all the sites. 619 

- Several dissolved species were determined in porewaters (As(V), As(III), Hg and MeHg). 620 

Generally, Hg concentrations were rather constant with depth. In the case of As species, an 621 

increase due to the dissolution and desorption from Fe, rather than Mn, oxy-hydroxides 622 

coupled with the transition from oxic to anoxic conditions occurred. These processes could 623 

have led to high amounts of As(V), which in turn might be rapidly reduced to the more 624 

labile and toxic As(III). The highest As(V) and SO4
2-

 concentrations detected in porewaters 625 

at the Nalón River estuarine sites could testify to a scarce sulphate reduction which usually 626 

inhibits the reduction of As(V). Moreover, the low rates of sulphate reduction could also 627 

explain the pronounced increase in MeHg at the same sites (SJ and SE). 628 

- Particulate and dissolved PTE concentration increased when the artificial perturbation 629 

stopped and together TSM rapidly decreased over time. The abrupt increase in dissolved 630 

PTEs can be mainly ascribed to the porewater contribution and the effects of resuspension 631 
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lasted only a few hours until pre-resuspension conditions were restored. Part of the Hg and 632 

MeHg released from porewaters and/or desorbed during resuspension was removed after 6 h 633 

at sites LL, VV and SJ (with the exception of Hg at site LL) by the re-adsorption onto the 634 

settling fine particles and/or co-precipitation with Fe oxy-hydroxides. In the case of As 635 

species, the restoration of the pre-resuspension concentrations of As(III) was reached after 636 

7-9 h at the Nalòn estuary sites. Something similar was observed for As(V) which showed 637 

concentrations comparable to the beginning after 4-5 h at LL and VV and after 18 h at SJ, 638 

whereas the re-adsorption and/or re-precipitation was incomplete at site SE. 639 

These results suggest that resuspension events of contaminated estuarine sediments can be critical 640 

for the surrounding environment, resulting in a worsening of the quality for water and biota. The 641 

consequences, however, are not unequivocal, strongly depending on site characteristics and, as seen 642 

in the mesocosm experiments, appear to be limited in time. In this context, the restoration of pre-643 

resuspension conditions is observed a few hours after resuspension, but in some sites precautions 644 

should be taken when planning to dredge. 645 

Further investigation could be helpful in order to elucidate the behaviour of other pollutants such as 646 

POPs and TBT, which commonly affect estuarine and coastal areas. Moreover, it would be useful to 647 

monitor the water column quality during dredging operations in situ and to compare the results with 648 

the mesocosm approach. 649 
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Figure captions 914 

 915 

Fig. 1. The study area along the Asturian coast where sediment samples for resuspension 916 

experiments were collected from the following sites: the Nalón River Estuary (SJ and SE), the 917 

Villaviciosa estuary (VV) and the port of Llanes (LL). 918 

 919 

Fig. 2. Vertical profiles for both As and Hg species, Fe, Mn, DOC, SO4
2-

 in dissolved form in 920 

porewaters and Eh values in the four sediment cores collected from the Nalón River estuary (SJ and 921 

SE), the Villaviciosa estuary (VV) and the port of Llanes (LL). 922 

 923 

Fig. 3. Trend of total suspended matter (TSM) concentrations during resuspension experiments at 924 

all sites (above) and grain-size distribution of TSM at San Esteban (SE) and San Juan (SJ) in the 925 

Nalón River Estuary (below). 926 

 927 

Fig. 4. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2-

 in the dissolved phase of 928 

the water column during resuspension experiments at the port of Llanes (LL) and at the Villaviciosa 929 

estuary (VV). Note that the term “pre” that follows the chemical element in each graph (e.g. As(V) 930 

pre) indicates the PTE concentration before the resuspension event (at time Tpre-res). 931 

 932 

Fig. 5. Behaviour of As(V), As(III), Hg, MeHg, Fe, Mn, DOC and SO4
2-

 in the dissolved phase of 933 

the water column during resuspension experiments at the Nalón River estuary (SJ and SE). Note 934 

that Hg, MeHg, Fe and Mn at San Juan (SJ) and San Esteban (SE) show a different scale and 935 

As(III) is only present at these two sites. Note that the term “pre” that follows the chemical element 936 

in each graph (e.g. As(V) pre) indicates the PTE concentration before the resuspension event (at 937 

time Tpre-res). 938 
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Fig. 6. Behaviour of As(V), As(III), Hg, MeHg, Fe and Mn in the particulate phase of the water 939 

column during resuspension experiments at all investigated sites, expressed using different scales. 940 

 941 

Fig. 7. Percentages of removal (negative values) and/or release (positive values) of As and Hg 942 

species in the water column from T0 to T6 with respect to the dissolved concentrations before 943 

resuspension (Tpre-res). 944 

 945 

Supplementary Material - Figure captions 946 

Fig. S1. Biplots summarising the results of PCA performed on A) grain size composition and total 947 

concentrations of As, Hg, Fe, Mn and S in the sediment cores and B) physico-chemical parameters 948 

and dissolved concentrations of Hg, MeHg, As(III), As(V), Fe, Mn, SO42- and DOC in the 949 

porewaters collected from the port of Llanes (LL), the Villaviciosa estuary (VV) and the Nalòn 950 

River estuary (SJ and SE). 951 

 952 

Fig. S2. Behaviour of dissolved Hg, MeHg, As(V) and As(III) as a function of time during the 953 

resuspension experiments at the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and 954 

the port of Llanes (LL). Note As(III) is only present at these two sites. Note that the term “pre” 955 

indicates the PTE concentration before the resuspension event (at time Tpre-res). 956 



Tables 

Table 1. Resuming of the main characteristics of the investigated sampling sites along the Asturian 

coast: the Nalón River estuary (SJ and SE), the Villaviciosa estuary (VV) and the port of Llanes 

(LL).  

Sampling site San Juan (SJ) San Esteban (SE) Villaviciosa (VV) Llanes (LL) 

Location port areas in the Nalón R. estuary 
port area 60 km E of 

the Nalón R. estuary 

port area 110 km E of 

the Nalón R. estuary 

Latitude 43º 33´ 21.56" N 43º 33´ 4.90" N 43º 31´ 31.54" N 43º 25´13.04" N 

Longitude 6º 4´ 37.51" W 6º 5´ 40" W 5º 23´ 21.20" W 4º 45´12.02" W 

Depth (m) 3.20 4.50 2.40 3.80 

Water circulation  open estuarine area sheltered harbour sheltered harbour 

Sediment grain size* 
sand 26.4 % 4.92 %  3.91 % 27.4 %  

mud 73.6 % 95.1 % 96.1 % 72.6 % 

As in sediments (µg g
-1

) 20.1 - 68.1** average 11.3*** - 

Hg in sediments (µg g
-1

) 0.10 - 1.33** average 0.18*** > 3.81*** 

*: average grain size composition, this study; **: Garcìa-Oridales et al., 2018, 2019b; ***: unpublished data 
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Table 2. Grain size composition, Eh values and concentrations of As, Hg, Mn, Fe and S in the 

sediment cores collected from the port of Llanes (LL), the Villaviciosa estuary (VV) and the Nalón 

River Estuary (SJ and SE). 

 

Sampling site 
sediment layer sand silt clay  Eh As Hg Mn Fe S 

cm % % %  mV mg kg-1 mg kg-1 mg kg-1 % % 

LL  

0-1 11.8 85.5 2.64  -191 23.9 3.12 101 1.41 1.12 

1-2 33.1 65.5 1.40  -235 23.2 3.29 108 1.50 1.19 

2-3.5 36.8 62.0 1.22  -318 23.0 3.44 109 1.49 1.10 

3.5-5 27.0 71.4 1.58  -341 22.7 3.79 114 1.71 1.40 

5-7 28.1 70.4 1.54  -355 26.3 5.01 124 1.67 1.21 

 
 

     

     

VV 

0-1 4.23 93.2 2.54  -153 20.2 0.77 194 2.51 0.81 

1-2 4.06 92.8 3.11  -164 17.6 0.69 190 2.50 0.89 

2-3.5 4.38 92.5 3.07  -175 17.3 0.68 193 2.57 1.01 

3.5-5 2.46 94.4 3.16  -185 16.3 0.57 191 2.57 1.14 

5-7 4.42 92.8 2.81  -191 16.5 0.58 192 2.58 1.20 

 
 

     

     

SJ 

0-1 35.8 62.8 1.35  -87 26.8 0.79 411 2.32 1.01 

1-2 32.0 66.6 1.41  -134 25.5 0.58 386 2.37 1.00 

2-3.5 26.3 72.1 1.63  -241 26.1 0.52 447 2.62 0.94 

3.5-5 23.7 74.0 2.32  -187 27.8 0.59 474 2.79 0.97 

5-7 14.1 83.7 2.17  -307 27.3 0.57 469 2.62 0.88 

 
 

     

     

SE 

0-1 5.00 92.2 2.78  -118 50.9 0.80 463 3.38 0.62 

1-2 5.01 92.5 2.51  -232 31.8 0.75 499 3.48 0.66 

2-3.5 4.58 92.8 2.61  -263 35.1 0.83 484 3.32 0.84 

3.5-5 4.26 93.0 2.70  -375 32.1 0.67 554 3.03 0.62 

5-7 5.77 91.7 2.51  -348 34.6 0.83 637 3.28 0.82 
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