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Highlights 

 

 Inorganic mercury and methylmercury studied in sediments of 

contaminated lagoon 

 Multiple regression model demonstrated different behavior for mercury 

species 

 Inorganic mercury (IHg) depends on the distance to the IHg source and 

Al levels 

 Methylmercury (MeHg) depends on IHg levels in contaminated 

sediments 

 MeHg depends also on the levels of Ca (marine proxy), Mn and organic 

matter 

 

 

ABSTRACT 
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The concentrations of inorganic mercury (IHg) and methylmercury (MeHg) in surface 

sediments from the contaminated Aveiro Lagoon (Portugal) were determined by species-

specific isotope dilution analysis. Different behaviour of IHg and MeHg was observed 

based upon multiple regression analysis, including geochemical characteristics of the 

surface sediments (fine fraction, concentrations of organic matter and metals) and non-

Euclidean distances between sampling points. This data treatment method was valid 

over the entire concentration range of IHg and MeHg, allowing robust quantitative 

evaluation with respect to extrapolation. For IHg, there was statistical separation of the 

dispersion away from the contamination source and of Al concentration in the sediments. 

The MeHg concentrations followed those of IHg at high concentrations. The geochemical 

variables, such as concentrations of Ca (marine influence proxy), Mn and organic matter, 

were necessary to describe the behaviour of MeHg across the whole concentration 

range. The models for MeHg demonstrated that, close to the mouth of the lagoon, net 

production of MeHg was higher. In future, multiple regression analysis could be applied 

to separate and to evaluate quantitatively the effects of geochemistry and dispersion 

away from the contamination source in sediments contaminated with other substances. 

 

Keywords: Chlor-alkali industry; Mercury species; Coastal lagoon; Sediments; Multiple 

regression model 

 

1. Introduction  

Inorganic mercury (IHg(II)) is the main form of mercury (Hg) in the aquatic environment. 

However, natural transformations lead to in situ production of toxic methylmercury 

(MeHg) with a tendency for bioaccumulation and biomagnification in aquatic food webs 

[1].  

Although Hg is a global pollutant, local Hg pollution from the chlor-alkaly industry 

affects various types of aquatic environments [2-5] but shallow areas could be especially 
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vulnerable [6]. The Aveiro Lagoon has suffered from chlor-alkali Hg pollution coming 

from a single upstream source [7]. The transport of Hg in shallow coastal environments 

is strongly site-dependent [8]. Most of the Hg in the Aveiro Lagoon is confined within the 

sediments of a relatively small zone of the lagoon – Laranjo Bay [9]. In Laranjo Bay, 

MeHg has only rarely been found in sediments [10-12]. However, the methods previously 

applied did not allow the determination of MeHg in surface sediments from less 

contaminated areas in the Aveiro Lagoon. Nevertheless, MeHg, produced in sediments, 

is enriched in water [13]. As a result, Hg can rapidly accumulate in fish, attaining levels 

of 8.5 mol kg-1 wet weight in Dicentrarchus labrax from Laranjo Bay [9]. Therefore, the 

behaviour of IHg and, especially, MeHg in sediments deserves further attention.  

Multiple regression analysis could be applied to study the dynamics of IHg and 

MeHg in contaminated environments. A similar statistical approach was used to separate 

removal from addition processes of IHg and MeHg in water during estuarine mixing [13] 

as well as to evaluate contaminant biogeochemistry in estuarine water and sediment [14, 

15]. This method allows for the verification of the effects of several explanatory variables 

and their interactions, as well as higher order effects. Upon simplification of the starting 

models, only a few significant explanatory variables will remain, resulting in minimal 

adequate models.  

The aim of this work was to study spatial and seasonal variations of both IHg and 

MeHg concentrations in surface sediments from very contaminated shallow tidal 

environments. An attempt was made to separate and quantitatively evaluate the effects 

of contaminant dispersion from a point source from those of geochemical processes, 

using multiple regression analysis. This is possible if additive statistical effects of some 

explanatory variables (responsible for the contaminant dispersion and the geochemistry 

of the sediments) on the dependent variables (e.g. Hg species concentrations) are found. 

Specific behaviour of both IHg and MeHg in surface sediments will be presented.  
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2. Experimental  

2.1. Study area 

Aveiro Lagoon is a coastal lagoon in the North of Portugal (Fig. 1) comprised of a network 

of channels, opening into the Atlantic Ocean by way of a single channel. The lagoon 

covers an area of 83 km2 at high tide (HT) and 66 km2 at low tide (LT) and has an average 

depth of 1 m. The tidal range is 2 m (minimum 0.6 m during neap tide; maximum 3.2 m 

during spring tide). The water residence time in the lagoon is approximately 2 days. 

However, it is more than two weeks in the Hg-contaminated area [16]. The particle 

residence time is approximately 2-3 days in the lower areas of the lagoon and up to 14 

days in the upper ends [17]. The Laranjo Bay received waste discharges of 27 tons of 

Hg from the 1950s to 1994 [18]. The population near the lagoon is 370 thousand [19] 

and in the total catchment area (3500 km2) it is >600 thousand [20]. The main human 

activities are associated with the port (near the mouth), fisheries, agriculture, 

aquaculture, salt production, pulp mill and chemical industries. 

 

2.2. Sampling 

The sediment samples, named from 1 to 14, were collected in the summer of 2010. The 

remaining samples were collected during two campaigns (February 2012 and August 

2012) in order to estimate eventual seasonal change. Samples were taken at low tide 

and during daylight from the top 5 cm layer, stored in plastic bags and kept cool until 

arrival at the laboratory. The sites were located: i) close to the lagoon entrance (BAR, 

GAF, SJA, 11, 13); ii) at the edges of the main channels (ARE, CAR, VAG, 10, 12, 14); 

iii) in the middle of the longest channel (TOR, 9); iv) near the main freshwater input (RIO); 

v) in the area with the highest levels of Hg pollution (LAR, 1-5); vi) in the central area of 

the lagoon (6–8).  

 Each sampling point is characterized by geographical coordinates and falls within 

a simplified polygon border, marked with hyphen line (Fig. 1). For distribution of the 
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contaminants, each point is related to the non-Euclidian distance dS to Hg source (S) 

and non-Euclidian distance dM to the mouth of the lagoon (M), obtained within the 

simplified polygon border. Alternatively, each sampling point may be described by the 

distance ratio 𝐷𝑅𝑀 = 𝑑𝑆 𝑑𝑀⁄ . Each point was additionally characterized using distance 

dR to the reference point R (instead of dM) obtained within the simplified polygon border 

(Fig. 1) or by reference distance ratio 𝐷𝑅𝑅 = 𝑑𝑆 𝑑𝑅⁄ . 

 

2.3. Chemical analysis 

At the laboratory, macrodetritus were removed and samples were freeze-dried (Unicryo 

MC-4 L-60 ºC). Fine fraction (FF) content (<63 µm) was quantified by wet sieving. 

Succinctly, 1g aliquots of each sediment sample were sieved through a calibrated 63 µm 

mesh under running water and the retained particles dried in a forced air oven (100 ºC) 

until constant weight. Sediment organic matter (OM) content was analyzed through loss 

on ignition (6 h combustion at 500 ºC). 

 Each sample was ground with agate mortar and sieved (300 µm) before dark 

storage until analysis. Total carbon (TC) and organic carbon (OC, carbonate removed 

according to ISO 10694) were quantified in a CHNS analyser (Leco Truspec Micro). 

Sediment digestions for metal determination were performed using microwave field with 

aqua regia (US EPA 3051). The metals (Ca, Al, Mn) were measured using inductively 

coupled plasma optical emission spectrometry (ICP-OES; Perkin-Elmer, model ICP 

Optima 2000 DV). The accuracy was checked using BCSS-1 marine sediment with 

measured values being between 98% and 102% of the certified ones.  

 HgTOT in sediments was determined by Atomic Absorption Spectroscopy (AAS) 

after thermal decomposition, using an Automated Mercury Analyzer (AMA-254 Altec, 

Symalab, France) according to the ISO 10694 standard [21]. The results for HgTOT were 

used as preliminary information in order to proceed to Hg speciation analysis. 
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 Hg species were extracted from sediments (sample weight 10–290 mg) with 6 M 

HNO3 using microwave irradiation (Discover SP-D, CEM Explorer). Between 12 and 600 

mg of the extracts were spiked with species-specific stable Hg isotopes (199IHg(II) and 

201MeHg) to overcome non quantitative recoveries due to matrix effects or analyte 

transformation [22, 23]. The Hg species were derivatized with sodium tetraethylborate at 

pH 3.9 and extracted into 2,2,4-trimethylpentane. The organic layer was analysed by 

capillary GC (Trace GC Ultra with autosampler TriPlus RSH, Thermo Scientific) coupled 

to ICP-MS (X Series 2, Thermo Scientific).  

The repeatability was determined as the relative standard deviations (RSD) from 

the triplicate injections (average from all samples). Values 1.2% and 6.5% were obtained 

for IHg and MeHg, respectively. The results for IHg concentrations in the samples were 

corrected with the respective blank value (0.518 ± 0.050 pmol). The method limit of 

detection (LOD) for IHg was calculated as three times the standard deviation (SD) of the 

concentrations found in the blank extraction samples. Since MeHg was not detected in 

the blanks, its LOD was estimated from the calculation of the Background noise 

Equivalent Concentrations (BEC) and expressed as LOD = BEC + 3xSD. For sample 

weight of 250 mg, the LODs were 0.60 nmol kg-1 and 0.11 nmol kg-1 for IHg and MeHg, 

respectively. The concentrations of IHg (4.05 ± 0.08 mol kg-1) and MeHg (26.4 ± 1.2 

nmol kg-1) in reference material estuarine sediment IAEA 405 (n=10) show good 

agreement with the reference values of 4.01 ± 0.19 mol kg-1 for IHg and 27.4 ± 2.6 nmol 

kg-1 for MeHg. In five of the samples from the Aveiro Lagoon (1, 4, 5, 14, Bar (Summer)), 

MeHg was not detected and the concentrations, being between 0 and LOD, were 

replaced by half of LOD to integrate them in the statistical analysis. Further, the sum of 

the concentrations of IHg and MeHg is referred to here as HgTOT and was in the same 

order as HgTOT measured by AAS (HgTOT (GC-ICPMS)=(0.830 ± 0.042)HgTOT (AAS), R2=0.981). 

 

2.4. Statistical treatment 
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Statistical data treatment was carried out using R software [24]. The dependent variables 

(Y), such as Hg species concentrations, were represented as functions of q explanatory 

variables Xi. One type of the explanatory variables is related to geographical coordinates 

(either both distances dS, dM or their ratio DRM). Other distances (dS, dR) or their ratio 

DRR were also used. The other part of explanatory variables represents the geochemical 

characteristics of the samples (FF, OM, OC, TC and concentrations of Al, Ca, Mn). The 

concentrations of Al and Ca in sediments were proxies for continental and ocean 

contribution, respectively [17, 25]. Organic matter and oxyhydroxides of Mn(IV) are 

recognized as scavengers of toxic metals in Aveiro Lagoon [26] and of Hg species in 

other coastal environments [27]. For the case of MeHg, one of the explanatory variables 

was IHg concentration (precursor of MeHg). The data is given in the supplementary 

material (Aveiro_Sediments_DistanceR.xlsx) as well as the R scripts 

(IHg_Dist_DR_S_M, MeHg_Dist_DR_S_M, IHg_Dist_DR_S_R, MeHg_Dist_DR_S_R). 

 Both Y and Xi were separately normalized, if necessary, using graphical 

visualization and Box-Cox transformations [28] to give variables YT and XT,i. Some of the 

explanatory variables (Al, Mn, TC, dS, dM, dR) were not altered, with only the following 

transformations finally being selected: 

 

𝐼𝐻𝑔𝑇 = ln(𝐼𝐻𝑔)   𝑀𝑒𝐻𝑔𝑇 = ln(𝑀𝑒𝐻𝑔)   𝐶𝑎𝑇 = ln(𝐶𝑎) 

𝑂𝑀𝑇 = ln(𝑂𝑀)   𝐹𝐹𝑇 = √𝐹𝐹   𝑂𝐶𝑇 = √𝑂𝐶  (1) 

𝐷𝑅𝑀,𝑇 = ln(𝐷𝑅𝑀) = ln(𝑑𝑆 𝑑𝑀⁄ )   𝐷𝑅𝑅,𝑇 = (𝐷𝑅𝑅)−0.5 = √𝑑𝑅 𝑑𝑆⁄  

 

The relationship between the explanatory variables is expressed by L1, L2 or L3, the index 

representing the highest interaction order, described in the starting model: 

 

𝐿3(𝑋𝑇,1, 𝑋𝑇,2, … , 𝑋𝑇,𝑖, … , 𝑋𝑇,𝑞) = ∑ 𝑎𝑖

𝑞

𝑖=1

𝑋𝑇,𝑖 + ∑ 𝑎𝑖,𝑗

𝑖≠𝑗

𝑋𝑇,𝑖𝑋𝑇,𝑗 + ∑ 𝑎𝑖,𝑗,𝑘

𝑖≠𝑗≠𝑘

𝑋𝑇,𝑖𝑋𝑇,𝑗𝑋𝑇,𝑘 
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𝐿2(𝑋𝑇,1, 𝑋𝑇,2, … , 𝑋𝑇,𝑖, … , 𝑋𝑇,𝑞) = ∑ 𝑎𝑖

𝑞

𝑖=1

𝑋𝑇,𝑖 + ∑ 𝑎𝑖,𝑗

𝑖≠𝑗

𝑋𝑇,𝑖𝑋𝑇,𝑗   

           (2)  

𝐿1(𝑋𝑇,1, 𝑋𝑇,2, … , 𝑋𝑇,𝑖, … , 𝑋𝑇,𝑞) = ∑ 𝑎𝑖

𝑞

𝑖=1

𝑋𝑇,𝑖 

 

The regression coefficients ai represent the simple terms for variable Xi. The coefficients 

aij and aijk, account for the double and triple interactions, respectively.  The starting 

models, used to describe IHg concentrations, can be written with the equations: 

 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝐿2(𝑑𝑆, 𝑑) + 𝐿1(𝑑𝑆
2, 𝑑2, 𝑋𝑇,𝑖)   Xi: Mn, Al, TC, OC (3) 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝐿2(𝑑𝑆, 𝑑) + 𝐿1(𝑑𝑆
2, 𝑑2, 𝐹𝐹𝑇 , 𝐶𝑎𝑇 , 𝑂𝑀𝑇 , 𝑀𝑛, 𝑋𝑇,𝑖)   (4) 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝐿2(𝐷𝑅𝑇 , 𝑋𝑇,𝑖) + 𝐿1(𝐷𝑅𝑇
2)   Xi: Mn, Al, TC, OC (5) 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝐿1(𝐷𝑅𝑇 , 𝐷𝑅𝑇
2 , 𝐹𝐹𝑇 , 𝐶𝑎𝑇 , 𝑂𝑀𝑇 , 𝑀𝑛, 𝑋𝑇,𝑖)    (6) 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝐿3(𝐷𝑅𝑇 , 𝐹𝐹𝑇 , 𝑋𝑇,𝑖) + 𝐿1(𝐷𝑅𝑇
2)  Xi: OC, TC  (7) 

 

Eq. 3 and Eq. 4 represented IHg concentration as a function of dS and d (which can be 

either dM or dR) while Eqs 5-7 used DR (either DRM or DRR). Numerous geochemical 

characteristics were checked simultaneously without accounting for interaction effects 

(Eqs. 4, 6). Some of the starting equations accounted for interactions between distances 

(Eqs. 3, 4) or between DR and geochemical variables (Eqs 5, 7). Quadratic effects of 

distances and of DR were checked in all starting models. In Eq. 4 and Eq. 6 Xi was Al, 

OC or TC. The last three variables (Al, OC, TC) were never considered together in order 

to avoid problems with co-linearity (ESM, R scripts). 

 The starting models for MeHg concentrations can be expressed with the 

equations: 
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ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿3(𝑑𝑆, 𝑑, 𝑋𝑇,𝑖) + 𝐿1(𝑑𝑆
2, 𝑑2)      (8)  

 Xi: IHg, Ca, Mn, FF, OM, OC, TC       

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿1(𝑑𝑆, 𝑑, 𝑑𝑆
2, 𝑑2, 𝐶𝑎𝑇 , 𝐼𝐻𝑔𝑇)     (9) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿2(𝑑𝑆, 𝑑, 𝐼𝐻𝑔𝑇 , 𝑋𝑇,𝑖)    Xi: OC, TC   (10) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿2(𝑑𝑆, 𝑑, 𝐹𝐹𝑇) + 𝐿1(𝐼𝐻𝑔𝑇 , 𝐶𝑎𝑇)     (11) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿1(𝐷𝑅𝑀,𝑇 , 𝐷𝑅𝑀,𝑇
2 , 𝐼𝐻𝑔𝑇 , 𝐹𝐹𝑇 , 𝑂𝑀𝑇 , 𝐶𝑎𝑇 , 𝑀𝑛, 𝑋𝑇,𝑖)   (12) 

Xi: OC, TC          

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿2(𝐷𝑅𝑀,𝑇 , 𝑋𝑇,𝑖) + 𝐿1(𝐷𝑅𝑀,𝑇
2 )  Xi: Ca, IHg  (13) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿3(𝐷𝑅𝑀,𝑇 , 𝐼𝐻𝑔𝑇 , 𝑋𝑇,𝑖) + 𝐿1(𝐷𝑅𝑀,𝑇
2 )    (14) 

 Xi: Ca, Mn, FF, OM, OC, TC        

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝐿1(𝐷𝑅𝑀,𝑇 , 𝐼𝐻𝑔𝑇) + 𝐿2(𝐶𝑎𝑇 , 𝑀𝑛, 𝐹𝐹𝑇 , 𝑋𝑇,𝑖)    (15) 

Xi: OM, OC, TC 

         

In Eqs. 8-11, distances dS and d (either dM or dR) were used, while DRM was used in Eqs. 

12-15. The geochemical characteristics as well as IHg concentration were included in 

the starting models. Some starting models included double (Eqs. 10, 11, 13, 15) or triple 

interactions (Eqs. 8, 14). To avoid problems with co-linearity, models using both DRR and 

IHg were not developed. 

 The coefficients a0 (intercept), ai, aij, aijk were determined using multiple 

regression analysis [29]. The models were simplified by leaving only the coefficients 

significantly different from 0 (p<0.05). The number of the considered coefficients in the 

starting equations never exceeded 13 in order to avoid overparametrization. 

 First, the minimal adequate model was developed using all available data (n=32). 

Second, the applicability of the obtained model was checked after removing values of Y 

higher than 95th percentile (P0.95) of all data and the regression coefficients for the 

minimal adequate model were determined again with the remaining dataset (short data, 
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n=30). The obtained regression equation, using the short data, were extrapolated for data 

removed (extrapolated data, n=2). The minimal adequate model was considered further 

only if robust, meaning the same significant terms were obtained for all data and for short 

data. 

 All models were compared using graphical representation of model values YM 

against experimental ones YE and by root mean square deviation (RMSD) criteria (for all 

data, short data and extrapolated data) representing how different the model values are 

when compared with n experimental data of Y: 

 

𝑅𝑀𝑆𝐷 = √∑(𝑌𝐸,𝑖−𝑌𝑀,𝑖)
2

𝑛
         (16) 

 

 

3. Results and discussion 

3.1. Seasonal variations  

Different seasonal trends have been observed for Hg species concentration in surface 

sediments. The concentrations of MeHg (and %MeHg) were higher during warm seasons 

in contaminated Tagus estuary [30] and Ravenna Lagoon [31]. However, in surface 

sediments from the Aveiro Lagoon, general seasonal trend for Hg species concentrations 

was not observed (Fig. 2) and when, for some sampling sites, winter / summer 

differences existed, they usually followed concentration changes observed for 

geochemical variables (Figure SI-1). For both species; the highest concentrations were 

observed in LAR, near the Hg source. The time differences of IHg concentrations 

followed those found for Al (ANCOVA, p<0.001) and those of MeHg usually followed the 

trend for IHg (ANCOVA, p<0.001). Similar conditions with no clear seasonal difference 

in contaminated sediments have been observed in Venice Lagoon [32]. For the further 

treatment of the spatial variation, no seasonal differences were taken into account. 
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3.2. Spatial variation  

The average concentration (range) for IHg in surface sediments from the Laranjo Bay 

(Fig. 1c) was 48.7 mol kg-1 (5.2-210.0 mol kg-1, n=7) and from the rest of the lagoon, 

0.426 mol kg-1 (0.014-1.670 mol kg-1, n=25). These results confirmed the gradient 

observed previously for HgTOT concentrations [9]. Globally, a similar pattern was 

observed for MeHg, it being 17.70 (1.65-48.40 nmol kg-1) in Laranjo Bay and 2.78 (0.13-

14.90 nmol kg-1) in the rest of the lagoon. The %MeHg was 0.09% (0.01-0.21%) and 

0.85% (0.05-2.40%) in Laranjo Bay and in the rest of the lagoon, respectively. In surface 

sediments from Laranjo Bay, MeHg has previously been found only in one site (66 nmol 

kg-1), representing <0.1% of HgTOT [11]. A similar situation was observed in other 

contaminated coastal environments, such as Tagus estuary [30] and Ravenna Lagoon 

[31]. 

 The gradients of Hg species concentrations being large, the Aveiro Lagoon has 

areas that are extremely contaminated as well as almost pristine zones, giving rise to 

huge concentration ranges (especially for IHg, Table SI-1) compared to other coastal 

environments in Europe [23, 30, 31, 33-40]. If all the coastal zones, including the Aveiro 

Lagoon, were considered together, the concentration range of MeHg in surface 

sediments could be roughly described from the range of IHg (Figure SI-2). The 

concentrations of MeHg in surface sediments around the globe have been found 

proportional to IHg but reach a saturation value of 0.277 mol kg-1 in very contaminated 

sites [41]. However, within each environment, the MeHg concentrations in surface 

sediments can be determined by IHg [6, 30, 42] though they may be more dependent 

upon biogeochemical characteristics of the sediments [5, 36, 38, 40, 42, 43]. 

 To explain the spatial variations of Hg species concentrations in surface 

sediments, minimal adequate models were developed. The dispersion from the 

contamination source, geochemistry, and the influence of IHg concentrations (the last 

one being important for MeHg) were evaluated quantitatively. 
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3.2.1. IHg distribution in contaminated lagoon  

Most of the models used to relate IHg concentrations with distances dS and dM were 

different for all data and short data. There were only two minimal adequate models, 

derived from Eq. 4, that were robust (Table 1). From the studied geochemical variables, 

only FF and Al concentrations were found to be important. There was significant 

interaction effect between dS and dM, which is difficult to interpret. More models were 

found robust when using dS and dR (Table SI-2). However, the high values of RMSD 

decreased the prediction of IHg concentration when dS, dM or dR were used in the linear 

model construction. 

 When DRM was used, the obtained models were always robust, with the same 

regression coefficients for all data and short data. The values of RMSD (Eq. 16) were 

usually low (Table 1), with the following equations being selected for further evaluation: 

 

ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎8[𝐴𝑙]    (17) 

ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎8[𝐴𝑙]   (18) 

ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎7[𝑇𝐶] + 𝑎4,7[𝑇𝐶]√𝐹𝐹 (19) 

 

Equation 17 was derived from Eq. 5, with Al concentration being the most important 

geochemical predictor of the behavior of IHg in surface sediments (Table 1). Another 

essential property of the obtained models is that all interaction terms were non-

significant. A significant interaction term was found between TC and FF (Eq. 19), 

meaning the effects of FF and TC on IHg concentrations are not so straightforward. 

However, the effects of geochemistry were separated from the effects of distance 

function DRM. The results from Eqs 17-19 were compared to the experimental values for 

IHg concentrations in sediments for all, short and extrapolated data (Fig. 3). The 

extrapolating ability of the obtained models is about one order of magnitude of IHg 
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concentration. The three minimal adequate models showed essentially the same results, 

and, therefore, Eq. 17 was finally selected due to its simplicity. 

 When DRR was used instead of DRM, several robust models were obtained (Table 

2). The transformation of the variable DRR was different from that of DRM (Eq. 1). 

Applying the same (logarithmic) transformation for DRR as for DRM lead to models with 

much higher RMSD values (Table SI-3) and was therefore not considered further. From 

the minimal adequate models (Table 2) two were selected for having low RMSD values 

and for lacking interaction terms: 

 

ln(𝐼𝐻𝑔) = 𝑎0 + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎8[𝐴𝑙] = 𝑎0 + 𝑎3,3𝑑𝑅 𝑑𝑆⁄ + 𝑎8[𝐴𝑙]   (20) 

ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎4√𝐹𝐹 + 𝑎6√[𝑂𝐶]     (21) 

 

The results from Eq. 17 are derived using DRM, which depends on both dS and dM. They 

could eventually describe processes related to mixing of contaminated water from the 

source with clean ocean water. However, the reference distance ratio DRR depends on 

both dS and dR and is not related to processes of the mixing of contaminated water with 

ocean water. Using DRR, Eq. 20 was obtained, which has similar model robustness and 

simplicity as Eq. 17. 

 In a hypothetic one-dimensional case, for an estuarine channel with known linear 

distance (LD) between the source S and the mouth M (or the reference R), each sampling 

point can be characterized only by its distance from the source as dM=LD−dS (or 

dR=LD−dS). Then, both Eq. 17 and Eq. 20 can be expressed using only effects of dS and 

Al concentration. In both equations, for fixed concentrations of Al (in order to leave only 

the dependence on dS), the IHg concentration was inversely proportional to the fourth 

power of dS. Therefore, an additional model was developed for two dimensions (Fig. 1) 

according to the equation: 
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𝐼𝐻𝑔 = 𝑐1𝑒𝑥𝑝(𝑐2[𝐴𝑙]) 𝑑𝑆
4⁄         (22) 

 

The coefficients c1 and c2 were determined using non-linear regression and depended 

on the intensity of contamination (c1) and the strength of geochemical associations 

between IHg and Al (c2). The RMSDs for Eq. 22 were 5.5, 2.9 and 75.7 for all, short and 

extrapolated data, respectively, being among the best obtained for IHg. The comparison 

between model values and experimental ones (Fig. 3d) demonstrated that the model 

was reliable, as were Eqs 17-19, at least for high and medium concentrations of IHg. 

The transport of IHg could depend on the considered direction away from the 

contaminant source [36]. However, in the Aveiro Lagoon, when both geochemistry and 

distance measures were included in the model, it was possible to describe the dispersion 

of IHg with simple equations not dependent upon direction. However, in this case, the 

transport of the contaminant was not dependent on dM. The dependence on dS is 

extremely strong, localizing the Hg pollution very near the contamination source S (Fig. 

4). A rapid decrease of IHg concentrations in sediments at higher distance from the 

source was also observed in other contaminated coastal environments, such as Gulf of 

Trieste [36] and Lavaca Bay [8]. 

An exponential dependence of IHg on Al concentration was observed in surface 

sediments from Vigo estuary [34]. Since Al was considered as indicative, not only of the 

particle size (i.e binding specific surface) but also mineral composition (mainly clay 

fraction), IHg from Vigo estuary, as in the Aveiro Lagoon, was bound to the finest 

particles in the sediments. It is known that the surface area of coastal sediments is grain-

size dependent and controls the adsorption of metals [44]. Variations of Al levels in the 

sediments from Aveiro Lagoon have more important effects on IHg concentrations close 

to source S (Fig. 4). The sediments with intermediate Al concentration are contaminated 

with Hg only when very close to S (<6000 m). At higher distance, the contamination 

persists up to about 12000 m but only in Al-rich fine sediments and decreases rapidly at 

lower Al levels. 
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3.2.2. MeHg distribution in surface sediments from contaminated lagoon  

The obtained robust minimal adequate models for MeHg are summarized in Table 3. 

From the developed models, seven were selected for further evaluation: 

 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔)        (23) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) − 𝑎2𝑑𝑀      (24) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) + 𝑎9 ln(𝐶𝑎)      (25) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) − 𝑎2𝑑𝑀 + 𝑎9 ln(𝐶𝑎)     (26) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) + 𝑎4√𝐹𝐹 + 𝑎9 ln(𝐶𝑎) − 𝑎1,4𝑑𝑆√𝐹𝐹   (27) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) + 𝑎9 ln(𝐶𝑎) − 𝑎5,10[𝑀𝑛] ln(𝑂𝑀)   (28) 

ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) + 𝐼𝐺𝐸𝑂(𝐶𝑎, 𝑀𝑛, 𝑇𝐶, 𝐹𝐹)    (29) 

𝐼𝐺𝐸𝑂 = −𝑎7[𝑇𝐶] + 𝑎9 ln(𝐶𝑎) + 𝑎10[𝑀𝑛] + √𝐹𝐹(𝑎4 + 𝑎4,7[𝑇𝐶] − 𝑎4,10[𝑀𝑛])  (29a) 

 

The results from Eqs 23-29 were compared with the experimental values for MeHg 

concentrations in sediments for all, short and extrapolated data (Fig. 5). The most 

important explanatory variable was found to be IHg concentration. However, when only 

IHg is present in the equation (Eq. 23), the model tends to produce higher results at 

concentrations of MeHg of less than 0.001 mol kg-1 (Fig. 5a). Close to the mouth of the 

lagoon, other processes might have occurred, increasing the concentrations of MeHg 

(Eq 24, 26). High %MeHg has been found in sample 11 in summer and in SJA, BAR, 

RIO both in summer and winter (1.7±0.3%, n=7). All of these samples are situated close 

to the mouth (Fig. 1b). A possible reason for the apparent effect of Ca on the 

concentration of MeHg (Eqs. 25-29) could be processes taking place close to the mouth 

of the lagoon, dM and Ca being anticorrelated (r=−0.40, p<0.05). As confirmation, it can 

be observed that, when, instead of dM, in the starting equation dR is included, similar 

dependences on dR were not observed (Table SI-4). Similarly, in a well-mixed estuary, 

ACCEPTED M
ANUSCRIP

T



17 

 

higher %MeHg was measured at high salinity [6]. Most probably, the presence of sandy 

sediments, the oxidation of sulphides by ocean water and/or the input of labile planktonic 

organic matter from the coastal zones increases the IHg availability / methylation 

potentials of the sediments or decreases demethylation near the mouth of the lagoon 

[23, 31, 33, 38, 40-42, 45, 46].  

 A less probable explanation of the higher %MeHg near lagoon mouth is external 

supply of particles rich in MeHg via effluents from wastewater treatment, aquatic food 

industry and other sources [38, 40, 43]. The plume from a wastewater treatment plant, 

moving from submarine outfall to the mouth of Aveiro Lagoon, has an influence on the 

lagoon processes [47]. In industrial or urban wastewater, MeHg is associated with the 

smallest particles and its removal during treatment is more difficult than that of IHg [48]. 

Although the sedimentation is hindered near the mouth, the contribution from such 

MeHg-rich particles to increase %MeHg should be stronger for sediments having smaller 

IHg concentrations and cannot be completely discarded. 

 From all minimal adequate models, Eq. 29 has the lowest values of RMSD (Table 

3), producing reliable model results for all concentrations of MeHg (Fig. 5g). The ratio 

DRM, present in the starting model (Eq. 15), was not found to be important in Eq. 29, only 

IHg, as a precursor of MeHg, and geochemical variables being significant. The marine 

influence (Ca) on MeHg concentrations is statistically separated from the effects of other 

geochemical variables (Mn, TC, FF). However, there are interaction effects between the 

last three variables (Eq. 29a), possibly due to the influence of other conditions not 

accounted for in the models.  

There was no correlation between IGEO (Eq. 29a) and the concentrations of IHg 

and MeHg. However, the relationship between %MeHg and IGEO was highly significant 

(r=0.64, p<0.001, all data). The effects of IGEO on %MeHg were not observed at high 

concentrations of IHg (Fig. 6). Although the highest MeHg concentrations in surface 

sediments were well estimated from IHg, the geochemical variables were necessary in 
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order to develop a reliable model over the whole concentration range of MeHg. The 

results from multiple regression analysis demonstrated that, in a contaminated shallow 

lagoon, MeHg exhibits different behaviour from that of IHg. Similarly, in Lavaca Bay 

sediments, affected by chlor-alkali effluents, IHg was bound to sulphides and OC while 

MeHg had different behaviour, being retained on Fe and Mn oxides [49]. 

 

4. Conclusions 

Different behaviour of IHg and MeHg was observed in surface sediments, based upon 

multiple regression analysis including geochemical characteristics of the sediments and 

non-Euclidean distances between sampling points. This data treatment method is valid 

across the concentration range of IHg and MeHg allowing robust quantitative evaluation 

with respect to extrapolation. For IHg, there was statistical separation of the dispersion from 

the Hg source and of Al concentration. The inclusion of geochemical variables in the model 

results in equations not dependent on the direction of the contaminants´ dispersion, even 

in a geometrically complex environment. Usually, the MeHg concentrations follow those of 

IHg but geochemical characteristics are necessary to describe the behaviour of MeHg 

across the whole concentration range. The concentrations of both Hg species are more 

dependent on TC and OC than on OM, determined by loss on ignition. The models for MeHg 

demonstrate that, close to the mouth of the lagoon, the sediment has higher potential for 

methylation, lower MeHg degradation capacity or is exposed to external sources of MeHg. 

In future, multiple regression analysis could be similarly applied in order to quantitatively 

evaluate the effects of other contaminants in sediments. 
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Figure captions 

 

Fig. 1. Map of (a) Localization of the Aveiro Lagoon (Atlantic coast, Portugal) (b) Aveiro 

Lagoon with the sampling points. Each point is characterized by distances (dS, dM, 

dR) within the simplified border (hyphen line) to Hg source (S), to the lagoon mouth 

(M) and to a reference point R, respectively (c) Laranjo Bay with the sampling points 

 

 

 
 

 

 

Fig. 1 
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Fig. 2. Winter-summer variations in surface sediments (Aveiro Lagoon) for 

concentrations of (a) IHg; (b) MeHg 

 

 

 
 

 

Fig. 2. 
 

 

Fig. 3. Dependence of model values on experimental ones for IHg concentrations in 

surface sediments (Aveiro Lagoon) for all data, short (IHg concentrations less than 

95th percentile) and extrapolated data. Significant explanatory variables: (a) DRM, Al 
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(Eq. 17); (b) DRM, Al, FF (Eq. 18); (c) DRM, TC, FF, interaction TC:FF (Eq. 19); (d) 

dS, Al (Eq. 22). Abbreviations: DRM=dS/dM where dS is distance to Hg source, dM is 

distance to the lagoon mouth, FF: fine fraction, TC: total carbon 

 

 

 
 

 

 

Fig. 3.  
 

 

Fig. 4. Experimental IHg concentration in surface sediments (Aveiro Lagoon) as a 

function of distance to Hg source (dS) and Al concentration 
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Fig. 4. 
 

Fig. 5. Dependence of model values on experimental ones for MeHg concentrations in 

surface sediments (Aveiro Lagoon) for all data, short (MeHg concentrations less 

than 95th percentile) and extrapolated data. Significant explanatory variables: (a) IHg 

(Eq. 23); (b) IHg, dM (Eq. 24); (c) IHg, Ca (Eq. 25); (d) IHg, Ca, dM (Eq. 26); (e) IHg, 

Ca, FF, interaction FF:dS (Eq. 27); (f) IHg, Ca, interaction OM:Mn (Eq. 28); (g) IHg, 

Ca, Mn, FF, TC, interactions Mn:FF and TC:FF (Eq. 29). Abbreviations: dM: distance 
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to the lagoon mouth, dS: distance to Hg source; FF: fine fraction, OM: Organic matter 

(loss on ignition), TC: total carbon 
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Fig. 5.  
 

 

Fig. 6. Percentage of MeHg with respect to HgTOT in surface sediments (Aveiro Lagoon) 

as a function of IHg concentration and geochemical function IGEO (Eq. 29a).  

 

 

 

 

 
 

 

 

Fig. 6. 
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Table 1. Minimal adequate models for IHg concentrations in surface sediments from the Aveiro Lagoon as function of distance to source dS, 

distance to mouth dM and geochemistry. Distance ratio DRM=dS/dM was used instead of distances in starting model Eqs 5-7. Root mean square 

deviation (RMSD) for all data, short (IHg concentrations less than 95th percentile) and extrapolated data also given.  

Model 

Eqs.(a) 

Minimal adequate model RMSD (b) 

all short extrapolated 

4 ln(𝐼𝐻𝑔) = −𝑎1𝑑𝑆 + 𝑎1,1𝑑𝑆
2 + 𝑎2,2𝑑𝑀

2 − 𝑎1,2𝑑𝑆𝑑𝑀 + 𝑎4√𝐹𝐹 + 𝑎8[𝐴𝑙] 14.7 3.4 95.4 

4 ln(𝐼𝐻𝑔) = −𝑎1𝑑𝑆 + 𝑎1,1𝑑𝑆
2 + 𝑎2,2𝑑𝑀

2 − 𝑎1,2𝑑𝑆𝑑𝑀 + 𝑎4√𝐹𝐹 + 𝑎6√𝑂𝐶 22.5 2.3 121.1 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎8[𝐴𝑙] 8.6 3.9 43.9 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎6√𝑂𝐶 15.3 2.7 107.3 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎7[𝑇𝐶] + 𝑎3,7[𝑇𝐶] ln(𝐷𝑅𝑀) 15.1 3.0 96.5 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎10[𝑀𝑛] 16.5 3.7 103.5 

6 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎8[𝐴𝑙] 6.4 3.7 54.7 

6, 7 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎6√𝑂𝐶 16.1 3.0 107.0 

6 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎7[𝑇𝐶] 8.5 2.4 83.3 

7 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎4√𝐹𝐹 + 𝑎7[𝑇𝐶] + 𝑎4,7[𝑇𝐶]√𝐹𝐹 8.2 2.7 78.9 

(a)Starting equations described in part 2.4; FF: fine fraction, OC: organic carbon, TC: total carbon 

(b)Models with values of RMSD in bold are considered further 
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Table 2. Minimal adequate models for IHg concentration in surface sediments from the Aveiro Lagoon as function of referent distance ratio 

DRR=dS/dR and geochemistry. Root mean square deviation (RMSD) for all data, short (IHg concentration less than 95th percentile) and extrapolated 

data also given. The explanation variable DRR was transformed according to the equation 𝐷𝑅𝑅,𝑇 = (𝐷𝑅𝑅)−0.5. 

Model 

Eqs.(a) 

Minimal adequate model RMSD (b) 

all short extrapolated 

5, 6 ln(𝐼𝐻𝑔) = 𝑎0 + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎8[𝐴𝑙] 7.9 3.6 33.2 

5 ln(𝐼𝐻𝑔) = 𝑎0 + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎10[𝑀𝑛] 8.8 3.5 58.5 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎6√[𝑂𝐶] − 𝑎3,6√[𝑂𝐶] 𝐷𝑅𝑅⁄  6.6 3.3 129.4 

5 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎7[𝑇𝐶] − 𝑎3,7[𝑇𝐶] √𝐷𝑅𝑅⁄  5.6 3.2 30.8 

6 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎4√𝐹𝐹 + 𝑎6√[𝑂𝐶] 7.4 2.5 20.2 

6 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎4√𝐹𝐹 + 𝑎7[𝑇𝐶] 14.8 2.2 35.5 

7 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎4√𝐹𝐹 + 𝑎6√[𝑂𝐶] − 𝑎4,6√𝐹𝐹[𝑂𝐶] 11.7 2.8 73.5 

7 ln(𝐼𝐻𝑔) = 𝑎0 − 𝑎3 √𝐷𝑅𝑅⁄ + 𝑎3,3 𝐷𝑅𝑅⁄ + 𝑎4√𝐹𝐹 + 𝑎7[𝑇𝐶] − 𝑎4,7[𝑇𝐶]√𝐹𝐹 20.6 2.4 112.3 

(a)Starting equations described in part 2.4; dS: distance to Hg source:, dR: distance to reference point, OC: organic carbon, TC: total carbon, 

FF: fine fraction;  

(b)Models with values of RMSD in bold are considered further 
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Table 3. Minimal adequate models for MeHg concentrations in surface sediments from the Aveiro Lagoon as function of distance to source dS, 

distance to mouth dM and geochemistry. Distance ratio DRM=dS/dM was used instead of distances in starting model Eqs 12-15. Root mean square 

deviation (RMSD) for all data, short (MeHg concentrations less than 95th percentile) and extrapolated data also given. 

Model 

Eqs.(a) 

Minimal adequate models RMSD (x10-3) (b) 

all short extrapolated 

8 ln(𝑀𝑒𝐻𝑔) = 𝑎0 − 𝑎1𝑑𝑆 + 𝑎9 ln(𝐶𝑎) 9.7 4.5 37 

8, 10 ln(𝑀𝑒𝐻𝑔) = 𝑎0 − 𝑎2𝑑𝑀 + 𝑎11 ln(𝐼𝐻𝑔) 7.8 3.8 30 

9, 12, 14 ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎9 ln(𝐶𝑎) + 𝑎11 ln(𝐼𝐻𝑔) 7.9 4.2 30 

9 ln(𝑀𝑒𝐻𝑔) = 𝑎0 − 𝑎2𝑑𝑀 + 𝑎9 ln(𝐶𝑎) + 𝑎11 ln(𝐼𝐻𝑔) 7.9 4.0 31 

8 ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎4√𝐹𝐹 − 𝑎1,4𝑑𝑆√𝐹𝐹 − 𝑎2,4𝑑𝑀√𝐹𝐹 10.0 4.1 38 

11 ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎4√𝐹𝐹 + 𝑎9 ln(𝐶𝑎) + 𝑎11 ln(𝐼𝐻𝑔) − 𝑎1,4𝑑𝑆√𝐹𝐹 7.7 3.8 31 

13 ln(𝑀𝑒𝐻𝑔) = 𝑎0 − 𝑎3 ln(𝐷𝑅𝑀) + 𝑎3,3[ln(𝐷𝑅𝑀)]2 + 𝑎9 ln(𝐶𝑎) 8.2 4.7 31 

13, 14 ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎11 ln(𝐼𝐻𝑔) 7.8 4.1 28 

15 ln(𝑀𝑒𝐻𝑔) = 𝑎0 + 𝑎9 ln(𝐶𝑎) + 𝑎11 ln(𝐼𝐻𝑔) − 𝑎5,10[𝑀𝑛] ln(𝑂𝑀) 8.0 3.7 31 

15 ln(𝑀𝑒𝐻𝑔) = 𝑎0 − 𝑎7[𝑇𝐶] + 𝑎9 ln(𝐶𝑎) + 𝑎11 ln(𝐼𝐻𝑔) + 𝑎10[𝑀𝑛] + √𝐹𝐹(𝑎4 + 𝑎4,7[𝑇𝐶] − 𝑎4,10[𝑀𝑛]) 7.0 3.1 29 

(a)Starting equations described in part 2.4; FF: fine fraction, OM: organic matter (loss on ignition), TC: total carbon 

(b)Models with values of RMSD in bold are considered further 
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