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Text S1: 2014 MeHg observations 

Field sampling. Figure S1 shows the September 2014 seawater sampling stations for Hg 

species in the Baltic Sea. Methylated Hg (MeHg+Me2Hg) was determined in unfiltered water 

samples collected at 2-8 depths at each station. MeHg samples were collected from the ships 

rosette bottles. All samples (125 ml) were spiked with 0.03 pmol Me200Hg isotope standard 

for later isotope dilution analysis and then acidified to 0.1 M HCl using trace metal grade 

30% HCl. Samples were analyzed using thermal desorption gas chromatography inductively 

coupled plasma mass spectrometry (TDGC-ICPMS) after direct ethylation with sodium 

tetraethylborate and purge and trap on tenax adsorbent following the isotope dilution analysis 

procedure of Lambertsson and Björn1 and the sample treatment procedure of Munson and 

Lamborg.2 We removed contribution to samples from handling by subtracting the difference 

(10 fM) between field blank (20±5 fM, n=12) and MQ water sample levels (10±7 fM, n=43) 

from all observations. The detection limit (LOD) was determined to 13 fM based on three 

times standard deviation of replicated (n=12) field blanks. In order to calculate averages 

observations below the detection limit was set to 50% of the level of detection. For triplicate 

samples in waters with methylated Hg concentrations above the detection limit the standard 

deviation of samples were 10% of the average. 

Incubation experiments. At six stations (3-4 depths) incubations experiments where 

performed on board in order to determine the rate constants for dark HgII methylation and 

MeHg demethylation in water samples. We measured methylation and demethylation rates 

using incubation in the dark for 24 hours at room temperature (20°C) for samples with water 

temperature >8 °C and at 4°C for samples with water temperature <8°C in order to best 

replicate the environment that the samples were collected in. Each sample bottle (250 ml) was 

spiked with 0.06 pmol Me199Hg and 62 pmol 198Hg(II) at the start of the experiment. Each 

station and depth had two bottles, one that was acidified with trace metal grade 30% HCl 

(1%) at time zero (t0) and one that was acidified after 24 hours. Immediately after 

acidification (i.e. the termination of the incubation) samples were spiked with 0.06 pmol 

Me200Hg standard for isotope dilution analysis. Samples were analyzed using TDGC-ICPMS 

as described above. Concentrations of methylated Hg for ambient Hg and tracers were then 

calculated from mass-bias � corrected signals using signal deconvolution.3  

Detection limit for the rate constant for dark demethylation (3% d-1) was calculated according 

to Hintelmann and Evans.4 For the methylation rate constant the detection limit was 

calculated as 3×the standard deviation of the determined Me198Hg concentration in all t0 

samples. This approach was necessary to account for the increased uncertainty caused by a 
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fraction of 198HgII being methylated in the direct ethylation derivatization reaction. To get a 

conservative estimate of the average demethylation rate constant we set the measured rate 

constants below the detection limit to zero (48% of samples). This result in an average rate 

constant of 5.5±6.2 % d-1. 

Ancillary data. Temperature, salinity, oxygen concentration, sulfide concentration, 

phosphorous concentration, nitrate concentration, ammonium concentration, total nitrogen 

concentration, and silicate concentration were collected by the Swedish Meteorological 

Institute (SMHI) and quality controlled based on their standard procedure.  

 

 

 

 

   
Figure S1. Illustration of the structure of water and sediment layers/compartments in each basin in the 
Baltsem model.  
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Text S2: River Hg discharge 

We created a historic (1850-present) Hg river discharge inventory. From 1850 to 1975 we 

assume a linear increase from 50% of present day discharge in 1850 to 10 times that of 

present day discharge in 1940 and then steady Hg river inputs until 1975. This distribution 

matches the general distribution from Horowitz5 and are validated by comparison to dated 

sediment cores from several Baltic Sea sub-basins that show natural background 

concentrations (20-40 µg kg-1) until the early 1900s despite a start of the industrialization in 

northern Europe around 1850 6. For 1975 to 2010 we combine information from different 

types of reported measurements. We use the decline in Swedish sewage sludge between 1987 

and 1995 and extrapolate back to 1975 (-7.5% y-1 between 1987 and 1995)7. This trends 

correspond to the general decline for Europe suggested by Amos et al.8 We use the relative 

change in total Hg (-40% period /-3.2% y-1) seen in both discharge from Swedish rivers 

between 1995-1997 (4.3±3.9 ng l-1) to 2011-2013 (2.2±1.1 ng l-1) and in sludge from Swedish 

waste water treatment plants9, 10 to create a 1995 to 2012 trend. 

While we assume that most point sources are reflected in our historic river inventory we 

include one large coastal smelting plant (Rönnskärsverken) known to be responsible for 

polluting a large area of sediments in the Bothnian Bay in especially the 1960s separately (see 

figure below). We predict that Rönnskärsverken contribute around 20-25% of all external Hg 

inputs to the Baltic Sea in the 1960s. 

A study on submarine groundwater discharge of Hg in the Southern Baltic Sea found that this 

source was substantially lower than river discharge11 and it is therefore not included in our 

source inventory. 

 

 
Reported changes in Hg discharge to water at the smelting facility Rönnskärsverken in the Bothnian Bay.7  
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Table S1. Yearly loads of dissolved and particle bound total Hg from rivers. 

Basin HELCOM* Specific rivers Model (2005-2014) HgT:TOC TSSE 
 Mg y-1 Mg y-1 Mg y-1 ng mg-1 mg l-1 
Basin 1-3 0.07 n/a 0.07 0.22 5 
Basin 4-6 0.02 n/a 0.02 0.22 5 
Basin 7-9 0.11 1.72/1.99A 0.48 0.36 24 
Basin 10 0.24 0.05B 0.16 0.22 4 
Basin 11 0.22 0.06C 0.25 0.22 4 
Basin 12 0.01 n/a 0.26 0.36 24 
Basin 13 0.19 0.14D 0.21 0.22 7 
Total 0.83 1.86 1.45   
* 12 2006 loads that include both river disharge and point sources. 
A River Pasleka: 0.06 Mg y-1, River Leba: 0.29 Mg y-1, River Lupawa: 0.12 Mg y-1, River Slupia: 0.19 Mg y-1, 
River Nemunas: 0.8 Mg y-1 (13), Vistula: 0.15 Mg y-1 /0.38 Mg y-1 (1.58 Mg y-1 in flood year)14, 15, Oder River: 
0.11-0.14 Mg y-1;(1996-1997; 16);  
B Dalälven: 0.05 Mg y-1 (13);  
C River Kemijoki: 0.06 Mg y-1 (13);  
D River Narva: 0.14 Mg y-1 (13). 
E Best estimates based on TSS measurement from databases at GEMstat17 and the Swedish University of 
Agricultural Sciences9 including data from Vistula, Oder, Neva, Luleå, Nissan, Thorneälven. 
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Figure S2. Extrapolation of MeHgT in Baltic Sea rivers. Data are from estuarine measurements in the 
Bothnian Bay 2015. 
 
 
 
 
 
 

  
 
Figure S3. Linear equations for growth phytoplankton biodilution based on data from estuaries and 
continental margin of the Atlantic Ocean.18, 19 Total suspended solids (TSS) observed by Hammerschmidt 
et al.18 are assumed to be representative of autochthonous particular organic matter (mPOM) as they 
concluded that offshore TSS (0.2-200µm) was mostly of autochthonous origin. 
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Figure S4. Baltic Sea historic atmospheric deposition and river discharge of nutrients and Hg used to 
drive the Baltsem model. The dark green line represents the fraction of the Hg in rivers that does not 
deposit right at the river mouth in the Baltic Sea (see Figure 1). 
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Figure S5. A) MeHgT concentrations and B) 2014 southern Baltic Sea cruise stations. 
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Figure S6. Comparison of observed and modeled Hg concentrations in the Bornholm Basin and the 
Gotland Sea. HgT data are from 2006-2009.20 MeHgT data are from the 2014 cruise campaign described in 
TEXT S1. Hg0 data are from Kuss and Schneider21 and Wangberg et al.22. Modeled data for comparison 
are yearly averages from 2006-2009 for HgT and HgII, 2014 for MeHgT and 1997-2006 for Hg0. 
 
 
 

 
Figure S7. The seasonal variability of Hg0 in observations and model simulation (modeled data from 
surface water in the Bornholm Basin). Modeled values are extracted from the model simulation two times 
a month at 0-1 m between 1997 and 2006. Observations are from 1997 and 2006.21, 22 We find a significant 
correlation (R2=0.53) between average monthly observations and model results over the 1997-2006 period. 
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Figure S8. The figure compares observed and modeled total Hg data. Observed data is from Leipe et al.6 
and the Swedish Geological Investigations (1985-2011 sediment samples; Anna Apler, personal 
communication). The original samples were sorted by basin and divided into depth intervals (10 meters). 
When three or more samples were collected at a depth interval in a given basin a standard deviations was 
calculated.  Only values with a standard deviation are used to calculate the percentage of modeled values 
within one standard deviation of observations. Observations are from six different basins and 1-13 depth 
intervals per basin. 
 
 
 
 
 
 
 
 
 
Table S2. Average 2005-2014 difference between scenarios above the halocline (10-20 meters depth). The 
standard deviation is based on the variability between yearly averages. 
 Bothnian Sea Gotland Sea 
 Baseline High nutrient High:Base Baseline High nutrient High:Base 
Hgaq (pM) 2.6±0.1 2.0±0.1 0.77 1.8±0.03 1.3±0.03 0.72 
MeHgaq (fM) 16±2 23±4 1.44 15±1 24±3 1.53 
MeHgplankton (×106 ng l-1) 6±1 18±6 3.00 12±4 42±12 3.50 
MeHgplankton (ng g-1) 0.30±0.03 0.40±0.06 1.33 0.28±0.02 0.41±0.04 1.46 
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Table S3. Particulate organic matter (POM) and phytoplankton associated mercury (Hg) 
concentrations and fluxes. 
Cp-HgII (ng l-1) THg concentration of POM CHgII × φHgII 
Cp-MeHg (ng l-1) MeHg concentration of POM CMeHg × φMeHg 
CCyano (ng l-1)

 
MeHg conc. in cyanobacteria CMeHg × φCyano 

CDiatom (ng l-1)
 

MeHg conc. in diatoms CMeHg × φDiatom  
CFlag (ng l-1)

 
MeHg conc. in flagellates CMeHg × φFlag  

FHgP (ng d-1) HgII detritus sinking flux CHgIIP × Det_V × Alayer 
FMeHgP (ng d-1) MeHg detritus sinking flux CMeHgP × Det_V × Alayer 
FMeHg-Cyan (ng d-1) MeHg cyanobacteria sinking flux   WCyano × VCyan × Alayer 
FMeHg-Diatom (ng d-1) MeHg diatom sinking flux   WDiatom × VDiatom × Alayer 
FMeHg-Flag (ng d-1) MeHg flagellate sinking flux  WFlag × VFlag × Alayer 
φHgII (unitless) HgII fraction in the particulate phase 

1 −
1

1 + 𝐾!!!"×𝑆𝑃𝑀
 

φMeHg (unitless) MeHg fraction in the particulate phase 
1 −

1
1 + 𝐾!!!"#$×𝑆𝑃𝑀

 

φCyano (unitless) MeHg fraction in cyanobacteria 
1 −

1
1 + 𝐵𝐴𝐹×𝑊!"#$%

 

φDiatom (unitless) MeHg fraction in diatoms 1 −
1

1 + 𝐵𝐴𝐹×𝑊!"#$%&
 

φFlag (unitless) MeHg fraction in flagellates 
1 −

1
1 + 𝐵𝐴𝐹×𝑊!"#$

 

KD-Hg (L kg-1) Seawater partition coefficient for HgII Log 5  
KD-MeHg (L kg-1) Seawater partition coefficient for MeHg Log 4 
BAF (L kg -1) Seawater-plankton bioaccumulation factor  Equations given in Method section  
WCyano (kg L-1) Cyanobacteria WW concentration Cc-cyano × Mwet × 10-9 
WDiatoms (kg L-1) Diatom WW concentration Cc-diatoms × Mwet × 10-9 
WFlag (kg L-1) Flagellate WW concentration Cc-flag × Mwet × 10-9 
Cc-cyano (mg m-3) Standing stock of carbon in cyanobacteria Model 
Cc-diatoms (mg m-3) Standing stock of crbon in diatoms Model 
Cc-flag (mg m-3) Standing stock of carbon in flagellates Model 
Mwet (mg ww mg dw-1) Dry weight (dw) to wet weights (ww) 

conversion 
5 (23)  

Mdry (mg dw mg C-1) Organic carbon to dw conversion 2 (24, 25) 

SPM (kg L-1) Concentration of suspended particles Model 
Det_V (m d-1) Detritus sinking velocity Model 
VCyan (m d-1) Cyanobacteria sinking velocity Model  
VDiatom (m d-1) Diatom sinking Model  
VFlag (m d-1) Flagellate sinking velocity Model 
Alayer (m2) Area of layer Model
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Table S4. Water column chemistry 

Fox (Mg d-1) Oxidation flux Mw-Hg0 × (kdark-ox + (kphoto-ox × Fopen)) 
Fred (Mg d-1) Reduction flux Mw-HgII × Fred × (kbio-red + (kphoto-red × Fopen)) 
Fmet (Mg d-1) Methylation flux Mw-HgII × Fred × (kmet-nor+ kmet-anox) 
Fdem (Mg d-1) Demethylation flux Mw-MeHg × (kphot-dem + kbio-dem)

 Fmet2 (Mg d-1) MeHg to Me2Hg flux Mw-MeHg × kmet2 
F2dec (Mg d-1) Me2Hg decomposition flux Mw-Me2Hg ×( k2dec + k2dec-photo) 
kphot-ox (d-1) Photo-oxidation rate constant 0.55 × RAD 26 
kphot-red (d-1) Photo-reduction rate constant 0.15 × RAD 26  
kdark-ox (d-1) Dark oxidation rate constant 0.02 26 
kbio-red (d-1) Biotic reduction rate constant 0.01 × DOMremin (DOMremin: 0-60)  

(max rate: 0.09)      
kmet-nor (d-1) Methylation rate constant for 

normoxic water 
WDCm / 100 (average rate 0.03% d-1) 

kmet-anox (d-1) Methylation rate constant for 
hypoxic and anoxic water 

(PO4 - PO4-base) × 5 × 10-4 (max rate: 0.008) 
(if O2 < 2 ml l-1) 

kphot-dem (d-1) Photo-demethylation rate 
constant 

PAR × kphot-base × (-0.027 × SAL + 1) 27 

kphot-base (m2 E-1) Photo-demethylation base rate 
constant 

0.0025 (28) 

kbio-dem (d-1) Biotic demethylation rate 
constant 

0.043 (2014 cruise observations) 

kmet2 (d-1) MeHg to Me2Hg rate constant 0.0003 
k2dec (d-1) Me2Hg dark decomposition 

rate constant 
0.0082 

k2dec-photo (d-1) Me2Hg photolytic 
decomposition rate constant 

PAR × 1.08 (29) 

Fred Fraction of reducible HgII 0.45 – (9 ×10-5 × TDOM) 
based on Hg0:THg relationships from 
Soerensen et al.30; Schartup et al.19 

Fred-MeHg Fraction of reducible MeHg 0.75 – (9 ×10-5 × TDOM) 
Fopen Fraction of open ocean  Model 
PAR (E m-2 d-1) Shortwave intensity as a 

function of time and depth 
RAD × 0.432  

RAD (W m-2) Shortwave intensity as a 
function of depth 

Model 

WDCm (d-1) Particulate organic matter 
remineralization rate 

Model 

PO4-base (μg L-1) Concentration of PO4 where 
Mn, Fe, and H2S methylation 
begins 

64.0  

TDOM (μg L-1) DOM from terrestrial sources Model (basin averages 1000-3000 mg m-3) 
DOMremin (d-1) DOM mineralisation rate Model 
SAL (psu) Salinity of water Model 
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Table S5. Sediment chemical transformation, water diffusion, and burial 
Fsed-met (ng l-1 d-1) Sediment methylation flux Cpsed-HgII × ksed-met 
Fsed-dem (ng l-1 d-1) Sediment demethylation flux Cpsed-MeHg × ksed-dem  
Fsw-diff (ng m-2 d-1) Diffusive flux based on Fick’s law  

Fburial (ng m-2 d-1) Burial flux of HgII and MeHg Csed ×Burial × Csedsolid×106

 ksed-met (d-1) Sediment methylation rate 
constant 

0.03 31-33 

ksed-dem (d-1) Sediment demethylation rate 
constant 

4.0 (Derived based on the sediment MeHg:HgII 
ratio) 

kdHgII HgII partitioning coefficient  2.97 + 0.15 * LOI (%) (103.1-104.0 (19, 23, 32)) 
kdMeHg MeHg partitioning coefficient  1.98 + 0.18 * LOI (%) (102.2-103.1 (19, 23, 32)) 
TOR Tortuosity of sediments 1 – ln(POR2) 34 
POR Porosity of sediments 1 – Csedsolid/dss

 Csedsolid (kg l-1) Basin specific weight of solids per 
volume sediment 0.20-0.30 (35) 

dss (kg l-1) Density of sediment solids 1.5 
Dsw (cm2 s-1) Sediment-water diffusion 

coefficient at specific temperature 
O2>0: Dsw25 / (1+0.048×(25-Tsed)) 
O2<0: DswS25 / (1+0.048×(25-Tsed)) (34) 

Dsw25 (cm2 s-1) Sediment-water diffusion 
coefficient at 25 oC for ligand 
bound Hg complexes 

2×10-6 (32) 

DswS25 (cm2 s-1) Sediment-water diffusion 
coefficient at 25 oC for inorganic 
sulfide complexes 

10×10-6 (32) 

Tsed (oC) Temperature of bottom water layer Model 
Dsed (m) Depth of active layer 0.001 
LOI (%) Loss of ignition 4.2854×OCper + 0.859 (36) 

Burial (d-1) Shelf sediment burial rate kbur × OC/OCconst 
OCper (%) Organic carbon in sediment Model 
OC (g m-2) Organic carbon in sediment Model 
OCconst (g m-2) Constant OC baseline 80 
kbur (d-1) Base burial rate 0.0006 (model) 
   
   
 
 

POR×Dsw ×10
−4

TOR
×
Cpsed−HgX −CHgX( )

Dsed / 2
×103 × StoD
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Table S6. Gas exchange parameterization  
Fv (ng m-2 h-1)

 
Hg0 and Me2Hg air-sea exchange flux   × ( 1 – Fice ) 

CaHg0 (ng m-3) Concentration of Hg0 in air 1.5 (current day) 
CaMe2Hg (ng m-3) Concentration of Me2Hg in air 0.004 (37) 

H'Hg0(T) Temperature dependent dimensionless 
Henry’s law constant for Hg0 

(38) 

H'Me2Hg(T) Temperature dependent dimensionless 
Henry’s law constant for Me2Hg 

 (39) 

Fice Fraction of ocean covered by sea-ice Model 
Kw (m hr-1) Water-side mass transfer coefficient 

 (40) 

A (unitless) Constant based on the Weibull 
distribution of wind speeds over oceans 

0.25 (41) 

u10 (m s-1) Average wind speed at 10 m above sea 
surface 

Model 

ScCO2 Schmidt number for CO2 
(42)  

   
TK (K) Water temperature Tʹ+273.15 
Tʹ (oC) Water temperature Model 
ScHgX(0) Schmidt number for Hg0 and Me2Hg ν / D 
ν (cm2 s-1) Kinematic viscosity N/ρ =  (42) 

Ν (cP) Viscosity of water See Soerensen et al. 26 
ρ (mg cm-3) Seawater density 1025 
Dkuss (cm2 s-1) Hg0 diffusivity based on Kuss et al. 43 

 
Dw-c (cm2 s-1) Me2Hg diffusivity based on Wilke-

Chang 44 
7.4×10!! ∅!𝑀!

!.!×𝑇𝐾
𝑁𝑉!!.!

 

Mw (g mol-1) Molecular weight of water 18.0 
VB (cm3 mol-1) Molal volume of Hg0/Me2Hg at its 

normal boiling temperature 
12.74 / 72.11 

φw Solvent association factor  2.26 (45) 

R (J/(mol K)) Gas constant 8.31446 
B (J mol-1) Constant 11.06×10-3 (43) 

 
 
 

KW

CHgX ×10
3 −Ca

H '

#

$
%%

&

'
((

€ 

ln " H = (−2403.3
T

+ 6.92)

ln !H = (−2512.43
T

+ 7.27)

A×u10
2 ScHgX
ScCO2

"

#
$

%

&
'

−0.5

€ 

0.11 " T 2 − 6.16 " T + 644.7

€ 

0.017e(−0.025 # T )

0.0011× e
−

B
R×TK( )
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