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Table S1. Mean concentrations of heavy metals in gas, aerosol, and dissolved phase blanks. 

 Gas phase Aerosol phase Dissolved phase 

 Field blank 

(total ng) 

Laboratory blank 

(total ng) 

Field blank 

(total ng) 

Laboratory blank 

(total ng) 

Field blank 

(total ng) 

Laboratory blank 

(total ng) 

Cd 0.010 0.005 0.002 0.009 0.004 0.006 

Cu 0.008 0.009 0.002 0.008 0.009 0.004 

Co 0.002 0.009 0.009 0.001 0.003 0.005 

Mn 0.005 0.005 0.009 0.009 0.006 0.007 

Fe 0.009 0.003 0.004 0.006 0.005 0.009 

Ni 0.002 0.003 0.009 0.007 0.010 0.002 

Pb 0.002 0.009 0.007 0.010 0.006 0.007 

Zn 0.008 0.005 0.003 0.006 0.004 0.004 

Hg 0.049 0.002 0.001 0.009 0.006 0.009 

∑metals 0.049 0.052 0.046 0.065 0.053 0.052 
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Table S2. Mean concentrations of PAHs in gas, aerosol, and dissolved phase blanks. 

 Gas phase Aerosol phase Dissolved phase 

 Field 

blank 

(total ng) 

Laboratory 

blank 

(total ng) 

Field 

blank 

(total ng) 

Laboratory 

blank 

(total ng) 

Field 

blank 

(total ng) 

Laboratory 

blank 

(total ng) 

Naphthalene 0.20 0.17 0.11 0.08 0.09 0.05 

1-methylnaphthalene 0.12 0.17 0.03 0.04 0.01 0.00 

2-methylnaphthalene 0.10 0.05 0.09 0.10 0.12 0.10 

1,4,5-trimethylnaphthalene 0.16 0.13 0.20 0.07 0.02 0.15 

1,2,5,6-tetramethylnaphthalene 0.20 0.14 0.01 0.08 0.00 0.09 

Acenaphthylene 0.13 0.03 0.05 0.15 0.11 0.13 

Acenaphthene 0.13 0.13 0.03 0.18 0.04 0.15 

Fluorene 0.19 0.08 0.10 0.10 0.21 0.21 

Dibenzothiophene 0.01 0.06 0.02 0.03 0.13 0.09 

Anthracene 0.06 0.16 0.00 0.19 0.12 0.10 

9-methlyfluorene 0.20 0.16 0.13 0.08 0.07 0.07 

1,7-dimethylfluorene 0.18 0.16 0.04 0.02 0.12 0.02 

9-n-propylfluorene 0.14 0.13 0.12 0.00 0.10 0.07 

2-methyldibenzothiophene 0.03 0.10 0.05 0.04 0.04 0.17 

2,4-dimethyldibenzothiophene 0.13 0.18 0.04 0.03 0.00 0.06 

2,4,7-trimethyldibenzothiophene 0.09 0.00 0.18 0.13 0.12 0.13 

3-methylphenanthrene 0.06 0.09 0.09 0.05 0.07 0.08 

1,6-dimethylphenanthrene 0.12 0.09 0.17 0.06 0.12 0.01 

1,2,9-trimethylphenanthrene 0.21 0.15 0.04 0.11 0.21 0.19 

1,2,6,9-tetramethylphenanthrene 0.10 0.06 0.03 0.20 0.15 0.04 

Fluoranthene 0.20 0.04 0.14 0.03 0.20 0.02 

Pyrene 0.09 0.15 0.04 0.07 0.15 0.06 

Benzo[a]anthracene 0.01 0.13 0.05 0.02 0.03 0.01 

Chrysene 0.04 0.05 0.05 0.18 0.14 0.05 

3-methylchrysene 0.15 0.14 0.09 0.16 0.11 0.11 

∑PAHs 2.83 2.61 1.78 2.14 2.38 2.12 
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Table S3. Mean concentrations of heavy metals per sea for each measured matrix. 

 Gas Phase (ng m-3) Aerosol Phase (ng m-3) Dissolved Phase (ng L-1) 

 Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Cd 0.003 0.003 0.002 0.003 0.014 0.013 0.011 0.013 0.004 0.003 0.003 0.003 

Cu 0.001 0.001 0.001 0.001 0.023 0.018 0.014 0.017 0.006 0.005 0.004 0.005 

Co 0.001 0.001 0.001 0.001 0.008 0.006 0.003 0.005 0.002 0.001 0.001 0.001 

Mn 0.061 0.042 0.005 0.031 0.432 0.278 0.035 0.131 0.093 0.063 0.008 0.053 

Fe 0.065 0.054 0.040 0.044 1.325 1.066 0.836 0.909 0.335 0.268 0.176 0.230 

Ni 0.006 0.006 0.007 0.007 0.030 0.032 0.033 0.035 0.007 0.008 0.008 0.009 

Pb 0.194 0.209 0.055 0.112 0.188 0.137 0.033 0.068 0.053 0.029 0.008 0.028 

Zn 0.083 0.080 0.066 0.076 1.688 1.392 1.296 1.392 0.395 0.403 0.317 0.358 

Hg 0.004 0.005 0.003 0.005 0.005 0.004 0.003 0.003 0.001 0.001 0.001 0.001 

∑metals 0.418 0.401 0.18 0.28 3.713 2.946 2.264 2.573 0.896 0.781 0.526 0.688 
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Table S4. Mean concentrations of 35 PAHs per sea for each measured matrix. 

 Gas Phase (ng m-3) Aerosol Phase (ng m-3) Dissolved Phase (ng L-1) 

 Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Barents 

Sea 

Kara 

Sea 

Leptev 

Sea 

East Siberian 

Sea 

Naphthalene 0.635 0.576 0.450 0.511 6.015 3.185 0.493 2.063 4.104 3.560 0.809 2.078 

1-methylnaphthalene 0.550 0.588 0.615 0.523 5.739 3.878 0.442 1.536 3.993 3.384 0.869 1.880 

2-methylnaphthalene 0.566 0.407 0.588 0.574 3.970 3.965 0.597 1.516 4.633 2.457 0.820 2.335 

1,4,5-trimethylnaphthalene 0.450 0.630 0.655 0.565 5.911 3.426 0.481 1.360 5.164 3.377 0.795 2.351 

1,2,5,6-tetramethylnaphthalene 0.571 0.616 0.501 0.612 6.068 3.782 0.424 1.801 4.899 3.141 0.722 2.306 

Acenaphthylene 0.540 0.599 0.568 0.585 6.743 3.991 0.570 1.395 3.470 3.035 0.824 2.246 

Acenaphthene 0.597 0.598 0.532 0.539 5.506 2.891 0.571 2.207 4.120 3.021 0.791 1.781 

Fluorene 1.251 1.396 1.339 1.266 5.496 3.658 0.440 1.299 4.335 3.128 0.755 2.520 

Dibenzothiophene 1.282 1.324 1.301 1.258 6.062 2.967 0.474 0.746 2.209 1.474 0.529 1.913 

Anthracene 1.310 1.346 1.348 1.323 6.712 3.347 0.378 1.635 1.909 1.784 0.500 1.370 

9-methlyfluorene 1.369 1.280 1.314 1.250 5.588 3.195 0.530 1.506 2.007 1.671 0.513 1.826 

1,7-dimethylfluorene 1.323 1.307 1.275 1.324 4.782 3.574 0.441 1.203 1.585 1.461 0.469 1.746 

9-n-propylfluorene 1.255 1.269 1.216 1.277 4.719 2.838 0.498 1.627 1.795 1.373 0.659 1.759 

2-methyldibenzothiophene 1.276 1.384 1.261 1.245 5.447 3.101 0.516 2.053 1.583 1.397 0.424 1.743 

2,4-dimethyldibenzothiophene 1.307 1.318 1.267 1.194 4.874 2.601 0.562 1.856 2.298 1.262 0.525 1.520 

2,4,7-trimethyldibenzothiophene 1.279 1.380 1.309 1.314 6.458 4.140 0.375 1.840 2.294 1.405 0.439 1.558 

3-methylphenanthrene 1.329 1.348 1.301 1.281 7.181 3.332 0.495 1.135 2.298 1.476 0.479 1.761 

1,6-dimethylphenanthrene 1.235 1.298 1.256 1.296 5.046 2.583 0.557 1.704 1.770 1.127 0.633 1.537 

1,2,9-trimethylphenanthrene 1.349 1.320 1.305 1.290 6.174 2.545 0.555 0.725 2.290 1.241 0.464 1.712 

1,2,6,9-tetramethylphenanthrene 1.345 1.275 1.297 1.258 7.042 3.706 0.636 1.629 1.629 1.047 0.598 1.796 

Fluoranthene 0.006 0.006 0.006 0.005 4.530 2.511 0.453 1.212 2.075 1.358 0.443 1.766 

Pyrene 0.004 0.006 0.006 0.005 6.938 3.952 1.171 2.920 0.033 0.020 0.006 0.021 
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Benzo[a]anthracene 0.006 0.007 0.005 0.006 6.991 4.576 1.053 3.071 0.028 0.021 0.005 0.013 

Chrysene 0.006 0.004 0.006 0.006 7.267 4.900 1.126 3.411 0.037 0.012 0.005 0.014 

3-methylchrysene 0.005 0.005 0.005 0.005 7.505 4.637 0.903 3.084 0.027 0.021 0.005 0.018 

6-ethylchrysene 0.006 0.006 0.007 0.004 6.565 4.977 1.020 3.311 0.032 0.020 0.006 0.014 

1,3,6-trimethylchrysene 0.006 0.004 0.005 0.005 6.544 4.323 0.998 3.573 0.034 0.026 0.006 0.015 

Benzo[b]fluoranthene 0.005 0.006 0.006 0.005 6.802 4.156 1.067 3.265 0.024 0.026 0.006 0.018 

Benzo[k]fluoranthene 0.006 0.006 0.006 0.005 6.547 3.801 0.992 3.185 0.029 0.026 0.006 0.014 

Benzo[a]pyrene 0.004 0.005 0.006 0.004 6.764 4.376 1.097 3.727 0.037 0.021 0.005 0.013 

Perylene 0.006 0.006 0.006 0.006 6.590 4.220 1.085 2.986 0.042 0.023 0.004 0.017 

Dibenzo[a,h]anthracene 0.006 0.006 0.005 0.005 7.234 4.722 1.117 2.945 0.030 0.027 0.006 0.015 

Indeno[1,2,3-cd]pyrene 0.006 0.007 0.006 0.006 6.879 4.612 1.019 3.507 0.029 0.016 0.005 0.015 

Dibenzo[a,h]anthracene 0.004 0.006 0.006 0.005 6.725 4.100 1.058 3.402 0.034 0.019 0.007 0.008 

Benzo[g,h,i]perylene 0.007 0.006 0.005 0.006 6.271 4.340 0.853 3.298 0.025 4.021 0.005 0.011 

∑35PAHs 20.90 21.34 20.78 20.56 215.68 130.91 25.05 77.73 60.90 47.48 13.14 39.71 
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Figure S1. Uncertainty of the net direction of air-water diffusive fluxes. Estimated fugacity ratio of 

air to water (fg/fw) for heavy metals for individual sampling stations. A factor of three of maximum 

uncertainty is considered. The chemical approaches air equilibrium when -Ln (fg/fw) range between 

1.3 and -1.5. If -Ln (fg/fw)>1.3 or -Ln (fg/fw)<-1.5, a net deposition or net volatilization of each heavy 

metal occurs at the station, respectively
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Figure S2. Uncertainty of the net direction of air-water diffusive fluxes. Estimated fugacity ratio of 

air to water (fg/fw) for 2 aromatic rings PAHs (a), 3 aromatic rings PAHs (b), 4 aromatic rings PAHs 
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(c) for individual sampling stations. A factor of three of maximum uncertainty is considered. The 

chemical approaches air equilibrium when -Ln (fg/fw) range between 2.1 and -1.5. If -Ln (fg/fw) > 2.1 

or -Ln (fg/fw) < -1.5, a net deposition or net volatilization of each PAH occurs at the station, 

respectively. 
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Figure S3. Pattern of heavy metals concentration in the oceanic atmosphere and water. Average and 

standard deviation of heavy metals concentrations for individual measured matrix; gas (a), aerosol 

(b) and dissolved phase (c). Bars represent the standard deviation of each heavy metal for each sea 

of Russian Arctic ocean. 
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Figure S4. Estimates of oceanic atmosphere-ocean exchange of Hg. (a) Net diffusive air-water 

exchange of Hg (FAW) and (b) dry deposition of Hg and other heavy metals (FDD) fluxes averaged 

per month for the Barents, Kara, Laptev, and East Siberian Seas. Bars show standard deviation. 
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Figure S5. Concentration pattern of PAHs in the oceanic atmosphere and seawater. Mean and 

standard deviation of PAHs concentration for individual measured matrix; (a) gas, (b) aerosol, and 

(c) dissolved phase. Bars represent the standard deviation of individual PAH at each sea. 
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Figure S6. Estimated dry deposition velocity (Vd, cm s-1) of suspended aerosol-bound 35 PAHs.
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Figure S7. Dry deposition velocity (Vd, cm s-1) for (dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene derived from 

the measured dry deposition fluxes and concentration in suspended aerosols. 
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Figure S8. Estimated average dry deposition (FDD) fluxes per month in the Russian Arctic Ocean. Bars 

represent standard deviation. 
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Figure S9. Estimated average net diffusive air-water exchange (FAW) of PAHs in the Russian Arctic Ocean. 

Bars represent standard deviation. 
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Figure S10. The diagnostic ratio of PAHs sources. The ratio of Phenanthrene/Anthracene to 

Fluoranthene/Pyrene for the gas (a), aerosol (b), and dissolved phases (c). the traditional attribution to 

pyrogenic and petrogenic PAHs (pairs of ratios) were used (Lima et al., 2005). The ratios were not used for 

characterization of biogenic PAHs due to the diagnostic ratios should be cautious to use for atmospheric 

samples (Katsoyiannis et al., 2011). 
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Text S1 uncertainty analysis. 

To evaluate the uncertainty in air-water fugacity ratio and the statistically calculated diffusive flux, 

measured uncertainties of water and air analysis, Henry’s law constant, temperature and overall velocity 

of mass transfer were taken into account. Four variables with random uncertainty of the fugacity ratio 

was based on Eq. (11) and Eq. (13), of which the uncertainty is shown in Eq. (S1).  

δ ln (
𝑓𝑔

𝑓𝑤
) = √(

𝛿𝐶𝑔

𝐶𝑔
)
2

+ (
𝛿𝐶𝑤

𝐶𝑤
)
2
+ (

𝛿𝐻′

𝐻′
)
2
+ (

𝛿𝑇

𝑇
)2    (S1) 

    The relative standard deviation (RSD) of aqueous and water concentrations ((
𝛿𝐶𝑔

𝐶𝑔
) and (

𝛿𝐶𝑤

𝐶𝑤
)) are 

relevant to the analysis. The RSDs of H’ was taken value as 50% as done by Liu et al. (2016). 
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