
1/38 

Supplementary information 

 

Understanding soil selenium accumulation and bioavailability through 

size resolved and elemental characterization of soil extracts 

 

 

Julie Tolu1, 2, *, Sylvain Bouchet1, 2 Julian Helfenstein3, 4, Olivia Hausheer1, 2, Sarah Chékifi1, 2, 

Emmanuel Frossard3, Federica Tamburini3, Oliver A. Chadwick5, and Lenny H.E. Winkel1, 2, * 

 
1 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Department of Water Resources 

and Drinking Water (W+T), Überlandstrasse 133, 8600 Dübendorf, Switzerland 
2 ETH Zürich, Swiss Federal Institute of Technology, Department of Environment Systems Sciences 

(D-USYS), Institute of Biogeochemistry and Pollutant Dynamics (IBP), Group of Inorganic 

Environmental Geochemistry, Universitätstrasse 16, 8092 Zürich, Switzerland 
3 ETH Zürich, Swiss Federal Institute of Technology, Department of Environment Systems Sciences 

(D-USYS), Institute of Agricultural Sciences (IAS), Group of Plant Nutrition, Eschikon 33, 8315 

Lindau, Switzerland 
4 Present address: Wageningen University, Soil Geography and Landscape Group, 6700 AA 

Wageningen, The Netherlands 
5 University of California, Department of Geography, CA 93106 Santa Barbara, United States 

 

*corresponding author: julie.tolu@eawag.ch; lenny.winkel@eawag.ch 

 
 

mailto:julie.tolu@eawag.ch
mailto:lenny.winkel@eawag.ch


2/38 

Contents 

Supplementary Note 1. Commonly used selective extraction ................................................................... 3 

Supplementary Note 2. Selectivity of “selective” extractions .................................................................... 3 

Supplementary Note 3. Comparison between commonly used “selective” extractions of water-soluble 

and organic Se ............................................................................................................................................... 4 

Supplementary Discussion 1. Operating conditions used for the optimization of the SEC separation 

and of the optimal SEC separation .............................................................................................................. 7 

Supplementary Discussion 2. Details on the optimization of the SEC separation ................................ 10 

a) SEC separation of (trace) elements with the 3 tested columns and optimal column selection10 

b) SEC separation of (trace) elements with different NH4NO3 concentrations in the mobile phase 

and selection of the optimal NH4NO3 concentration ........................................................................... 12 

c) SEC separation of (trace) elements with different MeOH concentrations in the mobile phase 

and selection of the optimal MeOH concentration .............................................................................. 13 

Supplementary Discussion 3. Classification of elements into fractions of different size and chemical 

properties ..................................................................................................................................................... 14 

a) Targeted size and size determination with the optimized SEC-UV-ICP-MS/MS method .... 14 

b) Fraction F1: (Organo)mineral nanoparticles ............................................................................... 15 

c) Fractions F2 and F3: larger, more hydrophobic and/or negatively charged, OM fractions 17 

d) Fractions F4 and F5: Small hydrophilic compounds and free oxyanions ................................ 18 

Supplementary Discussion 4. Comparison between Se oxyanions quantified by AEC-ICP-MS/MS and 

SEC-UV-ICP-MS/MS ................................................................................................................................. 19 

Supplementary Discussion 5. Stability of the SEC-ICP-MS/MS analysis during long runs ................ 20 

Supplementary Discussion 6. Reproducibility of the SEC-UV-ICP-MS/MS method for Se speciation22 

Supplementary Method 1. Obtained data for certified reference materials .......................................... 28 

Supplementary Method 2. Comparison of water extraction efficiencies obtained with different 

solid/liquid ratios ......................................................................................................................................... 31 

Supplementary Method 3. On-line isotope dilution calculation including interferences and mass bias 

corrections .................................................................................................................................................... 31 

Supplementary References ......................................................................................................................... 34 

 



3/38 

Supplementary Note 1. Commonly used selective extraction 

 

Sequential or parallel single extraction protocols generally target an estimation of: 

1) Water-soluble and plant-available Se oxyanions and amino-acids; 

2) Exchangeable, mineral-adsorbed Se oxyanions; and 

3) Organic Se (i.e., Se complexed or covalently bound to organic matter) 
 

To quantify water-soluble Se, the most widely used extraction solution is ultrapure water1–19, followed 

by calcium chloride (CaCl2; concentration between 0.005-0.01 M)6,20–23, 0.25 M potassium chloride 

(KCl)18,24–29, 0.01 M calcium nitrate (Ca(NO3)2)
30, or 0.01 M potassium nitrate (KNO3)

31. Ultrapure 

water has also been widely used to determine solid/liquid distribution coefficients of Se, which is a 

parameter used to model the mobility of Se, and trace elements in general, in soils(e.g., 32,33). 
 

To quantify exchangeable, mineral-adsorbed Se oxyanions, the most widely used extraction solution is 

potassium phosphate (concentration between 0.016 and 0.1 M; pH 7 or 8)3,5–12,15–20,24–31,34–38, followed 

by ammonium oxalate (pH 3)21,22, or ammonium chloride14.  
 

To quantify organic Se, the most widely used extraction solution is 0.1 M NaOH1–

4,6,9,10,14,15,17,20,21,39,34,40, probably because this extraction solution has been widely used to extract and 

characterize soil organic matter and associations of trace elements with organic matter (see review of 

Olk et al.41). Other studies replaced 0.01 M NaOH by NaOCl12,21,26,35, K2S2O8
3,11,19,25,37,38, a mixture of 

pyrophosphate/NaOH42,43, NH4OH18, or TMAH31. 

 

Supplementary Note 2. Selectivity of “selective” extractions 

 

The lack in selectivity of “selective” extraction procedures mainly come from the used extraction 

solutions, although the extraction conditions can lead to incomplete extractions of targeted Se species 

(e.g., too short extraction time or too small solid:liquid ratios) or can lead to contamination or Se species 

transformation (e.g., with sequential versus parallel single extractions)4,12,19,44.  
 

While Se extracted by ultrapure water, CaCl2, KCl, Ca(NO3)2 and KNO3 is assumed to include Se(IV), 

Se(VI), and seleno-amino acids, few studies have shown that seleno-amino acids are absent or present 

in very low amount in ultrapure water or CaCl2 extracts and that large proportions of Se in these extracts 

do not eluted from anion exchange chromatography (AEC)6,9,10,36. These results imply that large 

proportions of Se in these extracts is present in other forms than Se(VI), Se(IV), and seleno-amino acids 

and so water-soluble Se cannot be considered as representative of bioavailable free Se oxyanions and 

seleno-amino acids. In addition, correlations were found between the concentrations of total Se or AEC-

unidentified Se in water or CaCl2 extracts and the concentrations of organic carbon in these extracts10,21. 

Weng et al.23 also showed by applying donnan-membrane technology to CaCl2 soil extracts that large 

proportion of Se in CaCl2 extracts was of colloidal forms. Overall, these previous studies suggest that 

water, CaCl2 and KCl extracts contain large amount of organic Se (other than seleno-amino acids), Se 

associated to (organo)mineral nanoparticles and/or Se(0) nanoparticles.  

Concerning step 2 and 3, phosphate buffer extractions were shown to incompletely extract mineral-

adsorbed Se oxyanions12,44, while NaOH was demonstrated to extract mineral-adsorbed Se(IV) that was 

not extracted by phosphate buffers44. The higher efficiency of NaOH to extract mineral-adsorbed Se(IV) 

with respect to phosphate buffers is due to both the competition of OH- with Se(IV) for mineral surfaces 
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and the higher pH of 0.1 M NaOH solutions (pH 14 versus 7-8 for phosphate buffers) leading to negative 

surface charges of the (oxy)hydroxides that impede re-adsorption of desorbed Se(IV)44. On another 

hand, phosphate buffers were suggested to extract some organic Se forms because large proportions of 

Se species (up to 43%) remain unidentified in phosphate extracts using AEC-ICP-MS/MS (i.e., are not 

found as Se oxyanions)6,9,10,36 and large proportions of soil organic carbon is solubilized in phosphate 

extracts (7-38%, n=26 soils)9. Using ammonium oxalate instead of phosphate buffers to extract 

exchangeable, mineral-adsorbed Se oxyanions seems to be associated with the same selectivity issues; 

for examples, as in phosphate extracts, large proportions of Se exist in other forms than Se oxyanions 

in ammonium oxalate extracts, which solubilize 4-12% of soil organic carbon in agricultural soils21. 

Concerning step 3, as with NaOH, NaOCl and K2S2O8 extract mineral adsorbed Se(IV) that is not 

extracted by phosphate buffer, but also oxidize part of Se(0) (nano)particles and metal selenides12,19. In 

line with this, a previous studies reported higher amount of soil Se extracted with NaOCl than with 

NaOH21. On another hand, the selectivity of NH4OH(e.g., 18) and TMAH(e.g., 31) solutions for targeted 

organic Se has never been tested. However, given the high concentrations of OH- groups and the alkaline 

pH of these extraction solutions, it can be assumed that NH4OH(e.g., 18) and TMAH(e.g., 31) extract, in 

addition to organic Se, mineral adsorbed Se(IV) that is not extracted by the phosphate buffer step as 

when using NaOH. 

Overall, all these different examples clearly show that quantifying total Se in soil extracts and assuming 

that it represents one or certain Se species is inaccurate and so having a comprehensive determination 

of Se speciation in soil extracts is necessary to understand soil Se accumulation in soils and plant-

availability.  

 

Supplementary Note 3. Comparison between commonly used “selective” extractions 

of water-soluble and organic Se 

 

Although different extraction solutions (cf. Supplementary Note 1 above) and different parameters 

(solid/liquid ratios, extraction times, and investigated soils) were used, similar ranges in extraction 

efficiencies were overall reported. Water-soluble Se was estimated, based on extractions with ultrapure 

water1–18, CaCl2
6,20–23, KCl18,24–29, Ca(NO3)2

30, and KNO3
31 to account for ~0.1 up to ~20% of total soil 

Se. Organic Se was estimated based on extractions with 0.1 M NaOH1–4,6,9,10,14,15,17,20,21,39,34,40, 

NaOCl12,21,26,35, K2S2O8
3,11,25,37,38, pyrophosphate/NaOH mixture42,43, NH4OH18, and TMAH31, to 

account for ~20 up to ~80% of total soil Se.  
 

Additionally, in a previous study, Se extraction efficiencies obtained with ultrapure water and 0.005 M 

CaCl2 were compared for one soil and were shown to be very similar, i.e., 1.4±0.2 and 0.9±0.1 % of 

total soil Se for ultrapure water and CaCl2, respectively6. Moreover, the proportions of Se species that 

are not present as Se(IV) and Se(VI) (which were determined by AEC-ICP-MS/MS) in the ultrapure 

water extracts of Kohala soils are highly similar to those found by Weng et al.23, who used 0.01 M CaCl2 

instead of ultrapure water, i.e., respectively, 43-100 % of total Se extracted by water (n= 25 Kohala 

soils) and 67-86 % of total Se extracted by CaCl2 (n=15 grassland soils from the Netherlands).   
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Supplementary Table 1. Location and additional information on the six study Kohala sites (S1-S6) 

 

Elevation 

(m above 

sea level) 

Distance 

from site 

S1 (km) 

Precipitation 

(mm year-1) 

Longitude 

(° west) 

Latitude 

(° north) 
Sampled depth 

Soil horizon of 

samples depth 

S1 70 0.0 275 -155.8798 20.1132 
Up to 20cm (every 

10cm) 

0-10cm: horizon A: 

10-20cm: horizon B 

S2 128 0.7 316 -155.8737 20.1155 
Up to 20cm (every 

10cm) 

0-10cm: horizon A: 

10-20cm: horizon B 

S3 619 6.4 1340 -155.8208 20.1515 
Up to 50cm (every 

10cm) 

0-20cm: horizon A: 

20-50cm: horizon B 

S4 735 7.5 1578 -155.8307 20.1480 
Up to 70cm (every 

10cm) 

0-30cm: horizon A: 

30-70cm: horizon B 

S5 860 10.1 2163 -155.7485 20.1347 
Up to 40cm (every 

10cm) 

0-20cm: horizon A: 

20-40cm: horizon B 

S6 1059 15.6 3123 -155.7972 20.1555 
Up to 50cm (every 

10cm) 

0-10cm: horizon A: 

10-50cm: horizon B 
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Supplementary Table 2. Soil properties along the Kohala climate gradient 

Sit

e 
 rainfall  

(mm yr-1) 
pH 

SOCa  

(%) 

TONsoil
b 

(%) 
C/Nsoil

c 
Alsoil

d 

(%) 

Fesoil
e 

(%) 

Mnsoil
f  

(g kg-1) 

Feamorphous
g
  

(g kg-1) 

Fecrystalline
h

 

(g kg-1) 

Sesoil
i 

(mg kg-1) 

Assoil
j 

(mg kg-1) 

Ssoil
k 

(g kg-1) 

S1  
avl ± sdm 275 7.1 ± 0.5 2 ± 2 0.2 ± 0.1 10 ± 2 3.9 ± 0.2 13.8 ± 0.1 2.9 ± 0.2 10.0 ± 0.3 38.2 ± 0.2 1.2 ± 1.1 3.7 ± 0.9 1.0 ± 1.1 

minn – maxo  6.7 – 7.4 1 – 4 0.1 – 0.3 9 – 12 3.8 – 4.1 13.7 – 13.8 2.7 – 3.0 9.8 – 10.2 38.1 – 38.3 0.4 – 1.9 3.0 - 3.2  0.2 – 1.7 

S2  
avl ± sdm 316 6.5 ± 0.1 3 ± 1 0.3 ± 0.1 12 ± 1 4.3 ± 0.2 13.0 ± 0.2 2.9 ± 0.1 9 ± 1 34.9 ± 0.9 0.8 ± 0.4 3.4 ± 0.2 0.9 ± 0.6 

minn – maxo  6.4 – 6.5 2 – 4 0.2 – 0.3 11 – 12 4.1 – 4.4 12.8 – 13.1 2.8 – 2.9 9 – 10 34.2 – 35.5 0.6 – 1.1 3.5– 4.3 0.5 – 1.3 

S3 
avl ± sdm 1340 6.5 ± 0.2 4 ± 3 0.4 ± 0.3 9.2 ± 0.4 2.1 ± 0.6 8.6 ± 0.5 7 ± 1 34 ± 4 19 ± 4 0.6 ± 0.4 5.0 ± 0.9 1.4 ± 0.3 

minn – maxo  6.3 – 6.6 1 – 9 0.1 – 1.0 8.8 – 9.6 1.6 – 3.1 7.8 – 9.0 6 – 8 31 – 37 16 – 22 0.2 – 1.1 3.6 – 5.7 1.2 – 1.6 

S4 
avl ± sdm 1577 6.2 ± 0.4 6 ± 1 0.6 ± 0.1 9.9 ± 0.5 1.4 ± 0.2 9 ± 1 4.1 ± 0.6 28 ± 5 24 ± 8 1.1 ± 0.3 7.6 ± 0.1 0.7 ± 0.3 

minn – maxo  6.9 – 6.5 4 – 7 0.4 -. 0.7 9.4 – 10.8 1.1 – 1.7 8 – 11 3.3 – 4.9 24 – 31 19 – 30 0.7 – 1.5 7.4 – 7.8 0.5 – 1.0 

S5  
avl ± sdm 216 5.2 ± 0.3 13 ± 4 1.0 ± 0.5 14 ± 2 0.9 ± 0.1 14 ± 2 0.5 ± 0.1 72 ± 11 27 ± 4 2.6 ± 0.4 16 ± 1 0.6 ± 0.3 

minn – maxo  5.0 – 5.4 10 – 19 0.6 – 1.6 12 – 16 0.9 - 1.0 12 – 15 0.4 – 0.6 64 – 79 25 – 30 2.3 – 3.1 14 – 17 0.4 – 0.8 

S6 
avl ± sdm 3123 4.4 ± 0.3 16 ± 6 1.1 ± 0.6 16 ± 2 0.7 ± 0.1 4.5 ± 0.9 0.5 ± 0.2 12 ± 2 5 ± 3 2.6 ± 0.7 6 ± 1 0.89 ± 0.04 

minn – maxo  4.2 – 4.6 12 – 26 0.7 – 2.2 12 - 18 0.5 – 0.9 3.6 – 6.0 0.4 – 0.8 11 - 13 2 - 7 2.0 – 3.6 4 – 7 0.87 – 0.92 

aSOC: soil organic carbon concentration; bTONsoil: total organic nitrogen concentration in soil; cC/Nsoil: total carbon to total nitrogen ratio in soil; dAlsoil: 

total aluminum concentration in soil; eFesoil: total iron concentration in soils; fMnsoil: total manganese concentration in soil; gFeamorphous: concentration of 

amorphous Fe (oxy)hydroxides in soil estimated from the Fe concentration in oxalate extracts; hFecrystalline: concentration of crystalline Fe (oxy)hydroxides 

estimated from the difference between the Fe concentration in dithionite-citrate bicarbonate extracts and the Fe concentrations in the oxalate extracts; iSesoil: 

total selenium concentration in soil; jAssoil: total arsenic concentration in soil; kSsoil: total sulfur concentration in soil. lav: average of all analyzed soil horizon 

samples (for pH, Feamorphous and Fecrystalline) or soil depth samples (for all other parameters) considering the average value obtained for each sample (cf. note 

below) ; msd: standard deviation for all analyzed soil horizon samples (for pH, Feamorphous and Fecrystalline) or soil depth samples (for all other parameters) 

considering the average value obtained for each sample; nmin: minimal value among all analyzed soil horizon samples (for pH, Feamorphous and Fecrystalline) 

or soil depth samples (for all other parameters) considering the average value obtained for each sample; omax: maximal value among all analyzed soil 

horizon samples (for pH, Feamorphous and Fecrystalline) or soil depth samples (for all other parameters) considering the average value obtained for each sample. 
 

Note: the concentrations of pH, Feamorphous and Fecrystalline were measured by Helfenstein et al.45 on sampled soil horizon A and B without triplicate. The 

concentrations of SOC, TONsoil, Alsoil,  Fesoil, Mnsoil, Sesoil, Assoil, and Ssoil were determined in triplicate for each analyzed soil depth samples. 
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Supplementary Discussion 1. Operating conditions used for the optimization of the 

SEC separation and of the optimal SEC separation 

 

A complete description of the operating conditions used for the optimization of the SEC separation and 

for the analysis of all Kohala soil extracts is given in Supplementary Table 3 and associated footnotes. 

In brief, the optimization of the SEC separation was achieved using extracts from the contrasting topsoils 

(0-10 cm) of Kohala sites S1, S4, and S6 as follows:  

1) Optimization phase 1: We tested three SEC columns containing different stationary phases (in terms 

of size range and materials), which were previously used to investigate trace element speciation or OM 

size and composition in natural waters or reference humic substances materials46–53. We, however, only 

selected columns that tolerate alkaline mobile phases, necessary to analyze NaOH extracts (i.e., silica 

based columns were not tested).  

2) Optimization phase 2: We tested different ammonium nitrate (NH4NO3; used as salt) concentrations 

in the mobile phase using the column selected in optimization phase 1.   

3) Optimization phase 3: We tested different methanol (MeOH) concentrations in the mobile phase using 

the column selected in optimization phase 1 and the mobile phase NH4NO3 concentration selected in 

optimization phase 2.  

4) Selection of the optimal SEC separation: the selection of the optimal SEC column and mobile phase 

composition to determine Se speciation in soil extracts was based on the resolution of the SEC separation 

of Se and other trace elements, on the SEC recovery of Se species, and on the capability to detect total 

C with ICP-MS/MS. The selection of the optimal SEC conditions is described in detailed in 

Supplementary Discussion 2 thereafter.  

5) Final analysis of all Kohala soil extracts: the analysis of all soil extracts was carried out using the 

optimal SEC method, which involves a series of Shodex OH-pak SB-803 and -802.5 HQ columns and 

a mobile phase containing 5 mmol L-1 NH4NO3 at pH 7.5 and pH 9 for water and NaOH extracts, 

respectively. 
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Supplementary Table 3. Operating conditions for the optimization of the SEC separation and the analysis of all Kohala soil extracts with the optimized SEC 

 Optimization phase 1 Optimization phase 2  Optimization phase 3  Optimal method 

Analyzed soil extracts Water and NaOH extracts from 

topsoils (0-10 cm) of Kohala sites S1, 

S4, and S6(a) 

Water and NaOH extracts from 

topsoils (0-10 cm) of Kohala sites S1, 

S4, and S6(a) 

Water and NaOH extracts from 

topsoils (0-10 cm) of Kohala sites S1, 

S4, and S6(a) 

Water and NaOH extracts from all 

Kohala soils (n=25) 

SEC column(s) - Superdex peptide 10/300 GL(b) 

- PL-aquagel-OH 30(b) 

- OH-pak SB-803-802.5HQ series(b)  

OH-pak SB-803-802.5HQ series(b) OH-pak SB-803-802.5HQ in series(b) OH-pak SB-803-802.5HQ series(b) 

Mobile phase composition     

Salt concentrations 5 mmol L-1 NH4NO3
(c) 5, 20 and 50 mmol L-1 NH4NO3

(c, d) 5 mmol L-1 NH4NO3
(c) 5 mmol L-1 NH4NO3

(c) 

MeOH concentrations 0% MeOH 0% MeOH 0, 10 and 20% MeOH(d) 0% MeOH 

pH (for each extract type) 7 (water); 9.5 (NaOH)(e) 7 (water); 9.5 (NaOH)(e) 7 (water); 9.5 (NaOH)(e) 7 (water); 9.5 (NaOH)(e) 

Mobile phase flow rate 1 mL min-1 1 mL min-1 1 mL min-1 1 mL min-1 

Sample injection volume  100 µL 100 µL 100 µL 100 µL 

On-line internal standard  77Se(IV) (5 µg L-1), 45Sc (70 µg L-1), 
89Y (70 µg L-1)(f) 

77Se(IV) (5 µg L-1), 45Sc (70 µg L-1), 
89Y (70 µg L-1)(f)  

77Se(IV) (5 µg L-1), 45Sc (70 µg L-1), 
89Y (70 µg L-1)(f) 

45Sc (70 µg L-1), 89Y (70 µg L-1)(f) 

On-line isotope dilution No No No Yes, with 78Se(IV)(g) 

UV detection No No No Wavelength of 254 nm 

ICP-MS/MS detection 1     

Gas in collision/reaction cell 5 mL min-1 H2 5 mL min-1 H2 5 mL min-1 H2 5 mL min-1 H2 

Acquired isotopes and acquisition 

time  

Selenium (Se): m/z 77-77, 78-78, 80-

80; 0.3 ms 

Arsenic (As): m/z 75-75; 0.3 ms 

Iron (Fe): m/z 56-56; 0.1 ms 

Copper (Cu): m/z 65-65; 0.1 ms 

Zinc (Zn): m/z 66-66; 0.1 ms 

Lead (Pb): m/z 208-208; 0.1 ms 

Scandium (Sc): m/z 45-45; 0.1 ms 

Yttrium (Y): m/z 89-89; 0.1 ms 

Selenium (Se): m/z 77-77, 78-78, 80-

80; 0.3 ms 

Arsenic (As): m/z 75-75; 0.3 ms 

Iron (Fe): m/z 56-56; 0.1 ms 

Copper (Cu): m/z 65-65; 0.1 ms 

Zinc (Zn): m/z 66-66; 0.1 ms 

Lead (Pb): m/z 208-208; 0.1 ms 

Scandium (Sc): m/z 45-45; 0.1 ms 

Yttrium (Y): m/z 89-89; 0.1 ms 

Selenium (Se): m/z 77-77, 78-78, 80-

80; 0.3 ms 

Arsenic (As): m/z 75-75; 0.3 ms 

Iron (Fe): m/z 56-56; 0.1 ms 

Copper (Cu): m/z 65-65; 0.1 ms 

Zinc (Zn): m/z 66-66; 0.1 ms 

Lead (Pb): m/z 208-208; 0.1 ms 

Scandium (Sc): m/z 45-45; 0.1 ms 

Yttrium (Y): m/z 89-89; 0.1 ms 

Selenium (Se): m/z 77-77, 78-78, 80-

80; 0.3 ms 

Arsenic (As): m/z 75-75; 0.3 ms 

Iron (Fe): m/z 56-56; 0.1 ms 

Copper (Cu): m/z 65-65; 0.1 ms 

Zinc (Zn): m/z 66-66; 0.1 ms 

Lead (Pb): m/z 208-208; 0.1 ms 

Scandium (Sc): m/z 45-45; 0.1 ms 

Yttrium (Y): m/z 89-89; 0.1 ms 

ICP-MS/MS detection 2     

Gas in collision/reaction cell 25% O2 and 1 mL min-1 H2 25% O2 and 1 mL min-1 H2 25% O2 and 1 mL min-1 H2 25% O2 and 1 mL min-1 H2 

Acquired isotopes and acquisition 

time  

Se: m/z 77-93, 78-94, 80->96; 0.3 ms 

Sulfur (S): m/z 32->48; 0.1 ms 

Carbon (C): m/z 12->28; 0.3 ms 

Titanium (Ti): m/z 47->63; 0.1 ms  

Scandium (Sc) m/z 45-61; 0.1 ms 

Yttrium (Y): m/z 89-105; 0.1 ms 

Se: m/z 77-93, 78-94, 80->96; 0.3 ms 

Sulfur (S): m/z 32->48; 0.1 ms 

Carbon (C): m/z 12->28; 0.3 ms 

Titanium (Ti): m/z 47->63; 0.1 ms  

Scandium (Sc) m/z 45-61; 0.1 ms 

Yttrium (Y): m/z 89-105; 0.1 ms 

Se: m/z 77-93, 78-94, 80->96; 0.3 ms 

Sulfur (S): m/z 32->48; 0.1 ms 

Carbon (C): m/z 12->28; 0.3 ms 

Titanium (Ti): m/z 47->63; 0.1 ms  

Scandium (Sc) m/z 45-61; 0.1 ms 

Yttrium (Y): m/z 89-105; 0.1 ms 

Se: m/z 77-93, 78-94, 80->96; 0.3 ms 

Sulfur (S): m/z 32->48; 0.1 ms 

Carbon (C): m/z 12->28; 0.3 ms 

Titanium (Ti): m/z 47->63; 0.1 ms  

Scandium (Sc) m/z 45-61; 0.1 ms 

Yttrium (Y): m/z 89-105; 0.1 ms 

SEC-peak deconvolution No No No for 78Se, 80Se, 75As, and 32S(h) 

 

Footnotes are given on next page 
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Footnotes of Supplementary Table 3 

 
(a) These 3 selected Kohala soils cover a large range in total soil Se (0.4-2.1 mg kg-1), pH (4.2-7), total 

soil Fe (4-14%), and SOC (1-26%);  
 

(b) The columns manufacturers and dimensions are as follows: Superdex peptide 10/300 GL (GE 

Healthcare; 10x300 mm; 7 µm); Aquagel-OH 30 (Agilent, 7.5x300 mm, 8 µm); and series of OH-pak 

SB-803HQ and SB-802.5HQ (both Shodex; 8x300 mm, 6 µm); 
 

(c) NH4NO3 was selected in lieu of ammonium citrate in order to reduce carbon (C) background and thus 

to be able to detect C simultaneously to Se and other elements. Furthermore, NH4NO3 is superior to 

ammonium phosphate in terms of maintaining optimal sensitivity (phosphate precipitating on the ICP-

MS cones);  
 

(d) Testing the influence of different mobile phase compositions on the SEC separation of Se were done 

within the same day; 
 

(e) The pH of the mobile phase was fixed to 9.5 for NaOH extracts and to 7 for the water extracts to 

match as best as possible the pH of the soil extracts considering the pH limitations of the selected 

columns;  
 

(f) Internal standard was added post-UV detector through a T-connector and the ICP-MS/MS peristaltic 

pump during the optimization and the final run of all samples to account or check for changes in 

sensitivity. 77Se(0) was purchased from Isoflex (USA), oxidized to 77Se(IV) according to the procedure 

of Dael et al.54, and the resulting 1000 mg L-1 77Se(IV) stock solution was stored at 4°C; 
 

(g) 78SeO3
2-(IV) standard was added post UV-detector to enable the quantification of Se in SEC-peaks 

by on-line Se isotope dilution (ID), based on conditions adapted from Sariego Muňiz et al.55 for the 

modified 80Se/78Se isotopic ratio. The resulting Se mass flow chromatogram is then deconvoluted to 

obtain the Se amount in each SEC-peak, from which the Se concentrations is obtained considering the 

sample injection volume. The 78SeO32-(IV) standard (stock solution, 1000 mg L-1) was prepared from 

78Se(0) (Isoflex, USA) according to Dael et al.54, and was then stored at 4°C. This standard was 

composed of 0.0063±0.0001% of 74Se, 0.003±0.001% of 76Se, 0.16±0.04% of 77Se, 99.50±0.02% of 
78Se, 0.33±0.01% of 80Se and 0.008±0.004% of 82Se (determined by ICP-MS/MS), and only consisted 

in SeO3
2-(IV) (determined by AEC-ICP-MS/MS). The concentration of 78SeO3

2-(IV) added post-UV 

detector was adjusted for all samples to reach an optimal 80Se/78Se ratio during the SEC-elution in order 

to obtain minor error propagation during ID calculation56. Before the ID calculation, 78Se and 80Se 

intensities were corrected for respectively, 1H77Se and 1H79Br interferences and the resulting ratio 
80Se/78Se was corrected for mass bias, as described elsewhere10; 
 

(h) Peak deconvolution of the Se mass flow chromatograms (resulting from the isotope dilution 

calculation) and of the S and As intensity chromatograms was performed using the peak analyzer 

function (Fit peak-pro) of Origin2018 software as reported in Laborda et al.57. The r2 of the peak-fit 

were ≥0.90 for all deconvoluted chromatograms and in most cases ≥0.96 
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Supplementary Discussion 2. Details on the optimization of the SEC separation 

 

a) SEC separation of (trace) elements with the 3 tested columns and optimal column selection 

 

Supplementary Figure 1 provides the chromatograms of Se and other elements obtained with the three 

tested columns for the NaOH and water extracts of Kohala S6 topsoil.  

 

Supplementary Figure 1. Comparison of chromatograms obtained for selenium (Se), sulfur (S), iron 

(Fe), arsenic (As), copper (Cu), and zinc (Zn) in the NaOH (panel A) and ultrapure water (panel B) 

extracts of the topsoil from Kohala site S6 with the three tested SEC columns. The three tested SEC 

were: 1) Superdex peptide 10/300 GL; 2) PL-aquagel-OH 30; and 3) OH-pak SB-803-802.5HQ columns 

series. The Y-axis represents the element intensity (in count s-1).  
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The least good resolution of the chromatographic separation was obtained with the Superdex peptide 

10/300 GL column for both types of extracts. With this column, the first Se-peak in NaOH extracts co-

eluted with all elements (peak noted P1 in Supplementary Figure 1; apex at ~7.5 mL). In contrast, with 

the PL-aquagel OH30 and the OH-pak SB-803-802.5HQ columns series, the first Se-peak is clearly 

separated from one or two preceding peaks (see peaks P1a, b and/or c). The size calibrations with 

pullulan and polystyrene sulfonate (PSS) molecular weight standards, shown in Supplementary Figure 

2 (panel A), further indicate that the first elemental peak (P1 at 7.3 mL) obtained with the Superdex 

peptide 10/300 GL column eluted in the dead volume, and was thus larger than ~15-20 kDa. Moreover, 

with the Superdex peptide 10/300 GL column, most of Se and other elements (e.g., S, Cu) elute in a 

very broad peak (from ~8 to 15.5 mL) in both types of extracts. Such large peaks present two 

disadvantages: i) they lower the detection limit; and ii) their deconvolution (to obtain their peak area) is 

difficult or even impossible, impeding quantification of the elements in SEC-peaks (by on-line isotope 

dilution) or semi-quantification of the elements (using peak area normalized by an internal standard). 

 

 

Supplementary Figure 2. Calibration in size of the three tested SEC columns using pullulan and 

polystyrene sulfonate (PSS) molecular weight standards. Panels A, B, and C show the size calibration 

obtained for respectively, the Superdex Peptide column, the PL-aquagel-OH 30 column, and the OH-pak 

SB-803-802.5HQ columns series. The mobile phase contained 5 mmol L-1 ammonium nitrate at pH 7 and 

the same results were obtained with 5 mmol L-1 ammonium nitrate at pH 9.5). On each plot, the number 

written aside each data point (above or below the trend line) represents the molecular weight, expressed 

in kDa, of each analyzed pullulan and PSS standard. For the Superdex peptide column (panel A), the PSS 

standards of 15 kDa and 30 kDa elute in the void volume and so the trend line is calculated excluding the 

30 kDa PSS standard. For all other standards and columns, the trend lines are calculated considering all 

data points. The pullulan and PSS standards were detected as carbon and sulfur using the ICP-MS/MS. 

 

The highest number of element-peaks were obtained with the OH-pak SB-803-802.5HQ columns series 

for both types of extracts, i.e., 11 peaks versus 7 peaks with the PL-aquagel OH30 column 

(Supplementary Figure 1). The OH-pak SB-803-802.5HQ columns series was also ideal for peak 

deconvolution because it provided, for Se and other elements, well-defined peaks with a better return to 

baseline between the peaks as compared to the PL-aquagel OH30 column. In addition, with the PL-

aquagel OH30 column, the polystyrene sulfonated (PSS) standards did not elute out using 5 mmol L-1 

NH4NO3 as a mobile phase (Supplementary Figure 2, panel B), indicating too strong hydrophobic 

interactions with this column that can lead to incomplete element recovery. We therefore selected the 

OH-pak SB-803-802.5HQ columns series. 
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b)  SEC separation of (trace) elements with different NH4NO3 concentrations in the mobile 

phase and selection of the optimal NH4NO3 concentration 

 

Up to 100 mmol L-1 salt concentration in the mobile phase is conventionally used to reduce ionic 

interactions between the analytes and the SEC stationary phasee.g., 52,53. In our case, the selected column 

is made of a hydroxylated polymethacrylate polymer that exhibits negative charges. Therefore, 

negatively charged Se species [e.g., SeO3
-(IV) ion] or OM compounds can elute earlier than expected 

due to their repulsion. This is shown in panel C of Supplementary Figure 2, where the negatively charged 

PSS standards elute much earlier than the pullulan standards of same molecular weight. To reduce ionic 

interactions, we tested three NH4NO3 concentrations in the mobile phase for both NaOH and water 

extracts as illustrated in Supplementary Figure 3 with data obtained for the Kohala topsoil S6.  
 

As expected, increasing NH4NO3 concentrations in the mobile phase increased the volume of elution of 

free SeO3
2-(IV), from ~13.8 mL to ~17.2 mL (Supplementary Figure 3), showing the reduction of ionic 

repulsion of negative charge species when increasing salt concentrations. However, the increase in 

NH4NO3 concentrations also decreased the resolution of the separation of Se and of other elements 

(Supplementary Figure 3) as well as the column recovery of Se and other trace elements (Supplementary 

Table 4). For water and NaOH extracts respectively, up to 19 and 45% less Se eluted out of the column 

with 50 mmol L-1 NH4NO3 as compared to 5 mmol L-1 NH4NO3. These results can be explained by OM 

aggregation with increasing ionic strength as recently reported53,58,59. Therefore, 5 mmol L-1 NH4NO3 

was selected as the optimal salt concentration in the mobile phase.  

 

 

Supplementary Figure 3. Effect of ammonium nitrate (NH4NO3) concentrations in the mobile phase 

on the SEC separation of selenium (Se) in NaOH (panel A) and ultrapure water (panel B) extracts of 

a Kohala topsoil. The shown data are 80Se chromatograms normalized by 77Se added post-column (as 

internal standard) for the NaOH extracts (panel A) and ultrapure water extracts (panel B) of the topsoil 

from Kohala site S6 using the OH-pak SB-803-802.5HQ columns series and different NH4NO3 

concentrations in the mobile phase (with methanol being fixed at 0%). 
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Supplementary Table 4. Effect of ammonium nitrate (NH4NO3) concentrations in the mobile phase 

on the amount of selenium (Se) eluting out of the optimal SEC column for NaOH and water extracts 

of Kohala topsoils from sites S1, S4, and S6.The methanol concentration of the mobile was fixed to 0%. 

 5 mmol L
− 1

 20 mmol L
− 1

  50 mmol L
− 1

 

Extract type Soil sample Peak areas 
Peak areas 

(average Se loss) 

Peak areas 

(average Se loss) 

NaOH extract 

S1 11 ± 1 6 ± 1 (-45%) 5 ± 1 (-54%) 

S4 72 ± 7 51 ± 8 (-28 %) 43 ± 10 (-41%) 

S6 110 ± 11 95 ± 9 (-13%) 78 ± 13 (-29 %) 

Water extract 

S1 1.06 ± 0.05 1.0 ± 0.1 (-4 %) 0.86 ± 0.04 (-19%) 

S4 3.9 ± 0.2 3.9 ± 0.2 (-1%) 3.5 ± 0.2 (-10%) 

S6 7.5 ± 0.4 7.2 ± 0.4 (-4%) 6.8 ± 0.3 (-9%) 

The results are presented as sum of 80Se peak areas normalized by 77Se (internal standard). The losses 

given in brackets were calculated with respect to the data obtained at 5 mmol L-1 NH4NO3. The given peak 

area average and standard deviation correspond to the injection in triplicate of each extract for each test of 

mobile phase ammonium nitrate concentrations.  

 

c)  SEC separation of (trace) elements with different MeOH concentrations in the mobile 

phase and selection of the optimal MeOH concentration 

 

We tested the effect of methanol (MeOH) concentrations in the mobile phase on the SEC elution of Se 

(and other elements) in NaOH extracts (Supplementary Figure 4 for S6 topsoil), because MeOH is 

known to reduce hydrophobic interactions between the analytes and the SEC stationary phasee.g., 53. 

 

 

Supplementary Figure 4. Effect of methanol (MeOH) concentrations in the mobile phase on the 

SEC separation of selenium (Se) in NaOH extract of a Kohala topsoil. The shown data are 80Se 

chromatograms normalized by 77Se added post-column (internal standard) for the NaOH extract of 

the topsoil from Kohala site S6 using the OH-pak SB-803-802.5HQ columns series and different 

MeOH concentrations in the mobile phase ( with ammonium nitrate concentration fixed at 5 mmol L-1).  
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When increasing MeOH concentrations in the mobile phase, i.e., when using 20% MeOH versus no 

MeOH, the SEC-peaks of Se (and other TEs) eluted slightly earlier, i.e., by ~0.4 mL for the first two 

Se-peaks and up to ~0.9 mL for the last Se-peak. Therefore, there were hydrophobic interactions of the 

Se species with the stationary phase of the selected column. However, these interactions did not modify 

the elution profile of Se, with the five same Se SEC-peaks being detected with 0 and 10% MeOH. With 

20% MeOH, all Se-peaks were wider, including the peak of free SeO3
2-(IV) that was consequently co-

eluting with the fourth Se-peak. Because increasing MeOH concentrations in the mobile phase did not 

have a significant effect on Se elution but broadened the Se-peaks and decreased ICP-MS/MS sensibility 

(due to the requirement of adding Ar/O2 gases mixture in the plasma), 5 mmol L-1 NH4NO3 without 

MeOH was selected as the optimal mobile phase. In addition, a mobile phase without MeOH provides 

the possibility to measure C together with Se and other elements. 

 

Supplementary Discussion 3. Classification of elements into fractions of different 

size and chemical properties 

 

a) Targeted size and size determination with the optimized SEC-UV-ICP-MS/MS method 

 

Targeted size range. Our selected optimal SEC column separates (macro)molecules that have sizes 

ranging between 0.3-100 kDa and nanoparticles of size <~40 nm, based on the columns pore size 

communicated by the manufacturer. The selected SEC size range thus targets a separation of free Se 

oxyanions, organic Se fractions of different size and chemical properties, and of small (organo)mineral 

nanoparticles. It is important to note that the SEC-UV-ICP-MS/MS method (that is applicable to soil 

extracts) does not reflect the complete particle composition of soils, as most methods used to estimate 

(e.g., sequential extractions and total element quantification or hydride generation-AFS) or to determine 

(e.g., LC-ICP-MS) soil Se speciation. This is due to the soil sample preparation step (soil sieving to 

remove particles >2 µm because trace elements are enriched in the clay (<2µm) and silt (2-50 µm) 

fractions) as well as the extraction step (followed by centrifugation and filtration of the soil extracts at 

max. 0.45 µm, needed before injection into analytical instruments). The common filtration of the 

extracts at 0.45 µm and the size separation of our optimized SEC (0.3-100 kDa and <~40 nm, which is 

the column pore size) do also not entirely reflect the particle composition of soil extrcts. Indeed, the few 

previous studies investigating this reported that water extracts can contain particles of size up to few 

µm60,61 and that alkaline extracts contain particles of size between 10 and 150 nm62,63. Although the size 

separation of our optimized SEC method does not cover the complete particle composition of NaOH 

extracts, all Se (and S) present in NaOH extracts was recovered i.e., the SEC Se species recoveries were 

96-112 (101±5) % of total Se in NaOH extracts (n=25 soils; cf. Table 1 in manuscript and associated 

discussion). Therefore, there is no need for a method with a wider size range to determine Se speciation 

in alkaline extracts. In water extracts, we could recover 58-109 (81±15) % of total Se in water extracts 

(n=25 soils) with our optimal SEC method, and by quantifying elements in water extracts after filtration 

at 20 nm, we could observe that the unrecovered Se species by SEC are too big to elute out of the column 

(cf. Table 2 in manuscript and associated discussion). Therefore, a SEC column specific for larger 

nanoparticles or field flow fractionation is needed to identify and study the unrecovered fraction of Se 

in water extracts.   
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Size determination of SEC fractions. Despite thorough optimizations of the SEC separation, obtaining 

the exact size of the detected Se SEC-fractions using molecular weight standards remains difficult (as 

expected64,58,53), mainly due to ionic interaction (negative repulsion) between the analytes and the 

stationary phase of the selected Shodex OH-PakSB803-802.5 columns, which are negatively charged. 

Indeed, there were important shifts toward higher retention time for the SEC-peaks of soil extracts when 

increasing ammonium nitrate concentrations (Supplementary Figure 3). In addition, all the PSS 

molecular weight standards, which are negatively charged, elute much earlier than the pullulan 

standards, which are neutral compounds (Supplementary Figure 2). There was, however, only a small 

shift in retention time for the SEC-peaks of soil extracts when increasing MeOH concentration of the 

mobile phase (Supplementary Figure 4), meaning that hydrophobic interactions do not affect the 

separation of analytes by size. Despite the ionic interactions occurring during our SEC separation, many 

isolated and purified humic acids eluted earlier with our optimized SEC than fulvic acids 

(Supplementary Figure 5), which is consistent with the higher average molecular weight of humic versus 

fulvic acids, and so the organic matter (OM) is separated by size with our optimized SEC method.  

 

 
 

Supplementary Figure 5. Chromatograms of ultraviolet (UV) absorbance obtained with the 

optimized SEC separation for isolated and purified humic and fulvic acid materials from the 

International Humic Substances Society. Panel A shows the UV chromatograms obtained for the 

humic and fulvic acids from Eliott soil. Panel B shows the UV chromatograms obtained for the humic 

and fulvic acids from Pahokee peat. Panel C shows the UV chromatograms obtained for the humic 

and fulvic acids from Suwanee river. The plain vertical black line show the apex of the UV peak(s).  

 

b)  Fraction F1: (Organo)mineral nanoparticles 

 

F1 was defined by the elution of large amounts of iron (Fe) and titanium (Ti), i.e., two peaks in NaOH, 

apex at ~11.2 and 11.4 mL and one peak in water, apex at ~11.0 mL to which some arsenic (As) and 

most of the lead (Pb) are associated (Supplementary Figure 6). F1 thus consisted of (oxyhydr)oxides 

nanoparticles, mobilized from soils (water and NaOH extracts) and potentially formed during NaOH 

extractions (due to high pH), to which As and Pb have high affinity62,65. In agreement with our finding, 

Neubauer et al.62 showed by asymmetrical field flow fractionation that most Fe exist as ~10-30 nm 

(oxy)hydroxide colloids (to which Pb binds to) in soil alkaline and water extracts. In our study, there 

were no carbon (C) and UV peaks co-eluting with these Fe-, Ti-, Pb- and As-peaks in NaOH extracts of 

S1 to S4 topsoils containing 1 to 9% of SOC. In contrast, for S5 and S6 topsoil NaOH extracts and for 

all water extracts (Supplementary Figure 6), there was an UV peak or a peak shoulder to the main UV 

peak co-eluting with these Fe-, Ti-, Pb- and As- peaks (but no C-peak). This UV feature can result from 
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the presence of Fe(III) or other metal species (e.g., manganese (Mn) or aluminum (Al)) which absorb 

UV light66 (probably the case in NaOH extracts), and/or from associations of OM to mineral colloids 

(probably in water extracts). 

 

 

Supplementary Figure 6. Identification of SEC fraction F1 in soil extracts based on co-elution 

of titanium (Ti) and lead (Pb) with iron (Fe) and arsenic (As), which is illustrated with the 

chromatograms obtained for the extracts of the topsoil from Kohala site S4 (containing medium 

SOC concentration). Panel A shows the Ti, Pb, Fe and As chromatograms obtained for the NaOH 

extract, while panel B shows the Ti, Pb, Fe and As chromatograms obtained for the ultrapure extract. 

The dashed lines show the deconvoluted peaks assigned to fraction F1, and the vertical lines show the 

peak apex. Two peaks containing e.g., Fe, As, Ti are defining fraction F1 in NaOH extracts and one 

peak containing .g., Fe, As, Ti is defining fraction F1 in water extracts. 
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c)  Fractions F2 and F3: larger, more hydrophobic and/or negatively charged, OM fractions 

 

F2 and F3 were primarily defined from features in the C and UV signal supported by other elements 

(Fe, sulfur (S) and copper (Cu)) and by the elution of reference Eliott soil humic and fulvic acids 

(Supplementary Figure 7). In NaOH extracts, F2a included three peaks (Supplementary Figure 7, panel 

A): i) the first C- and UV-peak that was associated with Cu, Se and As (apex, 11.8 mL); ii) the S-peak 

eluting slightly earlier (apex, 11.6 mL); and iii) the Fe- and As-peak eluting slightly later (apex, 12.0 

mL). F3 included the 2nd and 3rd C- and UV-peaks (apex, ~12.4 and 13.2 mL) associated with Cu, Se 

and S. 

 

 

Supplementary Figure 7. Identification of SEC fractions F2 and F3 in NaOH and ultrapure water 

extracts based on (co)elution of carbon (C), UV, copper (Cu), sulfur (S), iron (Fe) and/or arsenic 

(As). The panels A and B show the UV and elemental SEC chromatograms obtained for the NaOH (panel 

A) and water extract (panel B) of the topsoil from Kohala sites S4 (that contain medium SOC 

concentration). The panel C shows the UV and elemental elution of reference Eliott soil humic and fulvic 

acids. In panels A and B, the dashed lines show the deconvoluted peaks assigned to fraction F2a, F2b and 

F3, and the vertical lines show the apex of these peaks.  

 

The SEC elution of UV, Fe and S of the fractions F2a and F3 defined for our NaOH soil extracts matched 

very well the UV, Fe and S elution of Eliott soil humic and fulvic acids, respectively. The UV signal of 

Eliott soil humic acid (apex, ~11.6 mL) elutes slightly before the one of Eliott soil fulvic acid, which is 

composed of 2 main UV-peaks (apex, ~11.8 and 12.6 mL; Supplementary Figure 7, panel C). Similarly, 

the fraction we defined as F2 elutes slightly before the fraction we defined as F3, which is composed of 
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two main UV-peaks (Supplementary Figure 7, panel A). In addition, the UV signal of Eliott soil humic 

acid has lower UV intensities but is wider than the main UV-peak of Eliott soil fulvic acid, which is also 

the case for the fraction F2 of our NaOH extracts with respect to the fraction F3. The different elution 

of humic and fulvic acids is explained by more interactions occurring between the molecules composing 

humic acids, thus forming molecular structures of more variable size but that are overall bigger than the 

fulvic acids64,67. Another similarity between F2a and Eliott soil humic acid is the S-peak eluting ~0.2 

mL slightly earlier than the UV-peak, suggesting that S is enriched in the bigger and/or more 

hydrophobic humic acid fraction. Finally, in agreement with the Fe-peak being assigned to F2a (and not 

F3), the Fe associated to Eliott soil fulvic acid elutes earlier than its UV signal and rather matches the 

UV-peak apex of Eliott soil humic acid. In agreement with the Fe elution we obtain for our NaOH 

extract and references humic substances, isolated humic acid was shown to have an higher Fe 

complexation capacity and to form more stable complexes as compared to FA materials68,69. Overall, in 

NaOH extracts, F2a represents larger, more hydrophobic and/or negatively charged, Fe-enriched, 

aromatic OM whereas F3 represents smaller, less hydrophobic and/or negatively charged, aromatic OM 

that contains no or less Fe.  

 

In water extracts, there was no UV signal associated to the first C-peak (apex, ~11.5 mL; Supplementary 

Figure 7, panel B) as for the NaOH extracts. Therefore, we defined F2b as larger and aliphatic, non-Fe 

enriched OM, in contrast to fraction F2a of NaOH extracts that corresponds to larger, more hydrophobic 

and negatively charged, Fe-enriched, aromatic OM. The absence of bigger and/or more hydrophobic 

aromatic, Fe-containing, OM (more humic acids-type) and presence of an aliphatic OM fraction in water 

extracts is not surprising, considering that previous studies showed that humic acids do not account for 

much of soil DOM, instead up to 40% of soil DOM can be aliphatic70,71. In water extracts, the second 

and third C-peaks (apex, ~11.2 and 13 mL; defined as F3) were associated to strong UV signals as 

observed in NaOH extracts. Therefore, F3 represents smaller, less hydrophobic and/or negatively 

charged, aromatic OM in water extracts as in NaOH extracts (Supplementary Figure 7, panel A-B). F3 

was associated to clear Cu-, S-, Se-, Fe- and As-peaks, while F2b was associated to Cu- and S-peaks but 

not to Fe- and As-peak, in line with previous studies suggesting an higher affinity of Fe(III) for aromatic 

OM compounds68. 

 

d) Fractions F4 and F5: Small hydrophilic compounds and free oxyanions 

 

F4 encompassed all other elemental peaks eluting after ~13.6 mL (see zoom on Supplementary Figure 

8, panels A and B), which had very low or no UV peak. F4 consists of small hydrophilic organic 

compounds.
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Supplementary Figure 8. Identification of SEC fractions F4 and F5 in NaOH and ultrapure 

water extracts based on elution of carbon (C), UV, sulfur (S) and selenium (Se) as well as on 

elution of Se standards. The panels A and B show a zoom on the UV and elemental chromatograms 

obtained for the NaOH (panel A) and water (panel B) extracts of the topsoil from Kohala site S4 (that 

contains medium SOC concentration), which highlight the small peaks eluting after 13.7 mL and 

corresponding to the fraction F4 Small hydrophilic OM. The panel C shows the SEC chromatogram 

of SeO4
2-(VI), SeO3

2-(IV), SeCys2 and SeMet standards (prepared in ultrapure water at 10 µg L-1). 

 

High molecular weight neutral compounds that would elute later because of hydrophobic interactions 

with stationary phase of the column can be discarded because when adding MeOH in the mobile phase 

these elemental peaks still elute after ~13.7 mL; Supplementary Figure 4 in Supplementary Discussion 

4). In agreement with our interpretation, small hydrophilic organic compounds not absorbing UV-

light53,72 have previously been shown to elute toward the end of SEC. F4 may include small Se 

metabolites from plants and/or bacteria, but other than SeMet and SeCys2. Indeed, although these two 

compounds eluted within the elution volume range of fraction F4 (Supplementary Figure 8), they did 

not match the SEC-peaks observed after 13.6 mL for the NaOH and water soil extracts. In addition, 

SeMet and SeCys2 were not detected in soil extracts with AEC-ICP-MS/MS. Finally, F5 corresponded 

to the Se, S and As free ions (i.e., SeO3
2-, SO4

2- and HAsO4
-), whose elution volumes were confirmed 

by standard additions to the extracts. 

 

Supplementary Discussion 4. Comparison between Se oxyanions quantified by 

AEC-ICP-MS/MS and SEC-UV-ICP-MS/MS 

 

A very good agreement was obtained between the concentrations of free SeO3
2-(IV) obtained in NaOH 

extracts by SEC-UV-ICP-MS/MS and by AEC-ICP-MS/MS ([Se(IV)]SEC=0.91x[Se(IV)]AEC, r2=0.93, 
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p<0.01; n=25 soils; Supplementary Figure 9, panel A). Note that no SeO4
2-(VI) was detected in NaOH 

extracts. Similarly, a good agreement was obtained between the concentrations of free Se oxyanions 

(sum of SeO3
2-(IV) and SeO4

2-(VI)) obtained in the water extracts by SEC-UV-ICP-MS/MS and by 

AEC-ICP-MS/MS (([Se(IV)+Se(VI)]SEC=1.12x[Se(IV)+Se(VI)]AEC, r=0.84, p<0.01; n=16 soils because 

no Se oxyanion was detected in soils from sites S5 and S6; Supplementary Figure 10, panel B). 

 

 
 

Supplementary Figure 9. Good agreement between the concentrations of free Se oxyanions (SeO3
2-

(IV)+SeO4
2-(VI)) obtained in soil extracts by SEC-UV-ICP-MS/MS and by AEC-ICP-MS/MS. The 

panel A shows the 2-tailed Spearman correlation (p<0.001) between free SeO3
2-(IV) concentrations 

obtained by SEC-UV-ICP-MS/MS ([Se(IV)]SEC; y-axis) and AEC-ICP-MS/MS ([Se(IV)]AEC; x-axis) 

for the NaOH extracts of the 25 analyzed soils (no Se(VI) was present in NaOH extracts). The panel B 

shows the 2-tailed Spearman correlation (p<0.001) between free Se oxyanions concentrations obtained 

by SEC-UV-ICP-MS/MS ([Se(IV)+Se(VI)]SEC; y-axis) and AEC-ICP-MS/MS ([Se(IV)+Se(VI)]AEC; x-

axis) for the water extracts of the 16 analyzed soils where Se oxyanions were detected. The error bars 

for the y variables, i.e., [Se(IV)]SEC in panel A and [Se(IV)+Se(VI)]SEC in panel B, represent the standard 

deviations associated to the deconvolution of the SEC peak corresponding to Se(IV)+Se(VI). The error 

bars for the x variables, i.e., [Se(IV)]AEC in panel A and [Se(IV)+Se(VI)]AEC in panel B represent the 

standard deviations associated to the injection of each extract in duplicate during the AEC-ICP-MS/MS 

analysis. Note that for the parameter [Se(IV)+Se(VI)]AEC, the shown standard deviation includes the 

propagation of the error associated to the sum up of the concentrations of Se(IV) and Se(VI) obtained 

in duplicate.  

 

Supplementary Discussion 5. Stability of the SEC-ICP-MS/MS analysis during 

long runs 

 

The extracts from the 25 studied Kohala soils were measured in separated sessions at different dates, 

i.e., one for the NaOH extracts and one for the water extracts. Supplementary Figure 10 shows the 

between-sample variability of scandium (45Sc) and yttrium (89Y) internal standards (Supplementary 

Table 3) during the SEC-UV-ICP-MS/MS analysis of all Kohala soil extracts, which lasted for ~30 

consecutive hours for the NaOH extracts and ~60 hours (with a small break in the batch) for the water 

extracts. The between-sample variability (Vbetween sample) of each internal standard, expressed in %, was 

calculated as shown in equation (1).  
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Vbetween sample =  
It=1

It=h
 x 100 

(1) 

 

with Vbetween sample being the between-sample variability of the internal standard, It=1 representing the 

average intensity of the internal standard throughout the chromatogram of the first analyzed sample and 

It=h representing the average intensity of the internal standard throughout the chromatogram of the 

following analyzed samples with h going up to 30 hours (for NaOH extracts) and 60 hours (for water 

extracts). 
 

For both runs, 6 of the 25 analyzed samples were analyzed in triplicate together with blanks, standards 

of Se species (Se(IV), Se(VI), SeMet, SeCys2), As species (As(III) and As(V)) and S species (S(VI)), 

molecular weight standards (pullulan and polystyrene sulfonated standards) as well as soil extracts 

spiked with Se(IV) and Se(VI). The run of the water extracts was longer because some measurements 

were reported due to a non-optimal concentrations of post-column added 78Se(IV) used to quantify Se 

in SEC peaks by on-line isotope dilution.  

 

 

Supplementary Figure 10. Between-sample variability of scandium (45Sc) and yttrium (89Y) 

internal standards during the SEC-UV-ICP-MS/MS analysis of all Kohala soil extracts using H2 in 

the collision/reaction cell. Panel A shows the 45Sc and 89Y variability during the analysis of NaOH 

extracts, while panel B shows the 45Sc and 89Y variability during the analysis of ultrapure water extracts. 

Information on internal standard addition and ICP-MS/MS detection are given in Supplementary Table 

3. The between-sample variability of the internal standards is calculated following equation (1). The solid 

and dashed red lines show the boundaries for an internal standard variability of ±7% and ±5 %, 

respectively. Note that the error bar for each point (each point corresponding to an analyzed sample) 

represents the standard deviation associated to the internal standard variability within the SEC separation 

of the sample.  

 

Supplementary Figure 10 shows that the variation of both 45Sc and 89Y internal standards was within 

±7% for NaOH extracts and within ±5% for water extracts, meaning that the sensitivity of ICP-MS/MS 

with our SEC-UV-ICP-MS/MS is stable during long runs. More precisely, the averages of the 45Sc and 
89Y variability over each entire runs were as follows: 101 ± 3% for 45Sc and 97 ± 2% for 89Y when 

analyzing the NaOH extracts, and 92 ± 2% for 45Sc and 96 ± 2% for 89Y when analyzing the water 

extracts.   
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Supplementary Discussion 6. Reproducibility of the SEC-UV-ICP-MS/MS method 

for Se speciation 

 

The reproducibility of the SEC-UV-ICP-MS/MS analysis, including the Se quantification by on-line ID 

and peak deconvolution, was assessed through analyzing the water and NaOH extracts of the six Kohala 

topsoils in triplicate. The triplicates were distributed randomly within the water or NaOH extract runs. 

The relative standard deviations (RSD) of the Se SEC-peaks elution volume (synonym to retention time) 

were excellent, i.e., 0.3±0.4% and 0.2±0.3% for water and NaOH extracts, respectively. The 

reproducibility of the Se quantification in the SEC-fractions was reasonably good, i.e., on average 

12±10% (range, 0.05-35 %) and 12±7% (range, 0.7-23 %) for water and NaOH extracts, respectively. 

The variability in Se concentrations in SEC-peaks was mostly driven by the peak deconvolution step 

rather than by the data acquisition itself as SEC chromatograms were highly reproducible 

(Supplementary Figure 11).  

 

 

Supplementary Figure 11. Overlaid triplicate of selenium (Se) mass flow chromatograms 

obtained by SEC-UV-ICP-MS/MS for NaOH (panel A) and ultrapure water (panel B) extracts 

of Kohala topsoils (0-10 cm) from sites S1, S4, and S6.  
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Supplementary Figure 12. Selenium (Se) and carbon (C) chromatograms for the NaOH extracts 

of the six Kohala topsoils (0-10cm) showing the concomitant decrease in the proportions of Se 

and C in the organic fractions F4 with respect to F2-F3 along the rainfall and SOC gradient. 

The vertical dashed lines show the apex of the identified F2a, F3 and F4 fraction peak(s).  



24/38 

 

Supplementary Figure 13. NaOH extraction efficiency of organic carbon (OC), selenium (Se), sulfur 

(S) and arsenic (As) for all analyzed Kohala soils (n=25). The efficiencies are expressed in % of the 

total concentration of soil organic carbon (SOC), soil Se, S, and As. 

 

 
Supplementary Figure 14. Ultrapure water extraction efficiency of organic carbon (OC), 

selenium (Se), sulfur (S) and arsenic (As) for all analyzed Kohala soils (n=25). The efficiencies 

are expressed in % of the total concentration of soil organic carbon (SOC), soil Se, S, and As. 

 

Supplementary Table 5. Dominant plant species at the six study Kohala sites for which leaves 

were analyzed. 

S1 Buffel grass (Pennisetum ciliare) 

S2 Buffel grass (Pennisetum ciliare) 

S3 Kikuyu grass (Pennisetum clandestinum), and perennial soybean (Neonotonia wightii) 

S4 Kikuyu grass (Pennisetum clandestinum) and perennial soybean (Neonotonia wightii) 

S5 Kikuyu grass (Pennisetum clandestinum) 

S6 Kikuyu grass (Pennisetum clandestinum) and ohia trees (Metrosideros polymorpha) 
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Supplementary Figure 15. Organic sulfur (S) to organic selenium (Se) ratio in all analyzed Kohala 

soils (n=25) and S to Se ratios in analyzed plant leaves (from grass, soybean and tree; n=9) and mixed 

roots (n=6).   

 

 

 

Supplementary Figure 16. Concentrations of selenium (Se, panel A) and sulfur (S, panel B) in plant 

leaves and mixed roots along the Kohala rainfall gradient. The error bars represent the standard 

deviation values resulting from the digestion of each Kohala plant material in triplicate and subsequent 

element quantification in each digestion triplicate. Information on the plant materials is given in 

Supplementary Table 5 above. 
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Supplementary Figure 17. Enrichment factors with respect to parent rock in Kohala soils for 

sulfur (S), lead (Pb), selenium (Se), arsenic (As), titanium (Ti), iron (Fe), and manganese (Mn). 

S and Pb are elements for which the atmosphere is a main source to Kohala soils73,74, while Fe, Ti, 

and Mn are elements for which parent rock weathering dominates the inputs in Kohala soils73. 

 

 

Supplementary Figure 18. Speciation of selenium (Se; panel A) and sulfur (S; panel B) in 

ultrapure water extracts of Kohala topsoils (0-10 cm). For all presented data, the error bar 

represents the standard deviation, which considers i) the standard deviation obtained during the SEC 

peak deconvolution; ii) the standard deviation of topsoil Se or topsoil S concentrations that were 

determined in triplicate.  
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Supplementary Figure 19. 2-tailed Spearman correlation between the concentrations of selenium (Se) 

in plant materials (y-axis) and the concentrations of Se associated to (organo)mineral (nano)particles 

in water extracts of Kohala 0-10cm-topsoils (x-axis), when excluding site S3. Se associated to 

(organo)mineral (nano)particles includes Se quantified in SEC fraction F1 plus Se unrecovered by SEC 

because >20 nm. 
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Supplementary Method 1. Obtained data for certified reference materials 

 

Supplementary Table 6. Measured and certified elemental concentrations (average and standard 

deviation) for the rock and soils certified reference materials (CRMs), validating the digestion 

procedure and subsequent ICP-MS analysis used to quantify elements in Kohala soils and parent 

rock.  

 [element]measured  

(mg kg-1) 

[element]certified  

(mg kg-1) 

Recoverya  

(%) 

Errorb  

(%) 

av.c sd.d av.c sd.d av.c sd.d av.c 

NIST SRM-688 Basalt rock (n=6 replicates) 

Iron (Fe) 71959 1434 72388 21 99 2 -1 

Manganese (Mn) 920 29 1293 15 71 2 -29 

Copper (Cu) 82 9 96  85 10 -15 

Zinc (Zn) 60 5 58  103 8 3 

Arsenic (As) 2.6 0.1 x  x  x 

Selenium (Se) <D.L.  x  x  x 

Lead (Pb) 3.1 0.3 3.3 0.2 95 11 -5 

Sigma-Aldrich CRM-044 Silt Loam 1 (n=6 replicates) 

Iron (Fe) 3213 169 3180 284 102 13 32 

Manganese (Mn) 231 8 204 14 113 9 13 

Copper (Cu) 54 4 64 2 84 8 -16 

Zinc (Zn) 124 8 136 4 92 7 -8 

Arsenic (As) 48 4 52 7 92 15 -8 

Selenium (Se) 75 7 81 7 93 12 -7 

Lead (Pb) 79 4 78 3 101 6 -12 

NIST SRM-2709a San Joaquin soil (n=4 replicates) 

Iron (Fe) 33045 1131 33600 700 98 4 -2 

Manganese (Mn) 536 10 529 18 101 4 1 

Copper (Cu) 30 1 34 1 88 2 -12 

Zinc (Zn) 102 8 103 4 99 8 -1 

Arsenic (As) 10.0 0.1 10.5 0.3 95 3 -5 

Selenium (Se) 1.4 0.3 1.5  96 18 -4 

Lead (Pb) 16.4 0.4 17.3 0.1 95 2 -5 

GBW 07405 Chinese Yellow-red soil (n=4 replicates) 

Iron (Fe) 88685 901 93536 935 95 1 -5 

Manganese (Mn) 1401 40 1360 27 103 4 3 

Copper (Cu) 154 13 144 3 107 9 7 

Zinc (Zn) 544 10 494 10 110 3 10 

Arsenic (As) 404 3 412 8 98 2 -2 

Selenium (Se) 1.7 0.3 1.6 0.1 106 10 16 

Lead (Pb) 585 35 552 17 106 7 6 
aRecoveries were calculated according to equation (2) given on next page; bErrors were calculated according to equation 

(3) given on next page; cav.: average value, which results from the digestion of the rock and soil CRMs in 4-6 replicates 

and the element quantification in each digestion replicate (with the ICP-MS/MS acquisition replicate being set to 3); dsd.: 

standard deviation value, which includes the standard deviation value associated to the element concentration obtained in 

the digestion replicate and the standard deviation value associated to the ICP-MS/MS acquisition being performed in 

triplicate for each digestion replicate. Note that for the recovery, the provided standard deviation value also includes the 

standard deviation value associated to the certified element concentrations (when this value is available).  
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Recovery =  
[element]measured

[element]certified
 x 100 

 

(2) 

Error =  
([element]measured − [element]certified)

[element]certified
 x 100 

(3) 

 

with: [element]measured representing the element concentration measured in the certified reference 

material and [element]certified representing the certified concentrations of the element in the certified 

reference materials  

 

 

Supplementary Table 7. Measured and certified element concentrations (average and standard 

deviation) for the two plant certified reference materials (CRMs), validating the digestion 

procedure and subsequent ICP-MS/MS analysis used to quantify arsenic (As), sulfur (S), and 

selenium (Se) in Kohala plant leaves and roots. 

 [element]measured  

(mg kg-1) 

[element]certified  

(µg L-1) 

Recoverya  

(%) 

Errorb  

(%) 

 av.c ± sdd av.c ± sdd av.c ± sdd av.c  

NIST SRM-1515 Apple leaves (n=3 replicates) 

Arsenic (As) 0.032 ± 0.002 0.038 79.6 ± 0.6 -20 

Sulfur (S) 1575 ± 47 1800 88 ± 3 -12 

Selenium (Se) 0.048 ± 0.003 0.05 96 ± 7 -4 

NCS-DC73349 Bush branches (n=3 replicates) 

Arsenic (As) 0.997 ± 0.003 1.25 79.7 ± 0.2 -20 

Sulfur (S) 6304 ± 96 7300 86 ± 1 -14 

Selenium (Se) 0.127 ± 0.006 0.13 97 ± 5 -3 

aRecoveries were calculated according to equation (2); bErrors were calculated according to equation 

(3); cav.: average value, which results from the digestion of the plant CRMs in triplicate and the element 

quantification in each digestion triplicate (with the ICP-MS/MS acquisition replicate being set to 3); 
dsd.: standard deviation value, which includes the standard deviation value associated to the element 

concentration obtained in the digestion triplicate and the standard deviation value associated to the ICP-

MS/MS acquisition being performed in triplicate for each digestion replicate. Note that for the recovery, 

the provided standard deviation value also includes the standard deviation value associated to the 

certified element concentrations (when this value is available). 
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Supplementary Table 8. Measured and certified elemental concentrations (average and standard 

deviation, n= 4) for two liquid CRMs (SRM 1643f and TMDA-51.2) diluted in the used extractant 

(water and NaOH), validating the procedure of quantification of elements in soil extracts by ICP-

MS/MS.  

  NIST SRM-1643f freshwater (n=4 replicates) NRCAN TMDA-51.2 (n=4 replicates) 

 [element]measured  

(µg L-1) 

[element]certified 

(µg L-1) 

Recoverya  

(%) 

Errorb  

(%) 

[element]measured  

(µg L-1) 

[element]certified 

(µg L-1) 

Recoverya  

(%) 

Errorb  

(%) 

 av.c ± sdd av.c ± sdd av.c ± sdd av.c  av.c ± sdd av.c ± sdd av.c ± sdd av.c  

Diluted in NaOH  

Fe 85 ± 6 93 ± 1 92 ± 6 -8 108 ± 22 93 ± 1 97 ± 30 -3 

Cu 20 ± 3 21.7 ± 0.7 90 ± 15 -10 92 ± 12 91 ± 10 101 ± 17 1 

Zn 76 ± 1 74 ± 2 102 ± 2 2 122 ± 1 106 ± 15 116 ± 16 16 

As 57 ± 3 57.4 ± 0.4 99 ± 6 -1 16 ± 1 15 ± 3 106 ± 24 6 

Se 11 ± 1 11.7 ± 0.1 97 ± 9 -3 12 ± 1 12 ± 3 102 ± 27 2 

Pb 19 ± 1 18.5 ± 0.1 102 ± 6 2 72 ± 8 73 ± 11 98 ± 18 -2 

 Diluted in ultrapure water  

Fe 111 ± 1 111 ± 26 100 ± 23 0 94 ± 1 93 ± 1 101 ± 1 1 

Cu 18.4 ± 0.4 21.7 ± 0.7 85 ± 3 -15 87 ± 1 91 ± 10 96 ± 11 -4 

Zn 66 ± 6 74 ± 2 89 ± 8 -11 90 ± 8 106 ± 15 85 ± 14 -15 

As 54 ± 1 57.4 ± 0.4 95 ± 2 -5 14.0 ± 0.5 15 ± 3 92 ± 21 -8 

Se 11.1 ± 0.4 11.7 ± 0.1 95 ± 4 -5 11.2 ± 0.2 12 ± 3 93 ± 23 -7 

Pb 17.6 ± 0.4 18.5 ± 0.1 95 ± 2 -5 69 ± 2 73 ± 11 95 ± 14 -5 

aRecoveries were calculated according to equation (2); bErrors were calculated according to equation (3); 
cav.: average value, which results from the digestion of the plant CRMs in triplicate and the element 

quantification in each digestion triplicate (with the ICP-MS/MS acquisition replicate being set to 3); dsd.: 

standard deviation value, which includes the standard deviation value associated to the element 

concentration obtained in the digestion triplicate and the standard deviation value associated to the ICP-

MS/MS acquisition being performed in triplicate for each digestion replicate. Note that for the recovery, 

the provided standard deviation value also includes the standard deviation value associated to the certified 

element concentrations (when this value is available). 
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Supplementary Method 2. Comparison of water extraction efficiencies obtained 

with different solid/liquid ratios 

 

 

Supplementary Figure 20. 2-tailed Spearman correlation (p<0.001) between the efficiencies of 

ultrapure water extraction for selenium (Se, in % of soil Se concentration) obtained with a 

solid:liquid (S:L) ratio of 1g:5mL (y-axis) and a S:L ratio of 150mg:5mL (x-axis). For both y and x 

parameters, the error bar represents the standard deviation, which considers 1) the standard deviation 

associated to the determination of Se concentration in the extract in triplicate (ICP-MS/MS acquisition 

replicate being set to 3); and 2) the standard deviation associated to the determination of Se 

concentration in the soil determined in triplicate (digestion triplicate).  

 

Supplementary Method 3. On-line isotope dilution calculation including 

interferences and mass bias corrections 

 

From the post UV-detector addition of 78Se(IV) and the acquisition of Se and bromine (Br) isotopes by 

ICP-MS/MS during the SEC-UV-ICP-MS/MS analysis of all Kohala soil extracts, the Se mass flow 

chromatogram (Mf), which enables to obtain the Se amount in each SEC peak, was determined following 

the steps and equation described below.  

 

Step 1. Interferences corrections. 

For each data point along the SEC elution, the intensities of 78Se and 80Se were corrected for 77Se1H+ 

and 79Br1H+ interferences that are formed in the plasma using equations (5) to (7)  

 
77Ic = 77I – (fSe . 76I) (4) 
78Ic = 78I – (fSe. 77Ic) (5) 
79Ic = 79I – (fSe . 78Ic) (6) 
80 Ic = 80I – (fBr . 79Ic) (7) 
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xI is the gross signal intensity measured at the m/z x (x=77, 78 79, or 80) with 77, 78, 80 being Se 

isotopes and 79 being a Br isotope. xIc (x=77, 78 79, or 80) is the signal intensity of the Se or Br isotope 

after correction for SeH+ or BrH+ interferences. fSe is the factor of SeH+ formation determined by 

measuring the m/z ratio 83/82 (82Se1H+/82Se) in a 10 µg L-1 Se standard of natural abundance by ICP-

MS/MS (see Supplementary Table 9). fBr is the factor of BrH+ formation determined by measuring the 

m/z ratio 80/79 (81Br1H+/81Br) ratios in a 10 µg L-1 Br standard of natural abundance). Supplementary 

Table 9 provides the values of fSe and fBr obtained each day before starting the SEC-UV-ICP-MS/MS 

run, which were used to calculate the Se mass flow chromatograms for the samples of the corresponding 

run. It worth to point that there is little variation of fSe and fBr between days of analysis. 

 

Supplementary Table 9. Values of selenium hydridation (fSe, in %) and bromine hydridation (fBr, 

in %) factors as well as of mass bias (K, in %) obtained for the different performed SEC-UV-ICP-

MS/MS runs and used for the on-line isotopic dilution calculation. fSe, fBr and K were determined 

by analyzing in triplicate using the ICP-MS/MS a 10 µg L-1 Se standard of natural abundance and a 10 

µg L-1 Br standard of natural abundance the day before starting the SEC-UV-ICP-MS/MS runs. 

 fSe (%) 

av.a ± sdb (RSDc) 

fBr (%) 

av.a ± sdb (RSDc) 

K (%) 

av.a ± sdb (RSDc) 

Run 1 0.19 ± 0.01 (5%) 0.40 ± 0.02(5%) 0.032 ± 0.001 (3%) 

Run 2 0.189 ± 0.005 (3%) 0.44 ± 0.01 (2%) 0.027 ± 0.001 (4%) 

Run 3 0.19 ± 0.01(5%) 0.42 ± 0.02 (5%) 0.030 ± 0.001 (3%) 

Run 4 0.17 ± 0.01(5%) 0.41 ± 0.03(8%) 0.027 ± 0.001 (4%) 
aav.: average value, considering the preparation of the natural abundance Se and Br standards in triplicate 

and the analysis in triplicate (ICP-MS/MS acquisition replicate set to 3) of each standards prepared three 

times; bsd : standard deviation value, which includes the standard deviation value associated to the 

preparation and analysis of the natural abundance Se and Br standards in triplicate and the standard 

deviation value associated to the ICP-MS/MS acquisition being performed in triplicate for each prepared 

standard triplicate; cRSD : relative standard deviation. 

 

Step 2. Mass bias corrections. 

For each data point along the SEC elution, the ratio 80Se/78Se (Rsample, measured) was calculated using the 

corrected intensities of 78Se and 80Se, and this ratio was corrected for mass bias using the equation (8). 

 

Rsample,   corrected =  Rsample,   measured . 𝑒− 𝐾 .∆𝑀80/78   (8) 

 

Rsample, measured is the 80Se/78Se ratio calculated after correcting 78Se and 80Se intensities for interferences 

as showin in equation (4) to (7). ΔM80/78 is the mass difference between 80Se and 78Se (ΔM80/78 = 2). K 

is the mass bias factor determined from the analyses of a 10 µg L-1 natural abundance Se standards. 

More precisely, to determine K, the Napierian logarithm of the relative error of the experimentally 

measured isotopic ratio 80Se/78Se ratio in the natural abundance Se standard (Rexperimental) with respect to 

the theoretical natural abundance ratio (Rtheoretical) is plot against the mass difference (ΔM) between the 

isotope of reference (here 78Se) and the other monitored isotopes (as shown in Supplementary Figure 

21)10. The result is a linear relationship and the mass bias factor (K) derived from the slope of the 

regression line. Supplementary Table 9 provides the values of K obtained each day before starting the 

SEC-UV-ICP-MS/MS run, which were used to calculate the Se mass flow chromatograms for the 
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samples of the corresponding run. It worth to point that there is little variation of K between days of 

analysis 

 

 

Supplementary Figure 21. Determination of K from the linear relationship between Ln 

(Rexperimental/Rtheoretical) and the mass difference (ΔM) between the monitored isotopes (i.e., 76Se, 
77Se, 80Se and 82Se) and the 78Se reference isotope, from the analyses of a 10 µg L-1 natural 

abundance Se standards. The K value obtained in this analysis is of 2.7 %.  

 

Step 3. Isotope dilution calculation to create the mass flow chromatogram  

The Se mass flow chromatogram is created by calculating Ms (unit, ng min-1) for each data point along 

the SEC elution using equation (9) that was adapted from Sariego Muňiz et al.55 equations. 

 

 Ms =  Csp . 𝑑𝑠𝑝 .  𝑓𝑠𝑝 .
𝐴𝑊𝑠

𝐴𝑊𝑠𝑝
 .

𝐴𝑠𝑝
78

𝐴𝑠
80  .

( Rm −  𝑅𝑠𝑝)

(1 − Rm. 𝑅𝑠𝑝 )
  

(9) 

 

Csp is the concentration of 78Se(IV) in the spike solution added post-UV detector (in ng g-1), which was 

adjust between samples; dsp is the density of the 78Se(IV) spike solution (g mL-1), i.e., of 1 g mL-1; fsp is 

the flow rate to which the 78Se(IV) spike solution is added post-UV detector (mL min-1), i.e., of 0.068 

mL min-1 in this study; AWs is the atomic weight of selenium in the sample, i.e., 79.04; AWsp is the 

atomic weight of selenium in the 78Se(IV) spike solution, i.e., 77.73 in this study; A78
sp is the abundance 

of 78Se in the added78Se(IV) spike solution, i.e., of 99.50 in this study; A80
s is the abundance of 80Se in 

the sample, i.e., natural abundance which is of 49.61%; Rm is the 80Se/78Se ratio after interferences and 

mass bias corrections (see equations (4) to (8)); Rsp is the 80Se/78Se ratio in the added78Se(IV) spike 

solution, i.e., of 0.0033 in this study.  
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