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Supplemental Table 1. Quantity descriptions for each variable in the sulfur isotope dilution measurement function. 

Quantity 

Symbol 
Quantity Description 

Quantity 

Symbol 
Quantity Description 

Quantity 

Symbol 
Quantity Description 

cx (%) mass fraction of test portion 
cblk  

(µµµµmol/g)

amount content of procedure 

blank 
Kx1  

(unitless)

mass bias correction of 

Rx1 (32/34) in sample 

az  

(g/mol)

primary standard molecular 

mass (SRM 3154) 
Kb  

(unitless)

mass bias correction of Rb 

(34/32) 
Kx2  

(unitless)

mass bias correction of 

Rx2 (33/32) in sample 

ax  

(g/mol)
sulfur molecular mass 

K'b  

(unitless)

mass bias correction of R'b 

(34/32) 
Kx3  

(unitless)

mass bias correction of 

Rx3 (32/32) in sample 

dx  

(unitless)

test portion drying correction 

factor 
Ky1  

(unitless)
mass bias correction of Ry1 

Kx4  

(unitless)

mass bias correction of 

Rx4 (36/32) in sample 

mx  

(g) 
mass of test portion in blend 

Rx1  

(unitless)

ratio sample-measured ratio 

of enriched isotope to refer-

ence isotope (34/32) 

Kz1  

(unitless)

mass bias correction of 

Rz1 (34/32) in primary 

standard 

m'y  

(g) 

mass of spike in spike calibra-

tion 
Rx2  

(unitless)
ratio sample (33/32) 

Kz2  

(unitless)

mass bias correction of 

Rz2 (33/32) in primary 

standard 

Rb  

(unitless)

measured ratio of blend 34/32 

spike isotope/reference isotope 
Rx3  

(unitless)
ratio sample (32/32) 

Kz3  

(unitless)

mass bias correction of 

Rz3 (32/32) in primary 

standard 

R'b  

(unitless)

measured ratio of spike calibra-

tion back blend (34/32) spike 

isotope/reference isotope 

Rx4  

(unitless)
ratio sample (36/32) 

Kz4  

(unitless)

mass bias correction of 

Rz4 (36/32) in primary 

standard 

Ry1  

(unitless)

measured ratio of 34 spike iso-

tope to 32 reference isotope in 

the 34S enriched spike material 

Rz1  

(unitless)

ratio primary standard-

measured ratio of enriched 

isotope to reference isotope 

(34/32) 

CRep  

(unitless)

Constant = 1 used to in-

corporate replication un-

certainty 

my  

(g) 
mass of enriched spike in blend 

Rz2  

(unitless)

ratio primary standard 

(33/32) 
Cdt  

(unitless)

Constant = 1 used to in-

corporate detector dead 

time uncertainty 

mz  

(g) 

mass of primary assay standard 

in spike calibration back blend 
Rz3  

(unitless)

ratio primary standard 

(32/32) 
Cbgd  

(unitless)

Constant = 1 used to in-

corporate background 

subtraction uncertainty 

cz  

(µµµµmol/g)

amount content of primary assay 

standard 
Rz4  

(unitless)

ratio primary standard 

(36/32) 
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Supplemental Table 2. Example input table for SRM 2682c showing the calculated S mass fraction result cx, and corresponding 

metadata used to determine the mean and expanded uncertainty for a single permutation of the ID-MIC-SF-ICPMS measurement 

function (1 of 32 possible permutations, based on individual sample and spike solution pairs).  The metadata are fed into a Kragten 

spreadsheet to estimate the uncertainty of the ID-MIC-SF-ICPMS method.  The data for each quantity are presented in the follow-

ing pattern: quantity value, reported uncertainty (standard deviation), method of evaluating uncertainty (Type A or Type B), stand-

ard uncertainty and degrees of freedom. Reported uncertainties evaluated by Type A methods were normalized to standard uncer-

tainties by division by n . Reported uncertainties with evaluated by Type B methods were modeled as rectangular distributions 

(normalized to standard uncertainties by division by 3 ), with the exception of published expanded uncertainties, which were nor-

malized to standard uncertainties using the published coverage factor.  The S mass fraction data for SRM 2682c described in the 

text are based on the average of all permutations (0.4902 % ± 0.0068 %). 

Quantity 

Symbol 
Quantity Description 

Quantity 

Symbol 
Quantity Description 

Quantity 

Symbol 
Quantity Description 

cx (%) 0.4785 % ± 0.0066 % 

(this permutation) 

cblk  

(µµµµmol/g)
0.028 

9.48E-

03 
A 

3.87E-

03 
5 

Kx1  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

az  

(g/mol)
32.064 

3.21E-

02 
B 

1.85E-

02 
∞ 

Kb  

(unitless)
0.915 

9.15E-

04 
B 

5.28E-

04 
∞ 

Kx2  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

ax  

(g/mol)
32.063 

3.21E-

02 
B 

1.85E-

02 
∞ 

K'b  

(unitless) 0.915 

9.15E-

04 B 

5.28E-

04 ∞ 

Kx3  

(unitless) 1.000 

1.00E-

04 B 

5.77E-

05 ∞ 

dx  

(unitless)
0.882 6.48E-04 A 2.90E-04 4 

Ky1  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

Kx4  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

mx  

(g) 
0.105 2.00E-05 B 1.15E-05 ∞ 

Rx1  

(unitless) 0.044 

1.09E-

04 B 

6.31E-

05 ∞ 

Kz1  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

m'y  

(g) 
0.900 2.00E-05 B 1.15E-05 ∞ 

Rx2  

(unitless) 0.008 

1.95E-

05 B 

1.13E-

05 ∞ 

Kz2  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

Rb  

(unitless)
0.563 3.38E-03 A 1.51E-03 4 

Rx3  

(unitless) 1.000 

2.50E-

04 B 

1.44E-

04 ∞ 

Kz3  

(unitless) 1.000 

1.00E-

04 B 

5.77E-

05 ∞ 

R'b  

(unitless)
0.666 4.00E-03 A 1.79E-03 4 

Rx4  

(unitless)

1.55E

-04 

3.86E-

07 B 

2.23E-

07 ∞ 

Kz4  

(unitless) 1.000 

1.00E-

03 B 

5.77E-

04 ∞ 

Ry1  

(unitless)
842.908 1.69E+00 B 

9.73E-

01 
∞ 

Rz1  

(unitless) 0.044 

1.11E-

04 B 

6.40E-

05 ∞ 

CRep  

(unitless) 1.000 

1.32E-

02 A 

4.67E-

03 7 

my  

(g) 
0.072 2.00E-05 B 1.15E-05 ∞ 

Rz2  

(unitless) 0.008 

1.97E-

05 B 

1.14E-

05 ∞ 

Cdt  

(unitless) 1.000 

1.20E-

03 B 

6.93E-

04 ∞ 

mz  

(g) 
0.909 2.00E-05 B 1.15E-05 ∞ 

Rz3  

(unitless) 1.000 

2.50E-

04 B 

1.44E-

04 ∞ 

Cbgd  

(unitless) 1.000 

4.18E-

03 A 

1.58E-

03 6 

cz  

(µµµµmol/g)
158.3 2.31E-01 B 1.15E-01 ∞ 

Rz4  

(unitless)

1.55E-

04 

3.86E-

07 B 

2.23E-

07 ∞ 
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Supplemental Table 3. Uncertainty descriptions and estimates for each variable in the ID-MIC-SF-ICPMS measurement function. 

Reported uncertainties evaluated by Type A methods were normalized to standard uncertainties by division by n . Reported un-
certainties evaluated by Type B methods were modeled as rectangular distributions (normalized to standard uncertainties by divi-

sion by 3 ), with the exception of published expanded uncertainties, which were normalized to standard uncertainties using the 
published coverage factor. 

Quantity 

Symbol 
Uncertainty Description 

Quantity 

Symbol 
Uncertainty Description 

Quantity 

Symbol 

Uncertainty 

Description 

az  

(g/mol)

assume 0.1 % of quantity value, based on 

two times the IUPAC range of possible S 

atomic weights (range  = 32.059 g/mol  to 

32.076 g/mol)1 

Kb  

(unitless)

assume 0.1 % of quantity 

value 
Kx2  

(unitless)

assume 0.1 % of 

quantity value 

ax  

(g/mol)

assume 0.1 % of quantity value, based on 

two times the IUPAC range of possible S 

atomic weights (range  = 32.059 g/mol  to 

32.076 g/mol)1 

K'b  

(unitless)

assume 0.1 % of quantity 

value 
Kx3  

(unitless)

assume 0.01 % of 

quantity value = 

1 

dx  

(unitless)

absolute ui for 5 moisture factor replicates 

from same bottle 
Ky1  

(unitless)

assume 0.1 % of quantity 

value 
Kx4  

(unitless)

assume 0.1 % of 

quantity value 

mx  

(g) 

two times the 5-place balance readability 

of  0.00001 g, 

Rx1  

(unitless)

assume 0.25 % of quantity 

value, based on usual in-

strumental measurement 

precision 

Kz1  

(unitless)

assume 0.1 % of 

quantity value 

m'y  

(g) 

two times the 5-place balance readability 

of   0.00001 g 
Rx2  

(unitless)

assume 0.25 % of quantity 

value, based on usual in-

strumental measurement 

precision 

Kz2  

(unitless)

assume 0.1 % of 

quantity value 

Rb  

(unitless)

% RSD of 5 replicate isotope ratio meas-

urements across experiment run 
Rx3  

(unitless)

assume 0.025 % of quantity 

value = 1 
Kz3  

(unitless)

assume 0.01 % of 

quantity value = 

1 

R'b  

(unitless)

% RSD of 5 replicate isotope ratio meas-

urements across experiment run 
Rx4  

(unitless)

assume 0.25 % of quantity 

value, based on usual in-

strumental measurement 

precision 

Kz4  

(unitless)

assume 0.1 % of 

quantity value 

1. Atomic Weights of the Elements 2011 (IUPAC Technical Report), Pure Appl. Chem. 2013, 85, 5, 1047-1078.
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Supplemental Table 3 (continued). Uncertainty descriptions and estimates for each variable in the ID-MIC-SF-ICPMS measure-

ment function. Reported uncertainties evaluated by Type A methods were normalized to standard uncertainties by division by n . 
Reported uncertainties evaluated by Type B methods were modeled as rectangular distributions (normalized to standard uncertain-

ties by division by 3 ), with the exception of published expanded uncertainties, which were normalized to standard uncertainties 
using the published coverage factor. 

Quantity 

Symbol 

Uncertainty Descrip-

tion 

Quantity 

Symbol 

Uncertainty De-

scription 

Quantity 

Symbol 
Uncertainty Description 

Ry1  

(unitless)

assume 0.2 % of quantity 

value, based on infor-

mation on the standard 

deviation of 34S enrich-

ment, obtained from the 

spike certificate of analy-

sis 

Rz1  

(unitless)

assume 0.25 % of 

quantity value, 

based on usual in-

strumental meas-

urement precision 

CRep  

(unitless)

% RSD due to replication for n = 8 processed 

samples 

my  

(g) 

two times the 5-place 

balance readability of 

0.00001g 

Rz2  

(unitless)

assume 0.25 % of 

quantity value, 

based on usual in-

strumental meas-

urement precision 

Cdt  

(unitless)

% RSD of 34S/32S isotope ratio, based on 

using typical experimental count rates for 32S 

and 34S in a 10K trial Monte Carlo simulation 

of detector dead time correction calculations, 

using an experimentally derived instrumental 

detector dead time setting of 10 ns.  An as-

sumption is made that  the uncertainty in the 

assigned dead time is ± 1 ns 

mz  

(g) 

two times 5-place bal-

ance readability of  

0.00001g 

Rz3  

(unitless)

assume 0.025 % of 

quantity value = 1 
Cbgd  

(unitless)

% RSD based on the quotient of standard 

deviation of  32S signal for an instrumental 

background solution of 1 % nitric acid mass 

fraction in water, measured at seven time 

points and the experimentally measured 32S 

signal in the analytical sample 

cz  

(µµµµmol/g)

SRM 3154 expanded 

uncertainty in µmol/g 

Rz4  

(unitless)

assume 0.25 % of 

quantity value, 

based on usual in-

strumental meas-

urement precision 

cblk  

(µmol/g)

Standard deviation of 

blank in µmol/g 

Kx1  

(unitless) 

assume 0.1 % of 

quantity value 
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Supplemental Figure 1. Absolute ID-MIC-SF-ICPMS procedure blanks in units of micrograms with associated standard uncertainties, 

showing reduction of average blanks as a function of method development progression. The number of blanks were n = 5, for the SRM 

2685b project and n = 6 for both the SRM 2684b and SRM 2682c projects. 
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Supplemental Figure 2. Truncated Kragten spreadsheet for SRM 2682c (10 of 34 input columns shown).  The most significant sources of 

uncertainty are readily apparent in the last data column (uncertainties calculated relative to the total variance). The results are based on a 

single permutation of the ID-MIC-SF-ICPMS measurement function (1 of 32 possible permutations, based on individual sample and spike 

solution pairs).  The S mass fraction data for SRM 2682c described in the text are based on the average of all permutations (0.4902 % ± 
0.0068 %). 


