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Analytical Definitions and 
Terminology Matter!Sulfur oxidative processes are often intimately connected with 

toxicity/regulatory failures 

MDMER regulations don’t currently regulate SO4
2- or reactive S compounds 

in Canadian discharged mine waters…but the term “thiosalts” is an industry-
adopted term

Potential 
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Analytical Definitions and 
Terminology Matter!

Potential 
Environmental ImpactsThiosalts

Chemical Definition: Sulfur oxyanions formed during 
milling (grinding, aeration and flotation circuits)

S2O3
2- S3O6

2- S4O6
2-

Analytical Definitions: Serious ambiguity/variation on 
around how “thiosalts” are measured from mine to 
mine and/or between commercial laboratories 
->leading to  “Apples” and “Oranges” data comparisons

(Thiosalt Consortium/CANMET) 



“Bulk Thiosalts” 
Acidimetric Titration (HgCl2 

Titration)

Analytical Definitions and 
Terminology Matter!

Potential 
Environmental ImpactsThiosalts

S3O62- S4O62-

S2O32-

Originally proposed in 1911 
(Feld), later modified in 1976 
(Noranda Research centre)

S2O32-

“Thiosalts” 
Ion Chromatography

Commercial labs report “thiosalt” 
numbers but often they are only 
measure thiosulfate

“Apples”                                           “Oranges” 



Acidimetric Titration (Bulk Thiosalts)

Ion Chromatography (Thiosulfate)
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The commercial laboratory was asked…. they stated “to the best of their 
knowledge there had been no change in thiosalt methodology over time”
-Subsequently, when an overview of the analytical method used was asked for, 
two SOPs were sent for both Acidimetric Titration and Ion Chromatography

or
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Ambiguity on analytical definitions, unknown changes to methodologies and 
lack of information sharing can lead to
!Incomparable data sets
!Misinterpretation of “thiosalt” concentrations over time/space

or
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Complex Sulfur Pools are 
Present in Mining Waters

Aqueous sulfur pools can be comprised
of many different inorganic and organic
sulfur compounds
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four mine water treatment systems, including tailings res-
ervoirs and receiving environments, thiosulfate accounted 
for, on average, only 4% of the overall sulfur budget, while 
 Sreact concentrations were commonly significantly greater. 
The simple mass balance approach proposed here (Fig. 7) 
allows a conservative quantification of the entire reactive 
sulfur pool  (Sreact = TotSaq–S–SO4

2−). This tool provides a 

comprehensive measure of dissolved S that has the potential 
to cause environmental impacts through oxidation.Thus, we 
recommend that MIW monitoring efforts, to facilitate effec-
tive prediction and mitigation of negative environmental 
occurrences, would benefit from routine total sulfur meas-
urements alongside  SO4

2− to capture other sulfur compounds 
available for oxidation.

Fig. 6  Comparison of concen-
trations of  Sreact (TotS–SO4

2−, 
S-bulk thiosalts (acidimet-
ric titration (AT)) and S–
S2O3

2− (ion chromatography 
(IC) for MIW from tailings 
reservoirs and receiving envi-
ronments in June 2018 from the 
active mine sites in Flin Flon 
and Snow Lake, Manitoba. “*” 
Concentrations determined by 
the  Sreact method were signifi-
cantly higher at a 90% confid-
ance interval when compared 
to the AT method (p = 0.054) 
and a 95% confidence interval 
(p = 0.012) for the IC method
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Fig. 7  Proposed method for 
monitoring sulfur pools in the 
mining impacted waters where 
TotS and  SO4

2− allow for the 
determination of the  Sreact pool 
through simple mass-balance; 
and the potential array of oxida-
tion states of sulfur and known 
sulfur compounds that can exist 
at the earth’s surface. Thio-
salts  (SnOx

2−) occupy a small 
oxidation range of the potential 
inorganic and organic SOI 
compounds  (S2− < S–SOI < S6+) 
that participate in oxidation 
reactions

S

PS-SO4
2- = (1 atom * 32.065 g/mol)

                     96.06 g/mol

Molecule 
of Sulfate 

(SO4
2-)

(1) Determine Total Aqueous Sulfur(0.45 m) (ICP-AES)

TotS = x mg/L     

(4) Mass Balance approach to determine Sreact

Sreact = [TotS mg/L] - [SO4
2- mg/L x 0.33]

(2) Calculate the Proportion (P) of Sulfur in SO4
2-

PS-SO4
2- = 0.33

 (3) Determine the [SO4
2-]aq (mg/L) in MIWs 
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! Defined a new S method: 
! Reactive Sulfur (Sreact)

Sreact = Total S – S-SO42-

Bulk Thiosalts 
(Acidimetric Titration)

Thiosulfate (Ion 
Chromatography)

vs.

! Compare Sreact to Current Methods

Cost-Effective Mass Balance Approach to Monitor Thiosalt 
Risks for the Mining Industry

Sreact

SO42-

Reactive Sulfur
Sreact

Bulk thiosalts

Thiosulfate



SO42-

Reactive Sulfur
Sreact

Bulk thiosalts

Thiosulfate

Mass-Balance Approach

! defined a new S method: 
reactive sulfur(Sreact)

Reactive Sulfur Sreact
(total S – sulfate)

! More conservative of risk 
! Economical 
! Calculable with current monitoring data 
! Directly comparable across mines

Cost-Effective Mass Balance Approach to Monitor Thiosalt 
Risks for the Mining Industry
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Mangold et al. 2011; Mora et al. 2016; Warren et al. 2008; 
Whaley-Martin et al. 2019) and is ubiquitous in these MIW 
systems, albeit at low concentrations. At least two potential 
sources for thiosulfate have been identified in these systems. 
Tailings that are sub-aqueously deposited in the Sudbury, 
Ontario tailings reservoir were found to contain high concen-
trations of  S2O3

2− (3–5 mmol/L) and thus are a likely consist-
ent source into the reservoir water cap. However,  S2O3

2−was 
also detected in waste rock leachate inputs (WasteRock1 and 
WasteRock2, Fig. 4; Table 2), indicating that in situ biological 
oxidation production pathways may also be involved. The pres-
ence of tetrathionate in the 2018 MIW samples was consistent 
with Wolkoff and Larose (1975), who detected tetrathionate 
in MIW using a cerium-(IV)-fluorescence detection LC sys-
tem. Klatt and Polerecky (2015) hypothesized that oxidation 
of thiosulfate and tetrathionate to sulfite and ultimately sul-
fate, may be a prevalent pathway that has been overlooked 
due to the current emphasis in the literature on traditional 
microbial pathways such as thiosulfate oxidation directly to 
sulfate. The analytically unresolved S compounds pool of 
 Sreact may include variable compositions and high order poly-
thionates and/or minor amounts of organo-sulfur compounds. 
Polysulfides may be present in anoxic bottom waters. As water 
flows through tailing reservoirs and post-treatment oxygenated 

receiving environments, it seems logical that progressive SOI 
oxidation (biological and/or abiotic) would occur.

Our results also demonstrated that a large proportion 
of  Sreact can occur as currently unresolved S species, even 
when high resolution S speciation techniques are employed 
(Figs. 4, 5; Tables 1, 2). These results indicate that under-
standing and predictions of system behavior (e.g. potential 
pH decreases, toxicity) would be enhanced by simultane-
ous measurement of individual SOIs to reveal the key com-
pounds that occur in MIW systems (water system manage-
ment components on site as well as receiving environment) 
and how they vary by season, treatment process, and opera-
tional schedules.

Conclusions

Both of the currently available thiosalts-monitoring meth-
ods are predicated on the assumption that thiosulfate alone 
or thiosulfate and polythionates are the dominant SOI spe-
cies in MIWs. This study showed that these methods can 
both underestimate the reactive sulfur concentrations, which 
may cause down-gradient environmental impacts due to 
oxidation. Within the waters sampled in this study across 
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Fig. 5  Concentrations (mg/L and mmol/L) of the unresolved S pool, 
tetrathionate, trithonate and thiosulfate in 2014/2015 MIWs from a 
mine in a tailings reservoirsfrom May to August 2018 and b receiv-
ing environments from April to August 2018 (1) Sudbury, Ontario(2); 
Flin Flon, Manitoba; (3) Snow Lake, Manitoba; and (4) Baie Verte, 

Newfoundland, showing relative proportions of thiosalts species (thi-
osulfate, tetrathionate) to overall S concentration. The proportion of 
the S pool included in  Sreact  (TotSaq–SO4

2−) is indicated with a dashed 
line within the legend. Where available, replicate errors are provided 
in the corresponding Tables 2 and 3
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Fig. 5  Concentrations (mg/L and mmol/L) of the unresolved S pool, 
tetrathionate, trithonate and thiosulfate in 2014/2015 MIWs from a 
mine in a tailings reservoirsfrom May to August 2018 and b receiv-
ing environments from April to August 2018 (1) Sudbury, Ontario(2); 
Flin Flon, Manitoba; (3) Snow Lake, Manitoba; and (4) Baie Verte, 

Newfoundland, showing relative proportions of thiosalts species (thi-
osulfate, tetrathionate) to overall S concentration. The proportion of 
the S pool included in  Sreact  (TotSaq–SO4

2−) is indicated with a dashed 
line within the legend. Where available, replicate errors are provided 
in the corresponding Tables 2 and 3
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Fig. 5  Concentrations (mg/L and mmol/L) of the unresolved S pool, 
tetrathionate, trithonate and thiosulfate in 2014/2015 MIWs from a 
mine in a tailings reservoirsfrom May to August 2018 and b receiv-
ing environments from April to August 2018 (1) Sudbury, Ontario(2); 
Flin Flon, Manitoba; (3) Snow Lake, Manitoba; and (4) Baie Verte, 

Newfoundland, showing relative proportions of thiosalts species (thi-
osulfate, tetrathionate) to overall S concentration. The proportion of 
the S pool included in  Sreact  (TotSaq–SO4

2−) is indicated with a dashed 
line within the legend. Where available, replicate errors are provided 
in the corresponding Tables 2 and 3
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Mangold et al. 2011; Mora et al. 2016; Warren et al. 2008; 
Whaley-Martin et al. 2019) and is ubiquitous in these MIW 
systems, albeit at low concentrations. At least two potential 
sources for thiosulfate have been identified in these systems. 
Tailings that are sub-aqueously deposited in the Sudbury, 
Ontario tailings reservoir were found to contain high concen-
trations of  S2O3

2− (3–5 mmol/L) and thus are a likely consist-
ent source into the reservoir water cap. However,  S2O3

2−was 
also detected in waste rock leachate inputs (WasteRock1 and 
WasteRock2, Fig. 4; Table 2), indicating that in situ biological 
oxidation production pathways may also be involved. The pres-
ence of tetrathionate in the 2018 MIW samples was consistent 
with Wolkoff and Larose (1975), who detected tetrathionate 
in MIW using a cerium-(IV)-fluorescence detection LC sys-
tem. Klatt and Polerecky (2015) hypothesized that oxidation 
of thiosulfate and tetrathionate to sulfite and ultimately sul-
fate, may be a prevalent pathway that has been overlooked 
due to the current emphasis in the literature on traditional 
microbial pathways such as thiosulfate oxidation directly to 
sulfate. The analytically unresolved S compounds pool of 
 Sreact may include variable compositions and high order poly-
thionates and/or minor amounts of organo-sulfur compounds. 
Polysulfides may be present in anoxic bottom waters. As water 
flows through tailing reservoirs and post-treatment oxygenated 

receiving environments, it seems logical that progressive SOI 
oxidation (biological and/or abiotic) would occur.

Our results also demonstrated that a large proportion 
of  Sreact can occur as currently unresolved S species, even 
when high resolution S speciation techniques are employed 
(Figs. 4, 5; Tables 1, 2). These results indicate that under-
standing and predictions of system behavior (e.g. potential 
pH decreases, toxicity) would be enhanced by simultane-
ous measurement of individual SOIs to reveal the key com-
pounds that occur in MIW systems (water system manage-
ment components on site as well as receiving environment) 
and how they vary by season, treatment process, and opera-
tional schedules.

Conclusions

Both of the currently available thiosalts-monitoring meth-
ods are predicated on the assumption that thiosulfate alone 
or thiosulfate and polythionates are the dominant SOI spe-
cies in MIWs. This study showed that these methods can 
both underestimate the reactive sulfur concentrations, which 
may cause down-gradient environmental impacts due to 
oxidation. Within the waters sampled in this study across 
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Fig. 5  Concentrations (mg/L and mmol/L) of the unresolved S pool, 
tetrathionate, trithonate and thiosulfate in 2014/2015 MIWs from a 
mine in a tailings reservoirsfrom May to August 2018 and b receiv-
ing environments from April to August 2018 (1) Sudbury, Ontario(2); 
Flin Flon, Manitoba; (3) Snow Lake, Manitoba; and (4) Baie Verte, 

Newfoundland, showing relative proportions of thiosalts species (thi-
osulfate, tetrathionate) to overall S concentration. The proportion of 
the S pool included in  Sreact  (TotSaq–SO4

2−) is indicated with a dashed 
line within the legend. Where available, replicate errors are provided 
in the corresponding Tables 2 and 3
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Undetected S is making it’s way through different treatment 
systems

From 2014-2018, ~70 mine water sites !
Thiosulfate was on average only 4% of overall S pools!
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four mine water treatment systems, including tailings res-
ervoirs and receiving environments, thiosulfate accounted 
for, on average, only 4% of the overall sulfur budget, while 
 Sreact concentrations were commonly significantly greater. 
The simple mass balance approach proposed here (Fig. 7) 
allows a conservative quantification of the entire reactive 
sulfur pool  (Sreact = TotSaq–S–SO4

2−). This tool provides a 

comprehensive measure of dissolved S that has the potential 
to cause environmental impacts through oxidation.Thus, we 
recommend that MIW monitoring efforts, to facilitate effec-
tive prediction and mitigation of negative environmental 
occurrences, would benefit from routine total sulfur meas-
urements alongside  SO4

2− to capture other sulfur compounds 
available for oxidation.

Fig. 6  Comparison of concen-
trations of  Sreact (TotS–SO4

2−, 
S-bulk thiosalts (acidimet-
ric titration (AT)) and S–
S2O3

2− (ion chromatography 
(IC) for MIW from tailings 
reservoirs and receiving envi-
ronments in June 2018 from the 
active mine sites in Flin Flon 
and Snow Lake, Manitoba. “*” 
Concentrations determined by 
the  Sreact method were signifi-
cantly higher at a 90% confid-
ance interval when compared 
to the AT method (p = 0.054) 
and a 95% confidence interval 
(p = 0.012) for the IC method
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Fig. 7  Proposed method for 
monitoring sulfur pools in the 
mining impacted waters where 
TotS and  SO4

2− allow for the 
determination of the  Sreact pool 
through simple mass-balance; 
and the potential array of oxida-
tion states of sulfur and known 
sulfur compounds that can exist 
at the earth’s surface. Thio-
salts  (SnOx

2−) occupy a small 
oxidation range of the potential 
inorganic and organic SOI 
compounds  (S2− < S–SOI < S6+) 
that participate in oxidation 
reactions

S

PS-SO4
2- = (1 atom * 32.065 g/mol)

                     96.06 g/mol

Molecule 
of Sulfate 

(SO4
2-)

(1) Determine Total Aqueous Sulfur(0.45 m) (ICP-AES)

TotS = x mg/L     

(4) Mass Balance approach to determine Sreact

Sreact = [TotS mg/L] - [SO4
2- mg/L x 0.33]

(2) Calculate the Proportion (P) of Sulfur in SO4
2-

PS-SO4
2- = 0.33

 (3) Determine the [SO4
2-]aq (mg/L) in MIWs 

SULFUR MASS-BALANCE TOOL FOR
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Bulk%thiosalts

SO42%

Reactive Sulfur
Sreact

Thiosulfate

Utilizing the Science to Lead 
Adoption of 
Best-Practice In the Industry

• Electively adopting this methodology to 
improve their sulfur monitoring capabilities 
throughout treatment systems

• Cost Analysis 

Acidimetric Titration ~$160
vs

Reactive S ~$13

• Hudbay (Flin Flon) currently attaining provincial
approval to use this approach at the regulatory 
level to replace the traditional acidimetric titration



Comparing methods over time 
Sreact vs. Bulk Thiosalts (Acidimetric Titration)

[S] mg/L

Results provided by Shirley Neault and Landice Yestrau
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Comparing methods over time 
Sreact vs. Bulk Thiosalts (Acidimetric Titration)

[S] mg/L

Results provided by Shirley Neault and Landice Yestrau (Hudbay minerals)
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Comparing methods over time 
Sreact vs. Bulk Thiosalts (Acidimetric Titration)

[S] mg/L

Results provided by Shirley Neault and Landice Yestrau (Hudbay minerals)
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You can’t manage what you can’t detect……..



Reactive Sulfur 
Compounds

Dissolved reactive sulfur compounds in mining impacted waters are a 
global challenge

Call to Action

Current language around ”thiosalts” is problematic: 
ambiguity around its definition analytically
Mass-Balance Approach
-Cost-effective : reduced cost/more time 
points/replicates
-Part of many monitoring programs (also allows for 
historical delineation)
-More conservative of risk: able to capture any 
inorganic or organic sulfur compounds that are “in play” 
for downstream microbial or abiotic oxidation 
-Easy to calculate 
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