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ABSTRACT 

The placement of sulfide-bearing tailings and rock in submerged environments has long 
been recognized as a primary technique for control of acid drainage, and recent field 
investigations provide further evidence of its success. However, subaqueous disposal does not 
automatically ensure that acid generation is completely halted. In fact, there are reasons why 
acid generation might not cease in a submerged environment. 

Recent experimental data from a generic experiment and from the proposed Cinola Gold 
Project are reviewed to (1) obtain rates of pyrite oxidation under submerged conditions and (2) 
show that ferric iron apparently does not oxidize pyrite in the absence of dissolved oxygen. The 
rates are then used to estimate consumption of dissolved oxygen along groundwater flowpaths 
and to determine a first-order-rate relationship between reaction rate and dissolved oxygen for 
calculations of dissolved-oxygen diffusion. Three relatively simple examples show how to apply 
the concepts and equations. One example for oxygen diffusion shows that, for constant values 
of porosity and pyrite content, tailings will generate more acidity than coarse rock because of 
the steeper oxygen gradients within the tailings. The major conclusions drawn from this work 
are that site-specific conditions dominate in determining the eventual water chemistry and that 
environmental (hydrogeological) conditions of the disposal site should be well defined. In this 
way, the site-specific rates and concentrations can be determined and, if necessary, details of 
the subaqueous disposal can be refined for optimum performance. 
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1. INTRODUCTION 

A chemically reduced form of sulfur, known as sulfide, is represented by anions which 
contain at least one sulfur atom with a valence of 2- (S2- and polyanions such as S2

2- and S4
2-). Solid-

phase sulfide typically occurs in rock combined with metals as distinct minerals (Table 1). When 
exposed to moisture and oxygen, the sulfide can be released to the water and can oxidize to 
other forms of sulfur such as elemental sulfur (S8), thiosulfate S2O3

2, and sulfate (SO4
2-). If the 

sulfide-bound metal is also redox reactive, it may also undergo oxidation with the sulfide. 
Examples of common redox-reactive metals are iron (Fe2+/3+) and manganese (Mn2+/3+/4+), 

Oxidation of sulfide usually receives attention due to the resulting appearance of acidity 
and leached metals in the water surrounding the mineral. If the rate of oxidation is rapid, all 
of the water passing over/through a volume of sulfide-bearing mine rock or tailings can take on 
an acidic pH with elevated levels of acidity and aqueous metals. As a result, water chemistry 
is determined both by geochemical factors, such as the rate of oxidation, and by physical factors, 
such as the flowrate of water. For example, a slow rate of oxidation in a nearly stagnant flow 
system can produce the same pH and acidity that would appear in a fast flushing system with 
an accelerated rate of oxidation, although the loadings (concentration multiplied by flow) would 
be much greater in the latter case. 

The oxidation pathway of sulfide is complex and can in fact change as environmental 
conditions change. The metal associated with the sulfide can further affect the oxidation 
pathway of the sulfide. For example, iron-based sulfides such as pyrite (FeS2) and pyrrhotite 
(essentially FeS) can oxidize relatively quickly under certain conditions because (1) the iron acts 
as a catalyst to pass electrons from sulfide to oxygen and (2) the iron itself can oxidize the 
sulfide (Luther, 1990). As a result of these complexities and other factors (e.g., Morin et al., 
1991, p. 81 and 90), sulfide oxidation is not well understood in detail and cannot be accurately 
simulated under variable conditions. 

Despite the mechanistic complexities in sulfide oxidation, we can at least obtain empirical 
rates of oxidation through laboratory "kinetic" tests (British Columbia AMD Task Force, 1989) 
and field monitoring. An important lesson learned from this work is that rates of oxidation are 
often much lower in fully submerged, saturated environments (Robertson, 1991; Rescan, 1990a, 
b, c; Veillette, 1991). This is a consequence of processes such as oxygen limitation, as 
discussed below. However, a sometimes overlooked observation is that oxidation will still occur 
whenever gaseous/dissolved oxygen reach submerged sulfide minerals. Since water exposed to 
the atmosphere can carry approximately 10 mg L-1 of dissolved oxygen, then at least some 
oxidation can be expected whenever oxygenated water flows through saturated sulfide-bearing 
tailings or mine rock. 

The purpose of this paper is to present information on rates of oxidation and the factors 
determining those rates under submerged conditions, as defined by theory and published 
literature. Examples of resulting water chemistry are then presented for hypothetical sets of 
environmental conditions. 
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2. THEORY AND PUBLISHED LITERATURE 

For simplicity, this paper focusses only on pyrite (FeS2).   The often-seen "standard" 
equation for pyrite oxidation is: 

 

In reality, this equation assumes much about the environmental conditions including (1) sulfur 
occurs only as S2

2~, (2) S2
2" oxidizes completely to sulfate, (3) pyrite is the only oxidizing sulfide 

mineral, (4) molecular and water are the only oxidants, (5) all iron oxidizes to the ferric (Fe3"1") 
state, and (6) all iron precipitates as Fe(OH)3 (Morin, 1990). Obviously these assumptions do 
not always apply, especially in submerged environments. If there is insufficient oxygen to 
oxidize the iron, for example, the overall equation would be: 
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In this case, only 1/2 the amount of acidity (H+) is generated for each mole of pyrite.  If ferric 
iron is the sole oxidant, the overall reaction would be: 

 

This reaction suggests a great deal acidity is generated from each mole of pyrite, but this is only 
the case when the ferric iron is derived from a source other than preceding sulfide oxidation 
within the mass of tailings or mine rock (Morin, 1990). The important observation to be drawn 
from Equations 1 through 3 is that environmental conditions and mineralogy will determine the 
overall balance of reactants and products. This holds true for subaqueous disposal, except that 
Equation 3 is apparently not relevant as discussed below. 

In the realm of low-temperature geochemistry, there are two basic approaches to 
assessing or predicting water chemistry. The 
first is known as "equilibrium" or steady-state 
chemistry (Figure 1), which is relatively 
easily to define and assess. The second is 
"kinetic" or time-dependent chemistry which 
approaches equilibrium levels as time passes. 
Under field conditions, water is rarely 
stagnant and thus rarely remains in contact 
with a particular mass of tailings or rock for 
an extended period of time. In this case, 
equilibrium levels may not be attained if the 
kinetic reaction rates are slow or if the water 
flows quickly over the tailings/rock. As a 
result, kinetic conditions are more common, 
but more difficult to assess. 

For sulfide oxidation (Equations 1 
through 3), equilibrium conditions will rarely be attained for all reactants and products, and thus 
the more difficult kinetic conditions must often be assessed. However, there are cases where 
"pseudo-equilibrium" may appear: when one of the reactants (pyrite, water, or oxygen) is (1) 
completely exhausted and never replenished, or (2) replenished at a constant rate. In the former 
case, concentrations of the products (aqueous iron, sulfate, and acidity) will climb until the 
reactant is exhausted and then "steady-state" conditions will apply. In the latter case, a balance 
is struck between the supply of a reactant and the consumption of that reactant so its 
concentration remains constant; however, the reaction products continue to be generated and 
their concentrations change through time. In light of this, there are two basic pseudo-
equilibrium conditions relevant to submerged sulfide oxidation. The first is the complete 
exhaustion of oxygen which is the ultimate desired endpoint that may not be attained. The 
second is the eventual development of a steady-state diffusion of oxygen. Both of these 
conditions are examined below. 
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The discussion of pseudo-equilibrium conditions through oxygen depletion is discussed 

in the following section as Case Examples 1 and 2. The remainder of this section addresses 
kinetic conditions and reactions rates as presented in published literature, so that Case Example 
3 can address steady-state oxygen diffusion. 

There are many studies of how oxygen diffusion and moisture content will limit the rate 
of oxidation under unsaturated or drained conditions (e.g., Cathles, 1982; Dave, 1992; St-
Arnaud, 1992; Sheremata et al., 1991). However, there are few detailed studies that provide 
numerical rates of oxidation under submerged conditions with descriptions of the environmental 
(laboratory) conditions. For this paper, two studies were used to obtain rates. 

One recent study of pyrite oxidation focussed on neutral-pH conditions (Moses and 
Herman, 1991), which simulated submerged conditions. Several laboratory experiments were 
conducted for various combinations of oxygen levels and ferric-iron concentrations. Short-term 
rates evolved over times less than 1 hour, but eventually stabilized (Table 2). These researchers 
concluded that pyrite oxidation was negligible in the absence of dissolved oxygen, in spite of 
whether any ferric iron was present. 

 

The second set of experiments were performed for the proposed Cinola Gold Project in 
British Columbia (City Resources/Norecol, 1988). As part of the geochemical studies (Volume 
V), two rock types were placed in replicate sets of columns and subjected to (1) submergence 
with supernatant constantly recirculated, (2) submergence with both supernatant and porewater 
constantly recirculated from top to bottom, (3) constant trickling of water through unsaturated 
rock, (4) weekly cycles of submergence and draining, and (5) partially submerged. The primary 
difference between the Type (1) and Type (2) columns is that dissolved oxygen would only be 
transported to the rock through diffusion in Type (1) and by active flow in Type (2). However, 
the depth of the rock in the columns was approximately 0.4m and the height of the overlying 
ponded supernatant was 0.5m, and thus recirculation of the supernatant could well have initiated 
some porewater movement with the Type (1) columns. This would provide oxygen to the rock 
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faster than diffusion would allow. 

The two rock types in the Cinola columns were known as "Skonun Sediments" and 
"Mixed Breccias" with 2.4% and 1.6% total sulfur (4.5% and 3.0% pyrite), respectively, and 
little neutralization potential. The Skonun columns often generated near-neutral pH with aqueous 
iron less than 0.1 mg L-1, reflecting the low solubility of iron in pH-neutral, oxygenated waters. 
On the other hand, the Breccia columns often generated acidic pH around 3.5 with aqueous iron 
typically above 0.1-1.0 mg L-1. Nevertheless, the rates among the columns were similar (Table 
3) which also suggests that oxidation within the Type (1) columns was not limited by oxygen 
diffusion. 

 

The rates from the two sets of experiments (Tables 2 and 3) can be compared if the 
Cinola rates are normalized to 1 m2 of pyrite surface as opposed to 1 kg of rock. This can be 
accomplished by (1) using the particle-surf ace areas reported for the Cinola columns and (2) 
assuming that the percentage of pyrite in the columns is directly proportional to the percentage 
of the exposed surface area represented by pyrite. These values (Table 3, in parentheses) 
compare well to the oxygenated rate of 0.5 nmol FeS2 m-2 s-1 of Table 2, and thus a rate of 0.5 
will be used for the following Case Examples in Section 3. 

Tables 2 and 3 do not provide any detailed information on the relationship of dissolved 
oxygen to oxidation rate, except that the reaction ceases when dissolved oxygen is not present. 
However, to examine pseudo-equilibrium under steady-state oxygen diffusion, a relationship is 
needed. For gaseous oxygen under unsaturated conditions, published literature suggests the 
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relationship can be first order in nature, like radioactive decay, but zero-order to second or 
higher orders may be possible (e.g., Nicholson, 1984; Senes, 1991; Dave, 1992). For 
consumption of dissolved oxygen under submerged conditions, a first-order relationship is used: 

 

 

Based on (1) Equation 2 above, (2) values in Table 2, (3) the Cinola data, and (4) the 
assumption that particles are spherical in shape, Equation 4 can be adjusted for variable values 
of porosity, percentage of pyrite, and particle diameter: 

 

 

Once k is calculated for a particular set of conditions, it can then be used to calculate the 
unconsumed concentration of dissolved oxygen with depth (Equation 6) and the total flux of 
oxygen (Equation 7) into aim2 vertical column of tailings or rock (Figure 2). This approach 
is based on Equation 5 above, Equations 27 and 28 in Dave (1992), and equations in Cathles 
(1982): 

 

 

(variables are explained on next page)
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3. CASE EXAMPLES OF SUBAQUEOUS OXIDATION 

3.1 Example #1: Oxygenated Ponded Water Moving Downward as Groundwater Flow 

This example is one of the pseudo-equilibrium conditions discussed in Section 2. In this 
case, the ponded water over the sulfide-
bearing tailings or rock is fully saturated with 
dissolved oxygen and, due to hydrogeologic 
conditions, this water moves vertically 
downward through the tailings/rock as 
groundwater flow (Figure 2). For the 
calculations, the water is assumed to be calm, 
but another option will be examined in the 
following example. 

The concentration of dissolved oxygen 
in equilibrium with the atmosphere varies 
with temperature, but is generally around 10 
mg L-1 (0.3 mmol O2 L-1). By Equation 1, 
one mole of O2 generates 1.07 moles of 
acidity and thus 10 mg L-1 would generate 33 
mg CaCO3 equivalent L-1 of acidity. 
However, if the water then remains oxygen-
free and the submerged material contains no 
entrapped air, then iron may remain in the 
ferrous state and Equation 2 would be more 
appropriate. By Equation 2, one mole of O2 
generates 0.571 moles of acidity and thus 10 
mg L-1 would generate only 18 mg CaCO3 
equivalent L-1 of acidity. The rates from 
Tables 2 and 3 can be used to determine how 
far the water must flow before the oxygen is 
fully consumed. 

After the initial acidity is generated in 
each liter of water from the dissolved oxygen, 
no additional acidity would appear unless 
acidity or entrapped air had accumulated in 
the material prior to submergence. 
Additionally, if the material contains some 
carbonate minerals and neutralization potential (NP), then the acidity would be neutralized in the 
manner described by Ferguson and Morin (1991) which takes into account site-specific, non-
ideal reactions. Nevertheless, as more liters of water follow, more oxidation occurs and the NP 
is slowly, but consistently, consumed. 
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From the perspective of daily acid generation within aim2 vertical column of tailings 

or rock (Figure 2), the ACP (the active-flow version of Equation 10; not shown) is simply the 
rate of groundwater flow (e.g., from Darcy's Law) multiplied by DO(pond) and FACT2 from 
Equation 10. Based on a simple relationship between particle diameter and hydraulic 
conductivity (Freeze and Cherry, 1979), the ACP rate of acid generation due to groundwater 
flow varies significantly with particle size (Figure 3). 

3.2 Example #2: Turbulent Ponded Water 
(or Submergence of Partially Saturated Material) 

Conditions for this example are identical to those of Example #1, except for waves on 
the ponded water. If the wave action is minor, the results of Example #1 still apply. However, 
if air is entrained in the water (air bubbles) and this air reaches the submerged material, then 
additional acidity will be generated until the oxygen is consumed or the contact is broken. This 
situation is essentially the same for the scenario in which the tailings or rock are submerged in 
a partially saturated condition. Additional acidity is generated until the porespace oxygen is 
consumed. 

3.3 Example #3: Stagnant Porewater 

For this example, the overlying ponded water is assumed to be fully oxygenated at 10 
mg L-1 and the porewater in the underlying tailings/rock is assumed to be stagnant. According 
to Table 2, no oxidation will occur unless dissolved oxygen reaches the tailings, in spite of the 
presence of any ferric iron. In this case, dissolved oxygen can only reach the pyrite through 
diffusion. The general equations for oxygen diffusion are well discussed in published literature 
(e.g., Dave, 1992; Nicholson et al., 1989; Yanful, 1991) and the equations make use of the 
factors discussed in Equations 4 through 8. 

With an average pyrite content of 10% and average porosity of 0.30, one mass of tailings 
(particle diameter = 0.0005m) and one mass of mine rock (diameter = 0.10m) would have ACP 
rates of acid generation (Equation 10 with FACT2 = 1.79) of 4.3X10-4 and 3.9xl0-5 mg of CaCO3 
equivalent m-2 s-1, respectively. The faster rate in the tailings may seem initially surprising 
because the finer-grained tailings should restrict entry of oxygen. However, the finer grain size 
exposes more pyrite surface for each m3 of tailings, which in turn leads to faster consumption 
of oxygen in each m3, steeper oxygen gradients, and thus a greater flux of oxygen into the 
tailings. The rock cannot create such steep oxygen gradients because of the lesser amount of 
pyrite exposed, and lesser oxygen consumed, in each m3 of rock. This relationship is depicted 
in Figure 3. 

Figure 3 shows that, for particle diameter greater than roughly 10-6 to 10-5 meters (clay to 
medium silt), the rate of acid generation (ACP, Equation 10) could be dominated by 
groundwater flow rather than diffusion. This highlights the importance of characterizing the 
physical hydrogeology of a potential disposal site and the sulfide-bearing materials. 
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As a further complication, the 

concentrations (as mg L-1) of products in the 
stagnant porewater are only partially 
dependent on the preceding fluxes and rates. 
Truly stagnant conditions will lead to (1) the 
eventual attainment of equilibrium conditions 
(Section 2 and Figure 1) and (2) the upward 
diffusion of products into the overlying pond 
water. The attainment of equilibrium could 
lead to secondary mineral precipitation, which 
in turn could begin to encapsulate reactive 
minerals within the tailings/rock. The 
upward diffusion could create a restriction of 
finely precipi tated minerals  at  the 
water/material interface and could affect 
concentrations in the pond water, which are 
issues currently being examined as part of a 
MEND project (St-Arnaud, 1992). With 
time, however, interactions of the ponded 
water with the tailings/rock can be expected to 
decrease (Pedersen et al., 1991). 
3.4 Actual Field Conditions 

The preceding three examples are 
relatively simple scenarios which may be applicable to many disposal sites. Nevertheless, there 
are combinations of the examples and even other scenarios which may be more representative 
of a site. For example, downward groundwater flow may carry dissolved oxygen into tailings 
at a specific site, but the groundwater velocity may be sufficiently slow to allow upward 
diffusion of reaction products into the ponded water. Also, wave action could be strong enough 
to physically erode and suspend tailings in the water column, which in turn exposes more 
tailings to oxygen and minimizes the diffusion limitation of oxygen. The environmental 
conditions of a disposal site must therefore be well characterized before water chemistry can be 
evaluated or predicted. 

4. SUMMARY 

This paper has reviewed and further developed the theory of pyrite oxidation in 
submerged environments. This theory was then applied to three relatively simple scenarios. 
The most important conclusions are that site-specific conditions dominate in determining the 
eventual water chemistry and that environmental conditions of the disposal site should be well 
defined. In particular, the physical and chemical hydrogeology of the disposal area and the 
submerged materials should be characterized in sufficient detail to identify the applicable 
scenario and to reasonably estimate concentrations in the porewater and overlying ponded water. 

245 



Proceedings of the 17th Annual British Columbia Mine Reclamation Symposium in Port Hardy, BC, 1993. 
The Technical and Research Committee on Reclamation 

 
ACKNOWLEDGEMENTS 

Many thanks go to Mike Filion and Teck Corporation for the invitation to re-examine and 
summarize the issue of oxidation in subaqueous environments. This empirical assessment is 
based on the detailed research and field work of many others, who are helping the mining 
industry, the regulatory agencies, and the people of Canada to come to terms with acid drainage. 

REFERENCES 
British Columbia AMD Task Force / Steffen Robertson, Kirsten (B.C.) Inc / Norecol 

Environmental Consultants / Gormely Process Engineering. 1989. Draft Acid Rock 
Drainage Technical Guide, Volume 1. 

Cathles, L.M.   1982.   Acid mine drainage.  Earth and Mineral Sciences, 51, p.37-41. 

City Resources (Canada) Limited/Norecol Environmental Consultants Ltd. 1988. Cinola Gold 
Project, Stage II Report, Volume V and Volume V Appendices. Submitted to British 
Columbia Ministry of Energy, Mines, and Petroleum Resources. 

Dave, N.K. 1992. Water Cover on Acid Generating Mine/Mill Wastes A Technical Review. 
Mineral Sciences Laboratories Division Report MSL92-38(CR). Federal Department of 
Energy, Mines, and Resources. 

Ferguson, K.D., and K.A. Morin. 1991. The prediction of acid rock drainage - Lessons from 
the database. Proceedings of the Second International Conference on the Abatement of 
Acidic Drainage, Montreal, Quebec, September 16-18. 

Freeze, R.A., and J.A. Cherry.   1979.  Groundwater.  Prentice-Hall of Canada Ltd. 

Lowson, R.T. 1982. Aqueous oxidation of pyrite by molecular oxygen. Chemical Reviews, 
82, p.461-497. 

Luther, G.W., III. 1990. The frontier-molecular-orbital theory approach in geochemical 
process. IN: Stumm, W., ed., Aquatic Chemical Kinetics: Reaction Rates of Processes 
in Natural Waters, Wiley-Interscience, Toronto, 545p. 

Morin, K.A. 1990. Problems and proposed solutions in predicting acid drainage with acid-base 
accounting. Acid Mine Drainage - Designing for Closure, Geological Association of 
Canada/Mineralogical Association of Canada Conference, Vancouver, British Columbia, 
May 16-18. 

Morin, K.A., E. Gerencher, C.E. Jones, and D.E. Konasewich. 1991. Critical Literature 
Review of Acid Drainage from Waste Rock. MEND Report. 176p. 

Moses, C.O., and J.S. Herman. Pyrite oxidation at circumneutral pH. Geochimica et 
Cosmochimica Acta, 55, p.471-482. 

246 



Proceedings of the 17th Annual British Columbia Mine Reclamation Symposium in Port Hardy, BC, 1993. 
The Technical and Research Committee on Reclamation 

 
Nicholson, R.V., R.W. Gillham, J.A. Cherry, and E.J. Reardon. 1989. Reduction of acid 

generation in mine tailings through the use of moisture-retaining cover layers as oxygen 
barriers. Canadian Geotechnical Journal, 26, p. 1-8. 

Pedersen, T.F., B. Mueller, and JJ. McNee. 1991. Diagenetic reactivity of mine tailings in 
mesotrophic and oligotrophic lakes in Manitoba and British Columbia. IN: Proceedings 
of the Second International Conference on the Abatement of Acidic Drainage, Montreal, 
Quebec, September 16-18. 

Rescan Environmental Services Ltd. 1990a. Geochemical Assessment of Subaqueous Tailings 
Disposal in Anderson Lake, Snow Lake Area, Manitoba. MEND Report. 

Rescan Environmental Services Ltd. 1990b. Geochemical Assessment of Subaqueous Tailings 
Disposal in Buttle Lake, British Columbia. MEND Report. 

Rescan Environmental Services Ltd. 1990c. Geochemical Assessment of Subaqueous Tailings 
Disposal in Mandy Lake, Flin Flon Area, Manitoba. MEND Report. 

Robertson, J.D. 1991. Subaqueous disposal of reactive mine waste: an overview of the practice 
with case studies. IN: Proceedings of the Second International Conference on the 
Abatement of Acidic Drainage, Montreal, Quebec, September 16-18, Volume 3, p. 185-
200. 

St-Arnaud, L.C. 1992. Water Covers for the Decommissioning of Mine Waste Disposal Sites: 
First Progress Report. Federal MEND Project. Noranda Technology Centre, Pointe 
Claire, Quebec. 

Senes Consultants Limited. 1991. Reactive Acid Tailings Assessment Program 
(RATAP.BMT), Part IV, Appendix A. Report for CANMET, Federal Department of 
Energy, Mines, and Resources. 

Sheremata, T.W., E.K. Yanful, L.C. St-Arnaud, S.C. Payant. 1991. Flooding and lime 
addition for the control of acidic drainage from mine waste rock: A comparative 
laboratory study. IN: R.P. Chapuis and M. Aubertin, eds., Proceedings of the First 
Canadian Conference on Environmental Geotechnique, May 14-16, Montreal, p.417-423. 
Canadian Geotechnical Society. 

Veillette, G. 1991. Reclamation of the Solbec Mine Site by flooding waste rock in open pit. 
IN: Proceedings of the Second International Conference on the Abatement of Acidic 
Drainage, Montreal, Quebec, September 16-18, Volume 3, p.219-238. 

Yanful, E.K. 1991. Engineered soil covers for reactive tailings management: Theoretical 
concepts and laboratory development. IN: Proceedings of the Second International 
Conference on the Abatement of Acidic Drainage, Montreal, Quebec, September 16-18, 
Volume 1, p.461-485. 

247 


