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Abstract.  The Svartliden Gold Project has developed a complex design for waste 

rock dumps on the site.  The design proposes encapsulation of potentially acid-

forming material as cells within un-reactive material.  Acid-forming material will 

be categorised as high risk or low risk, and within the overall dump design, cells 

involving high risk material will include a lining comprising low permeability 

glacial till.  Acid generation is to be controlled by inhibiting contact between the 

reactive materials and oxygen, which must be supplied via diffusion of gas from 

the outer dump surfaces to the interior of the cells.  Construction of such a 

complex dump is non-trivial and careful consideration has been given to the 

predicted long-term performance of the proposed strategy. 

This paper describes how modelling techniques have been applied to quantify 

the benefits of the more complex dump design when compared with alternative 

simpler designs.  The long-term performance of the dump was modelled using 

SULFIDOX.  SULFIDOX takes a two-dimensional representation of the dump, 

and simulates the temporal and spatial evolution of key chemical and physical 

processes, e.g. diffusion and advection of gaseous components, infiltration of 

water, mineral reactions, heat conduction.  For this work, an improved version of 

SULFIDOX was used that extends the approach so that heterogeneity in the initial 

dump configuration can be represented, allowing cells and other structures within 

the dump to be modelled.   

Using SULFIDOX, it was possible to quantify benefits that the proposed 

dump design for the Svartliden site would deliver, namely (i) a significant 

reduction in the magnitude of any short-term peaks in contaminant load and (ii) 

management of the load profile so that contaminant levels remain below certain 

thresholds throughout the lifetime of the dump. 
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Introduction 

The Svartliden Gold Project is located in northern Sweden, see Fig. 1.  The mine came into 

production in March 2005 and is the first integrated mine and treatment plant to be developed 

under the new Swedish Environment and Mining Acts. 

 

Figure 1.  Map showing locations of Dragon Mining 

projects around the world.  The Svartliden 

Gold Project is located in northern Sweden.   

 

The Svartliden gold (Au) deposit is a greenfields discovery situated on the far southwest 

margin of the Skellefte District, in an area that is rapidly developing into a new gold-rich mineral 

province.  It represents a style of mineralisation previously not found in the District – epigenetic 

Au and Ag in hydrothermally altered ductile shear zones, hosted within early Proterozoic 

volcanics and sediments, which have been metamorphosed to a mid-amphibolite grade facies.  

The ore is being mined as a single open pit feeding an adjacent leach treatment plant.  When 

fully operational, it is anticipated that the mine will produce 50,000 to 60,000 ounces of Au per 

annum.   

Over the lifetime of the mine, more than 4 million cubic metres of waste rock will be 

produced, over 13 per cent of which could contain sulfides.  Detailed characterisation of mine 

waste materials (Comarmond et al., 2003; Brown and Comarmond, 2002, 2003) has led to the 

following classification scheme: 

 High risk potentially acid forming (PAF); 
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 Low capacity potentially acid forming (LC PAF); 

 Non acid forming (NAF). 

These wastes must be managed so that potential acid generation can be controlled and the 

environmental risks minimised.  A number of management options exist.  For example, different 

waste types can be disposed of in separate dumps or together as part of a composite dump 

design.  The strategy adopted will not alter the volume of wastes to be managed and often the 

selection of an appropriate dump design(s) must encompass consideration of available ground 

and mine scheduling.  The proposed dump design at Svartliden involves encapsulation of 

potentially acid-forming materials as cells within un-reactive material.  Cells involving high risk 

material will include a lining comprising low-permeability glacial till.  The design principle is 

that acid generation is controlled by inhibiting contact between the reactive materials and O2, 

which must be supplied via transport of gas from the outer dump surfaces to the interior of the 

cells. 

Figure 2 shows a plan view of the proposed Svartliden dump design.  Construction of such a 

complex dump is non-trivial and careful consideration has been given to the predicted long-term 

performance of the dump.  To build confidence in the benefits of this complex waste rock dump 

design as opposed to simpler alternatives, the modelling code SULFIDOX has been used to 

predict the long-term evolution of different dump designs.   

Methods 

Description of the SULFIDOX model 
SULFIDOX implements a conceptual model of oxidation and transport processes in sulfidic 

waste rock dumps (Pantelis et al., 2002), along with a detailed model of chemical interactions 

within the dumps.  In summary, SULFIDOX describes a three phase system consisting of a rigid 

solid porous phase through which flow gas and water phases.  The following processes can be 

represented: 

 Gas transport via diffusion and advection.  Diffusive gas transport is driven by O2 

concentration gradients caused by the consumption of O2 by reaction within the dump.  

Advective gas transport is driven by pressure or density gradients, for example, caused by 

temperature gradients that form as a consequence of heat released by reactions in the dump; 

 Heat transport via thermal conduction and advective fluid flow.  Two fluids are involved in 
the advective transport, the liquid infiltrating the dump and gas flowing through the dump; 

 Infiltration of water down through the waste rock dump.  A constant infiltration rate is 
maintained at the dump surface (the top and the batters) for the entire duration of the 

simulation.  Water content distribution over the entire dump is represented by a steady state 

approximation that incorporates the physical properties of the waste rock material and the 

applied infiltration flux.  Water flow is uniform, as described by Richard’s Equation.  Water 

discharges evenly across the base of the heap at the same rate at which it infiltrates the heap 

surface; 

 Transport of water-borne components via diffusion and advection in the liquid phase; 
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 Speciation and complexation of chemical components within the water.  Usually based on 
thermodynamic equilibrium laws, incorporated by the inclusion of a modular geochemical 

speciation code based on HARPHRQ (Brown et al., 1991), a modified version of PHREEQE 

(Parkhurst et al., 1980).  Kinetically controlled interactions (e.g. conversion of Fe+2
 to Fe+3

) 

can also be represented; 

 Dissolution of minerals in the dump; both slow dissolution subject to kinetic controls, and 
rapid ‘instantaneous’ dissolution subject to thermodynamic equilibrium laws; 

 Precipitation of secondary minerals within the dump (based on thermodynamic equilibrium 
laws). 

Within SULFIDOX, a two-dimensional cross-section of the dump is assumed to approximate a 

trapezoidal geometry, within which a computational grid is defined. Transport of heat, gas, and 

water between grid points is computed based on fundamental physics principles (such as the heat 

equation and Richard’s Equation).  Finite difference methodology is used.  Full descriptions of the 

numerical methods adopted in the code are given in Brown et al, 2001. 

 

 

Figure 2.  Plan view of the Svartliden dump design. 

The standard version of SULFIDOX assumes that, at the start of a simulation, the chemical 

and physical properties of the dump are homogeneous.  The new version of the code allows 

representation of spatial variability within the initial dump configuration, e.g. ‘cells’ and/or 

‘layers’ of material with distinct properties.  
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Parameterisation of the SULFIDOX model 

Initialisation of the SULFIDOX model requires that values be assigned to a range of system 

parameters: 

 site-specific parameters – e.g. ambient temperature, average annual rainfall, altitude; 

 dump-specific parameters – e.g. dimensions, batter angles, quantities and positioning of 

different materials, physical and chemical properties of the materials; 

 generic physical constants – e.g. values are required for viscosity, heat conductivity, etc, for 
different phases present in the dump (solid, liquid, gas); 

 parameters to characterise chemical and physical processes included in the model – 
e.g. reaction stoichiometry, kinetic rate expressions, dump water content (as a control of gas 

diffusivity). 

As far as possible, site- and dump-specific parameter values were selected based on available 

measured data from the Svartliden site.  Where measured data showed variability, average values 

were selected.  Where data were unavailable, suitable parameter values were estimated based on 

information derived from studies of other waste rock dumps.  Generic physical constants and 

other parameters were sourced from relevant published data sources.  

Some key parameter values used in the current study are given in Tables 1 and 2.  As 

indicated, some of these parameter values are subject to significant uncertainty.  In these cases 

sensitivity calculations have been undertaken to determine the impact that these uncertainties 

might have on model outputs.  The results of these sensitivity calculations are described later in 

this paper. 

Table 1.  Site-specific input parameters used in the SULFIDOX calculations 

Parameter Value Comment 
Atmospheric oxygen 

concentration 

20.95 vol%  

Altitude 460 m  

Initial temperature 

within the waste rock 

dump 

1°C Average seasonal temperatures at the site range from –

12.9 to +14.5.  The selected value lies at the mid-point 

of this range.  SULFIDOX assumes that, initially, the 

temperature within the dump is homogeneous.  During 

the simulation, the temperature within the dump varies 

spatially and temporally due to the progress of 

exothermic sulfide oxidation.   

Water infiltration rate 0.446 m yr
-1

 This is an estimated value based on the difference 

between the annual precipitation (692 mm) and annual 

evaporation (246 mm).  The value is subject to 

considerable uncertainty due to (i) seasonal variability 

in precipitation and evaporation data, (ii) the fact that 

run-off has not been accounted for. 

Composition of the 

infiltrating water 

pH 4.9 

6.3×10
-6

 M H2SO4 

Slightly acidic water, to approximate weakly acidic 

rain. 
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Table 2.  Properties of the different waste materials in the modelled dumps 

 High risk 

PAF 

Low 

Capacity 

PAF 

NAF 

(granite) 

Glacial 

Till 

Comment 

Gas permeability, m
2
 10

-10
 10

-14
 For the PAF, LC PAF and NAF materials this property is not known, 

and may vary spatially.  Values for typical dump materials range from 

10
-13

 to 10
-10

 m
2
 (Ritchie, 1994).  For PAF, LC PAF and NAF a 

reasonable intermediate value was selected.   

The hydraulic conductivity of the glacial till has been measured, 

1.3 x 10
-7

 m s
-1

.  Based on this value, the air permeability can be 

calculated using the expression: 

g

K
K

W

WS
g




  

where Kg is the intrinsic permeability, Ks is the saturated hydraulic 

conductivity, w is the viscosity of water, w is the density of water and 

g the gravitational acceleration. 

Porosity 0.29 0.20 Estimates of dump porosity were derived from a comparison of the 

intrinsic and bulk densities of the materials. 

Liquid volume fraction 0.09 0.15 This property was not known.  Initial estimates were made based on 

experience from other waste rock dumps.  It was considered that the 

glacial till, due to fine grain-size and clay-rich properties, would 

contain a higher fraction of water. 

Intrinsic density, kg m
-3

 3080 3080 2790 2750 Based on measurements undertaken at the site. 

IOR, kg(O2) m
-3

 s
-1

 [20°C] 1.5×10
-7

 5×10
-8

 1.0×10
-8

 10
-12

 These values were selected based on previous laboratory studies of the 

materials (Brown and Comarmond, 2003).  The glacial till was 

considered to be a non-oxidising material and given an arbitrarily low 

IOR value. 

Pyrite content, wt% 1.9 0.6 0.09 0.09 These values were based on previous characterisation studies 

undertaken on similar samples (Brown and Comarmond, 2003). 
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Details of the sulfide oxidation model.  The model was based on the premise that the main 

sulfide present in each material was pyrite, FeS2.  In all modelling calculations, the stoichiometry 

of the pyrite oxidation reaction was as follows:  

 2 FeS2 + 7O2 + 2H2O = 2Fe
+2

 + 4SO4
-2

 + 4H
+
 (1) 

The reaction is exothermic, being associated with an enthalpy of 2.8 × 10
6
 J mol(reaction)

-1
.  

The rate of the reaction is dependent on a number of system parameters e.g. the mass of sulfide 

present, the availability of O2 and the catalytic influence of bacteria e.g. Ritchie (1994).  In the 

current work, the oxidation of pyrite was described using the following Monod-type expression: 

 R = Smax 



































 OO2

2

O

O

1

1 1
 

1









sss

s  (2) 

where: 

 R is the reaction rate, kg(S) m
-3

 s
-1

; 

 Smax is the maximum reaction rate for the system under ambient conditions of temperature, 

sulfide and oxygen availability; 

 σ1 and σ2 are empirical constants; 

 O and S are the initial O2 (corresponding to the O2 mass fraction in the atmosphere at 
mean ambient conditions) and S mass fractions, respectively; and 

 O and S are the current oxygen and sulfide mass fractions, respectively. 

Note that Equation 2 does not include any temperature-dependence.  Temperature dependence 

can include an Arrhenius effect (an increase in reaction rate as temperature increases) and also a 

temperature function related to the bacterial populations that are catalysing the oxidation reaction 

(bacteria can diminish and die if temperatures are too high).  To keep the current calculations as 

simple as possible, it was decided to exclude temperature dependence from the modelling.  Such 

a simplification was justified because: 

 Activation energies measured in the field are typically low.  Activation energy, Ea, is an 
important input to the Arrhenius relationship.  Values for Ea measured in the laboratory range 

up to 80 kJ mol
-1

 (Nicholson, 1994) (which would equate to an increase in reaction rate of 

around a factor of two for every 5°C in temperature).  However, temperature dependence 

observed in the field is often minimal (Bennett et al., 1993) and appropriate Ea values are 

considered to be 20 kJ mol
-1

 or less.  These low Ea values would correspond to an increase in 

reaction rate of less than 20 per cent for every 5°C.   

 Temperatures will not reach high enough values to affect bacteria populations.  Temperatures 
at the site are relatively low (maximum temperature reached is <15°C), and preliminary 

simulations indicated that heating due to oxidation was limited to a few degrees only.  

Temperatures are therefore not expected to rise to values where bacterial activity is inhibited 

(usually considered to be ~40°C). 

Data used to parameterise the sulfide oxidation model are summarised in Table 3.   
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Table 3.  Values used to parameterise the sulfide oxidation model 

Parameter Value Comment 

Smax  

 

PAF  

LC PAF  

NAF  

Till  

Units: 

kg(S)m
-3

s
-1

 

8.6 × 10
-8

 

2.9 × 10
-8

 

5.7 × 10
-9

 

5.7 × 10
-13

 

These values were calculated based on the IOR values 

given in Table 2, derived in the laboratory at 20°C.  As 

activation energies are not available for these samples, it 

was decided not to scale these values down to the lower 

temperatures relevant for site conditions (Table 1).  It is 

acknowledged therefore that the reaction rates used may 

be overestimates.  This is, however, a conservative 

approach as SO4
-2

 loads are likely to be overestimated. 

1 1.15 This value approximates a power-law with an exponent 

of 
2
/3 and is consistent with a simple ‘shrinking core’ 

model (Ritchie, 1994; Brown et al., 2001).  The initial 

grain-size of the reacting material is not addressed 

explicitly by the model.  The selected smax values are 

believed appropriate measures of reaction rates at early 

times while system behaviour is dominated by fine 

particle size material, Bennett et al (2000).  

2 0.05 To approximate a step function, thought to represent 

more accurately the dependence of bacterially-catalysed 

reaction rates (for pyritic mine waste) on O2 

concentration (Hammack and Watzlaf, 1990).  

 

Other model details.  To model thermodynamically-controlled reactions (e.g. precipitation of 

secondary minerals, speciation/complexation of aqueous components) or complex kinetically 

controlled reactions (e.g. dissolution of aluminosilicates) it is necessary to activate the 

geochemical module in SULFIDOX, resulting in significantly longer computation times.   

As considerable insights to dump behaviour can be gained using a relatively simple 

geochemical model (considering only the dissolution of sulfide), for the current work it was 

decided to exclude full geochemistry from the calculations.  Output from this simple model 

includes Fe, H, and SO4
-2

 levels in water leaving the dump base.  This output can been used to 

assess acidity and contaminant load in dump effluent.   

Modeling Approach 

The approach adopted was to consider a number of different dump designs.  Three cases were 

defined: 

Case 1: A dump comprising low capacity PAF material.   

Case 2: A dump comprising high risk PAF material (with and without a cover comprising 

low-permeability glacial till). 

Case 3: A composite dump containing cells of reactive material encapsulated in non-

reactive material.   
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Cases 1 and 2 were included to illustrate how the materials might behave if simply placed in 

individual dumps on the site.  The final, more complex, simulation (Case 3) was undertaken 

using a dump configuration as close to the proposed Svartliden dump design as possible (within 

the constraints of existing SULFIDOX capabilities and model run times).   

All the simulations involved idealised dump configurations (Fig. 3).  The dump dimensions 

used are summarised in Table 4.  The models are based on two-dimensional ‘slices’ through 

these idealised dump configurations.  In order to compare the different model outputs, with each 

other and with the planned dump, it is necessary to scale the outputs to be representative of a 

three-dimensional dump.  Each modelled ‘slice’ is considered to be 1m in width and equates to a 

particular volume of material (Table 4).  If it can be assumed that there are no significant 

changes in dump behaviour along the third dimension (reasonable in the case of dumps that are 

long in the third dimension) then a three-dimensional dump can be considered to be a composite 

of many identical two-dimensional slices.  Table 4 includes a value for the ‘length of the dump’.  

This value corresponds to the length required in the third dimension so that the volume of LC 

PAF or PAF in the modelled dump equates to the volume to be managed at the Svartliden mine: 

297,000m
3
 and 314,000m

3
, respectively. 

In the Case 3 model, one LC PAF cell is represented and two PAF cells.  This configuration 

differs from the proposed dump design, which involves two LC PAF cells and four PAF cells 

(Fig. 2).  The model uses an idealised configuration in order to reduce the computational times 

involved in the simulations.  Important attributes of the proposed design, e.g. the positioning of 

the cells 3m above the dump base, are included in the model.   

Table 4.  Dump dimensions used in the modelling 

 Case 1 Case 2 Case 3 

Dump height, m 10 10 14 

Baselength, m 50 50 500
1
 

Batter angles
2
 50° 50° 50° 

Volume of modelled 2D trapezoid, m
3
 400 400 6804 

600 (2×PAF cell
3
) 

600 (LC PAF
3
) 

Length of dump  

(see text for explanation) 
785 742.5 500 

1. This dimension was selected to be sufficiently wide that the heap batters would not 

interfere with the region containing the cells.  It is not intended to representative of the 

width of the planned dump (which may be up to 1km, see Fig. 2). 

2. The batter angles determine the spacing of nodes in the SULFIDOX computational 

domain.  For these calculations the batter angle was selected to give a batter gradient 

(Δx/Δy) of 1.0, allowing equal spacing of nodes in the x and the y direction within the 

computational grid.  The node spacing used in the calculations was 0.2m. 

3. The dimensions of the cells were as follows: LC PAF (120m long by 5m high); PAF 

(60m long by 5m high).  Around each PAF cell the till lining is 1m thick. 
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CASE 1 

 

 

 

 

 

CASE 2 

 

 

 

 

CASE 2 (with a cover) 

 

 

 

 

 

CASE 3 

 

 Non-acid forming granite (NAF) 

 Low capacity potential acid-forming (LC PAF) 

 High risk potential acid forming (PAF) 

 Low-permeability glacial till 

 

Figure 3.  Schematic diagrams showing the dump configurations used for SULFIDOX 

simulations.  The properties of the different materials are given in Table 2 and 

dump dimensions are given in Table 4. 

 

Box indicates that part of the modelled dump shown in Fig. 10 

and 11 
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Results 

Calculated Behaviour for Uncovered Dumps (PAF and LC PAF Material) 

Figures 4 and 5 show the calculated spatial distribution of oxygen and pyrite in dumps 

comprising LC PAF and PAF respectively.  Each figure shows outputs at three elapsed times: 

1 year, 10 years and 50 years.  Both figures show that at 1 and 10 years, there is a large region in 

the centre of the heap that is depleted with respect to O2.  At these times, sulfide oxidation is 

confined to the near-surface regions of the dump, where O2 is available.  As oxidation 

progresses, available pyrite is consumed (as illustrated by the development of zones near the 

surface that are depleted in pyrite).  With time, the oxidation front moves deeper into the dump.  

In Case 1 (the LC PAF dump) virtually all the pyrite in the dump has been consumed after 

50 years.  Oxidation (and therefore O2 consumption) within the dump will be minimal.  Under 

these conditions, oxygen is able to diffuse throughout the dump and concentrations are close to 

atmospheric values everywhere.  In Case 2 (the PAF dump), much more pyrite is present in the 

dump.  Consequently, it takes significantly longer to consume this pyrite and the oxidation front 

moves more slowly into the dump.  At 50 years, remaining pyrite continues to oxidise within the 

dump. 
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Figure 4.  Calculated spatial distribution of oxygen and pyrite, Case 1 (LC PAF dump), at 

elapsed times of 1 year, 10 years and 50 years. 
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Figure 5.  Calculated spatial distribution of oxygen and pyrite, Case 2 (PAF dump) at 

elapsed time of 1 year, 10 years and 50 years. 

 

Figure 6 shows the temperature distribution after 10 years for both cases, where the initial 

temperature in the dumps was 1°C.  Temperature increases in the dumps due to oxidation were 

small, less than or equal to 2°C.   
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Figure 6.  Calculated temperature distribution in Cases 1 and 2 (LC PAF and PAF dumps, 

respectively) at 10 years.   
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Figure 7 compares the overall oxidation rates for the two dumps.  The calculations predict that 

the dump comprising PAF will oxidise at a higher overall rate than the dump comprising 

LC PAF.  After 50 years, the overall oxidation rate of the LC PAF dump (Case 1) drops to zero 

as all the pyrite has been consumed.  The PAF dump (Case 2), mainly due to its higher sulfide 

content, continues to oxidise at about 30% of its maximum value. 
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Figure 7.  Calculated rate at which the entire dump oxidises, as a function of time (up to 

50 years): a comparison of Case 1 (LC PAF dump) and Case 2 (PAF dump). 

 

Figure 8 compares the calculated SO4
-2

 loads in dump effluent.  In both cases there is an 

initial rapid increase in SO4
-2

 load.  The load reaches a maximum at about 3 years and then 

slowly decreases.  Under the conditions and assumptions used in the model, water residence 

times in the dumps are of the order of 3 years.  It therefore takes up to 3 years for the impact of 

the near-surface oxidation zone to be reflected in the chemistry of effluent leaving the base of the 

dump.  In the LC PAF dump (Case 1), because reaction ceases within 50 years, the SO4
-2

 load 

has dropped to very low levels, ~3 tonnes SO4
-2

 yr
-1

.  Loads can be expected to reach their 

starting levels, <0.01 tonnes SO4
-2

 yr
-1

, after a further 3 years, the time it will take to flush all 

remaining excess sulfate in pore water from the dump. 

Calculated Benefits of Cover Emplacement (PAF Material) 

Emplacement of covers is a commonly used management strategy to control acid rock 

drainage from waste rock dumps.  Covers are expected to exert control in a number of ways, 

including by:  

 reducing supply of O2 to reactive sulfide materials and so reducing the generation of 
acidic products;  

 reducing infiltration of water into the dump and so slowing the rate at which water-borne 
contaminants can be transported through the dump and released from the base.  Long 
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water residence times may lead to higher contaminant concentrations when the water 

finally reaches the dump base.  However, at these higher concentrations, precipitation of 

secondary minerals within the dump could be another control on contaminant loads and 

may ensure that loads stay within acceptable limits. 
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Figure 8.  Calculated SO4 load in dump effluent, as a function of time (up to 50 years): a 

comparison of Case 1 (LC PAF dump) and Case 2 (PAF dump). 

 

To explore the benefits of cover emplacement for a PAF dump at the Svartliden site, some 

calculations were undertaken that included the presence of a till cover (see Table 2).  Figure 3 

showed a schematic of the dump configuration used for simulations.  So that the model results 

could be compared easily with the uncovered dump, the dimensions of the PAF-containing 

region of the dump remained constant (base-length 50m; height, 10).  The dimensions of dump 

as a whole therefore increased by amounts dependent on the thickness of the emplaced cover 

(e.g. for a 1m thick cover, the dump base-length is 52m and the height is 11m).   

Figure 9 shows the results of calculations involving a high risk PAF dump covered by a layer 

of glacial till.  Emplacement of a glacial till cover is associated with a reduction in the size of the 

short-term peak in SO4 load: 

 to ~450 tonnes SO4
-2

 yr
-1

 for the 1m thick cover (a reduction of ~15%); 

 to ~300 tonnes SO4
-2

 yr
-1

 for the 2m thick cover (a reduction of ~43%). 

In the longer term, SO4
-2

 loads from the covered dump are slightly higher than those calculated 

in the case of the uncovered dump.  
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Figure 9.  Calculated SO4
-2

 loads in dump effluent, as a function of time (up to 50 years): 

The effect of emplacing a cover comprising glacial till, 1m thick or 2m thick.  

Calculations shown are for Case 2 (high risk PAF dump).   

 

Calculated Behaviour of the Full-Scale Svartliden Dump Design 

Figures 10 and 11 illustrate the spatial distribution of oxygen, temperature, and pyrite in the 

dump at 1 year and 50 years, respectively.  The calculation suggest that O2 will reach the cells 

eventually, and that oxidation, particularly in the case of the LC PAF cell, will progress 

significantly over the timescale of interest, 50 years.  In fact, by 50 years, most of the sulfide in 

the LC PAF cell has been consumed (Fig. 11).  In the case of the PAF cells, significant pyrite 

depletion is calculated around the edges of the cells. 

Figure 12 compares the SO4
-2

 load calculated for the model based on the proposed Svartliden 

design (Case 3), with the combined load expected from two individual dumps, one containing 

LC PAF (Case1) and the other containing PAF (Case 2).  The combined Case 1 + 2 profile 

shows a single peak in load of ~850 tonnes SO4
-2

 yr
-1

 at just under 3 years, before decreasing 

relatively steadily over the remainder of the time period studied.  The Case 3 load profile shows 

an initial peak of ~940 tonnes SO4
-2 

yr
-1

 at about 4 years.  The slightly higher peak for Case 3 

(compared to the Case 1 + 2 profile) is due to the fact that the NAF material surrounding the 

cells contains some sulfide and is making an additional contribution to the short-term SO4
-2

 load. 

In Case 3, following the short-term peak, the SO4
-2

 load then decreases before forming a 

plateau at around 400 tonnes SO4
-2

 yr
-1

 between 15 and 30 years.  After 30 years, the load 

decreases again.  The more complex profile for Case 3 reflects the more complex nature of the 

dump in question; different regions within the dump commence oxidising at different times.  

Also, pyrite content varies in the dump and so some dump regions may consume available pyrite 

more rapidly than others.   
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Figure 10.  Calculated spatial distribution of O2, temperature and pyrite at 1 year, Case 3 (full-scale Svartliden dump design).  

To enable better visualisation of detail, only a portion of the modelled dump is shown, from 200m to 400m (see 

Fig. 3 for clarification). 
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Figure 11.  Calculated spatial distribution of O2, temperature and pyrite at 50 years, Case 3 (full-scale Svartliden dump 

design). To enable better visualisation of detail, only a portion of the modelled dump is shown, from 200m to 

400m (see Fig. 3 for clarification). 
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Figure 12.  Calculated SO4

-2
load in dump effluent, as a function of time (up to 50 years): A 

comparison of Case 3 (based on the planned Svartliden dump design) with the 

combined load expected from two individual dumps containing LC PAF (Case 1) 

and PAF (Case2).  

 

Figure 12 suggests that, in terms of total annual SO4
-2

 load expected from the dump(s), the 

performance of the planned Svartliden design is similar to the combined performance of two 

individual dumps.  However, it is worth noting that the footprint for the planned Svartliden dump 

is large, 328,000 m
2
.  Reactive materials represent less than 14% of the overall dump volume.  

Thus, per hectare of dump, the Svartliden design will produce a much lower load than would be 

case for individual dumps.  Figure 13 shows the modelled SO4
-2

 load profiles recalculated in 

terms of annual load per hectare of dump.  Judging the benefits of one design over another is 

complex, and must be undertaken in the context of overall water management at the site.  For 

example, if dump effluent were simply left to seep downwards into the ground underlying the 

dump, there are clear advantages to reducing the load per hectare of dump.  Lower loads imposed 

over a wide area will impact less on underlying groundwater.  The comparison shown in Fig. 13 

is therefore of most relevance. 

At Svartliden, effluent from the waste rock dump will not be released directly to local water 

bodies.  A dump drainage system has been designed to channel dump seepage towards a nearby 

sump.  If the drainage system is effective, most dump effluent will report to this sump.  In this 

latter scenario, the comparison shown in Fig. 12 is of most relevance.  Acidity and contaminant 

levels associated with the effluent from the different dump scenarios are discussed later in this 

paper (and will show that although the calculated load profiles are similar, effluent from a dump 
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based on the Svartliden design is associated with lower contaminant levels than effluent from 

individual dumps).  

 

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50

Time, years

S
O

4
 e

ff
lu

e
n

t 
lo

a
d

, 
to

n
n

e
s
 (

S
O

4
) 

h
a

-1
 y

r-1

Proposed Svartliden dump design (Case 3)

Case 1

Case 2

 

Figure 13.  The modelled SO4
-2

 load in dump effluent, recalculated in terms of annual load per 

hectare, as a function of time (up to 50 years).  

 

Discussion 

Sensitivity to Key Input Parameters 

To examine the effect that known uncertainties associated with some of the model input 

parameters might have on model outputs, some additional calculations were undertaken using a 

range of values for several parameters. 

Figure 14 shows the results of calculations where the value selected for the intrinsic oxidation 

rate (IOR) of the material has been varied (all other parameters remained the same).  All three 

SO4
-2

 load profiles show an initial increase over the first 3 years, corresponding to the time taken 

for effluent to reflect the oxidation that is taking place in the near-surface of the dump.  As 

expected, the magnitude of the increase is positively correlated with the IOR value.  After 

3 years, all three profiles decrease, very sharply in the case of the high IOR simulation, 

moderately sharply for the base-case, and very slowly for the low IOR simulation.  The 

calculated decreases in SO4
-2

 load reflect the fact that (i) pyrite in the dump is being depleted, 

and (ii) the area oxidising decreases as the oxidation zone moves into the interior of the dump.  

Pyrite depletion is most rapid in the high IOR case; by ~35 years, pyrite supplies are exhausted, 

and the SO4
-2

 load reduced to <0.01 tonnes SO4
-2

 yr
-1

.  In the low IOR case, pyrite consumption 
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is much slower, leading to a SO4
-2

 profile that never exceeds 100 tonnes SO4
-2

 yr
-1

, and extends 

out to times beyond 50 years. 
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Figure 14.  Calculated SO4
-2

 load in dump effluent, as a function of time (up to 50 years): The 

effect of uncertainty in IOR on model output.  Calculations shown are for Case 1 

(LC PAF dump). 

 

Figure 15 shows the results of calculations where the value selected for the dump water 

infiltration rate has been varied (all other parameters remained the same).  Three values were 

selected: 

 base-case – 0.446 m yr
-1

 (see Table 1); 

 high infiltration rate – 2.436 m yr
-1

.  This rate equates to a situation where the maximum 

measured monthly rainfall (203mm) is maintained all year and there is no significant 

evaporation.  It further assumes that all this rain infiltrates the dump.  This is an ‘extreme’ 

case for the Svartliden site conditions; 

 low infiltration rate – the base-case value divided by 10.  Data for the Svartliden site 
suggests that, in some months, a combination of low rainfall and high evaporation could 

lead to zero infiltration to the dump.  For the current study, the selected value, 0.04 m yr
-1

, 

corresponds to a monthly infiltration of ~3mm, i.e. a low, but non-zero, extreme. 

Changing the infiltration rate also changes the water residence time in the dump and also the 

water content in the dump (which in turn affects gas-filled porosity and effective diffusion of gas 

in the dump).   
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The main differences seen in the SO4
-2

 load profiles shown in Fig. 15 relate to water residence 

time.  Longer residence times result in longer elapsed times before the profile reaches peak SO4
-2

 

load: <1 year for the high infiltration rate, 3 years for the base-case, and just under 20 years for 

the low infiltration rate.   
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Figure 15.  Calculated SO4
-2

 load in dump effluent, as a function of time (up to 50 years): The 

effect of uncertainty in water infiltration rate on model output.  Calculations shown 

are for Case 1 (LC PAF dump). 

 

Important controls on O2 transport in the dump are the gas-filled porosity (which affects the 

effective O2 diffusion coefficient, De) and the gas permeability.  The former property governs 

diffusive transport and the latter governs advection.  To examine the sensitivity of the system to 

gas transport properties of the waste rock the following calculations were undertaken: 

 base-case – gas permeability, 10
-10

 m
2
; gas-filled porosity, 0.20 (giving a calculated De, 

2.5 × 10
-6

 m
2
 s

-1
); 

 slow gas transport – gas permeability, 10
-11

 m
2
; gas-filled porosity, 0.115 (giving a 

calculated De, 1.4 × 10
-6

 m
2
 s

-1
); 

 rapid gas transport - gas permeability, 10
-8

 m
2
; gas-filled porosity, 0.28 (giving a 

calculated De, 3.5 × 10
-6

 m
2
 s

-1
). 

Figure 16 shows the results of these calculations.  The calculated SO4
-2

 load profiles are very 

different.  In the case of rapid gas transport, a greater proportion of the heap is oxygenated 

leading to rapid overall dump oxidation rates.  There is a high peak SO4
-2

 load 

(~770 tonnes SO4
-2

 yr
-1

) after a very short time (around 6 months).  However, pyrite is consumed 
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rapidly and by 25 years the SO4
-2

 load has dropped back to initial levels of 

<0.01 tonnes SO4
-2

 yr
-1

.  In contrast, in the case of slow gas transport, the peak load is much 

lower (~135 tonnes SO4
-2

 yr
-1

) and is reached after a longer elapsed time (5 years). 

0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50

Time, years

S
O

4
 e

ff
lu

e
n

t 
lo

a
d

, 
to

n
n

e
s
 (

S
O

4
) y

r-1

Basecase

Slow gas transport

Rapid gas transport

 

Figure 16.  Calculated SO4
-2

 load in dump effluent, as a function of time (up to 50 years): The 

effect of uncertainty in gas transport properties on model output.  Calculations 

shown are for Case 1 (LC PAF dump). 

 

These sensitivity calculations have given an indication of how parameter uncertainty might 

affect the predicted load profiles.  In many cases, the overall effect is to reduce the magnitude of 

the initial peak in load and spread the profile out over a longer timescale.  The key exceptions are 

unexpectedly high IOR values and/or very permeable dump materials.  In these latter cases, the 

initial loads could be significantly higher than expected.  However, the load profiles will ‘decay’ 

more rapidly and at longer elapsed times, the loads will be lower. 

Acidity and contaminant levels in dump effluent 

The planned dump footprint at Svartliden is 328,000 m
2
.  Based on a water infiltration rate of 

0.446 m yr
-1

 (the base-case value used in the current work), the annual discharge from the dump 

will be of order 1.5×10
5
 m

3
.  Based on Fig. 12, the peak SO4

-2
 load expected from the planned 

Svartliden design (Case 3) is ~940 tonnes yr
-1

.  The corresponding SO4
-2

 concentration is 

6.4 g L
-1

.  According to Fig. 12, this peak is short lived, and over most of the profile, loads are 

less than 400 tonnes SO4
-2

 yr
-1

, corresponding to SO4
-2

 concentrations less than 3 g L
-1

.   

The combined footprint of the Case 1 and Case 2 dumps (individual dumps containing 

LC PAF and PAF, respectively) is 76,400 m
2
.  The annual discharge from the dumps would be 

3.4×10
4
 m

3
.  For the combined dumps, the peak SO4

-2
 load was 850 tonnes yr

-1
 (Fig. 12), 
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corresponding to a SO4
-2

 concentration of 25 g L
-1

, a factor of 4 higher than was the case for the 

planned Svartliden design. 

In Sweden, no regulatory limits have been imposed with respect to SO4
-2

.  According to the 

World Health Organisation guidelines (2004), there are no health concerns related to sulfate, 

although it is noted that levels in excess of 1 g L
-1

 may adversely affect the taste of drinking 

water (e.g. typical seawater contains 2 to 3 g L
-1

 SO4
-2

 Appelo and Postma, 1994).   

Modelled Fe and H loads have not been presented in this paper as they show trends equivalent 

to the calculated SO4
-2

 loads.  Aqueous speciation, neutralisation and mineral precipitation are 

neglected in the current study.  Such processes are expected to exert a strong influence on Fe and 

H behaviour.  For example, mineral precipitation often controls Fe levels in dump pore water and 

often leads to low Fe concentrations in contacting water.  It is hoped that future work might 

include a more detailed representation of the geochemistry of the dump.  For an example of 

SULFIDOX calculations that include full geochemistry, the reader is referred to Linklater et al, 

2005. 

Summary 

An improved version of the SULFIDOX modelling code has been used to quantify the 

benefits of the complex dump design proposed for the Svartliden site.  The calculations have 

shown that 

 including a low-permeability cover or lining within the dump design can reduce initial 
peaks in SO4

-2
 loads; a 1m thick cover resulted in a 15% reduction, whereas a 2m thick 

cover resulted in a 43% reduction; 

 in terms of total annual SO4
-2

 load expected from the dump(s), the performance of the 
planned Svartliden design is similar to the combined performance of two individual 

dumps; 

 in terms of load per hectare of dump, the Svartliden design will produce a lower load than 

would be case for individual dumps (up to a factor of 4); 

 in terms of contaminant concentrations in the dump effluent (using SO4
-2

 as an indicator), 
the Svartliden design is associated with significant reductions (around a factor of 4 to 5). 

Most of the calculated benefits arise through control of the supply of oxygen to highly 

reactive materials (i.e. the lining of low-permeability till around the PAF wastes), and by 

controlling the volume of the overall dump occupied by reactive materials.  Judging the benefits 

of one dump design over another is complex, and must be undertaken in the context of overall 

water management at the site.  
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