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Abstract 
Understanding and prediction of the spreading of acid mine drainage (AMD) in groundwater and 
the breakthrough of acidity and heavy metals downstream of waste deposits are important for risk 
assessments of mining sites. Quantification of both multi-component reactions and spatially 
variable groundwater flow is required, due to the complex geochemical characteristics of AMD 
and the heterogeneity of the subsurface. We use the LaSAR-PHREEQC stochastic modelling 
approach for reactive solute transport, and formulate and compare three alternative cases regarding 
groundwater flow variability and two different geochemical reaction models. We focus on the 
spreading of Zn2+, using field data from a mill tailings impoundment in Kristineberg, northern 
Sweden, and include major component geochemistry. Model results indicate that Zn2+ could be 
substantially attenuated by precipitation of smithsonite, ZnCO3, as one example of a heavy metal 
ion attenuating process. Moreover, both the groundwater flow variability and the choice of 
geochemical model, significantly affect the values and temporal evolution of resulting expected 
solute concentrations downstream of the mine waste deposit. 

 
Introduction  
 
The spreading of Acid Mine Drainage (AMD) in 
the groundwater surrounding a mine waste deposit 
depends on a variety of factors related to the 
hydrological conditions and to the (bio)geochem-
ical processes that act to retard and transform the 
transported solutes. The locations of groundwater 
discharge areas and the associated travel times for 
groundwater from the deposit to the discharge area 
are hydrological features with possible strong 
implications for the effects of the reactions. 
Preferential flow and nonuniformity in the mean 
groundwater flow due to recharge may also have 
large effects on fieldscale contaminant spreading 
(cf. Simic and Destouni, 1999). 
 
Since groundwater flow is usually highly spatially 
variable, different flow paths are characterised by 
different water residence times, even if the trans-
port distances are similar. This implies that the 
times available for the reactions to affect the trans-
ported substances are different along different flow 
paths. Stochastic modelling provides a rational 
framework for handling such spatial variability and 
the associated prediction uncertainties in reactive 
subsurface solute transport. In particular, the 

LaSAR (Lagrangian Stochastic Advective 
Reactive) approach, in which transport is modelled 
along a set of random flow paths or streamtubes, is 
an efficient tool for quantifying the coupled effects 
of variability and reactions within a stochastic 
framework (Cvetkovic and Dagan, 1994). 
 
Furthermore, a wide range of geochemical 
processes, e.g. pH and redox buffering, sorption, 
and precipitation/ dissolution processes, may affect 
the spreading and attenuation of AMD in ground-
water. Transport models for AMD applications 
must therefore include a relatively comprehensive 
set of reactions, as compared to transport models 
for many other applications, and allow for testing 
of alternative conceptual geochemical models 
under realistic field conditions of spatial variability 
and uncertainty, with limited computational effort. 
 
The recently developed LaSAR-PHREEQC 
approach (Malmström et al., 2003) provides an 
efficient way to model complex reaction systems 
in spatially variable flow fields. In this paper, we 
apply the LaSAR-PHREEQC approach to investi-
gating the combined effect of geochemical pro-
cesses and spatially variable flow on AMD 
spreading. Specifically, we focus on the transport 



and attenuation of Zn2+, a metal ion that commonly 
occurs at high concentrations in AMD, and has a 
relatively simple geochemistry.  
 
Using field data from a mill tailings impoundment 
in Kristineberg, northern Sweden, we study Zn2+ 
attenuation under different geochemical and hyd-
rological conditions. In particular, we investigate 
the effects of different degrees of spatial variability 
in the parameters that govern groundwater flow, 
including preferential flow, for two alternative 
geochemical models. The results are evaluated in 
terms of integrated solute breakthrough curves 
(BTCs), which illustrate the effects of spatial 
variability on the various “fronts” that are 
generated by the reaction processes.  
 
Modelling methodology 
 
Field-scale spreading of AMD has been investi-
gated in a number of recent modelling studies 
(e.g., Bain et al., 2000; Zhu and Burden, 2001). In 
these studies, transport is modelled by combining a 
reaction model with an advective-dispersive de-
scription of mass transport in the aqueous phase. 
The resulting advection-dispersion-reaction equa-
tions are solved numerically in a Eulerian (x,y,z) 
model domain. This general and conceptually 
straightforward approach requires considerable 
computational resources when dealing with the 
complex reactions involved in AMD applications. 
The computational demand may become prohibit-
tive in terms of including also the common spatial 
variability and associated model uncertainty.  
 
The LaSAR-PHREEQC approach provides an 
alternative modelling framework in which com-
plex reactions, random spatial flow variability, and 
uncertainty can be taken into account with limited 
computational effort. This approach is based on the 
conceptual model of a flow and transport domain 
resolved into a set of streamtubes. The streamtubes 
are characterised by individual travel or residence 
time for water, denoted τ, from the source (e.g., the 
boundary of a tailings impoundment) to the 
observation or control plane (CP) considered (e.g., 
a discharge area in the surroundings). The well-
established PHREEQC code (Parkhurst and 
Appelo, 1999) is used to model the geochemical 
processes along the streamtubes; this code offers 

generality and flexibility to the formulation of the 
reaction model.  
 
As described in more detail by Malmström et al. 
(2003; see also Yabusaki et al., 1998), the 
modelling procedure consists of two basic steps. In 
the first step, transport equations describing 
advection and reactions in a homogeneous one-
dimensional domain are solved in PHREEQC to 
obtain concentrations along individual stream-
tubes, expressed as functions of time, t, and travel 
time, τ, where τ is given by the distance divided by 
the (constant) streamtube flow velocity in the 
PHREEQC model. Thus, the PHREEQC simula-
tion results in a “matrix” Ci(t,τ) for each compo-
nent i. In the second step, the concentration sta-
tistics that characterise solute transport in the field, 
consisting of a statistical ensemble of streamtubes, 
are evaluated by use of the probability density 
function (pdf) for τ. The pdf quantifies field-scale 
advective transport within the considered transport 
domain. 
 
Depending on the transport problem at hand, the 
analysis can, for example, be directed towards the 
statistics of the local concentration values within a 
given control plane (Destouni and Graham, 1997), 
or the flux-averaged concentration in the total 
control plane discharge into a lake (e.g., Cvetkovic 
and Dagan, 1994). In the present study, we 
consider the field-scale, flux-averaged con-
centration at some arbitrary control plane within 
the aquifer (cf. below). This flux-averaged con-
centration may be quantified by statistical 
averaging over the relevant pdf (ergodic 
conditions; Dagan, 1989), as 
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where f is the flux-weighted pdf for advective 
travel time τ, and the integral is evaluated 
numerically. 
 
The key to the computational efficiency of this 
modelling approach is the separation of reactive 
transport, which is modelled in a homogeneous 
one-dimensional model, from the spatially variable 
advective transport, which is expressed through the 
pdf. The travel time, τ, along each streamtube is 
then the coupling link between the two “sub 
models”. The pdf can be quantified analytically, or 



by means of numerical simulations of nonreactive 
transport. In some cases, the pdf can be directly 
evaluated from field-scale tracer data (Simic and 
Destouni, 1999). However, this separation of 
process models and the use of τ as a link between 
the different models also imply some limitations 
on the applicability of the approach. Specifically, 
the flow field must be steady, or uni-directional in 
the mean flow, and independent of the reactive 
processes. Furthermore, local dispersion is 
neglected, which implies that there is no transverse 
mass transport between streamtubes.  
 
Application example 
 
Flow and travel time variability 
 
We formulate and compare three alternative cases 
regarding flow variability and corresponding 
variability in travel times, τ (Case 1-3, Table 1). In 
addition, as a reference case, we use a deter-
ministic model of homogeneous conditions (“Case 
0” in Table 1). In all three alternative cases the 
mean value of travel time τ, averaged over the 
whole CP, is the same, whereas the τ-distributions 
among the individual streamtubes differ. In the 
first two cases, we consider a relatively simple 
form of heterogeneity where τ follows a unimodal, 
log-normal pdf 
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where τm is the arithmetic mean of τ and σ is the 
standard deviation of lnτ. We investigate σ 
corresponding to modest (σ = 0.3; Case 1) and 
relatively high (σ = 1; Case 2) degrees of flow 
heterogeneity (Table 1). Although observations in 
many cases have supported the unimodal, log-
normal formulation, it is also clear that a large 
fraction of the total flow and transport can take 
place in preferential flow paths that cannot be 
accounted for in a unimodal travel time pdf (e.g., 
Gupta et al., 1999). In order to determine the 
potential effect of preferential flow paths, we 
consider in the third case a bimodal, log-normal 
pdf fbi,ln(τ), which is a sum of two weighted 
unimodal pdfs, one representing the slower/normal 
flow paths, and the other representing the 
faster/preferential flow paths, according to 
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where fln is given by Equation (1), superscript s 
refers to the slower flow paths, superscript f refers 
to the preferential flow paths, and ν is the 
weighting factor. Note that s

mτ of the slower/ 

normal flow paths and f
mτ of the preferential flow 

paths in Case 3 (Table 1) were chosen such that the 
mean travel time of the total pdf fbi,ln(τ) equals 10 
years as in cases 1 and 2. 
 
Transport 
 
We consider the reactive transport of dissolved 
components from a source plane at the down-
stream end of a tailings impoundment to a control 
plane (CP) at some distance L further down-
gradient in the mean groundwater flow direction. 
Specifically, we consider a distance L that is large 
relative to the extent of the impoundment itself, 
such that the heterogeneous properties of the 
aquifer downstream of the source will dominate 
system behaviour, due to its large extent relative to 
the source zone. Hence, we consider far-field 
spreading in this application example, using L = 
200 m and an “effective” mean pore water velocity 
of 20 m/year, such that the mean advective travel 
time corresponding to this mean velocity is 10 
years.  
 
For instance, in a homogeneous system, a pore 
water velocity of 20 m/year can be the result of a 
hydraulic gradient J of 1%, a hydraulic conduc-
tivity K of 6×10-6 m/s and a flow porosity ne of 0.1. 
However, it should be noted that it is the travel 
time statistics that constitute the hydrological input 
to the model. Consequently, the results presented 
in the following are valid for any combinations of 
L and flow velocity fields that yield the same 
travel time statistics as in Table 1.  
 
Geochemistry 
 
We consider the spreading of an AMD plume in 
anoxic, but non-reducing, generic groundwater. 
For illustrative purposes, we use an AMD 
composition that corresponds to the groundwater 
in one of the mill tailings impoundments at the 
Kristineberg sulphide ore mine in northern Sweden 



prior to remediation (Table 2). We assume that the 
groundwater in the domain prior to contamination 
is, for simplicity, pure water with 2×10-5 M 
sulphuric acid acidity in equilibrium with calcite 
(pH 8.3) and maintain the partial pressure of 
carbon dioxide at the atmospheric level, 

4103
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We focus on the transport and attenuation of Zn2+, 
a metal ion that commonly occurs at high concen-
trations in AMD. We also include relevant major-
component geochemistry and assume that all 
reactions are maintained at geochemical equi-
librium. We assume, for simplicity, that calcite is 
the only primary mineral that provides buffering 
capacity to the groundwater, and use an arbitrarily 
set calcite content of 0.3 moles per litre of soil 
solution.  
 
We consider dissolution of calcite and secondary 
minerals to neutralise the acidity in the AMD 
plume. In the model, the dissolution and depletion 
of calcite (pH 7.9), smithsonite (pH 7.0), and 
siderite (pH 6.4), hence, buffer pH at successively 
lower levels with time. The geochemical model 
and its implementation in the PHREEQC code 
(Parkhurst and Appelo, 1999) are described in 
detail by Malmström et al. (2003).  
 
Speciation calculations show that, of the Zn2+-
containing minerals rated by Nordstrom and 
Alpers (1999) as “likely to control metal concen-
trations” in AMD-environments, smithsonite, 
ZnCO3, may become oversaturated in the AMD-
plume. Therefore, we investigate the potential 
effect of precipitation of this secondary phase on 
the expected BTC for Zn2+ at the CP. The 
formation of siderite, through reaction between 
dissolved ferrous iron in the AMD plume and 
calcite in the groundwater,  

⇔+++ −+ O2HSOFeCaCO 2
2
4
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3(s)  

(s)243(s) O2HCaSOFeCO ×+       (4) 
may decrease the attenuation of Zn2+ through, e.g., 
the lower pH at which siderite buffers pH, 
compared to calcite. However, although thermo-
dynamically favoured, the formation of siderite 
from calcite and dissolved ferrous iron may be 
slow, or may not even occur at all in the 
groundwater system. Thus, we consider two 
limiting cases where reaction 4 is either kept at 

geochemical equilibrium (Case A) or considered 
not to occur (Case B). 
 
Results 
 
Figure 1 shows the BTC for the limiting case 
where reaction 4 is allowed to reach geochemical 
equilibrium (Case A) and where a unimodal pdf 
for travel time τ is considered. The step-like 
appearance of the sulphate concentration in the 
deterministic model (blue curve in Figure 1a) is 
due to retardation of sulphate through reaction 4. 
In the presence of calcite, this reaction is limited 
by the availability of dissolved ferrous iron in the 
plume; thus, excess sulphate (0.02 M) is mobile 
and breaks through at t = τm. Due to depletion of 
calcite up to our CP, the sulphate concentration 
increases considerably at t ≈ 44 years. Subsequent 
redissolution of gypsum causes the concentration 
of sulphate to exceed that of the source AMD 
somewhat throughout the simulation. The small 
peak in the sulphate concentration around 44 years 
is due to the breakthrough of Zn2+ at this point 
(compare Figure 1b), and the higher solubility of 
sulphate in the presence of Zn2+.  
 
Figure 1a furthermore illustrates that the step in 
sulphate concentration due to reaction 4 in the 
deterministic case (blue line) will be almost 
completely masked in heterogeneous flow fields 
(green and purple lines), already for low travel 
time variability (σ = 0.3; green line). This retarda-
tion may therefore be hard to distinguish from, 
e.g., retardation due to pure sorption, on the basis 
of measured concentrations at the CP alone. It also 
seen in Figure 1 that this “smoothing” of the BTC 
increases with increasing flow heterogeneity.  
 
For the deterministic model, only a small fraction 
(~1/10) of the Zn2+ in the source AMD breaks 
through at t = τm. This is due to precipitation of 
smithsonite in the groundwater and the associated 
retardation of Zn2+. However, smithsonite is only 
stable in the presence of calcite, and redissolves at 
the calcite depletion front, causing a peak in the 
Zn2+ concentration at the CP after ~44 years. For 
the deterministic model, the peak concentration of 
Zn2+ exceeds that of the source AMD with a factor 
of as much as ~15. After depletion of all smithso-
nite, caused by redissolution during ~2 years, the 
Zn2+ concentration equals that in the source AMD.  



However, Figure 1b also shows that the peak 
concentration of Zn2+ is a factor 9 lower in the 
mildly heterogeneous case (green line) than in the 
deterministic case (blue line), and the difference 
increases with increased heterogeneity (purple 
line). This implies that the peak concentration 
predicted by the homogenous model is irrelevant 
already in flow fields with a relatively low degree 
of heterogeneity. Moreover, larger travel time 
variability implies much higher concentrations of 
Zn2+ prior to the breakthrough predicted by the 
deterministic model (t < 44 years in Figure 1). 
 
Figure 2 shows a comparison of the BTCs with 
and without presence of preferential flow paths 
(red and green curve, respectively), considering the 
model where siderite is forming and dissolving. 
Note that the unimodal curve in Figure 2b (σ =0.3; 
Case 1) is the same as in Figure 1b, although the 
scale is magnified. As expected, the first arrival of 
both sulphate and Zn2+ is faster with preferential 
flow. However, a less obvious effect of preferen-
tial flow is that the local minimum in the Zn2+- 
curve in the presence of preferential flow paths 
approximately coincides in time (t ≈ 50 years in 
Figure 2b) with the maximum Zn2+ concentration 
that occurs without preferential flow (Case 3). 
 
Figure 3 compares the results for our two different 
geochemical cases, i.e., calcite to siderite transfor-
mation is maintained at equilibrium (Case A; green 
line) or assumed not to occur (Case B; pink line) 
for a unimodal pdf with modest travel time 
variability (σ = 0.3; Case 1). For Case B, sulphate 
is attenuated through precipitation of gypsum. This 
reaction is, for our conditions, limited by the rate 
of calcite dissolution, which, in turn is dominated 
by the rate of acidity supply, where aluminium 
acidity is dominating in the source AMD,  

OHSOlSO 2
2
443(s) 92A3CaCO +++ −+     ⇔ 

3 −++× 3)(3(s)24 3)(O2HCaSO HCOOHAl am   (5) 
Sulphate, hence, breaks through at a concentration 
somewhat lower than in the source AMD and 
remains at this level throughout the simulation. 

For both cases, Zn2+ breaks through at similar, low 
concentration. In Case B, as opposed to Case A, a 
low concentration is maintained throughout the 
simulation. The small increase in Zn2+ concentra-
tion that starts to occur after 100 years signifies 

depletion of calcite and remobilisation of Zn2+ in 
some of the streamtubes.  
 
Discussion and conclusions 
 
The presented results have several implications for 
risk assessments associated with mine waste sites. 
Firstly, model results indicate that, under the con-
sidered geochemical conditions, Zn2+ may be 
substantially attenuated on its path from the mine 
waste deposit towards a downstream compliance 
boundary or some sensitive water recipient through 
precipitation of smithsonite, as one example of a 
heavy metal ion attenuating process, reducing the 
Zn2+ concentration by up to about one order of 
magnitude over decades. However, if the 
contamination continues over longer time, thereby 
causing depletion of calcite in the groundwater 
system and associated transition to lower pH, 
attenuated Zn2+ may be remobilised and cause a 
peak load of this heavy metal.  
 
Secondly, increased travel time variability implies, 
irrespectively of the type of pdf considered, a 
longer duration but a lower maximum concentra-
tion of Zn2+ in the peak associated with redissolu-
tion of smithsonite. In fact, the homogeneous 
(deterministic) model predicts peak concentrations 
of Zn2+ that are not within the right order of magni-
tude, even if field conditions are characterised by 
only a low degree of flow heterogeneity. More-
over, travel time variability also implies that a 
considerable concentration of Zn2+ may reach the 
CP relatively early (at t < τm). This means that 
smithsonite may not be as efficient in attenuating 
Zn2+ as standard, deterministic reactive transport 
modelling would indicate. Interestingly, these peak 
concentrations of Zn2+ occur long before a drop in 
pH from near-neutral values is expected (not 
shown). This indicates that expected or measured 
pH may be a poor indicator for metal mobility in 
the groundwater system, and the risk of heavy 
metal breakthrough. 
 
We also show that even a low degree of flow hete-
rogeneity can effectively smooth otherwise distinc-
tive temporal concentration changes attributed to 
the onset of a chemical reaction, resulting in 
breakthrough curves that are similar to, e.g., 
sorbing solutes in homogeneous media. As expec-
ted, the presence of preferential flow paths implied 



earlier solute breakthrough. Interestingly, in our 
case of preferential flow, concentrations actually 
reached a temporal minimum subsequent to 
peaking. This illustrates that spatial variability in 
flow may have effects that easily could be attri-
buted to the geochemical processes, making the 
interpretation of the BTC non-trivial. 
 
Furthermore, we compared two cases where calcite 
to siderite formation and redissolution of siderite 
was considered either not to occur or to be 
maintained at geochemical equilibrium, with these 
cases representing uncertainty in the dominant 
geochemical processes that need to be considered 
in models. The observed large difference in Zn2+ 
BTC between these two cases highlights the 
necessity of accurate selection and quantification 
of processes required in transport modelling, based 
on detailed site characterisation, including travel 
time distribution and mineralogical determinations 
(cf. Zhu and Burden, 2001). 
 
The results presented in this communication 
emphasise the importance of the interactions 
between hydrology and geochemistry for field-
scale AMD spreading. We believe that the LaSAR-
PHREEQC approach provides an efficient means 
for further investigations of these coupled pro-
cesses and their effects. 
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Table 1. Considered hydrological conditions. 
Case pdf for τ Parameter values 
0 * τ = 10 years 
1 Eqn (2) σ = 0.3, τm = 10 years 
2 Eqn (2) σ = 1, τm = 10 years 
3 Eqn (3) sσ = fσ = 0.3; s

mτ = 22.7 yrs, 
f

mτ = 4.54 years, ν = 0.3 
*Homogeneous conditions (a single value of τ) 
 
 
Table 2. Groundwater composition in Impound-
ment 1, Kristineberg, Sweden, prior to 
remediation, as compiled by Malmström et al. 
(2001).  

Component Concentration [M] 
SO4

2- 0.10 
Fe(II)* 0.080 
Zn2+ 0.0060 
Ca2+ 0.0050 

Mg2+ 0.011 

Al 0.0020 
pH 4.9 

*For this modelling purpose, we only consider 
ferrous iron. 
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Figure 1. Modelled BTCs assuming formation and 
redissolution of siderite (Case A) and a unimodal 
pdf with τm =10 years. a) SO4

2-; b) Zn2+. Blue line - 
deterministic model. Green line -  medium travel time 
variability (σ = 0.3; Case 1). Purple line – relatively 
high travel time variability (σ = 1.0; Case 2). 
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Figure 2. Modelled BTCs assuming formation and 
redissolution of siderite (Case A) for different travel 
time distributions with τm =10 years and σ = 0.3. 
a) SO4

2-; b) Zn2+. Green line – unimodal pdf (Case 
1). Red line – bimodal pdf (Case 3).  
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Figure 3. Modelled BTCs for the two geochemical 
models and a unimodal pdf with τm =10 years and  
σ = 0.3 (Case 1). A) SO4

2-; b) Zn2+. Green line – 
siderite at equilibrium (Case A). Pink line – siderite 
formation and redissolution not considered (Case 
B). 
 


