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Abstract-A steady-state geochemical model has been developed to study water-rock interactions 
controlling metal release from waste rock heaps at the Aitik Cu mine in northern Sweden. The Cu release 
in drainage waters from the site is of environmental concern. The waste rock heaps are treated as single 
completely mixed flow-through reactors. The geochemical model includes kinetiees of sulphide and 
primary silicate mineral weathering, heterogeneous equilibrium with secondary mineral phases and 
speciation equilibrium. Field monitoring of drainage water composition provides a basis for evaluation of 
model performance. 

The relative rate of oxidative weathering of sulphides and dissolution of primary silicate minerals, using 
published kinetic data, are consistent with net proton and base cation fluxes at the site. The overall rate of 
Fe2+ oxidation within the heap is three orders of magnitude faster than that which could be explained by 
surfaee-eatalysed reaction kinetics. This suggests significant activity of iron-oxidizing bacteria. The 
absolute weathel'ing rates of sulphides and silicate minerals, normalized to a measured BET surface area, 
arc approximately two orders of magnitude lower at field scale than published rates from laboratory 
experiments. Because of the relative absence of carbonate minerals, the weathering of biotite and 
plagioclase feldspar arc important sources of alkalinity. 

INTRODUCTION 

THE mobility, reactivity and bioavailability of trace 
elements within the hydrologic cycle is critically de­
pendent on the aqueous speciation controlling their 
solubility and sorption behaviour. Because specia­
tion is a function of the master variables pH and Eh it 
is necessary to understand the coupled biological and 
geochemical reactions controlling the pH buffer sys­
tem and redox conditions in natural waters. 

The global electron balance represented by the 
present-day reservoir of molecular oxygen, is main­
tained at an average steady state by the relative rates 
of photosynthesis, respiration, oxidative weathering 
oferustal minerals (sulphides, elemental carbon) and 
volcanic input of volatile reductants (H2S and S02 ; 

HoLLAND et al., 1986). Because proton transfers 
accompany electron transfers in order to maintain 
charge balance, electron cycling results in an associ­
ated modification of the proton balance (STUMM et 
at., 1983). The atmosphere isthus characterized as an 
oxidizing, acidic environment relative to the geos­
phere and its enormous reservoir of mineral bases 
and reductants. 

Local perturbations ofthese global chemical cycles 
can result in significant, but spatially llmited, en· 

vironmental degradation. A well-known example is 
the mobilization of heavy metals from waste sulphide 
ores at open mine sites. In the process of ore extrac­
tion, large amounts of crushed waste rock are left 
exposed to the atmosphere. Accelerated weathering 
of sulphide minerals by 0 2 under surface hydrologic 
conditions can result in critical loading of soluble 
toxic metals on local and regional scales. 

Sweden has a history of extensive mining of copper 
sulphide ore, dating back to the 13th century. Mining 
waste deposits from early ore extraction (e. g. Bersbo 
site; KARLSSON et al., 1988) as well as those at cur­
rently operating mines must be evaluated in terms of 
contamination potential and possible remediation 
strategies. Here we present results from initial site 
investigations and geochemical modeling of pro­
cesses in waste rock heaps at the Aitik site in northern 
Sweden. 

Important chemical processes within the waste 
rock heaps include generation of free acidity and 
soluble metal species through oxidative weathering 
of sulphide minerals. At the Aitik site, pyrite (Fe&.!) 
and chalcopyrite (CuFeS2) are dominant reservoirs 
of reduced sulphur and Cu, respectively. The proton 
balance is controlled by the relative rates of acidity 
generation and alkalinity production by weathering 
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Fro. 1. Map of the Aitik open pit mine with surroundings. Sumplcs of druinugc wutcr from the waste rock 
heaps were collected in the ditches marked Dl and 02. The open pit is rcprcscntctl by the hatched area in 

between the waste rock heaps. 

of primary silicate minerals. Although calcite dissol­
ution can provide a rapidly accessible reservoir of 
alkalinity, we have demonstrated with Large-scale 
laboratory column experiments (0.8 m diameter X 
2m) that the trace amounts present in fresh waste 
rock from this site should be depleted within the 
waste rock heaps on a time scale of not more than a 
few years (STROMBERG eta!., 1994). 

Previous approaches for predicting release of 
metals have focused on rate-limiting 0 2 diffusion 
through a sulphide depleted mineral surface layer 
("shrinking core model"; LEVENSPIEL, 1972) coupled 
with surface chemical reaction kinetics (BARTLETI, 
1992; DIXON and HENDlUX, 1993), microbially cata­
lysed kinetics (HERRERA et a!., 1989), diffusion 
through pore space between particles (DAVIS and 
RrrcH!E, 1986) or air convection between particles 
(CATHLES and APPS, 1975; PANTELIS and RITCHIE, 
1991). The relative importance of these processes is 
expected to be affected by the particle size distri­
bution, mineralogy, temperature and hydrologic 
conditions. These are related to the nature of the 
mining waste, the site characteristics, and the time 
scale of interest; months, decades, lifetime of the 
waste deposit. 

This study provides a steady-state model for the 
prevailing. geochemical conditions at the Aitik waste 

rock deposit. The model includes weathering of sul­
phides and primary silicate minerals, nqueous specia­
tion equilibrium, formation of secondary mineral 
phases and advectivc tran!lport. Minend weathering 
is treated as surface chemical controlled kinetics. 
This assumption is expected to be valid as long as 
exposed mineral surfaces have not been significantly 
altered. The objectives of this study are: 

(1) to present site description unci literature data 
relevant to geochemical modeling of the Aitik waste 
rock deposit; 

(2) to develop a geochemical model for leachate 
genesis and element cycling at the site; 

(3) to compare model results with druinnge water 
composition as £1 critical evaluntion of model per· 
formance and knowledge of ongoing geochemical 
processes. 

SITJ•; DESCRIPTION 

The Aitik site located near Gllllivnre in the north of 
Sweden, operated by Boliden Mineral AB, Is currently 
Europe's largest copper mine (Fig. 1). The waste rock is 
disposed close to the open pit on an area extending 400 ha, 
whereas the mill tailings are pumped to tm impoundment In 
a nearby valley. The waste rock is removed from the open 
pit in order to reach ores enriched in metuls above the 
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economic cutoff. Waste materials generated from the ore 
extraction are 14 million metric tonnes of waste rock each 
Year and approximately the same quantity of mill tailings, 
i.e. the ratio of waste rock removed compared to ore 
processed is approximately 1:1. 

No vascular plants exist on the Aitik waste rock heaps. A 
fraction of the east waste rock heap is covered with moraine. 
For the rest of the waste rock deposits no cover layers have 
been installed at present. A programme for assessing 
protective measures after mining activities cease is being 
carried out (Boliden Mineral AB, ANSTO, Golder Geosys­
tem). 

The waste rock heaps are unsaturated with moisture and 
have remained predominantly oxic according to measured 
oxygen levels in the pore gas (BENNEIT et al., 1992). The rate 
of sulphide oxidation is low in comparison with rate of 
oxygen transport in heap poregas and is such that the 15 m 
high dumps remain aerated over their full height. After the 
first 10 months of field measurements, a majority of moni­
toring holes had oxygen levels of 10-20 vol. %. The lowest 
level which was detected is 3 vol. %. An estimated average 
oxygen level of 10 vol. % is used in the model calculations. 
Similar measurements at other waste rock deposits have 
shown that oxygen levels are often lower (HARRIES and 
RITcmE, 1985; BENNETT and RtTCHlE, 1991; GELINAS et al., 
1992). For mill tailings impoundments with smaller particle 
sizes, and often higher abundance of sulphide minerals, 
anoxic conditions may dominate (BLOWBS et al., 1991). 

The average precipitation in the area is 0.68 m a-1• As the 
surface of the waste rock deposits is primarily composed of 
large pieces of rock (diameter >0.1 m), rapid infiltration 
and a low average temperature results in low evaporation. 
A net infiltration rate of 0.5 m a- 1 has been estimated 
( AxELSSON et al., 1992). The annual average temperature in 
the area is o•c, with average summer temperatures at 1s•c 
and average winter temperatures at -1s•c. The tempera­
ture within a waste rock deposit may be affected by the 
exothennic sulphide oxidation as shown by HARRIES and 
RITCHIE (1981). Measurements at the Aitik site show a 
temperature variation between -5 and 12"C near the sur­
face of the rock waste heaps and an almost constant tem­
perature of 0-3•c at the base (BENNEIT et a/., 1992). 
OutHowing steam from restricted areas of the heap surface 
indicate that local spots have higher temperatures, which 
may reHect internal heat sources from sulphide oxidation. 
An average temperature of 5°C was estimated and used in 
the model calculations presented below. 

The drainage water from the waste rock deposits is 
collected in ditches and then used as process water in the 
enrichment plant. Hydrologic investigations and ground­
water monitoring in the area indicate that only a small 
fraction of drainage water from the waste rock heaps infil­
trates the subsurface (Axm.ssoN et al., 1992). The drainage 
waterin the two main ditches D1 and 02 (Pig, 1) is regularly 
analysed for major components. Average flowrate and 
chemical composition after 2 a of field measurements arc 
given in Table 1. Samples were collected from the ditches in 
polyethylene bottles (0.5 1), autoclaved (200 kP&, 30 min) 
and analysed within 1 week. Soon after autoclaving, a 
portion of each sample was acidified (10 ml cone. HN03 to 
40 ml sample) for subsequent analysis. Duplicate analysis 
on samples filtered (0.2 ,urn pore-diameter cellulose acetate 
membrane filters) prior to acidification, and unfiltered 
acidified samples snowed no difference in dissolved metal 
concentration. Total concentrations of dissolved metals Cu, 
Zn, Mg, Fe, AI, Mn and Ca were measured using inducti­
vely coupled plasma-atomic emission spectroscopy (ICP­
AES, ARL-3580). Flame atomic absorption spectroscopy 
(Perkin-Elmer lOOB) was used to analyse K, Na and Sr, and 
graphite furnace atomic absorption spectroscopy (Perkin­
Elmer 5000/Zeeman instrument) was used to analyse Pb, 
Cd and Ni. Silicon was detennined spectrophotometrically 
using molybdenum blue as chromogen. Anions were ana-

Table 1. Characterization of drainage water composition 
and Howrates in the two main drainage ditches 01 (west 
ditch) and 02 (east ditch). Mean concentrations ±1 S.D. 

(mgll)* 

D1 02 

pH 3.8 ± 0.1 4.2 ± 0.4 
so4 1310 ± 250 220 ± 97 
Ca 185 ±46 47±24 
Mg 57± 13 11 ± 5.7 
AI 75 ±24 6.5 ± 4.4 
Cu 19 ± 5.0 1.2 ± 0.8 
Fe 2.0 ± 1.0 2.8 ± 1.9 
Zn 5.8 ± 1.6 0.40 ± 0.3 
Na 46 ± 9.0 14 ± 7.4 
K 17 ±4.5 4.2 ± 2.0 
Si 19.1±7.1 16.4 ± 8.6 
Cl 27±8 5.5 ± 3.5 
Mn 12.1 ± 3.9 2.2 ± 1.6 
Ni 1.3 ± 0.7 0.17 ± 0.20 
Co 1.1 ± 0.2 0.16 ± 0.15 
N03-N 8.2 ± 3.1 0.49 ± 0.26 
HC03 <0.05 <0.05 

Flowrate (m3/min)t 10 

*Chemical analysis was carried out on 33 and 30 samples 
from ditch D1 and D2, respectively. Samples were taken 
between May 1991 and October 1993, where S04 , Ca, Mg, 
Cu, Zn, AI, Fe and pH were analysed on each occasion. For 
other components in the table, between five and eight 
selected samples from each ditch were analysed. Trace 
concentrations of Pb ( <0.30 mg/1), Cd ( <0.02 mgll) and Sr 
( <0.9 mgll) were also detected. 

tMean value and upper and lower limits for 42 obser­
vations made between May 1991 and May 1993 using gauge 
heights. 

lysed using a Tecator 6200 ion chromatograph. For some of 
the samples, ion chromatography was also used to analyse 
previously mentioned base cations and trace elements (Dio­
nex DX-300 with variable wavelength detector-II and con­
ductivity detector-3). Alkalinity was determined by 
volumetric titration of unacidified samples by strong acid to 
the H20-C02 endpoint, and is reported as bicarbonate ion 
concentration, Proton activity was measured using a com­
bined glass clectrode--Ag/AgCI(s) reference electrode sys­
tem (Metroohm 691) calibrated with standard buffer 
solutions at pH 4 and 7. 

F'lowrates and concentrations of major components in the 
two drainage water ditches are nearly constant during the 
year except for a period in the spring when ftowrates 
increase by up to an order of magnitude and concentrations 
drop by a factor of 2-10. In estimating mass fluxes of 
elements from the waste rock heaps, a time and space 
integrated composition is required. The water composition 
in the west ditch (02), draining the largest waste rock heap 
(250 ha), represent 85% of drainage water flow from the site 
and will subsequently be used. In addition to waste rock 
drainage water, ditch D2 intercepts seepage water from the 
tailings impoundment and infiltration from the surrounding 
catchment area. This causes a dilution of drainage water 
from the waste rock heaps. Using the limited information 
available on composition of seepage water (JOnsson, pers. 
comm. 1993) and relative Howrates (AXBLSSON et at., 1992) 
suggests that the differences between total concentrations in 
the ditches and corresponding concentrations in waste rock 
drainage water are not larger than a factor of 2. 

We define acidity in this system as the base neutralildng 
capacity (BNC) with respect to the C02-H2 0 reference 
proton level (Eqn (1)]. Alkalinity is defined as the corre­
sponding acid neutralizing capacity (AN C): 

... ~ 
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Table 2. Mineral composition of fresh waste rock in 
volume% 

Mineral 

Quartz 
K-feldspar 
Albite• 
Anorthite• 
Muscovite 
Biotite 
Skarn mineralst 
Accessory mincralst 
Calcite 
Pyritet 
Chalcopyritct 

v1(mean ±1 S.D.) 

24± 14 
24± 19 
13 ± 10 
6±4 

10± 16 
8±7 
6± 18 
5±7 

0.1 ± 0.5 
0.57 (0.08-1.7) 
0.09 (0.02-0.3) 

"Anorthite and albite form a plagioclase with compo­
sition close to oligoclase (Ab. 70%, An. 30%; BERGSTROM, 
1981). 

tSkarn minerals are amphibole, sphene and epidote. 
Accessory minerals are tourmaline, garnet, chlorite, apatite 
and scapolite. A minor fraction of pegmatite with low sulfur 
and copper content is excluded. 

tAbundance of pyrite and chalcopyrite is estimated from 
total sulfur and copper content of waste rock. The upper 
limits given correspond to the content of biotite gneiss and 
muscovite schist and the lower limits to skarn banded gneiss. 
The uncertainty in the determination of copper and sulphur 
was estimated to be 10% (LARSSON, 1992). 

BNC = [H+]- [HCOj""]- 2[Co~-J- [OW). (1) 

The bedrock of the Aitik site is composed predominantly 
of gneisses of schists. The main rock type of the ore deposit 
is biotite gneiss whereas the waste rock also contains sericite 
to muscovite schist and skarn-banded gneiss, from the 
surrounding bedrock. Pyrite and chalcopyrite are the domi­
nating sulphides with traces of pyrrhotite, sphalerite and 
bornite. 

The abundance of rock-forming minerals has previously 
been determined from point counting using optical micro­
scopy in transmitted and reflected light, on thin sections 
obtained from bore hole cores (BERGSTROM, 1981, 1982). 
Results from 70 thin sections corresponding to the part of 
the bedrock which is crushed as waste rock provide point 
estimates and variability in mineral composition (Table 2). 
Elemental analysis of individual minerals was carried out on 
12 samples using electron microprobe analysis on represen­
tative samples prepared for examination by scanning elec­
tron microscopy. Total elemental composition of waste rock 
was analysed with powder XRF (Philips 1600). Total sul­
phur was also analysed with combustion in oxygen (Leco). 
Table 2 lists total volume % for the waste rock heaps as a 
weighted average using mineral composition and relative 
amounts of dominating rock types (LARSSON, 1992). The 
relatively large spatial variability in mineral composition is 
related to the banded structure of the formation. 

Using the composition of drainage water (Table 1), 
speciation calculations were carried out using the geochemi­
cal code PHREEQE (PARKHURST et al., 1980) with the 
original WA TEQ database (TRUESDELL and JoNES, 1974) 
and subsequent revisions summarized and critically 
reviewed by NoRDSTROM et at. (1991). These calculations 
indicate the drainage water to be at or near saturation with 
respect to kaolinite {Al2ShOs(OHMs)]. Iron speciation 
indicates either saturation or oversaturation with respect to 
Fe(III) oxyhydroxide (assuming equilibrium with the 
atmospheric 0 2 reservoir in open ditches). In the following 
model development, Fe3+ is maintained in equilibrium with 
Fe(UI) oxyhydroxide and Fe2+ concentration is controlled 
by the relative rates of Fe(Il)-mineral dissolution and sub­
sequent oxidation by 0 2• 

02(&) 

Sulfide& 

Feldspars 

MICIII 

q 

Fro. 2. The geochemical model is based on a completely­
mixed flow-through reactor at steady state. Kinetically 
controlled weathering of primary and sulfide minerals is 
shown as one-sided arrows. Precipitation of secondary 
minerals and oxygen transfer from gas phase, controlled by 

equilibrium, is shown as two-sided arrows. 

Drainage waters were also well above saturation with 
respect to alunite [(KAI3(S04MOH)6(s)J and jarosite 
[(K,Na,H30)Fe3(S04h(OH)6(s)] (thermodynamic data 
from ALPERS et at., 1989; VLBK el a{,, 1974). Such mineral 
oversaturations in acid mine waters have been encountered 
elsewhere (NoRDSTROM et at., 1979) and may indicate a 
kinetic barrier to precipitation. Calculations using thermo­
dynamic data for Cu-bearing secondary phases indicate 
oversaturation with respect to cupric ferrite [CuFCc204(s); 
Vn!!LLARD, 1988]. As is commonly encountered for terres­
trial waters, silica speciation indicates equilibrium with a 
solid phase exhibiting solubility between that of quartz and 
amorphous Si02(s). It is important to note that speciation 
calculations do not consider kinetics of heterogeneous reac­
tion, C.'O·precipitation equilibrium, non-idealities in solid 
phase behaviour or the actual presence of mineral phases. 

MODEL DEVELOPMENT 

We have developed a model for leachate genesis 
using the geochemical code STEADYQL (FuRRER et 
al., 1989, 1990), which formulates slow reaction kin­
etics with empirical rate laws and rapid reactions as 
speciation equilibrium, for a single completely-mixed 
flow-through reactor at steady state (Fig. 2). This 
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reactor configuration neglects spatial and temporal 
Variability in site geochemistry and hydrology. This 
111.odelling approach is justified because of the oxic 
conditions throughout the Aitik waste rock heaps, 
i.e, both acidity generating sulphide oxidation and 
PH buffering reactions occur throughout the whole 
height of the heaps. For water-rock interactions we 
have used the assumption of partial equilibrium 
(HELGESON, 1968, 1979; HELGESON et a/., 1969), 
When dissolution kinetics of primary and sulphide 
minerals are treated as irreversible processes far from 
equilibrium, and secondary phases are maintained in 
equilibrium with the aqueous phase. The program 
calculates steady-state concentrations of aqueous 
species and area specific fluxes for components. 

Mathematical description 

Speciation equilibrium is defined by the following 
general mass action equation where C(i) is molar 
concentration of species i; K(i) is the conditional 
stability constant; X(j) is free concentration of com­
ponentj and a(i,J) is the stoichiometric coefficient of 
component j in species i: 

C(i) = K(i) n XU)a(i,J). 
j 

(2) 

Free component concentrations are defined with a 
fixed activity (such as an activity of one for solid 
phases) or by the relative rates of chemical and 
transport processes at steady state. The general rate 
equation for a mobile component flux is as follows, 
where J is the flux of componcntj due to processes l, 
s(l,j) is the stoichiometric coefficient of component j 
in process l, P(m) is the value of rate parameter m, 
and n(l,i) is exponent of species i in rate expression/: 

J(l,j) s(l,j) n P(m) n C(i)"(l,l). (3) 
m I 

Component fluxes due to outflow are distinguished 
from other processes and defined as follows, where q 
is water flow rate through the cell: 

J(out,j) = -q L a(i,j)C(i). (4) 
I 

The program iterates until convergence of differ­
ence functions Y(j) is reached [Y(j)- OJ, or termin­
ates after a specified number of interations. A more 
detailed mathematical description is given in FURRER 
et al. (1989, 1990): 

Y(j) = q L J(l,j). (5) 
I 

Equilibrium speciation 

The equilibrium speciation model is given in Table 
3. The choice of components reflects major element 
composition ofleachate from the site (Table 1). Due 
to the limited literature data available on dissolution 
rates, we could not include Mn and Zn, which prob­
ably originate from weathering of the minor amounts 
of garnets and epidote, and sphalerite, respectively. 
Because sampled waters are greatly undersaturated 
with respect to secondary Zn-bearing phases, the 
geochemical behaviour of Zn should be conservative 
and analogous to that of Cu in the modeling study. 
Redox speciation of Fe is included by defining both 
FeH and Fe3+ as components, with Fe3+ concen­
tration maintained in heterogeneous equilibrium 
with Fe(III) oxyhydroxide. The aqueous concen­
tration of H4Si04(aq) and Al3+ are maintained sim­
ultaneously in heterogeneous equilibrium with 
Si02(s) and kaolinite. These assumptions are based 
on the speciation calculations of site drainage waters 
and mineralogical investigations. Concentration of 
0 2(aq) is assumed in equilibrium with an estimated 
average p02 in pore gas, based on site measurements 
(BENNE'IT et al., 1992). All redox reactions are 
treated as slow kinetic processes. 

Kinetic processes 

The stoichiometry and rate laws for slow kinetic 
processes are given in Tables 4 and 5, respectively. 
Rate constants (Table 6) have been corrected with 
the Arrhenius expression to the estimated average 
heap temperature of 278 K. The utilized activation 
energies for sulphides [88-92 (kJ/mol); NicHOLSON et 
a/., 1988; WIERSMA and RIMSTIDT, 1984) are more 
than. twice that reported for feldspars [35-38 (kJ/ 
mol); WIELAND et al., 1988]. For biotite and musco­
vite, we used an average activation energy for surface 
controlled dissolution of 60 (kJ/mol), suggested by 
LASAGA (1984). 

The inflow (process 1) corresponds to the annual 
average precipitation at the site, and with an assumed 
corresponding acid deposition load. The rate law for 
oxidation of ferrous iron (process 2; WEHRLI, 1990) 
considers the abiotic reaction in solution and hetero­
geneous oxidation of Fe(II) adsorbed at mineral 
surfaces. Surface speciation for adsorbed Fe(II) was 
modelled using data from ZHANG et al. (1992) for 
surface complexation of Fe(II) on lepidocrocite. 
Total concentration of Fe(II) adsorption sites are 
calculated by using a site density of 3 ,umollm2 

(ZHANG et al., 1992) and'the total reactive surface 
area of the waste rock discussed below. Using the 
total reactive surface area provides an upper limit for 
adsorbed Fe(II) oxidation rate. 

The rates of mineral dissolution were treated using 
empirical rate laws based on published laboratory 
weathering experiments. The rate laws for weather-



588 B. Stromberg and S. Banwart 

Table 3. Equilibrium speciation• 

Phase 

Aqueous phase 

H20-H+=oH-
W + so~-== HS04 
Na+ +so~-= NaSO.j 
K+ + so~- = KSO.j 
Mjf+ + H20 - H+ = MgOH+ 
Mjf+ +so~- = MgSO~ 
Ca2+ + H20 - H+ = CaOH+ 
Ca2+ + so~- = CaSO~ 
Ca2+ + H+ +so~-= CaHSOt 
Cu2+ + H20 - H+ = CuOH+ 
Cu2+ + 2H20 2H+ = Cu(OH)g 
Cu2+ + 3H20 3H+ = Cu(OH)3 
Cu2+ + 4H20- 4H+ = Cu(OH)~­
Cu2+ + so~- = CuS02 
Fe2+ + H20 - H+ = FeOH+ 
Fe2+ + 2H20 - 2H+ = Fe(OH)g 
Fe2+ + soi- = FeSO~ 
Fe2+ + H+ +so~-= FeHso+ 
Fe3+ + H20 - H+ Fe0H2+ 
Fe3+ + 2H20 - 2H+ = Fe(OH)t 
Fe3+ + 3H20 3H+ = Fe(OH)~ 
Fe3+ + 4H20 - 4H+ = Fe(OH).j 
Fe3+ + So~- = FeSOt 
Fe3+ + H+ + so~- = FeHsos+ 
Fe3+ + 2SO~- = Fe(S04)2 
Al3+ + H20 - H+ = AIOH2+ 
AJ3+ + 2H20 - 2H+ = Al(OH){ 
AJl+ + 3Hz0- 3H+ = Al(OH)g 
AJ3+ + 4H20 4H+ = AI(OH).j 
Al3+ + SOi- = AlSOt 
A13+ + H+ + SOi- AIHSQ~+ 
AJl+ + zso~- = Al(S04)2 

Solid phases and surface complexes 

Fe(OH)3(s) = Fe3+ + 3H20 3H+ 
AlzSi20~(0HMs) 

. = 2AI + + ~H~SiO~ + H20 - 6H+ 
S102(s) = H4S104 2H20 
>FeOH + H+ =>FeOH{ 
>FeOH = >Feo- + H+ 
>FeOH + Fe2+ = >FeOFe+ + H+ 
>FeOH + Fe2+ + H20 = >FeOFeOH + 2H+ 

Gas phase 

Oz(g) = 0 2(aq) 

logKt 

-14.5 
1.43 
0.22 
0.31 

-12.4 
1.47 

-13.7 
1.56 
2.40t 

-8.17t 
-13.8t 
-26.9t 
-39.3t 

1.59 
-10.3 
-22.2 

4.14 
2.40; 

-3.08 
-7.07 

-15.5 
-23.6 

2.83 
3.64; 
3.84 

-5.93 
-12.0 
-19.5 
-25.2 

1.90 
1.62; 
3.47 

5.39t 

10.3 
-3.37 

6.45§ 
-8.27§ 
-1.99§ 
.:...8.39§ 

•components used in the model are H+ Na+ K+ M ..2+ 
2+ 2 2+ .. 2 ' J t 5 1 

Ca , S04-, Fe , Cu-+, >FeOH, Si~(s), 0 2(aq), 
Fe(OHh(s) for Fe(III) and Al2Si20 5(0HMs) for AI. 

tThe given conditional stability constants were calculated 
for a temperature correction to 278 K with the van 't Hoff 
equation and an ionic strength correction to I= 0.05 M with 
the Davies equation. Stability constants were taken from 
t~e WATEQ database (TRUESDELL and JoNEs, 1974) re­
VIsed b6' NORDSTROM et al. (1991), if not otherwise stated. 

tt..H not available. 
§ZHANG et al. (1994), electrostatic and temperature cor­

rections have not been considered. 
!!Solubility of 0 2(aq) at 278 K from STUMM and MoRGAN 

(1981), K(M/atm). 

ing of primary minerals (processes 6-10) are valid for 
surface-reaction controlled dissolution kinetics. The 
fractional-order dependence on dissolved proton 
concentration is related to the concentration of reac­
tive surface hydrolysis species (GRAUER and STUMM, 
1982; BLUM and LASAOA, 1988). The acceleration and 
inhibition of the dissolution reactions due to changes 
in surface hydrolysis speciation with pH are therefore 
implicitly accounted for in these fractional order 
empirical rate laws (WIELAND eta!., 1988).lnhibition 
and acceleration of reaction kinetics due to other 
surface reactants such as adsorbed metal ions are not 
included. 

All sulphide minerals are far from equilibrium in 
oxic environments, and weathering rates are con­
strained only by reaction kinetics and transport of 
molecular oxygen. Because the heaps have remained 
oxic, we do not expect the thermodynamic stability of 
the different sulphides to have an influence on dissol­
ution rates. For abiotic pyrite oxidation by dissolved 
oxygen (process 3), numerous studies on reaction 
rates have been published (e.g. CLARK, 1966; MATH· 
EWS and ROBINS, 1974; GOLDHABER, 1983; MOSES et 
a!., 1987}. Experiments by SMITH et al. (1968) and 
McKIBBEN and BARNES (1986) suggest a low reaction 
rate dependence 011 free proton concentration, 
[H+ro. 1 , which we considered insignificant in com· 
parison with field-scale uncertainties. Rnte depen· 
dence on concentration of dissolved oxygen has been 
found to fit a Langmuir adsorption isotherm 
(NICHOLSON et al., 1988}, which can be approximated 
as a fractional order dependence. Here we use a 
square root dependence (McKIBBEN and BARNES, 
1986). The rate constant, kpyo, was calibrated to 
recent compilations of pyrite reaction rates (WIL· 
LIAMSON, 1992, R. V. Nicholson, pers. comm. 1992), 
obtained by comparison of independent experimen· 
tal investigations (e.g. McKAY and HALPERN, 1958; 
McKIBBEN and BARNES, 1986; NICHOLSON et al., 
1988; MosEs and HERMAN, 1991). The reaction rate 
of 25°C, pH 2-8, and p02 = 0.21 atm was found to be 
5 ± 3 X 10-10 mol/m2 S. 

The relative importance of pyrite oxidation by 
ferric iron has been investigated and debated (GAR· 
RELS and THOMPSON, 1960; NllllGEN et a/., 1981; 
McKIBBEN and BARNES, 1986), This reaction (process 
4) has been referred to as the indirect mechanism 
(SILVERMAN, 1967) and is here formulated as con· 
sumption of Fe( III) hydroxide. For the sake of sim· 
plicity we use the rate law suggested by WIERSMA and 
RIMSTIDT (1984}, which is first order with respect to 
the concentration of Fe3+. Although no published 
rate law covers a wide pH range, the reaction has 
been shown to dominate at pH 1.6 (HERRERA et al., 
1989}, and is inhibited at neutral pH due to competi­
tive adsorption ofFe(II) (MosEs and HERMAN, 1991). 
The indirect mechanism has also been shown to be 
less important in unsaturated hydrological environ· 
ments and for conditions of high iron oxidizing ml· 
crobial activity (TAYLOR et al., 1984a,b). 
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(1) Inflow of atmospheric precipitation: 

._zH+ + soa-
(2) Ferrous iron oxidation: 

Table 4. Stoichiometry of processes" 

Fe2+ + !02(aq) + ~H20-> Fe(OHh(s) + 2H+ 

(3) Pyrite oxidation by dissolved oxygen: 

FeS2(s) + i02(aq) + H20-> Fe2+ + 2SO~- + 2H+ 

(4) Pyrite oxidation by ferric iron: 

FeSz(s) + 14Fe(OHh(s) + 26H+-> 15Fe2+ + 2SO~- + 34H20 

(5) Chalcopyrite oxidation by dissolved oxygen: 

CuFeSz(s) + 402(aq)-> Cul+ + Fe2+ + 230~­
(6) Muscovite dissolution: 

KAl2(AlSi30w](OHh(s) + I-1'1' + ~H20-> K+ + ~ AI2Si20 5(0HMs) 

(7) Biotite dissolution: 

KMg1.sFei.sAISi30w(OHh(s) + 7H+ + !H20-> K+ + l.5Mg21' + 1.5Fe2+ + 2H4Si0~ + !AI2Si20 5(0HMs) 

(8) Albite dissolution: 

NaA!Si308(s) +H+ + ~H20-> Na+ + 2H4Si0~ + M12Si20 5(0H)4(s) 

(9) Anorthite dissolution: 

CaAI2Si20R(s) + 2H+ + I-I20-> CuH + Al2Si205(0HMs) 

(10) K-fcldspar dissolution: 

KAISi30g(s) + H+ + ~Hp-> K'' + 2H4SiOS + !AI2Si20 5(0Hl4(s) 

(11) Outflow 

All aqueous in reactor-> 

589 

"The stoichiometry of processes nrc inserted in the STEADYQL program as congruent reactions. The activity of 
Feqn~, H4Si04 and AI. in solution arc then controlled by the solubility of Fe(OH)J(s), Si<3.! (s) and Af:<Si2 0 5 (OH)4 (s). 
Stotch10metries of dommaling processes are shown in the table. 

Table 5. Expressions for processes* 

Process 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Ref. 

(1) 
(2) 
(3) 
t 

(4) 
(5) 
(6) 
(7) 
(8) 

* 
*Parameters: q = infiltration rate (m/s); h = height of heap (m); B = water content (mllm' of 

media); A1 =surface area of mineral (m2/m3 of media); k1 rate constant, units according to Table 6; 
J1 = flux per heap 11rea (mollm2/s). 

tReaction rate of chalcopyrite was assumed to depend on P02 in the same way as pyrite. 
tOutflow, J out calculated by program (molina/a). 
References: (1) WEHRLI (1990); (2) McKIBBEN and BARNES (1986); (3) WIERSMA and RIMSTIDT 

(1984); (4) KNAUSS and WoLBRY (1989); (5) MalmstriSm and Banwart (in preparation); (6) CHOU and 
WOLLAST (1985); (7) AMRHEIN and SUARI!Z (1988); (8) HELOESON eta[. (1984). 

We are aware of only one published study of 
chalcopyrite oxidation (process 5). In a comparison 
of the oxidative dissolution of chalcopyrite and pyrite 
in batch reactors open to the atmosphere, the rate of 

the chalcopyrite reaction was approximately half that 
of pyrite (STEGER and DESJARDINS, 1978). It was not 
possible with the information presented to normalize 
the relative reaction rates to specific surface area. As 

.....• ~ 
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Table 6. Parameters in processes 

Process Parameter• Ref. 

1 q = 1.6 X 10-R (m/s) 
1 c1n = 6.3 X 10-6 (M) 
2-11 h = 15 (m) 
2, 3, 5 P02 = 0.10 (atm) 

(1)t 2 kr.1 = 4.8 x 10- (m31mollsl) 
2 kc02 == 15.3 X 10-3 (m31molls) (1) 
2 kre3 = 2.8 X 10-3 (m3/mol/s) (1) 
2 T= 1 x 10-3 (M) t 
2 (} 0.05 
3 k 

0 
= 7.9 X 10-11 (mole0·5 ml.5/m2/s) (2) 

4 kpy r = 1.3 X 10-9 ( m31m2/s) (3) 
5 k~:o = 4.1 X 10-11 (mo1°·5 ml.5/m2/s) § 

6 k = 9.5 X 10-lS (moiQ·6 m L21m21s) (4) 
6 

mul -15 2 (4) kmu2 = 1.8 X 10 (mol/m Is) 
7 kbld = 7.8 X 10-tz (mole0·4 mL81m2/s) (5) 
8 kald 3.3 X 10-tz (mo!e0·6 ml.2/m2/~ (6) 
9 kant= 7.9 x 10-w (mole-1.7 m8·1/m Is) (7) 
9 kan2 = 4.6 X 10-13 (mol/m21s) (7) 

10 kkrd == 4.1 X 10-l:> (mollm2/s) (8) 

*Rate constants are corrected to 278 K with the Arrenius 
expression. 

tThe influence of temperature on process 2 is considered 
by correcting for the temperature-dependent solubility of 
oxygen and ion product of water (SuNG and MoRGAN, 1980). 

tTotal concentration of immobiles sites, (M), 
§The rate of chalopyrite oxidation was assumed to be half 

that of pyrite as indicated by experimental results of STEGER 
and DESJARDINS (1978). 

References: (1) WEHRLI (1990); (2) WILLIAMSON (1992); 
(3) WIERSMA and RIMSTIDT (1984); (4) KNAUSS and WoLERY 
(1989); (5) Malmstrom and Banwart (in preparation); (6) 
CHou and WoLLAST (1985); (7) AMRHEIN and SuAREZ 
(1988); (8) HELGESON eta[. (1984). 

no explicit rate law has been given in the literature, 
the rate dependence on 0 2 (aq) and free proton 
concentration for chalcopyrite dissolution was 
assumed to be the same as for pyrite. Chalcopyrite 
oxidation by ferric iron was assumed to be negligible. 

All sulphide oxidation reactions (processes 3-5) 
only consider complete oxidation to sulphate. 
Although elemental sulphur and aqueous species of 
intermediate redox state (S4o~-, S2o5-, so5-) may 
also form, experimental results show that sulphate is 
dominating (STEGER and DESJARDINS, 1978; McKIB­
BEN and BARNES, 1986; Mosnsetal., 1987; MosEs and 
HERMAN, 1991). Microbially mediated reaction kin­
etics were not explicitly evaluated but were con­
sidered by comparison with modelled abiotic 
reaction rates as discussed below. 

Reactive and physical surface area 

The reactive surface area of the waste rock, Ar,tot 

(m2/m3 of media), was treated as a dependent vari­
able, calibrated to arrive at a leachate of an ionic 
strength that corresponds to site measurements. The 
reactive surface area for a specific mineral A1, is 
assumed to be related to mineral volume abundance 
v1, ·and the calibrated total reactive surface area, 
Af,tot• as shown below. Differences in grain sizes and 

Table 7. Total concentrations of dominating clements in 
leachate (mM), collected in drainage ditch Dl (Fig. 1) and 
results of corresponding simulations with abiotic sulphide 
weathering rate from literature and with a calibrated sui-

phide weathering rate 

Model Model 
Abiotic Calibrated 

Field sulphide sulphide 
data rate rate* 

3.80 4.1 3.8 pH 
Cu 0.30 o.s 0.5 
Fe 0.04 0.02 0.09 
AI 2.8 0.3 3 
Ca 4.6 1 3 
Mg 2.4 5 3 
Na 2.0 4 2 
K 0.44 6 3 
so4 13.6 13 14 
Si 0.32 0.4 0.4 
Ionic stren5th, I (M) 0.038 0.04 0.04 
Ar,tot(m2/m ) 3 X 1Q4 1.1 X 104 

surface roughness between different minerals which 
could effect the distribution of surface area were 
neglected: 

X1 = .!i- (6) 

I Vj 
j=l 

Ai = X1A,,101 (m2/m3 of media). (7) 

A "physical" surface area of the waste rock was 
estimated at BET surface area, using N2 (g) sorption 
(Micromeritics, Flow sorb II 2300). Particles of the 
different rock types and different size fractions ( dia­
meter; 0.1, 0.2, 0.3, 0.7, 1.4, 2.8, 4.7 mm) were 
ultrasonically cleaned before measurements. Results 
show an average surface area of 1 ± 0.4 m2/g. No 
significant difference between different rock types or 
particle size fractions could be detected. The 
measured specific surface is much greater than the 
geometrical outer surface area of the particles, pre­
sumably due to inner pore surfaces. The outer geo­
metric surface area only becomes important for 
comparatively small fraction of particles with diam­
eters below 10 ,urn (assuming spherical geometry). It 
could thus be concluded that physical surface area is 
approximately constant per volume rock and inde­
pendent of the particle size distribution. At an esti­
mated density for the waste rock at 2800 kg!m3 and an 
assumed porosity for the heaps of 35%, the physical 
surface area is of the order of 2 X 106 m2/m3

• 

RESULTS AND DISCUSSION 

The model calculations give a leachate with com­
position shown in Table 7 (column 2). The compari­
son with the average leachate composition measured 
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Acidity produclng pl'OCelllel Acidl ty c:onauming procell8es 

Ole. I 

3) Pyrite <lQ(. b yoxygen I 

4) Pyrite ox by ferric !roo I 

1))(, 

6) MUSCovite diss. 

I 

&)Albite disa. p 
dl.ss. I 

dl.ss. p 
It) Outflow I 

1.0 o.s 0.5 1.0 

[105 mol/ha,yau] 

FIG. 3. Proton balance of steady-state model for geochemical processes at the site (lOS mol/ha/a). Acidity 
is defined as the base neutralizing capacity [BNC, Eqn (1)]. 

at the site (column 1) shows that the relative rate of 
sulphide mineral weathering and alkalinity gener­
ation from dissolution of primary silicate minerals 
explains the net proton flux at the site reasonably 
well. Because the dominant process driving all reac­
tions at this site is the sulphide oxidation, the sul­
phide reaction rates (kpyf• kpyo, kcha) were increased 
by a factor of 3 to give the same pH as the site 
drainage water. The results for all components 
agreed significantly better after this relatively small 
adjustment (column 3, Table 7). This difference in 
reaction rate is of the same order of magnitude as 
uncertainties in measured flowrates and the chemical 
composition of water in the drainage ditches. 

Concerning microbial catalysis, Thiobacillus fer­
rooxidans has been reported to increase weathering 
rates of pyrite more than one order of magnitude in 
laboratory experiments under optimal growth con­
ditions (PACroREK et al., 1981; LJZAMA and SuzUKI, 
1989; OLsoN, 1991). The activity of these acidophilic 
bacteria increases with decreasing pH below pH 4 
(ARKESTEYN, 1980) with optimal growth conditions 
observed at temperatures near 30"C (SILVERMAN and 
LUNDGREN, 1959). Porewater pH at this site is within 
the reported pH range for Thiobacillus ferrooxidans 
activity. However, their activity may be restricted by 
the low average temperature at this site. The devi­
ation in sulphide reaction rates by a factor of three 
from abiotic kinetic data can be considered small and 
is not: necessarily related to bacterial sulphide oxi­
dation. 

Comparison of Fe(II) production from pyrite and 

biotite weathering with Fe fluxes in the drainage 
water shows that at least 99% of iron is removed 
within the waste rock heap. This internal cycling 
could only be explained by a rate of Fe(II) oxidation 
which is three orders-of-magnitude faster than that 
predicted by the abiotic rate of reaction. The abiotic 
reaction was dominated by the surface-catalysed 
pathway. Consistent model results could only be 
obtained when this reaction rate was explicitly cor­
rected to account for the large discrepancy in reaction 
rates. Microbially-catalysed ferrous iron oxidation by 
Thiobacillus ferrooxidans or other iron-oxidizing 
bacteria (NIKOLOV and KARAMANEV, 1992; AHONEN 
and TuoVINEN, 1989) must therefore be considered. 
The rate of sulphate and base cation production from 
mineral dissolution and the corresponding element 
fluxes in the site drainage water indicate that iron is 
removed predominantly as Fe(III) hydroxide rather 
than as mixed hydroxy-sulphate phases such as jaro­
site. 

The relative reaction rate of silicate minerals 
explains measured fluxes of base cations; K+, Mi+, 
N a+, Ca2+. Reaction rates of pure silicate minerals 
measured in laboratory experiments often vary de~ 
pending on differences in mineral composition, sur­
face morphology .and experimental method. In spite 
of these uncertainties, the correlation between model 
results and field measurement show that the relative 
reactivity observed in the field is consistent with the 
laboratory results. 

The model calculations show a proton balance 
(Fig. 3) with alkalinity production dominated by the 
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Table 8. Characteristic turnover time of minerals and rate 
constants for mineral dissolution 

Pyrite 
Chalcopyrite 
Anorthite 
Biotite 
Albite 
K-feldspar 
Muscovite 

Turnover time• 

700 
800 

3 X lcP 
5 X 103 

1 X 104 

4 X 104 

3 X 106 

Rate constantt 
(mollm2/s) 

6 x w-t3 

2 X 10-13 

4 x w-14 

1 x w- 14 

1 x w- 14 

•Determined from mineral content of waste rock heap 
and weathering calculated by the steady-state model. 

tRate constants obtained from element fluxes at the site 
and normalized to a measured (BET) mineral surface area. 
Tracers: Cu2+, chalcopyrite; sal- (corrected for chalco· 
pyrite oxidation), pyrite; Ca2+, anorthite; Na+, albite; 
Mgl+, biotite. 

weathering of biotite and anorthite. It is interesting 
to note that this is consistent with conclusions drawn 
from watershed studies showing either plagioclase 
(KIRKWOOD and NESBITT, 1991) or ferromagnesian 
silicates (MILLER and DREVER, 1977) or both (GrovA­
Nou et al., 1988; VELBEL, 1985) as dominating 
sources of alkalinity. Acidity generation is domi­
nated by ferrous iron oxidation to Fe(Il) hydroxide 
and oxidative weathering of pyrite. 

The absolute weathering rates in the waste rock 
heaps are affected by the fraction of the mineral 
surface area accessible for reaction with porewater. 
A significant part of inner pore surfaces may be 
inaccessible due to a low transport rate of dissolved 
reactants within particles. The reactive surface area 
used to obtain model results, 1.1 x lcf (m2/m3 of 
media), compares to an estimated physical surface 
area of2 x 106 (m2/m3 of media), obtained from the 
BET measurements of waste rock particles. This 
corresponds to a reactive surface area of 0.6% of 
physical surface area which is a similar level as for a 
number of other field systems (WHITE and PETERSON, 
1990). 

It should be noted that field effects not directly 
related to the reactive surface area, for example 
adsorption of dissolution inhibiting ions such as alu­
minium and sulphate or transport controlled reaction 
rates (SCHNooR, 1990; STUMM, 1991), may effect its 
calibration. Nonetheless, we consider the calibration 
of reactive surface area the only feasible approach to 
such uncertainties with the present knowledge of 
field-scale processes. 

Dissolution rates were also calculated directly 
from element fluxes at the site, and normalized to 
the physical surface area, using M,f+ as a tracer 
for biotite, Na+ for albite, Ca2+ for anorthite, Cu2+ 
for chalcopyrite and s~- for pyrite (corrected for 
chalcopyrite weathering; Table 8). As in the model 
development, other sources or internal sinks for the 
elements are neglected. Neglecting dissolution of 
trace amounts of calcite and a possible precipitation 

of gypsum may alter the given weathering rates for 
anorthite and pyrite. However, because the calcite 
dissolution has been demonstrated to be significant 
only for a time scale shorter than the average age of 
the heaps (STR6MBERG et al., 1994), we do not expect 
significant Ca2+ generation from calcite dissolution 
here. In general, directly calculating weathering rates 
by these element fluxes at field scale is justified 
considering the relatively good agreement between 
model results and net proton flux at the site. 

We calculated a characteristic turnover time for 
each mineral (Table 8) by dividing the total amount 
of mineral in the heaps by their respective dissolution 
rates at steady state. Because geochemical processes 
controlling dissolution rates may change significantly 
over geological time scales, these characteristic times 
are not necessarily related to the lifetime of the 
minerals. However, these turnover times can be 
compared with the estimated hydraulic residence 
time of 1.5 a. For the elements included as com­
ponents in the model calculations above; Na+, K+, 
Mg2+, Ca2+, Cu2+, so~-, are considered conserva­
tive solutes whose turnover time is of the same order 
as the hydraulic residence time. On the other hand, 
elements dominated by internal cycling (participate 
in secondary mineral formation); H+, Fe2+, Fe3+, 
Al3+, H4Si04(aq), 0 2(aq), have turnover times on 
the order of days. This comparison provides a justifi­
cation for the steady-state model, as changes in the 
relative mineral abundance are slow compared to the 
residence times of solutes. On time scales greater 
than 101-102 a, those changes must be considered. 

CONCLUSIONS 

Considering uncertainty in drainage water flow 
and composition at the site, treating the waste rock 
heap as a single completely-mixed reactor is an 
appropriate level of complexity for coupled chemical 
and hydrological processes. In spite of neglecting 
spatial and temporal variability in mineral compo­
sition, weathering rates and hydrologic conditions, 
we can conclude the following. 

(1) The relative weathering rates of sulphides and 
primary silicate minerals taken from the literature, 
explain net proton and base cation fluxes at the site. 

(2) The overall rate of Fe2+ oxidation within the 
heap is at least three orders of magnitude faster than 
that given by abiotic kinetics. The activity of iron 
oxidizing bacteria should therefore be considered. 

(3) The absolute weathering rates, normalized to a 
physical surface area estimated by BET measure· 
ments and with activation energies corrected for 
temperature, are approximately two orders of magni· 
tude lower at field scale compared to published rates 
from laboratory experiments. 

(4) Drainage water concentrations indicate that Si, 
AI and Fe3+ flux is controlled by solubility equilib· 
rium with secondary minerals and flow rate through 
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the heap, whereas reaction kinetics influence release 
rates of acidity, S04 , Cu, base cations and possibly 
Fe2+. 

(5) Model calculations indicate that weathering of 
biotite and plagioclase are dominant sources of alka­
linity. 
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