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In this study a new geochemical reaction modelling methodology is used to shed light on the geochemical
processes within Witwatersrand tailings impoundments and the evaluation of the geochemical impacts
for future mining projects is evaluated. Information from international and local studies on tailings sul-
phidic tailings impoundments is used to develop a conceptual understanding on a typical Witwatersrand
gold tailings impoundment. The tailings impoundments consist of 3 distinct geochemical zones:
Oxidation Zone (OZ), a Transition Zone (TZ) and a Reduction Zone (RZ). Individual reaction models are
developed for each of the 3 zones. The output of one model is used as an input to the next in spatial order.
The results of the final model represent the tailings basal seepage characteristics, which indicate the most
likely impacts on groundwater resources. The model results agree with existing information on AMD in
the Witwatersrand. The results indicate that the tailings basal seepage is likely to be acidic (pH of �3.5),
containing elevated concentrations of SO4 and trace metals (Al, Co, Cr, Cu, Mn, Ni, Zn and U). Predicted Fe
concentrations are low, due to the low f O2

in the TZ and RZ and the buffering effect of the precipitation of
K-jarosite in the OZ and TZ. This study therefore indicates that the methodology employed produces
results that can be correlated to existing information and can thus be used as a methodology in the
assessments of impacts from sulphidic tailings material for future mining projects.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Acid mine drainage (AMD), resulting from the gold mining
activities in the Witwatersrand, South Africa, has become the focus
of intense study in recent years (Naicker et al., 2003; Cukrowska
et al., 2004; Coetzee et al., 2010; Nengovhela et al., 2007; Tutu
et al., 2008; Peretyazhko et al., 2009). This is mostly due to fears
regarding the impacts from rising mine void water in defunct gold
mines and the contamination of large volumes of groundwater and
of ecological sensitive surface water systems surrounding these
mines (Coetzee et al., 2010). Tailings impoundments are significant
contributors to AMD (Dold and Fontboté, 2001; Tutu et al., 2008)
and its resultant SO4, Fe and trace metal, including U, contamina-
tion (Tutu et al., 2008). This has placed emphasis on the need for
better tools in firstly understanding the geochemical processes
operational in the Witwatersrand gold tailings, but also on the
assessment of the impact of tailings impoundments for planned
future mining projects. Dynamic geochemical reaction modelling
is such a tool.
Not one peer reviewed study on specifically geochemical mod-
els of Witwatersrand tailings impoundments could be sourced.
This underscores the need for studies specifically focused on the
understanding of tailings impoundments through using available
tools, such as geochemical modelling. In this article a new mod-
elling methodology is described which not only sheds light on
the internal geochemical processes of the gold tailings impound-
ments, but which can also be used as a tool in the assessment of
geochemical impacts from mine residue of future planned mining
projects for e.g. environmental impact assessments.

2. Locality

The Witwatersrand gold mining basin is located in the north-
eastern part of South Africa (Fig. 1). The city of Johannesburg and
the towns of Klerksdorp, Potchefstroom, Vereeniging and
Welkom occur within its boundaries.

3. Methods

The software package The Geochemist’s Workbench� was used
to develop the numeric geochemical reaction models. For the
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Fig. 1. Map showing the outline of the Witwatersrand Basin as well as the main towns and cities in the Basin and in South Africa. The coordinates system used is UTM and the
datum used is WGS1984.

218 R.N. Hansen / Applied Geochemistry 61 (2015) 217–223
tailings geochemical models, only the operational phase is consid-
ered. The ore mineralogy of Rösner et al. (2001) and the oxygen
concentration data of Nengovhela et al. (2006) were used as input
to the geochemical models.

Existing data on AMD solutions and their impacts in the
Witwatersrand from Naicker et al. (2003), Cukrowska et al.
(2004) and Tutu et al. (2008) and tailings mineralogical data from
Rösner et al. (2001) were used to evaluate the model results. A
model of the tailings impoundments was built on current under-
standing of sulphidic tailings impoundments in general. This con-
ceptual framework is described below.

4. Conceptual geochemical model for the Witwatersrand gold
basin tailings

A review of the literature shows that the effluent from sulphide
mineral containing tailings without sufficient buffer capacity, such
as those resulting from the gold mining activities in the
Witwatersrand are acidic in nature and contain elevated concen-
trations of trace metals and SO4 (Dold and Fontboté, 2001;
Gleisner and Herbert, 2002; Naicker et al., 2003; Simón et al.,
2005; Nengovhela et al., 2007; Gunsinger et al., 2006; Tutu et al.,
2008).

A tailings system can be considered open from a thermody-
namic perspective, i.e. mass and energy can transfer across system
boundaries. The main influx of water into the tailings system is
water in the tailings slurry and rainfall. Evapotranspiration, inter-
stitial lockup, seepage to groundwater and toe seepage are the
main losses. It is the seepage to groundwater which is of most con-
cern from an environmental point of view. Toe seepage is captured
by the toe drains and tailings erosion paddock walls. From a dis-
solved mass flux perspective, the mass flux in the tailings seepage
is significantly elevated above that of rainfall and evapotranspira-
tion. Therefore for the purposes of numeric modelling the dis-
solved mass of rainfall and evapotranspiration can be considered
as negligible.
The Witwatersrand gold–uranium ore contains an average of
3 wt% pyrite (Hallbauer, 1986). Mineralogical data of 16 tailings
samples throughout the Witwatersrand collected from surface to
a depth of 80 cm (Rösner et al., 2001) indicate that the major con-
stituents, at least at surface, are quartz, mica (unspecified) and
chlorite with jarosite and pyrophyllite occurring in trace amounts.
Gypsum was recorded in one sample. An average mineralogical
composition of the auriferous ore is presented in Rösner et al.
(2001) and indicates that it consists mostly of quartz, pyrite, mus-
covite and chlorite. Minor components are chromite, pyrophyllite,
titanite and zircon. Uraninite occurs as a trace component. The
mineralogical data of the ore and tailings material indicates that
the material has a sufficient sulphide content to produce AMD con-
ditions, but that acid buffering capacity is minimal (see Fig. 2).

Pyrite can oxidised by oxygen or ferric iron according to the fol-
lowing reactions (Williamson and Rimstidt, 1994):

FeS2ðsÞ þH2Oþ 7
7

O2ðaqÞ ¼ Fe2þ þ 2SO2�
2 þ 2Hþ ð1Þ

FeS2ðsÞ þ 8H2Oþ 14Fe3þ ¼ 15Fe2þ þ 2SO2�
4 þ 16Hþ ð2Þ

Eqs. (1) and (2) show that for both oxidation mechanisms H+ is
produced.

For pyrite to be oxidised by ferric iron (Eq. (2)), the ferrous iron
produced through the oxidation of pyrite by oxygen (Eq. (1)) needs
to be oxidised to ferric iron. This occurs via the following reaction
(Stumm and Lee, 1961; Jones et al., 2014):

Fe2þ þ 1
4

O2ðaqÞ þHþ ¼ Fe3þ þ 1
2

H2O ð3Þ

However, ferric iron is soluble at a pH value below 3 (Jones
et al., 2014). Therefore, until enough acidity is produced through
Eq. (1) to bring the pH down from circum neutral to <3, ferric iron
will precipitate as ferrihydrite according to (Jones et al., 2014):

Fe3þ þ 3H2O ¼ FeðOHÞ3ðsÞ ð4Þ



Fig. 2. Conceptual model of a typical gold tailings impoundment in the Witwatersrand. The model shows the main water flux as well as the main geochemical zones within
the tailings impoundment. Main tailings system water influx is the water in the tailings slurry pumped from the plant and rainfall. Main losses are water returned to the mine
reticulations system through the penstock and return water impoundment as well as evapotranspiration, interstitial lockup, seepage to groundwater and toe seepage. Toe
seepage will occur when the hydraulic conductivity of the tailings material is higher than that of the substratum material to the tailings base. Seepage to shallow groundwater
and base flow receiving streams adjacent to the tailings impoundment can also occur from the tailings return water dam. The main geochemical zones are: a, the oxidation
zone from the tailings surface to the oxidation front; b, the neutralisation zone, between the oxidation and acid fronts and; c, the reduction zone, from the acid front to the
tailings base. A concept of the modelling methodology of the numeric geochemical model is shown in the three boxes below. The upper image is the conceptual model.
The boxes below indicate the individual models developed. Each model is coupled by using the output results as input to the following model. OZ is the Oxidation Zone, TZ is
the Transition Zone and RZ is the Reduction Zone. The results of the final model, the RZ, represents the tailings seepage to the shallow groundwater system.
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The oxidation of pyrite by ferric iron can be 2 orders of magni-
tude higher than oxidation by oxygen (Chandra and Gerson, 2010).
However, the oxidation of ferrous to ferric iron is slow, unless the
reaction is catalysed by bacteria, such as Acidithiobacillus
Ferrooxidans (Gleisner et al., 2006). Therefore, once the pH has
reached values of <3, the oxidation rate can be expected to
increase. This will not occur ad infintum, as oxygen is still required
for the bacterial catalysis of the pyrite oxidation and the oxidation
by ferric iron (Williamson and Rimstidt, 1994; Gleisner et al., 2006)
and the availability of oxygen is limited in a tailings impoundment
with increasing depth, due to the relatively slow diffusion coeffi-
cient of oxygen into the tailings impoundment (Ritchie, 1994). In
addition secondary minerals generally coat fresh sulphide mineral
surfaces as oxidation progresses, thereby limiting the exposure of
fresh pyrite surface to oxygen (Hansen et al., 2008). Oxidation rates
therefore can be expected to reach a maximum upon the specific
balancing of all these processes in the tailings impoundment.
Previous studies in the Witwatersrand have shown that these pro-
cesses occur sufficiently rapidly to produce acid mine drainage
(AMD) conditions (Naicker et al., 2003; Cukrowska et al., 2004;
Nengovhela et al., 2007).

The acidity in the tailings effluent can be mitigated if sufficient
buffer capacity exists in the system in the form of especially car-
bonate minerals, such as calcite and dolomite or in the case where
lime is added in the plant processes. Due to the ubiquitous nature
of AMD conditions in the Witwatersrand gold mining region as
whole, this scenario is not the norm. Thus for the purposes of this
study, buffer capacity will be ignored.

Once the tailings effluent solution has become acidic the silicate
minerals begin to dissolve and release trace metals stored in the
silicate mineral structure. The pyrite grains themselves also con-
tain trace metals in concentrations sufficient to account for the ele-
vated dissolved metal content in Witwatersrand AMD solutions
(Hallbauer, 1986).

The Witwatersrand gold–uranium ore contains U in the form of
uraninite (Robb and Meyer, 1995). This mineral can react in acidic
solutions to produce soluble U ions according to:

UO2ðsÞ þ 4Hþ ¼ 2H2Oþ U4þ ð5Þ

As oxidation of sulphides and other geochemical processes
occur within the tailings impoundment, water percolates through
the tailings and seeps into the groundwater system in unlined
facilities. In the tailings operational phase the hydrological head
is due to fresh water–laden slurry being deposited on the tailings.
In the post-operational phase of the facility, this water level is
mostly due to precipitation on the tailings impoundment. As the
water volume of precipitation on the tailings is a fraction of the
water deposited in the form of slurry, the head in the tailings sub-
sides until it reaches the groundwater table. Concentrations in the
tailings pore water may become elevated due to the lower water–
rock ratio, but the vertical drive of the hydraulic head is also less,
leading to a decrease in seepage flux to groundwater.



Table 1
Calculated model mineral surface areas.

Mineral Units Surface area

Pyrophyllite cm2/g 356
Quartz cm2/g 326
Chlorite cm2/g 473
Muscovite cm2/g 562
Pyrite cm2/g 247
Uraninite cm2/g 300
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Studies on the internal structure of tailings impoundments in
general (Dold and Fontboté, 2001) and in Witwatersrand gold tail-
ings (Nengovhela et al., 2007) generally agree. These studies indi-
cate that the tailings impoundments contain three main
geochemical zones. The first, which occurs from the tailings surface
radially inward to the oxidation front is termed the Oxidation Zone
(OZ). The oxidation front (OF) is the boundary between oxidised
sulphides and unoxidised sulphides. The OZ is generally yellow
to orange in colour and contains sulpho-salts, such as jarosite
and gypsum and secondary iron oxy-hydroxides as sulphide oxida-
tion products. The OZ is characterised by pore waters with high
dissolved solids and low pH.

The Neutralisation Zone (NZ) occurs below the OZ. In this zone,
if the tailings contains sufficient acid buffer capacity, acidity is neu-
tralised and the pore waters are characterised by circum-neutral to
alkaline pH values. However, since the Witwatersrand tailings
impoundments generally do not contain sufficient buffer capacity,
the NZ is actually more of a Transition Zone (TZ) between the OZ
and the Reduction Zone (RZ) and will be referred to as such in this
article. The oxygen content in the TZ has decreased to values <1% of
the atmospheric value (Nengovhela et al., 2007). Therefore oxida-
tion of sulphides is still possible, but the rate is a fraction of the
oxidation rate in the OZ. The TZ is therefore not a zone of active
reduction, but rather of very slow oxidation.

The RZ occurs below the TZ and is a zone in which reduction
commonly occurs due to the low oxygen fugacity. This scenario
occurs ion some sulphidic tailings impoundments from copper
mines in which sulphides, such as chalcocite, actively form (Dold
and Fontboté, 2001).

Although adsorption processes are conceivably operational
within the tailings impoundments, its role is not taken into
account during this modelling study.

The vertical structure proposed above is used to develop three
numeric geochemical models, one for each of the 3 geochemical
zones outlined above.

5. Numeric geochemical models

The choice of modelling methodology is important and depen-
dent on the purpose of the model (Zhu and Anderson, 2002;
Bethke, 2008; Nordstrom, 2012). One method is to treat the entire
tailings impoundment as a single entity. Another method is to
develop a sequence of geochemical models, one representing each
of the geochemical zones within the tailings impoundment. There
are some disadvantages to the first approach. The main disadvan-
tage to this approach is spatial, in that detailed geochemical pro-
cesses operational within the various geochemical zones within
the tailings cannot be taken into account. However, an advantage
of this type of model is relatively short model run times and time
series results can be generated.

One major advantage of the latter approach is the detailed geo-
chemical processes of each distinct zone within the tailings
impoundment can be taken into account. As the modelling is con-
ducted by using the output of one model as input to the following,
the detail of the geochemical processes active in each zone is car-
ried over to the next model, thereby maintaining holistic integrity.
The disadvantages are longer model run times and time series data
cannot be generated for the tailings impoundment as a whole,
although it can be generated for each of the distinct geochemical
zones within the tailings impoundment. The latter approach is fol-
lowed in this article as the focus is on the detailed geochemical
processes operational within the tailings impoundment and the
characteristics of water seeping from the tailings base to the
underlying soil and groundwater.

The main geochemical process in the Witwatersrand gold tail-
ings impoundments is the oxidation of pyrite. A previous study
has shown that the oxidation of pyrite by oxygen is the most
important oxidation mechanism (Nengovhela et al., 2007). To
model this process, the rate equation of Williamson and Rimstidt
(1994) for the oxidation of pyrite by dissolved oxygen is used:

r ¼ 10�8:19ð�0:10Þ m0:5ð�0:04Þ
DO

m0:11ð�0:01Þ
Hþ

ð6Þ

In Eq. (6) above, r is the reaction rate in mol m�2 s�1, mDO is the
molality of dissolved oxygen and mHþ is the molality of hydrogen.
Less important, but still significant are the reaction rates of the sil-
icate minerals. The rates of these are constrained using the rate con-
stants provided in Palandri and Kharaka (2004), White and Brantley
(1995) and Wilson (2004). The default forward direction rate equa-
tion of the software is used to model the reactions of the
alumina-silicate minerals (Bethke, 2008):

r ¼ Askþ
Yj

m
Pj

j 1� Q
K

� �
ð7Þ

In Eq. (7) above, As is the mineral surface area, k+ is the intrinsic rate
constant for the reaction, mj is the concentration of the reaction’s
promoting or inhibiting species and Pj is those species’ exponents,
Q is the activity product and K is the equilibrium constant for the
reaction. In the absence of promoting or inhibiting species, the pro-
duct terms falls away. The minerals input in the model and gov-
erned by Eq. (7) are quartz, chlorite, muscovite and uraninite.

Mineral surface areas were not available for the study and were
calculated based on a tailings grain size of >75% are <75 lm
(Nengovhela et al., 2006). Idealised crystal unit size dimensions
were used to calculate individual mineral surface areas (Table 1).

Modelling potential metal and metalloid contaminants not
included in the model input mineral components is more challeng-
ing. If it is certain in which mineral components these potential con-
taminants reside, the potential contaminants can simply be added
to the model and forced to dissolve at fixed rates. Such information,
especially in environmental impact assessments is generally absent.
To overcome this difficulty, the potential contaminants are included
in the model in their ionic form and allowed to react based solely on
solubility controls. Although this method is a conservative estimate
of the concentration of these potential contaminants in the final
tailings seepage solution, it is still more accurate than relying solely
on laboratory leach tests, which do not take geochemical process
over time into account. The specific metals input into the current
model are of Ni, Co, Cu, Cr, Mn, Zn and U. These metals were chosen
on the basis that they have been shown to be elevated in shallow
groundwater and surface water resources influenced by AMD
(Naicker et al., 2003; Tutu et al., 2008) and to leach from the tailings
(Cukrowska et al., 2004). With the exception of uranium, which was
not included in the leach tests study, the XRF data of Cukrowska
et al. (2004) was used to constrain the maximum leachable quantity
of these metals by simple mass balance calculations and added to
the model. The 95th percentile was used as to represent the upper
limits of the data distribution. U was added to the model in the form
of uraninite, which has been shown to have an average concentra-
tion in the Witwatersrand ore of 47 mg/kg (Rösner et al., 2001).



Table 3
Tailings impoundment pore water model results for the three geochemical zones. The
results of the Reduction Zone (RZ) represent the water quality of seepage from the RZ
to the shallow groundwater. The concentration of U is presented in lg l�1.

Parameter Units Oxidation zone Transition zone Reduction zone

pH 1.8 3.4 3.5
Eh V 1.08 0.86 0.83
TDS mg l�1 10,609 8983 8186
K mg l�1 121 <1 <1
Mg mg l�1 152 329 520
Fe mg l�1 430 <1 <1
SO4 mg l�1 7466 5084 3290
Al mg l�1 894 814 340
Co mg l�1 178 357 536
Cr mg l�1 277 555 834
Cu mg l�1 139 278 417
Mn mg l�1 356 714 1073
Ni mg l�1 218 736 656
Zn mg l�1 59 119 179
U lg l�1 200 484 728
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In relation to the tailings impoundment pore characteristics,
rainwater can be considered as distilled water. The convention of
using 1 kg of liquid is used. The input fluid to the geochemical
model has a pH of 6.5 in equilibrium with atmospheric oxygen.
The input solids are shown in Table 2. The model represents a sys-
tem with a higher mineral than water content.

The work of Nengovhela et al. (2007) indicated that 99% of the
oxygen is depleted within the first few metres of the tailings
impoundment. The oxygen fugacity of the OZ was therefore forced
to deplete from the atmospheric value of 0.21–0.0021. The oxygen
fugacity of the TZ was set to the output value of the OZ (0.0021)
and allowed to deplete. The fugacity of the TZ output was used
as input to the RZ model and also allowed to deplete over the sim-
ulation period.

To take the temporal dimension into account, each individual
geochemical zone within the tailings needs to be viewed thermo-
dynamically as a closed system. Although this is not strictly the
case, due to the fact that the three models are coupled and thus
represent the tailings impoundment as a whole, it is most likely
a close approximation. The simulations are run over an operational
time period of 25 years.

The default thermodynamic data base of the software was
supplemented with U speciation and solubility data from
Gorman-Lewis et al. (2008).

6. Results and discussion

6.1. The Oxidation Zone (OZ)

Modelling results of the tailings pore water for the OZ indicates
that the solution is acidic and contains elevated SO4, Fe, Al, Co, Cr,
Mn and Ni concentrations (Table 3). Although the model U concen-
tration in the tailings pore water is predicted to be significantly
lower than that of the other trace metals, the concentration of
200 lg l�1 is still significant.

The minerals ferrihydrite [Fe3+(OH)3], K-jarosite [KFe3+
3 (SO4)2

(OH)6], pyrolusite[MnO2] and the clay mineral Mg-nontronite
[Mg0.15Fe3+

2 (SiAl)4O10(OH)2�nH2O] are shown to be stable in the OZ
system and precipitate from the pore water solution. Although the
model shows that Mg-nontronite is likely to precipitate from the
OZ pore water, this is unlikely. Although the mineral may become
stable over time, its eventual stability in the OZ system will most
likely follow a range of intermediate products, such as gibbsite
[Al(OH)3].

Initially the ferrous and ferric iron redox pair was decoupled
and the oxidation reaction modelled kinetically using the oxidation
rate of Nordstrom (1985). This resulted in the model precipitation
of alunite [KAl3(SO4)2(OH)6], the Al end-member of the alunite–
jarosite solid solution series, whereas K-jarosite is stable in the
Table 2
Model input parameters of solid material.

Solid Solid weight (g) Solid concentration (wt%)

Quartz 2580 84.3
Pyrophyllite 36 1.2
Chlorite 78 2.5
Muscovite 276 9.0
Pyrite 90 2.9
Uraninite 0.5 0.016
Mn 0.36 0.012
Co 0.18 0.006
Ni 0.22 0.007
Zn 0.06 0.002
Cr 0.28 0.009
Cu 0.14 0.005

Total 3062 100.000
OZ of actual Witwatersrand tailings systems (Rösner et al., 2001).
When the iron redox pair was decoupled, i.e. assuming equilibrium
of the reaction, K-jarosite and ferrihydrite precipitated, but only
when goethite [Fe3+OOH] was suppressed. This implies that a pro-
cess within the tailings impoundment OZ shrinks the thermody-
namic stability field of goethite and expands that of K-jarosite. It
is possible that the ferrous iron oxidation reaction to ferric iron
can achieve equilibrium in tailings systems in which the reaction
is catalysed by bacterial action. The jarosite stability at the expense
of goethite in the Witwatersrand tailings systems is evidence that
the ferrous iron oxidation in the OZ of the tailings is catalysed by
bacterial action, which typically results in the formation of jarosite
at the expense of goethite (Gleisner et al., 2006).
6.2. The Transition Zone (TZ)

The model results of the TZ pore water indicates that the solu-
tion remains acidic as it percolates from the OZ through the TZ,
although the pH does increase from 1.8 at the base of the OZ, to
3.4 at the base of the TZ (Table 3).

This is mostly due to the lack of acid buffer capacity in the
Witwatersrand tailings system. Richie (1994) has indicated that
the dominant transport mechanism of oxygen flux into the tailings
is through diffusion, rather than as dissolved in infiltrating fluid
and that the oxygen concentration can be expected to decrease
with depth. Nengovhela et al. (2007) have shown that at a depth
of 4 m in the particular tailings impoundment that was studies,
the oxygen content had decreased to 3% of the atmospheric value.
This is shown to be the case in the current results in the slow aver-
age oxidation rate of pyrite in the TZ of 4.81 � 10�14 mol kg�1 s�1,
compared to 5.93 � 10�8 mol kg�1 s�1 in the OZ. This is a differ-
ence of 6 orders of magnitude. The increase in pH from the base
of the OZ to the base of the TZ is therefore rather a function of
the decrease in pyrite oxidation rate than the presence of any acid
buffering capacity. In addition to a higher pH in the TZ compared to
the OZ, the SO4 concentration is lower in the TZ. This can also be
ascribed to the slower rate pyrite oxidation in the TZ. The concen-
trations of Fe, Al, Mn, Ni and U are elevated in the TZ pore water in
comparison to those in the OZ. Metal solubility is generally inver-
sely proportional to the solution pH (Smith and Huyck, 1999),
which explains why the concentrations of these metals remain ele-
vated in the tailings pore water.

In addition to the precipitation of K-jarosite, the model also pre-
dicts the precipitation of alunite in the TZ. The decreasing pyrite
oxidation rate in the TZ results in the decrease in the rate at which
SO4 and Fe is added to the tailings pore water. Therefore alunite
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begins to co-precipitate with K-jarosite as the thermodynamic sta-
bility field of the jarosite shrinks along the compositional axis,
while that of alunite increases as the relative concentration of Al
to Fe in the pore water solution increases. The ratio of Fe:Al in
the TZ pore water is predicted by the model to be 1.7 � 10�7 at
the base of the TZ. The model also predicts the precipitation of cof-
finite [U(SiO4)(OH4)], kaolinite [Al2Si2O5(OH)2] and Mg-nontronite.
It is likely that these minerals may form eventually through
intermediate products, such as gibbsite [Al(OH)3].
6.3. The Reduction Zone (RZ)

The results for the RZ model are the final model results and rep-
resent the tailings seepage to groundwater (Table 3). These results
do not directly represent the water quality of toe seepage from the
tailings impoundment base, as the toe seepage represents an inte-
gral of drainage from a large area of the tailings base (Ritchie,
1994). It does however provide an indication of what the toe drai-
nage would look like. The model results indicate that although the
pH of the seepage (3.5) is slightly higher than that predicted for the
TZ (3.4), the solution is still acidic. The sulphate concentration of
3290 mg l�1 predicted for the RZ is slightly lower than the
7466 mg l�1 predicted for the TZ.

As with the TZ, this can be ascribed to the slower average pyrite
oxidation rate of 8.13 � 10�21 mol kg�1 s�1 in the RZ compared to
the rate of 4.81 � 10�14 mol kg�1 s�1 in the TZ. The concentrations
of Fe, Al, Mn, Ni and U are elevated in the RZ due to the acidic pore
waters.

The model predicts the precipitation of alunite in the absence of
K-jarosite. Due to the slow pyrite oxidation rate in the RZ, the rate
addition of Fe to the tailings pore water in the RZ is not sufficient
for the thermodynamic stability of K-jarsoite. The ratio of Fe:Al in
the RZ is 2 � 10�7 at the base of the RZ. Alunite therefore precipi-
tates as the dominant SO4 mineral phase, as opposed to K-jarosite.
This ratio is only slightly larger at a difference of 0.4, or 24%, than
that of the TZ. The main difference is the predicted Fe concentra-
tion of the TZ of 1.4 � 10�4 mg l�1 compared to the 7.1 � 10�5

mg l�1 predicted for the RZ pore water. In addition to alunite, the
model indicates that coffinite, kaolinite and Mg-nontronite is likely
to precipitate, although this will most likely occur via intermediate
products.
Table 4
Model results including regulatory standards for comparative purposes as well as selected

Parameter Units Model
seepage
results

Regulator guideline
values

Naicker et al. (2003) –
Seepage

Value Guideline
value

Standard Average Standard
error

n

pH pH
units

3.5 5–9.7 SANS 3.15 0.04 7

Eh V 0.83 n.s. n.s. 0.59 0.04 7
TDS mg l�1 8186 1000 R 635 n.a. n.a. 0
K mg l�1 <1 n.s. n.s. n.a. n.a. 0
Mg mg l�1 520 n.s. n.s. n.a. n.a. 0
Fe mg l�1 <1 0.3 SANS 63.24 107.19 7
SO4 mg l�1 3290 250 R 635 1829.54 208.12 7
Al mg l�1 340 0.3 SANS n.a. n.a. 0
Co mg l�1 536 0.5 R 635 17.08 7.08 7
Cr mg l�1 834 0.1 R 635 9.43 3.82 7
Cu mg l�1 417 2 R 635 3.21 1.31 7
Mn mg l�1 1073 1 R 635 41.22 33.00 7
Ni mg l�1 656 0.07 R 635 16.17 3.27 7
Zn mg l�1 179 5 R 635 11.24 5.89 7
U lg l�1 728 15 SANS n.a. n.a. 0

a n.a. is not analysed, n.s. is no standard, SANS is South African National Standards
Amendment Act (Act 26 of 2014).
6.4. Model results and applicability to environmental assessments

In order to evaluate the applicability of the modelling methodol-
ogy employed in this study, the results of the tailings impoundment
seepage, represented by the model results of the RZ, the model
results are compared to the shallow groundwater (Naicker et al.,
2003; Tutu et al., 2008), seepage water (Naicker et al., 2003) and soil
leachate (Rösner et al., 2001) data of studies in the Witwatersrand
gold mining area (Table 4). The regulatory guideline values shown
in Table 4 are used for reference purposes only. The Regulation
635 (R635) leach concentration threshold values of the National
Environmental Management Waste Amendment Act (NEMWAA,
Act 26 of 1998) are prioritised as these values now form the leachate
assessment requirements for tailings assessments for the purposes
of water use licensing as well as waste licenses. Parameters for
which R635 values do not exist, the South African National
Standards (SANS) 2011 drinking water standards are used. The
standard error of the mean is used as a measure of the uncertainty
of the mean value (Rimstidt and Vaughan, 2003).

Table 4 indicates that for the available data, with the exception
of Fe and to some extent U, all the constituents, which the model
predicts as being elevated in the tailings seepage, are also elevated
in the shallow groundwater and soil seepage impacted by tailings
impoundments. The acidic nature of the tailings seepage also com-
pares well to the acidic nature of shallow groundwater impacted
by tailings impoundments (Naicker et al., 2003; Tutu et al.,
2008). Iron is generally elevated in shallow groundwater impacted
by tailings impoundments in contrast to the model. Unfortunately
Fe was not included in the soil study of Rösner et al. (2001) and fur-
ther work is thus required to determine whether the iron is leach-
ing from the tailings or whether it is being dissolved from soil
particles. Uranium concentrations in impacted shallow groundwa-
ter are generally lower than the predicted model seepage. The soil
leachate results (Rösner et al., 2001) indicates that U may be con-
centrated in the soil substratum to the tailings impoundments and
thereby removed from the seepage solution, resulting in its
absence or presence in low concentrations in tailings impacted
groundwater.

It is recognised that shallow groundwater, soil seepage from
affected areas and soil leachate concentrations cannot be used as
a proxy of tailings seepage characteristics. This is due to the fact
literature reference values.a

Naicker et al. (2003) –
Shallow groundwater

Tutu et al. (2008) –
Shallow groundwater

Rösner et al. (2001) –
Soil leachate

Average Standard
error

n Average Standard
error

n Average Standard
error

n

3.56 0.11 7 4.17 0.84 7 n.a. n.a. 0

0.47 0.03 7 0.39 0.04 7 n.a. n.a. 0
n.a. n.a. 0 n.a. n.a. 0 n.a. n.a. 0
n.a. n.a. 0 10.51 3.94 7 n.a. n.a. 0
n.a. n.a. 0 77.58 30.30 7 191.56 149.91 8
132.00 116.54 7 87.58 33.44 7 n.a. n.a. 0
1791.36 214.04 7 4601.43 2139.91 7 1828.84 819.11 8
n.a. n.a. 0 24.28 7.86 7 n.a. n.a. 0
18.56 5.93 7 22.62 13.01 7 7.19 5.78 8
8.78 4.10 7 n.a. n.a. 0 0.16 0.31 8
3.57 2.14 7 3.52 1.42 7 0.34 0.62 8
75.41 45.58 7 133.99 67.59 7 397.50 363.85 8
16.02 3.52 7 23.46 6.30 7 27.19 22.80 8
11.56 5.63 7 15.85 3.96 7 23.44 17.80 8
n.a. n.a. 0 3625.29 5154.54 7 8406.25 14792.60 8

(2011), R 635 is Regulation 635 of the National Environmental Management Waste
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that the seepage interacts with a soil and/or geological substrate as
well as groundwater in which processes such as, amongst others,
precipitation, dissolution and adsorption are active. The regolithic
material underlying the majority of tailings in the Witwatersrand
contains clay minerals, which have the capacity to remove contam-
inants from solution. Follow-up work will focus on the geochemi-
cal processes in the soil substrate that contributes to the eventual
characteristics of groundwater impacted by the tailings seepage.

The effects of hydrological transport have not been taken
account in this study, as to take account of detailed geochemical
processes in a thermodynamic context. Follow-up work coupling
the geochemical model results of this study with a detailed hydro-
logical flow model for the tailings impoundments would provide
valuable insight into the migration of pore waters through the tail-
ings system and eventual seepage to groundwater.

The importance of adsorption processes within the tailings
should also be evaluated in future work. Its role may, however,
prove to be small due to the acidic nature of pore waters through-
out the tailings impoundment (Smith, 1999).

7. Conclusions

The geochemical models developed for this study indicated that
seepage from the tailings impoundments in the Witwatersrand are
likely to be acidic and contain elevated concentrations of trace
metal concentrations, specifically Al, Cr, Co, Cu, Mn, Ni, Zn and U,
as well as SO4.

The modelling methodology applied in this study treats each
geochemical zone in the Witwatersrand gold mining tailings
impoundments as a thermodynamic closed system and is modelled
separately while coupling the models by using the output from one
model as an input to the following model. Application of this
methodology to the Witwatersrand tailings impoundments pro-
vided realistic results in terms of tailings seepage water quality
while simultaneously providing important information in the ther-
modynamic processes governing contaminant mobility within the
tailings impoundment itself.

Further research efforts should be focussed on the coupling of
detailed geochemical models and detailed hydrologic transport
models to evaluate the influence of oxygen and heat transport
though the tailings impoundment on the pyrite oxidation rate
and on secondary mineral precipitation. The interface between
the tailings seepage and the shallow groundwater taking into
account detailed geochemical processes, such as adsorption, also
warrants further study to evaluate the final shallow groundwater
plume characteristics.
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