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Abstract Gold mining in South Africa resulted in
vast volumes of tailings, which have been deposited
in impoundments. Poor management of most of the
tailings dams resulted in the escape of seepage,
adversely affecting soils and water quality. Some tail-
ings dams have been partially or completely
reclaimed leaving contaminated footprints. These
zones pose a serious threat to the underlying dolom-
itic aquifers. In this study, the footprints of seven
selected sites situated near Johannesburg have been
investigated. It was found that the topsoil is highly
acidified and only a minor portion of contaminants
is bioavailable. However, phytotoxic contaminants
such as Co, Ni and Zn could complicate rehabilita-
tion measures as they limit the soil function. In addi-
tion, soil samples contain trace element concentra-
tions, which often exceed background concentra-
tions in soils. As a result, the depletion of buffer
minerals and the subsequent acidification could
result in the long-term remobilization of large quan-
tities of contaminants into the groundwater. Soil
management measures such as liming are required
to prevent the contaminant migration from the
topsoil into the subsoil and groundwater as well as
to provide suitable recultivation conditions to enable
future land use.

Résumé Les exploitations d’or en Afrique du Sud
s’accompagnent de la production de grands volumes
de déchets stockés dans des digues à stériles. Un
contrôle insuffisant de la plupart de ces digues à
stériles a pour conséquence des fuites qui affectent la
qualité des sols et des eaux souterraines. Quelques
digues à stériles ont été partiellement, ou totalement
remises en état, laissant cependant des taches de
contamination. Ces zones représentent une menace
sérieuse pour les aquifères dolomitiques sous-
jacents. Dans cette étude, les taches de contamina-
tion de sept sites sélectionnés près de Johannesburg
ont été étudiées. On a trouvé que le sol de surface est
fortement acidifié et seulement une faible proportion
de polluants est bien dégradable. Des polluants toxi-
ques pour la végétation, tels que cobalt et nickel,
pourraient compliquer les mesures de réhabilitation
dans la mesure où ils altèrent les fonctions d’épura-
tion des sols. De plus, les sols contiennent des
concentrations d’é1éments traces, qui dépassent
souvent les concentrations régionales des zones non
polluées. En conséquence, la libération de minéraux
tampons et l’acidification résultante pourraient
conduire à une remobilisation, sur le long terme, de
grandes quantités de polluants dans les eaux souter-
raines.
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Introduction
Since gold mining started more than a century ago, South
Africa has been the largest producer of gold in the world
(Department of Minerals and Energy 1996). In 1996 alone,
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Fig. 1
Master variables, major
element cycles and contami-
nants. (Modified after Salo-
mons and Stigliani 1995)

377 million tons of mine waste was produced, accounting
for 81% of the total in South Africa (Engineering News
1997). These mine wastes contain large amounts (between
10 and 30 kg/ton) of sulphide minerals, such as pyrite,
which are prone to generate acid mine drainage (AMD).
AMD is a global pollution problem and is generally
reflected by high salt loads and acidification of the affected
environment. In addition, AMD is often associated with
significant concentrations of toxic trace elements and
radionuclides. These contaminants remobilise under acidic
conditions and migrate into the vadose zone and ground-
water system.
More than 270 tailings dams related to gold mining and
covering a total area of about 180 km2 have been identified
in South Africa (Rösner et al. 1998). Most of the tailings
dams are situated either in highly urbanised areas or close
to valuable agricultural land. Since the 1970s the high oper-
ating costs of deep underground gold mines have encour-
aged some companies to focus on the reclamation of
existing tailings dams for the recovery of gold still present
in economically viable quantities. After reclamation has
been completed, a contaminated footprint of the former
tailings material remains. Such footprints currently affect
some 13 km2 of land. If only the uppermost 0.3 m of these
footprints was to be treated, this would involve a volume
of at least 5.5 million tons of contaminated material
(Rösner et al. 1998).
This is a very conservative estimate as some pollutants
have already contaminated the groundwater system, thus
indicating downward migration throughout the vadose
zone. In addition, areas where tailings had been deposited
by wind or surface water around tailings dams have not
been considered in this study. Even assuming that an effec-
tive treatment technology is available, the cost of treating
such vast quantities of contaminated material would be
prohibitive. Furthermore, it is common practice to reclaim

only those portions of a tailings dam with a high gold-
grade (currently approximately 0.40 g Au/ton). As a conse-
quence, low-grade tailings remain on the surface and
provide a source of on-going acid generation and contami-
nant remobilization.
As present-day treatment technologies are confined to
rehabilitation scenarios where only small volumes of soil
are involved and it must be expected that the vadose zone
underneath the gold tailings will remain contaminated for
an extended period of time, it is necessary to understand
the mechanisms controlling the mobility of contaminants
and the capacity of the vadose zone to retain and attenuate
pollutants in the long-term. The parameters that control
the balance between retention, mobility and attenuation of
contaminants in soils (and sediments) can be called master
variables (Salomons and Stigliani 1995). Figure 1 illustrates
the relationship between the major element cycles in the
soil–sediment system, the master variables and contami-
nants.
For a short-term risk assessment (5 to 10 years) it is suffi-
cient to understand how these master variables determine
mobility and hence bioavailability of contaminants.
However, long-term risks are influenced by dynamic
geochemical changes of the master variables, which conse-
quently affect the major element cycles in the soil–sedi-
ment system. It is important to understand that these
changes in contaminant concentrations in the soil solution
show a non-linear relationship, in particular for inorganic
contaminants such as trace elements. Changes in the soil
and/or sediment pH or Eh conditions can cause sharp
increases in contaminant concentrations over a short-term
period. This could be a result of changing land use (e.g.
deposition and reclamation of tailings), continued acid
deposition and changes in the hydrological conditions.
This project was primarily concerned with the short-term
fate of selected contaminants in gold tailings and their
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current impact on the vadose zone. The conclusions
regarding the long-term fate are of a preliminary nature
and will be studied in more detail in further investiga-
tions.

Study area

Seven case study sites located to the east of Johannesburg
(Fig. 2) were selected for a field survey. In order to protect
the interests of mining companies involved in this study,
the sites will not be identified. The study area is within the
Highveld Region and has an altitude of about 1600 m
above sea level.
The underlying bedrock geology of the sites comprises
sediments of the Dwyka (diamictite and shale) and
Vryheid (sandstone and shale) Formations, Karoo Super-
group (age 200–300 Ma) and of the Monte Christo
dolomite Formation, Transvaal Supergroup (age
B2600 Ma). The soils of the studied sites are generally
characterised by a low organic matter content (~1%) and
clay contents averaging 31%.
Rainfall occurs predominantly during thunderstorms
experienced in the summer period from October to April.
The climate in this part of South Africa is temperate, with
a short cold winter (May–September) and a hot, wet
summer (October–April). The mean annual rainfall at the
closest weather station (Johannesburg International
Airport) is 713 mm, with the average annual evaporation
varying between 1600 and 1700 mm. Thus, it is evident that
the study area has a distinct moisture deficit. The seven
case study sites cover a total area of approximately 400 ha.
A perennial stream flows from the north to the south
through the study area and drains into the Vaal Dam,
which is a major source of water supply to the Johannes-
burg region.
Groundwater under pre-mining conditions within the
study area had a distinct dolomite character (Ca-Mg-HCO3

type). Currently, the groundwater beneath and close to the
tailings dams is dominantly of the Ca-Mg-SO4 type and is
characterised by high loads of total dissolved solids (TDS),
indicating AMD-related contamination emanating from
the mining operations (Scott 1995). It must be stressed that
the dolomitic aquifers south of Johannesburg, which
underlie large areas of residential, mining and industrial
development, will play a major role in future water supply.
However, in these areas groundwater quality has already
deteriorated to such a degree that the viability of aquifers
is currently threatened (Asmal 1999). It is estimated that
mine residue deposits situated within the catchment area
of the Vaal Barrage discharged approximately 50,000 t of
salts into the near-surface environment in 1985 alone
(Steffen et al. 1988). Furthermore, even reclaimed gold
mine tailings sites release annual sulphate loads of between
0.8 and 3.8 t/ha into the groundwater system, contributing
to the pollution problem.

Table 1
Detection limits for X-ray fluorescence spectrometry (XRF)
according to Elsenbroek (1996) and inductively coupled mass
spectrometry (ICP-MS) according to Balazs Analytical Laboratory
(1998)

XRF ICP-MS

Element Unit Detection
limit

Unit Detection
limit

Fe % 0.0097 mg/l 0.1
Mn % 0.0013 mg/l 0.004
As mg/kg 10 mg/l 0.02
Ba mg/kg 10 mg/l 0.002
Co mg/kg 10 mg/l 0.002
Cr mg/kg 4 mg/l 0.008
Cu mg/kg 9 mg/l 0.005
Mo mg/kg 0.2 mg/l 0.007
Ni mg/kg 10 mg/l 0.005
Pb mg/kg 4 mg/l 0.007
Sn mg/kg 2 mg/l 0.02
Th mg/kg 4 mg/l 0.01
U mg/kg 2 mg/l 0.02a

V mg/kg 5 mg/l 0.005
ZN mg/kg 3 mg/l 0.008

a U was measured as U3O8 spectrophotometrically after solvent
extraction

Materials and methods

Sampling and analysis
Field investigations at the reclaimed test sites were carried
out during March and April 1998. A total of 22 test pits
were dug by means of a tractor-mounted excavator. The
test pits were excavated to a maximum depth of 2.40 m in
an attempt to determine underlying soil conditions, depth
to bedrock and the potential presence of a shallow
(perched) groundwater table. Three to four soil samples
were taken from each test pit at varying depths. All test
pits were logged according to the MCCSSO method (mois-
ture, colour, consistency, structure, soil type and origin)
after Jennings et al. (1973). As the majority of trace
elements are accumulated in the clay-silt particle size
range, the particle size ~75 mm was used for all geochem-
ical analyses as recommended by Förstner and Kersten
(1988) and Labuschagne et al. (1993). Element determina-
tions were conducted by means of XRF (X-ray fluorescence
spectrometry) and ICP-MS (inductively coupled plasma
mass spectrometry) for aqueous samples. Detection limits
for XRF and ICP-MS are presented in Table 1.
Background values were obtained from an additional
sampling programme in similar geological conditions on
the Vryheid Formation and from a geochemical database
of the Malmani Subgroup which comprises concentrations
of various trace elements in topsoils in South Africa
(Aucamp 1997; Elsenbroek and Szczesniak 1997). Back-
ground values, threshold concentrations for extractable
trace elements in soils and soil quality standards are
presented in Table 2.
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Fig. 2
Location of study sites

Soil quality standards for soils were applied by using the
“Dutch List” (Netherlands Ministry of Housing, Physical
Planning and Environment 1986, 1991). The Dutch List
provides “target” and “intervention values” (Table 2) for
soils and is accepted within the European Union (EU). All
limits are valid for a “standard soil” (with 25% clay and
10% humus). The “target value” is the maximum permis-
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Table 2
Background values for the study area, extractable threshold concentrations for soil functioning and soil quality standards of the
EU

Element As Co Cr Cu Fe
(%)

Mn
(%)

Mo Ni Pb Th U V Zn

Background values
Vyrheid (np21) (mg/kg) 22 14 130 35 4.4 0.08 23 45 15 13 ~1 65 103
Malmania (np4248) (mg/kg) 18 15 268 31 6.1 0.70 13 57 5 8 ~1 80 50

Soil function
Threshold conc. (mg/l) 0.1 0.5 0.1 2 P P 1 1 1 P 0.04 1 10

Soil quality standards
Target value (mg/kg) 29 20 100 36 P P 10 35 85 P P P 140
Intervention value (mg/kg) 55 240 380 380 P P 200 210 530 P P P 720

a Monte-Christo Formation belongs to the Malmani Subgroup. No geochemical background values were available for the Dwyka Formation

sible concentration with no risk for humans, plants,
animals and ecological systems. The “intervention value”
implies a significant risk and, if exceeded, would require
remedial measures. The extent of remediation is
dependent not only on the toxic properties of the contam-
inant itself, but also on the proposed land use and poten-
tial groundwater vulnerability. As a consequence, only the
findings of an overall site assessment would identify an
appropriate remediation strategy. It is important to
emphasise that currently no soil quality standards are
available in South Africa. However, background values
obtained for this study are in all instances below the
“intervention values”.
Trace elements in the soil generally occur in the following
sorption phases (Kabata-Pendias 1994): (1) the easily
soluble and exchangeable phase (e.g. soluble in NH4NO3);
(2) trace element bound to organic matter and oxides of Fe
and Mn (e.g. soluble in HNO3/HCl); (3) the residual frac-
tion (only soluble in HF or hot HNO3). Of these phases, the
residual fraction is the least mobile and is not involved in
the chemical reactions of soils, whereas the easily soluble
and exchangeable fractions are the most mobile and deter-
mine the bioavailability of a trace element (Kabata-Pendias
1994). Förstner (1995) discusses various leaching methods
to estimate the concentration of an element in the easily
soluble and exchangeable fraction.
In this study, a 1-M NH4NO3 solution (Schloemann 1994;
Umweltbundesamt 1996) was used to estimate the bioavai-
lability of trace elements in tailings and soils. The NH4NO3

soil extraction method, which is likely to become an inter-
nationally recognised soil leaching method for risk assess-
ments, was used. The extracted solution stabilises in the
acid range, thus ensuring that the leached element remains
in solution. This method is simple to handle and rapid.
Soil extraction methods using salt solutions such as
NH4NO3 result in extracted concentrations that can be
correlated with the amount of ions held on charged soil
surfaces (e.g. clays, oxides and humus) and the concentra-
tion of these ions in the soil solution (Davies 1983). In this
study, extracted concentrations were compared with the
total concentration in the solid phase (as determined by

XRF) and with environmental threshold concentrations for
NH4NO3 extractable trace elements (Prüeß et al. 1991).
Extraction tests were conducted on 16 soil samples and 13
tailings samples. Gold mine tailings samples from five sites
near Johannesburg were collected in order to characterise
the primary source of contamination. Samples were
collected up to a depth of 1 m within the oxidised zone.
The extractable threshold concentrations for elements in
soils are shown in Table 2.
Soil pH (paste pH) measurements were conducted on 57
samples according to the procedures of the American
Society for Testing and Materials (1990). It should be noted
that redox conditions (Eh measurements) were not deter-
mined in this study.

Data assessment and hazard rating
The current contamination situation was investigated by
using the threshold exceedance ratio (TER) and the trace
element mobility coefficient. The threshold exceedance
ratio is calculated as follows (after Prüeß et al. 1991):

TERp
ExC
TC

where ExC is the NH4NO3 extractable concentration and
TC is a given threshold concentration. A concentration
that is higher than the TC can limit the functioning of the
soil. The threshold value is the recommended maximum
NH4NO3 extractable concentration for a standard soil. This
was determined experimentally and correlated to soil func-
tioning. Limited soil functioning might occur if the
threshold value is exceeded, causing a reduction in plant
growth and, thus, increased soil erosion.
In addition, the mobility (bioavailability) of trace elements
(MOB in %) was derived by comparing the extractable
ratio of an element with the total concentration by the
following formula:

MOBp
ExC
TotC

where TotC is the total concentration measured in soil and
sediment samples. The MOB value gives the percentage
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Fig. 3
Conceptual model of tailings
dam and affected subsurface

value of the concentration that could be remobilised and is
thus bioavailable in the soil. The future contamination
potential was assessed by applying the geochemical load
index (Igeo) introduced by Müller (1979):

Igeop log27
Cn

Bn71.5

where Cn is the measured concentration of the element n
in the sediment and Bn is the geochemical background
value obtained from the geochemical database. The safety
factor of 1.5 is used to compensate for variation in the
background data.

Results and discussion

The vadose (unsaturated) zone is considered to be a
geochemical and physical barrier between the primary
source of contamination (i.e. tailings dam) and the reci-
pient groundwater system. Moisture movement and atte-
nuation processes such as adsorption in the vadose zone
have the potential to mitigate the contamination of the
groundwater. However, once this barrier has become
contaminated, it can also act as a continuous source of
pollution. Furthermore, it must be stressed that gold mine
tailings from the Witwatersrand can contain significant
amounts of radionuclides such as uranium and radium (De
Jesus et al. 1987). As a result, this material is classified as

low level radioactive waste. A conceptual model of the
various pathways of contamination released from a tailings
dam in the subsurface is shown in Fig. 3 (after Rösner et al.
1998).

Acidic seepage impact on soils
Extraction tests on gold mine tailings have shown high S
concentrations contained in the leachate (Table 3). Incom-
plete reclamation of tailings would result in tailings mate-
rial remaining on the surface which would provide an
additional source for the generation and release of AMD
and related contaminants.
High concentrations of S are a result of the sulphide
mineral weathering (oxidation) process which leads to the
generation of AMD. This process can be expressed in the
equation (Wild 1996):

4 FeS2c15 O2c8 H2O]2 Fe2O3c8 SO4
2–c16 Hc

Furthermore, all reclaimed sites investigated contain
elevated concentrations of contaminants in the soil, which
correspond to the chemical tailings composition. This indi-
cates the escape of acidic seepage (AMD) and associated
contaminants from the tailings dam into the vadose zone
and possibly the groundwater system. The comparison of
contaminant concentrations (e.g. As and Zn) with soil
depths suggests an exponential decrease in concentration
with depth (Fig. 4).
The soil beneath reclaimed tailings dams has been contam-
inated with various trace elements and is also characterised
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Table 3
Concentrations of extractable elements in gold mine tailings

Element (mg/l) P25-value P75-value

As n.d. n.d.
Ca 860 1770
Co 1 17.5
Cr n.d. 2.25
Cu 2.5 12.52
Fe 2.5 55
Mg 72.5 802.5
Mn 2.5 27.5
Ni 2.5 57.5
Pb n.d. 0.5
S 1257.5 4837.5
U n.d. n.d.
Zn 1.5 27.5

Fig. 4
Contaminant concentrations (in mg/kg) versus soil depth: a As; b
Zn

Table 4
pH values in soils of the various study sites

Study sites

A B C D E F G

pH range 3.1–6.9 3.5–6.7 3.8–7.7 3.7–6.8 5.1–8.3 3.7–6.7 4.0–6.9

by high sulphate concentrations. The soil pH generally
varies between 4 and 6, indicative of strongly acidic to
acidic conditions (Table 4). Most of the measured elements
showed the highest concentrations in the upper 0.3 m zone
referred to as topsoil. Table 5 gives the 75-percentile value
of measured element concentrations in soil samples
collected at various sampling depths at the case study
sites.
It is apparent that the soils in the various case study sites
contain trace element concentrations frequently exceeding
the relevant background values. It can therefore be
concluded that the vadose zone underneath the reclaimed
tailings is contaminated by elements originating from the
gold mine tailings.

Bioavailability of contaminants in tailings and soils
The bioavailability of various elements (i.e. As, Co, Cr, Cu,
Fe, Mg, Mn, Ni, Pb, S and Zn) in gold mine tailings
samples at the five sites investigated is presented in
Table 3. It was found that the leachate of gold mine tailings
contains significant concentrations of heavy metals such as
Co, Ni, and Zn as well as S (Rösner et al., 1998). The rela-
tively high concentration of Ca is a result of liming, which
is added to the acid slime before disposal onto the tailings
dam.
Table 6 shows that all elements except arsenic were highly
extractable to concentrations, with a mobility exceeding
the extractable threshold concentrations for soils. The
bioavailability of various trace elements in soil samples
overlying the Vryheid Formation collected at case study

site F yielded a maximum mobility (i.e. MOB value) for Co
of 67%, Cu of 8%, Fe of 19%, Ni of 51% and for Zn of 39%.
Thus, Co, Ni and Zn are the most mobile trace elements in
the soils of the case study site, with the highest mobility in
the topsoil, as a result of acid soil conditions. It is antici-
pated that a significant portion of the Co, Ni and Zn is
present in a mobile, easily soluble and exchangeable form.
Figure 5 shows the relation between soil depth and pH,
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Table 5
Element concentrations in soils of the various study sites. Underlined values indicate more than a 2-fold exceedance of the relevant
background value

Element Study sites (P75 values)

A B C D E F G

Fe % 10.6 13.0 10.5 9.6 7.6 8.53 4.5
As mg/kg 53.5 19.8 26.3 24.5 22.8 28.8 40.0
Co mg/kg 15.0 33.0 40.5 52.5 33.3 26.3 21.3
Cr mg/kg 346.0 351.0 252.8 192.8 303.0 208.3 129.8
Cu mg/kg 81.5 131.3 51.0 93.8 53.5 64.3 42.25
Ni mg/kg 72.5 158.0 76.3 111.8 85.5 144.0 73.0
Pb mg/kg 23.25 13.5 18.0 21.0 21.0 10.8 4.8
Zn mg/kg 75.0 93.8 38.8 53.3 57.8 84.5 44.0
Th mg/kg 14.8 18.3 18.8 18.0 17.0 20.0 19.3
U mg/kg 10.8 n.d. 8.0 n.d. n.d. 818.0 n.d.

Table 6
Threshold exceedance ration of selected trace elements in soils of the study site F

Element Co Cr Cu Ni Pb U Zn

MIN 0 0 0 0 0 0 0
MAX 40.0 12.5 3.8 77.5 0.5 1500.0 6.3
AVG 8.1 – 0.4 14.8 – 105.1 1.3
CASES 10 1 5 11 2 3 10
n 16 16 16 16 16 16 16

with the soil pH tending to increase with increasing depth.
The low pH in the topsoil (pH 3–4) is a direct result of the
oxidation of sulphide minerals and the generation of AMD.
When the topsoil becomes highly acidic (pH around 4.5),
the acidity starts to migrate into the subsoil. As a conse-
quence, only the most acid-tolerant plants can be grown on
such acid soils. Acidification of the subsoil is a form of
permanent soil degradation, causing a serious problem for
future land development.
The measured subsoil pH varied between 5 and 7. It may in
fact be higher in view of the presence of minerals such as
calcite. In addition, a fluctuating shallow (perched)
groundwater table may cause a mixing and dilution effect
as the deeper groundwater invariably has a fairly neutral
pH. As discussed above, soil acidity results in an increased
mobility of trace elements in solution or as a result of
seepage. Trace elements can therefore be distinguished by
their geochemical properties in respect of ease of solu-
bility. The two main variables for dissolution reactions are
the pH of the soil and its oxidation state.
Figure 6 shows the bioavailability (mobility) of selected
trace elements (i.e. Co, Cu, Ni, U, Zn, Cr, Pb and Fe) as a
function of measured soil pH at case study site F. Co, Ni
and Zn show an exponential trend with increasing mobility
and decreasing pH, whereas Cr, Pb and U appear to be
insoluble even under strongly acidic conditions. Cu shows
a weak but similar trend to that of Co, Ni and Zn at a soil
pH~5. An explanation of the low mobility of Cr, Cu, Fe,
Pb and U could be that a significant portion of these

elements appears to be naturally contained in a residual
form in the soil and therefore is not readily bioavailable.
Alloway (1995) reported similar findings for Cr (Fig. 6b),
which is present in the majority of soils and where the rela-
tively insoluble and less mobile Cr (III) form predomi-
nates, generally occurring as insoluble hydroxides and
oxides or even chromite (FeCr2O4). Above a soil pH of 5.5,
complete precipitation of Cr (III) is likely. In addition, Cr
(III) can substitute Al (III) in clay minerals. Concentra-
tions of Cr in plants growing on mine spoil and various
types of chromium waste are commonly in the range of
10–190 mg/kg, but toxic concentrations may accumulate in
plants growing on chromate waste in which the more
soluble Cr (VI) form predominates (Alloway 1995).
The mobility of Ni increases as the pH and cation-
exchange capacity (CEC) decrease (Alloway 1995). Kabata-
Penidias (1994) reported that over 60% of Ni in soils may
be associated with the residual fraction, approximately
20% with the Fe-Mn oxide fraction and organic matter,
while the remainder is bound up with the carbonate frac-
tion (Alloway 1995). The latter is probably absent in acid
soils. In addition, it is well established that the Ni uptake
by plants increases as the exchangeable fraction in soils
increases due to the acidification caused by AMD. Hence,
the concentration of Ni in plants can reflect the concentra-
tion of the element in the soil, although the relationship is
more directly related to the concentration of soluble ions
of Ni and the rate of replenishment of the mobile fraction
(Hutchinson 1981).
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Fig. 5
Relationship between soil
depth and pH conditions
(np57)

Although Cu (Fig. 6c) is less mobile than Co, Ni and Zn
(between 1 and 2% below pH 5) it is important to note that
Cu concentration levels of 1.5–4.5 mg/kg can damage or
kill roots of growing plants (Alloway 1995).
Iron mobility (Fig. 6d) is very low and significant mobility
was only found in two soil samples at pH~5. It is impor-
tant to note that Fe-precipitates (such as Fe-hydroxides)
provide additional adsorption surfaces for other metals
within the soil system.
Cobalt (Fig. 6e) shows a very high mobility (pH~5)
compared to the solid phase, with a maximum value of
67%. This would result in a higher plant uptake and corre-
sponds with the observations of Alloway (1995). This
author noted the accumulation of Co in soil profiles in
horizons rich in organic material and clay minerals.
Furthermore, Co is often found adsorbed onto Mn
minerals such as MnO2. A positive correlation coefficient
of rp0.63 (np81) was calculated for MnO versus Co,
which corresponds with the above observation.
Lead has a very low mobility in soils (Fig. 6f) and thus
accumulates within the topsoil. Similar observations were
made in Finland, Canada and in the UK by Alloway (1995)
who found that soils affected by mining operations show
higher accumulations of Pb in topsoils than in unaffected
soils, suggesting a low mobility even under acid soil condi-
tions.
The bioavailability of uranium (Fig. 6g) is very low, but
three samples showed an elevated mobility occurring only
in the topsoil. Mobilisation occurs at pH~5, corre-
sponding with other trace elements such as Co, Ni and Zn.
In case of elevated mobility, the threshold exceedance
value of U ranged from 62 to 1500. However, the correla-
tion coefficient between U/As gave a positive coefficient of

rp0.74 (np81), which is also reflected by the immobility
of As. The formation of the uranyl cation UO2

2c is the
most likely reason for the solubility of U over a wide pH
range. However, the low mobility of U found in the soil
underneath reclaimed tailings deposits could be due to a
co-precipitation (secondary mineral) with sulphate in the
soil (Bowie and Plant 1983) after U was released from the
primary mineral with the establishment of the tailings
dam.
Figure 6h shows that zinc has a high mobility. Its solubility
was shown to increase with decreasing soil pH, corre-
sponding with the findings of Kabata-Pendias (1994) for
acid soils.
The threshold exceedance ratio has been calculated in
order to assess the effects on plant growth. The bioavaila-
bility of trace elements is determined by their mobility or
the ease with which they dissolve and subsequently
migrate. The threshold exceedance ratio of various trace
elements (i.e. Co, Cr, Cu, Ni, Pb, U and Zn) is shown in
Table 6.
Extractable concentrations of Co, Ni and Zn exceed their
threshold concentrations in most of the soil samples and
particularly in the topsoil. Furthermore, Cr, Pb and U
exceed their threshold concentrations in all the test results.
U exceeds the threshold concentration of 0.04 mg/l to the
greatest extent and, in one sample, it amounts to 1500
times the threshold concentration. The high U concentra-
tions might originate from radioactive waste from a former
uranium processing plant which had been removed prior
to the establishment of the tailings dam. Extractable As
concentrations were in all instances below the lower detec-
tion limit of the analytical technique and hence did not
exceed the threshold concentration of 0.1 mg/l.
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Fig. 6
Bioavailability of selected
elements as a function of soil
pH

Environmental risks and remediation
The maximum mobilisation of contaminants (worst case/
future scenario) was assessed by comparing the concentra-
tions of Fe2O3 (total), MnO and various trace elements (i.e.
As, Co, Cr, Cu, Mo, Ni, Pb, Sn, Th, U, V and Zn) with back-
ground concentrations of soils from a similar geology by
using the geochemical load index introduced by Müller
(1979). This methodology allows the assessment of element
loads in the investigated soil profiles. Based on the results
of this comparison, Table 7 provides a hazard rating for
contaminated soils, listing contaminants of concern for
each case study site with respect to the different contami-
nation classes (I-VI).

Significant contamination is reflected by contamination
classes of III–VI (reflecting a ten-fold and higher excee-
dance above natural background). Table 7 can be summar-
ised as follows:
1. Moderately to highly contaminated sites (class III): five

sites with respect to the following trace elements: As,
Co, Ni, Pb, V and U. Co and Ni are known to be phyto-
toxic and have adverse effects on plant growth under
acid soil conditions. A high As concentration was only
found in one case. As is less bioavailable than other
metals and thus its effects are negligible.

2. Highly contaminated sites (class IV): three sites with
respect to Co, Pb, V and U. V is not a typical mine tail-
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Table 7
Hazard rating for the various study sites

Case
study
site

Class I
None to
moderately
contaminated

Class II
Moderately
contaminated

Class III
Moderately
to highly
contaminated

Class IV
Highly
contaminated

Class V
High to
excessively
contaminated

Class VI
Excessively
contaminated

A Ni, Zn As, Cr, Cu, Fe, Pb, V Sn, U P P P
B As, Cr, Fe, Mo, Th,

V, Zn
Cu, Ni Co Pb P P

C Cu, Mn, Th As, Cr, Fe Ni, Pb Co, U, V P P
D As, Cr Cu, Fe, Ni, Mn, Pb, V P Co P P
E As, Cr, Cu, Ni, Th, Zn Co, Fe Pb, V P P P
F Fe, Cr, Cu, Mo, V, Zn Co, Mn, Th As, Ni P P U
G As, Ni, Sn Co P P P P

ings contaminant and enrichment caused by natural
processes in association with ferricrete (Fe-hydrous-
oxides and oxides) is the most likely explanation
(Alloway 1995). High U concentrations were found only
at one site.

3. Excessively contaminated sites (class VI): at one site, U
(measured as U3O8) concentrations of more than 100-
fold above the natural background were recorded. It is
unlikely that the high U concentrations in the soil
emanate from the gold mine tailings; the U concentra-
tions are probably caused by the deposition of radioac-
tive material generated at a former uranium processing
plant in close vicinity to the site (according to discus-
sions with mine personal).

It must be stressed that the soils of the study areas gener-
ally contain low concentrations of organic matter (~1% of
dry weight) compared to those in humid regions. The soils
therefore have a much lower contaminant retention
capacity as the organic matter content can account for
20–70% of the cation exchange capacity of a soil (Pier-
zynski et al. 1994).

Conclusions

Acid mine drainage emanating from gold mine tailings
dams in South Africa frequently contains large quantities
of salts and elevated levels of trace elements, radionuclides
and other potentially harmful substances such as CN. The
concentrations of Co, Cr, Cu, Ni and Zn found in the gold
mine tailings exceed the threshold concentrations for soils.
Thus, gold mine tailings can be considered as a primary
source of soil and groundwater contamination in mining
areas. The long-term impact of these contaminants on the
soil (vadose zone) and groundwater system will mainly
depend on the availability of minerals with a sufficient acid
neutralization capacity and the groundwater flow condi-
tions. The NH4NO3 extraction tests have shown that only
certain trace elements such as Co, Ni and Zn are bioavail-
able at a pH~4 and under current environmental condi-
tions. These elements also pose a threat to local ground-

water resources and due to phytotoxic properties could
complicate sustainable rehabilitation efforts (such as recul-
tivation) for future land development. The ongoing
production of sulphate and acids as a result of sulphide
mineral oxidation (i.e. pyrite) by remaining tailings mate-
rial on the surface could also cause problems in the future.
It is recommended that the primary source of contamina-
tion (i.e. the remaining tailings material) should be
completely removed from the reclaimed sites in order to
prevent further acid and salt generation. Furthermore, soil
management measures such as liming could prevent the
migration of contaminants from the topsoil into the
subsoil and groundwater and would provide suitable
conditions for the establishment of a vegetation cover.
Background values obtained from soils in similar geology
showed that the natural soil quality complies with the
Dutch List. It is evident, however, that due to the cost
implications, the physical removal of contaminants such as
As, Co, Cr, Ni (exceeding intervention values of the Dutch
List) and U will be limited to situations where small
volumes of contaminated material are involved. As the
vadose zone underneath gold mine tailings dams is
expected to be contaminated for an extended period of
time, it is necessary to understand the mobility and thus
the bioavailability of contaminants and the capacity of the
vadose zone to retain and attenuate such pollutants in the
long-term. It is also important to realise that a small
change in the soil pH and Eh conditions can lead to remo-
bilisation of large amounts of contaminants characterised
by a time-delayed and non-linear geochemical behaviour.

Acknowledgements This research would not have been possible
without the financial support of the Water Research Commission
of South Africa. Special acknowledgement is given to the South
African mining industry for providing technical information and
access to the study sites.



T. Rösner 7 A. van Schalkwyk

148 Bull Eng Geol Env (2000) 59 : 137–148 7 Q Springer-Verlag

References

Alloway BJ (1995) Heavy metals in soils. Blackie Academic
Professional, London

American Society for Testing and Materials (1990) Standard test
method for pH of soils. In: ASTM annual book of ASTM stand-
ards, 04.08 (D 4972):1017–1019. ASTM, Philadelphia

Asmal K (1999) Groundwater map launch, Bisho, Eastern Cape,
1 February 1999. Speech by Prof. K. Asmal, Minister of Depart-
ment of Water Affairs and Forestry of South Africa

Aucamp P (1997) Preliminary trace element soil pollution of soils
affected by a tailings dam at Machavie Gold Mine, west of
Potchesfstroom. Rep 1997–0159. Council for Geoscience,
Pretoria

Balazs Analytical Laboratory (1998) UPW specs quantitative ICP-
MS detection limits. Electronic edition, www.balazs.com/
upwspecsicpms.html

Bowie SHU, Plant J (1983) Radioactivity in the environment.
In: Thornton I (ed) Applied environmental geochemistry.
Academic Press, New York, pp 481–495

Davies BE (1983) Heavy metal contamination from base metal
mining and smelting – implications for man and his environ-
ment. In: Thornton I (ed) Applied environmental geochem-
istry. Academic Press, New York

De Jesus ASM, Malan JJ, Ellerbeck VT, Van der Bank DJ,

Moolman EW (1987) An assessment of the radium-226
concentration levels in tailings dams and environmental waters
in the gold/uranium areas of the Republic of South Africa. Rep
PER-159. Atomic Energy Corporation of South Africa, Pelin-
daba

Department of Minerals and Energy (1996) South Africa’s
mineral industry 1996/97. Department of Minerals and Energy,
Johannesburg

Elsenbroek JH (1996) An analytical report of the calibration on
the Phillips PW 1606 simultaneous dispersive X-ray fluores-
cence spectrometer. Rep 1997–0114. Council for Geoscience,
Pretoria

Elsenbroek JH, Szczesniak HL (1997) Regional geochemistry
and statistics of the soils of the dolomites on a portion of the
Ghaap Plateau Formation and a portion of the Malmani
Subgroup, South Africa. Rep 1997–0114. Council for Geo-
science, Pretoria

Engineering News (1997) An update of the South African Waste
Scenario. Engineering News 24–30, Oct

Förstner U (1995) Non-linear release of metals from aquatic
sediments. In: Salomons W, Stigliani WM (eds) Biogeody-
namics of pollutants in soils and sediments – risk assessment
of delayed and non-linear responses. Springer, Berlin Heidel-
berg New York

Förstner U, Kersten M (1988) Assessment of metal mobility in
dredged material and mine waste by pore water chemistry and
solid speciation. In: Salomons W, Förstner U (eds) Chemistry
and biology of solid waste. Springer, Berlin Heidelberg New
York

Hutchinson TC (1981) Effect of heavy metal pollution on
plants, vol 1. Applied Science Publishers, London

Jennings JEB, Brink ABA, Williams AAB (1973) Revised guide
to soil profiling for civil engineering purposes in South Africa.
Trans S Afr Inst Civil Eng 15

Kabata-Pendias A (1994) Agricultural problems related to
excessive trace element contents of soils. In: Salomons W,
Mader P, Förstner U (eds) Pathways, impact and engineering
aspects of metal polluted sites. Springer, Berlin Heidelberg New
York

Labuschagne LS, Holdsworth R, Stone TP (1993) Regional
stream sediment geochemical survey of South Africa. J Geol
Explor 47 : 283–296

Müller G (1979) Schwermetalle in den Sedimenten des Rheins –
Veränderungen seit 1971. Umschau 79 : 778–783

Netherlands Ministry of Housing, Physical Planning and Environ-
ment (1986, 1991) Environmental quality standards for soil and
water. Netherlands Ministry of Housing, Physical Planning and
Environment, Leidschendam

Pierzynski GM, Sims JT, Vance GF (1994) Soils and environ-
mental quality. Lewis, London

Prüeß A, Turian G, Schweikle V (1991) Ableitung kritischer
Gehalte and NH3NO3 extrahierbaren ökotoxikologisch rele-
vanten Spurenelementen in Böden SW-Deutschlands. Mitt Dt
Bodenkundl Ges 66 : 385–388

Rösner T, Boer R, Reyneke R, Aucamp P, Vermaak J (1998) A
preliminary assessment of pollution contained in the unsatu-
rated and saturated zone beneath gold mine residue deposits.
Rep K5/797/0/1. Water Research Commission of South Africa,
Pretoria

Salomons W, Stigliani WM (1995) Biogeodynamics of pollu-
tants in soils and sediments – risk assessment of delayed and
non-linear responses. Springer, Berlin Heidelberg New York

Schloemann H (1994) The geochemistry of some Western Cape
soils (South Africa) with emphasis on toxic and essential
elements. PhD Thesis, University of Capetown

Scott R (1995) Flooding of Central and East Rand gold-mines –
an investigation into controls over the inflow rate, water
quality and the predicted impacts of flooded mines. Rep 486/
1/95. Water Research Commission of South Africa, Pretoria

Steffen O, Robertson A, Kirsten H (1988) Research on the
contribution of mine dumps to the mineral pollution load in
the Vaal barrage. Rep PT 3632/10. Water Research Commission
of South Africa, Pretoria

Umweltbundesamt (1996) Methods in soil protection in Poland,
Slovakia, Czech Republic and Hungary. Rep 77/96, 285 pp.
Umweltbundesamt, Berlin

Wild A (1996) Soils and the environment. Cambridge University
Press, Cambridge


