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In the Karoo coalfields, mining operations that release acid mine drainage (AMD) are
threatening groundwater resources. An important parameter controlling the extent and
severity of AMD impact is the natural attenuation of rocks in response to AMD. Very little
is known about such response of Karoo rocks in saturated and unsaturated conditions, a
research gap filled by this paper. Laboratory column leach experiments were used to study
the responses of different rock types from the Witbank, Ermelo and Highveld coalfields of
South Africa. The results of the experiments show that rock samples with high quartz
mineral content offered little attenuation of AMD and those consisting of plagioclase and
clays offered some attenuation, while those with high carbonate mineral content, neutralized
and reduced the concentration of heavy metals from AMD. The presence of oxygen in-
creased the rate of heavy metal removal from AMD. For all rock samples under saturated
and unsaturated conditions, the sulfate and chloride concentrations of AMD remained un-
changed after the leaching process, showing that these parameters are conservative and can
be used as potential natural tracers of AMD movement in the subsurface. The research
shows that laboratory leach tests may be used to rank the various rock types in the Karoo
coalfields in terms of their capacity to buffer the impacts of AMD. Such a ranking could
inform policy and decision makers in regard to handling and storage of AMD-generating
wastes, as well as to location and design of AMD waste storage facilities.
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INTRODUCTION

Globally, groundwater is an important and
valuable water resource (Hadžić et al. 2015) for
various purposes (consumption, irrigation, industry

and mining) owing to its relatively low susceptibility
to pollution and its abundance. However, ground-
water resources are under serious threat by human
activities (e.g., mining, industrial, agricultural and
waste disposal) which introduce pollutants onto the
surface or into the subsurface.

About 85% of South African energy comes
from burning of coal from the Mpumalanga Pro-
vince. As much as coal in South African is major
contributor to the energy dynamics, mining of coal is
major threat to the groundwater resources in the
area. This is because coal in the Mpumalanga Pro-
vince and its host rock contain pyrite. Iron sulfide,
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found in coal host rocks and coal discard dumps,
reacts with water in the presence of oxygen to pro-
duce acid mine drainage (AMD) which is typically
characterized by high sulfate concentrations, pH
values less than 7 and elevated concentrations of
remobilized metals such as iron, aluminum, man-
ganese and others (Bell et al. 2002; Lapakko 2002;
Sakala et al. 2017). The prerequisites for AMD
formation are (a) the generation of protons at a
faster rate than they can be neutralized by alkaline
materials (e.g., carbonates) in the orebody or waste
disposal facility, (b) access to oxygen and water and
(c) presence of certain bacteria.

The fate of groundwater with regard to AMD
generated by mining operations in a typical coalfield
is determined by several factors, such as the type of
mining operation (opencast or underground), the
degree of flooding, the management of mining dis-
cards and the transport-attenuation properties of the
surface and subsurface. Research to understand how
AMD reacts chemically with the various rocks found
in a typical coalfield is important to facilitate a re-
gional assessment of the fate of groundwater in a
coalfield and to inform policy and decision makers
for environmental management purposes. Such re-
search can be done using various field and labora-
tory tests, including field-scale tests, batch reactor
tests, column leach tests and humidity cell tests
(Usher et al. 2003; Gautama and Kusuma 2008;
Costin et al. 2011; De Souza and Mansur 2011).
None of these methods is considered superior to the
others, because the choice of method depends on the
problem to be solved. In an AMD environment,
these tests are done to simulate geochemical
weathering processes, to classify hazardous waste, to
evaluate acid generation and to predict the quality
of drainage from a waste disposal facility (U.S
Environmental Protection Agency 1994).

Because column leach tests allow for the simu-
lation of the leaching processes under both saturated
and unsaturated conditions in the subsurface, these
tests were selected to investigate the responses of
various Karoo rocks to the introduction of AMD.
Moreover, the column leach tests allowed for a study
of the interactions between the various rocks and the
introduced AMD, reflecting their abilities to extract
AMD pollutants, and allowing their buffering
capacities to be ranked. Knowledge of the buffering
capacities of the rocks can be used as an input to the
regional modeling of transport and attenuation of

AMD in coalfields to advise policy and decision
makers. As an illustration of the concept, the Wit-
bank, Ermelo and Highveld coalfields in the Mpu-
malanga Province of South Africa were selected.
These coalfields are the most extensively exploited
coalfields in the country and are the location of most
current mining activities (Banks et al. 2011; Sakala
et al. 2018).

STUDY SITE

Location and Climatic Conditions

The study area, which includes the Highveld,
Ermelo and Witbank coalfields, is located in the
Mpumalanga Province of South Africa, covering an
area � 23,315 km2 (Fig. 1 ). The area receives an
average long-term rainfall of between 600 and
1100 mm/a (SAWS 2016). The winters are typically
dry and cold with occasional frost, while the sum-
mers, between October and March, are hot (Barnard
2000).

Geology and Hydrogeology

The local geological information used in this
study was obtained from 1:250,000 scale geological
maps (Pretoria 2528 and East Rand 2628) published
by the Council for Geoscience (Fig. 1). The study
area includes eight major lithological domains,
namely the Basement Complex, the Witwatersrand
Supergroup, the Transvaal Supergroup, the Bush-
veld Complex, the Dwarsfontein Complex, the
Waterberg Group, the Karoo Supergroup and Ter-
tiary–Quaternary alluvial deposits. The eight do-
mains may further be resolved into 15 geological
formations, including sedimentary, igneous and
metamorphic rocks as well as lavas. According to
Banks et al. (2011) and Sakala et al. (2018), many of
the aquifer systems found within the Witbank, Er-
melo and Highveld coalfields are shallow (between
depths of 5 m and 20 m), a feature which makes
them susceptible to pollution from mining opera-
tions. Hence, a study of how AMD chemically
interacts with various rocks is required in these
coalfields to delineate high-risk areas where AMD
pollution is not attenuated and where it may there-
fore enter the groundwater system.
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METHODOLOGY

The column leach test, a kinetic testing proce-
dure was conducted according to the United States
Environmental Protection Agency (U.S Environ-

mental Protection Agency 1994). In this column
leach tests, AMD was used instead of de-ionized
water as leachate to simulate the chemical interac-
tion of AMD with various rock types rather than to
characterize the rock samples in terms of their acid-

Figure 1. Geology of the study area. The inset map shows its location in South Africa.
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generating potential. The experimental procedure
for the rock-AMD interaction study involved: (1)
rock sample collection and analysis to identify min-
eralogical similarities across the various formations,
(2) using representative samples for column leach
tests under saturated and unsaturated conditions,
and (3) analyzing the tests results, ultimately ranking
rocks in terms of their effect on the removal of
AMD pollutants as shown in Figure 2.

Sample Collection and Analysis

The study area includes 15 distinct geological
formations, each mineralogically different from the
others. Fresh grab samples were collected from all
15 formations where they have been exposed by
mining within the study area. The locations of the 15
sampling positions are shown as black circles with
green crosses in Figure 1. The fresh rock samples
were analyzed for their elemental composition using
X-ray fluorescence (XRF) and for mineralogy using
X-ray diffraction (XRD) and using a microscope to
aid in the interpretation of the column leach results
and in view of understanding the general miner-
alogical distribution within the study area. Using the
XRF and XRD results, the rock samples were sorted
into groups according to their elemental composi-
tions. AMD was collected from an abandoned
underground mine in the Witbank coalfield.

Column Leach Tests

The saturated column and unsaturated column
tests are set up as shown in Figure 3. For the satu-
rated leach test (Fig. 3a), AMD was introduced
from the bottom and passed through the rock sam-
ple to ensure its complete submersion in AMD. The
unsaturated column test (Fig. 3b), AMD was fed
occasionally from the open top and allowed to pass
through the rock sample to allow reaction in the
presence of air to mimic unsaturated conditions. The
resultant leachate was analyzed weekly to collect
enough data to allow a comparison between the
leachates collected from the different samples. The
parameters for the actual experiment were as fol-
lows: 45 cm column height and 11 cm column
diameter, while the crushed rock added weighted
1.38 kg. The experiments were run until the oxida-
tion reactions are completed. The flow rate for the
saturated experiment was maintained at 0.01 ml/min

to ensure that the column was completely saturated
while at the same time allowing enough time for the
reactions to occur. Leachate samples were collected
on a weekly basis and analyzed by inductively cou-
pled plasma-mass spectrometry (ICP-MS) and ion
chromatography (IC).

RESULTS AND DISCUSSIONS

AMD was collected from a decanting aban-
doned underground mine in the Witbank coalfield.
The chemical analysis of AMD is shown in Table 1.
AMD that was collected has low pH with high
concentrations of Fe, Al, Mn Zn and SO4

2-. This
means that the water was not suitable for discharge
into the environment. The worst case scenario of
AMD was used in this study.

Figure 4 shows the results of XRF and XRD
analyses, plotted as a bar graph to facilitate visual-
ization and comparison. Figure 4a shows that the
most dominant elemental oxide for all the samples
(except WITS14) is SiO2 followed by Al2O3. Other
elemental oxides that showed up prominently were
MgO and CaO. These elemental oxides, which ac-
counted for 10% or more of the composition of the
samples, were found in samples WITS01, WITS09,
WITS10, WITS11 and WITS14. The XRD results
(Fig. 4b) show that sample WITS01 uniquely con-
tained almost equal proportions of silicates, plagio-
clase, quartz and chlorite; thus, this sample was
selected. Samples WITS07 and WITS14 were com-
posed almost entirely of quartz and dolomite,
respectively (Fig. 4b). These rocks are known to
have almost opposite responses in an AMD envi-
ronment (Eary and Williamson 2006). Using the
XRF and XRD results, the 15 rock samples may be
sorted into five groups according to their elemental
compositions, as shown in Table 2.

The selected five representative samples (Ta-
ble 2) were analyzed further under a microscope to
establish in detail the spatial arrangement of their
minerals and the results are shown in Figure 5. The
sample section for diabase (WITS01) is dominated
by medium- to coarse-grained elongated crystals of
plagioclase feldspar with grain sizes in the order of
1.8 mm, with strongly colored varieties of augitic
pyroxene (clinopyroxene characteristically) crystals
wrapped around (Fig. 5a). The sample section of
sandstone (WITS07) is dominated by medium- to
fine-grained quartz, with some grains occurring as
angular to sub-angular crystals, while others have
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euhedral grain size of � 0.68 mm (Fig. 5b). The
pillow lava sample (WITS08) shows very fine-
grained quartz minerals and feldspar crystals form-
ing a clay-rich matrix around the sample (Fig. 5c).
Feldspar occurs as fine-grained crystals, which
makes it difficult to determine whether the section

comprises plagioclase or sanidine, or both. Alter-
ation phases observed in the section include chlorite,
which occurs with clay minerals such as kaolinite.
The hornfels sample (WITS09) is dominated by fine-
to coarse-grained randomly oriented laths of pla-
gioclase which generally exhibit lamella twinning
(Fig. 5d). The plagioclase laths generally occur in
localized clusters (grain size of < 3.15 mm) with
interlocking grain-to-grain boundaries. The dolo-
mite sample (WITS14) is dominated by fine-grained
tightly packed anhedral crystals of calcite and do-
lomite (Fig. 5e). The dolomite crystals appear
transparent, cloudy to dark in color. Calcite has high
birefringence; its color with crossed polars shows
distinctive rainbow colors of pink and green flashes.
This section reveals dolomite and calcite presenting
a mosaic of fine-grained crystals with poorly defined,
non-planar boundaries.

The representative samples obtained (shown in
Table 2), containing a proportion of silicates, pla-
gioclase, quartz, clays, chlorite and dolomite min-
erals, were subjected to AMD experiments under
saturated and unsaturated conditions.

Table 1. Chemical composition of AMD used for column leach

experiment

Parameter Value

pH 2.2

EC (mS/cm) 806

Fe (mg/L) 1 815

Al (mg/L) 600

Mn (mg/L) 14.9

Zn (mg/L) 11.2

Cu (mg/L) 1.4

Co (mg/L) 3.4

Ni (mg/L) 4.6

As (mg/L) 0.1

Ag (mg/L) 0.00

Pb (mg/L) 0.00

SO4
2� (mg/L) 7 045

Figure 3. Schematic laboratory setup for column tests: (a) saturated; (b) unsaturated.

Collection of representative fresh 
rock samples (5-8 kg) from all major 
geological formations 

Mineral and elemental analysis using 
XRF, XRD and petrographic 
examination of all 15 samples 

Rocks were milled and 
sieved to below 2 mm 
particle size 

Selection of representative samples for 
column leach test. Each sample was 
split into two samples for duplicates 
experiment experiments 

AMD experiment under 
unsaturated or saturated 
conditions

Chemical analysis of 
leachate 

Interpretation of results with regard to 
dissolution of minerals exposed to 
AMD environment 

Figure 2. Methodology used in this study.
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Silicate/Plagioclase/Quartz Sample (WITS01)

The leachate chemical analysis of sample
WITS01 shows a minor change in the pH and elec-
trical conductivity (EC) of the AMD in saturated
conditions (Fig. 6a). Under unsaturated conditions,
the pH changed from the AMD input of 2.8 to a
near-neutral value (� 7) from day 7 until day 29,
when the neutralizing capacity was lost and the
leachate pH returned to acidic conditions of around
pH 4 (Fig. 6b). The order of magnitude of the con-
centrations of sulfate (SO4

2�), manganese (Mn),
aluminum (Al), calcium (Ca) and Cl did not change
significantly under saturated conditions, reflecting
the lack of their reactivity with AMD. A step in-
crease in Na from 3 to 200 mg/L was observed. This

may be explained by an ionic exchange reaction,
where Mg ions from the AMD replaces Na ions
from the rock matrix Eq. 1 (Casiday et al. 1999).

Z:Na + Y:Mg $ Z:Mg + Y:Na ð1Þ

where Z is the rock matrix and Y the AMD solution.
Fluctuations in the iron (Fe) concentration

throughout the duration of the experiment could be
a reflection of the instability of Fe under acidic
conditions. At day 70, the concentration of magne-
sium (Mg) decreased at the same time that the
concentration of sodium (Na) increased.

The order of magnitude of the EC and the
concentrations of sulfate (SO4

2�), Mn, Ca and Cl did
not change significantly throughout the duration of

Table 2. Groups of samples according to their mineral speciation, as interpreted from XRF and XRD results

Sample name (WITss) Major oxides Major minerals identified Group

01 SiO2, Al2O3, Fe2O3, MgO, CaO, SiO2 Equal proportions of silicates, plagioclase & quartz I

02, 05, 07 SiO2 Composed of entirely quartz II

03, 04, 06, 08, 12, 13 SiO2, Al2O3, Fe2O3 Made up of plagioclase<quartz< chlorite III

09, 10, 11 SiO2, Al2O3, Fe2O3, MgO, CaO Made up of clays<quartz< plagioclase IV

14 MgO, CaO Composed entirely of dolomite V
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Figure 4. (a) Elemental compositions of rocks measured by XRF. (b) Mineral composition of the rocks determined by

XRD, showing the five samples (enclosed in hallow rectangles) selected for the column leach experiment.
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the experiment in unsaturated conditions. The iron
concentration decreased from 140 mg/L to values
below 20 mg/L. The interchange between Mg ions
and Na ions after day 70 was also observed under
unsaturated conditions. When the pH was near-
neutral, the concentration of Al drastically de-
creased to a concentration as low as 0.3 mg/L, but

when the pH was acidic, the concentration of the
leachate was similar to the Al concentration in the
AMD solution. As the pH increased, hydrolysis
made additional binding sites on the rock matrix
available for Al complexation, and thus, aqueous Al
was re-precipitated to form amorphous Al hydrox-
ide, alumina-secondary minerals, Al–organic com-

Figure 5. Images of rock sample thin sections, as observed on a Fein Optic R40POL polarizing microscope: (a) WITS01, (b)

WITS07, (c) WITS08, (d) WITS09 and (e) WITS14.
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plexes or large polymers, while the hydrogen ion
produced in the process counteracted the effect of
an increase in pH (Li and Johnson 2016). At low pH,
Al complexes dissociated to offset the drop in pH,
which increased their mobilization in solution.

Sample WITS01 is dominated by medium- to
coarse-grained elongated crystals of plagioclase
feldspar mostly made up of SiO2, Al2O3, Fe2O3 and
CaO elemental oxides, as shown by the XRF results.
Thus, dissolution of anorthite (CaAl2Si2O8) miner-
als under acid conditions can be used to explain the
response of rocks containing plagioclase in an AMD
environment. The dissolution of anorthite is a well-
studied phenomenon, represented by Eq. 2, as given
by Oelkers and Schott (1995):

CaAl2Si2O8 þ 8Hþ $ Caþ2 þ 2Alþ3 þ 2SiO2

þ 4H2O ð2Þ

According to Eq. 2, the dissolution of anorthite

produces Caþ2 and Alþ3 ions in solution. This phe-
nomenon was particularly noted when the dissolu-
tion reactions took place for Sample WITS01, as
evidenced by the change in pH from acidic to near-
neutral accompanied by a slight increase in the Ca
concentrations found in the leachate. However, no

increase in Alþ3 concentration was observed in the

leachate, as the Alþ3 ions immediately formed
complexes of hydroxyl, which adhered to the grains
of the rock matrix.

Quartz Sample (WITS07)

For both saturated and unsaturated conditions,
the pH of the quartz sample remained fairly con-

stant throughout the duration of the experiments
(Fig. 7). The order of magnitude of the EC value
and the concentrations of SO4

2�, Mn, Ca, Al, Fe and
Cl did not change significantly throughout the
duration of the experiment. The interchange be-
tween Mg and Na observed for sample WITS07 was
also evidenced after day 70 under both saturated and
unsaturated conditions.

The dissolution of silicate minerals plays a big-
ger role in the response of sample WITS07 (made up
of over 95% SiO2) under an AMD environment.
According to Kamiya et al. (1974), the dissolution of
silicates is a very slow process, even in an acidic
environment. This explains why no significant
change was observed for the pH, SO4

2�, Fe, Al and
Mg concentrations of the WITS07 sample.

Plagioclase/Quartz/Chlorite Sample (WITS08)

The interchange between Mg and Na for sam-
ples WITS08 was also observed after day 70, for
unsaturated as well as saturated conditions (Fig. 8).
The initial slight increase in pH from 2.8 to 3.5
corresponded to a decrease in the Fe concentration
from 145 to 5.8 mg/L under saturated conditions.
When the pH regressed to 2.8 in the middle of the
experiment, the Fe concentration correspondingly
increased to 33 mg/L (Fig. 8a). The order of mag-
nitude of concentration of EC, SO4

2�, Mn, Al, Ca
and Cl did not change significantly throughout the
duration of the experiment.

Figure 8b shows that, under unsaturated con-
ditions, the pH increased from 2.8 to 4.5 in the initial
stages of the experiment and stabilized there for
most of the experimental duration before regressing

Figure 6. Graphic plot of leachate vs. time for WITS01: (a) saturated conditions; (b) unsaturated conditions.
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to 2.8 at the end of the experiment. The order of
magnitude of concentration of EC, SO4

2�, Mn, Al,
Ca and Cl did not change significantly throughout
the experiment. A step increase in the concentration
of Na from 3.7 to 177 mg/L was observed. When the
pH increased to 4.5, the concentration of Al and Fe
decreased from 85 and 145 mg/L to concentrations
as low as 0.7 and 0.4 mg/L, respectively. Hydrolysis
and the re-precipitation process, as discussed for
WITS01, were responsible for the fluctuation in Al
concentration as the pH changes (Li and Johnson
2016).

Sample WITS08 was made up of almost equal
amounts of quartz minerals and plagioclase feldspar.
Thus, a combination of the dissolution of plagioclase
feldspar and the inertness of quartz (as already sta-
ted) could be used to explain the response observed
for this sample. It must be noted that the resultant
chemical concentration of the leachate from
WITS08 was always between that of WITS7 and
WITS9.

Clay/Quartz/Plagioclase Sample (WITS09)

In saturated conditions, the leachate chemical
analysis shows that the pH increased slightly in the
first few days before regressing to 2.8 (Fig. 9a). The
concentration of Na and Mg followed similar trends
for the duration of the experiment under saturated
conditions. The concentration of Fe fluctuated be-
tween 50.4 and 185 mg/L throughout the experi-
ment, as reflected by the unsteadiness of Fe under
acidic conditions. The order of magnitude of con-
centration of SO4

2�, Cl, Ca, Mn and Al did not
change significantly throughout the duration of the
experiment probably as also reflected by their lack
of reactivity in acid conditions in saturated condi-
tions.

In unsaturated conditions, the pH increased
from the AMD input value of 2.8 to a near-neutral
value � 7 after the first few days of the experiment
after which the neutralizing capacity was lost and the
leachate pH returned to acidic conditions of around

Figure 7. Graphic plot of leachate vs. time for WITS07: (a) saturated conditions; (b) unsaturated conditions.

Figure 8. Graphic plot of leachate vs. time for WITS08: (a) saturated conditions; (b) unsaturated conditions.
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pH 3.5 (Fig. 9b). The interchange between Mg and
Na toward the end of the experiment was also ob-
served in unsaturated conditions. The order of
magnitude of concentration of EC, SO4

2�, Cl and Ca
also did not change significantly throughout the
duration of the experiment. When the pH increased
to near-neutral, the concentration of Al and Fe de-
creased from 85 and 145 mg/L to concentrations as
low as 0.5 and 1.1 mg/L, respectively, owing to the
formation of hydroxides at pH above 4.

Dolomite Sample (WITS14)

Both for saturated and unsaturated conditions,
the pH of the leachate for sample WITS14 buffered
the acidity from 2.8 to a pH of around 8 from the
first few days of the experiment until the end
(Fig. 10a, b). This was attributable to the dissolution
of dolomite in an acid environment, as given by
Eq. 3 and as stated by Stumm and Morgan (1996)
and Gomo and Masemola (2016).

CaMgðCO3Þ2 þ 4Hþ $ Caþ2 þMgþ2 þ 2H2O
þ 2CO2 ð3Þ

Minor changes in the EC, SO4
2�, Cl and Mn of

the leachate under saturated conditions were ob-
served for the dolomite sample. A stepward increase
in Na from 3.2 to 321 mg/L was also observed.
Similar to the saturated conditions, the order of
magnitude of concentration of EC, SO4

2�, and Cl
did not change significantly throughout the duration
of the experiment, probably reflecting the lack of
their participation in reactivity under these condi-
tions.

In both the saturated and the unsaturated con-
ditions, when the pH increased to near-neutral, the
concentration of Al and Fe decreased from 85 and
145 mg/L to concentrations as low as 0.1 and 0.9 mg/
L, respectively. This could be ascribed to the pre-
cipitation of hydroxides as the pH increased to near-
neutral. The concentration of Mn decreased from 26
to 0.3 mg/L in the first two weeks and then increased
gradually back to 26 mg/L toward the end of the
experiment.

In the column with sample WITS14, dolomite is
the major carbonate available to neutralize the pH.
The dolomite-AMD buffering reaction (Eq. 3)
conceptually shows that when the acid, H+ from the
AMD reacted with dolomite ðCaMg CO3ð Þ2Þ; water
ðH2OÞ, carbon dioxide CO2ð Þ, calcium ðCaþ2Þ and

magnesium ðMgþ2Þ are produced. Based on this
conceptual model, when such reactions occur, Ca
and Mg concentrations are likely to be increased.
This was indeed the case for WITS14, as seen in the
Ca and Mg plots under unsaturated conditions
where both oxygen and water were present. At the
same time, Fe concentrations decreased as free Fe
ions formed complexes adhering to the mineral
grains of the rock sample, thus accounting for the
observed decreased Fe concentration. The solubility
of Al and Mn is pH dependent (Wright et al. 2001)
when pH was neutral they precipitated and when pH
was low they were in solution.

Ranking of Geological Formations in Terms
of AMD Extraction

Based on the interpretation of the leachate
concentration in relation to the rock mineral com-

Figure 9. Graphic plot of leachate vs. time for WITS09: (a) saturated conditions; (b) unsaturated conditions.

566 Sakala, Fourie, Gomo, and Madzivire



position for various rocks in the AMD environment,
an approximate order of rock-AMD reactivity can
be deduced for the Witbank, Ermelo and Highveld
coalfields. Table 3 shows a summary of the findings
of the experiment.

From the experiment, it can be deduced that
dolomite, which contains over 90% dolomitic car-
bonate minerals, was able to buffer the pH to neu-
tral conditions which, in turn, removed the metals
(Fe, Al and Mn) from the AMD solution. Diabase
with medium- to coarse-grained elongate crystals of
plagioclase feldspar which are Al complexes was
also able to buffer the acidic conditions, but given
that the buffering minerals are easily exhausted,
buffering only lasted a few weeks.

In terms of AMD extraction by rocks, hornfels
followed diabase where the fine- to coarse-grained
randomly oriented laths of plagioclase are respon-
sive in buffering the acidic conditions and removing
heavy minerals. The process is kinetically fast and
only lasted a few weeks. Pillow lava, which is dom-
inated by very fine-grained quartz and feldspar
crystals, was also able to buffer the acidity to a lesser
extent, but the process lasted a few days. Sandstones
were the least effective in terms of buffering acidity
and removing heavy metals (Fe, Al and Mn) from
AMD solution. The sandstones are made up almost
entirely of quartz minerals which lack the ability to
buffer acidity or remove heavy metals in the time
frame of the experiment.

Hardly any rocks tested were able to remove
sulfates and chlorides under saturated and/or
unsaturated conditions. Moreover, all the rock lea-
chates were shown to follow an almost similar pat-
tern over time. Thus, sulfate and chlorides may be
considered conservative in both saturated and
unsaturated conditions and can be used as a possible

tracer for AMD pollution. Another interesting
observation from the experiment is that pH buffer-
ing and metal removals were more pronounced in
the unsaturated zone than in the saturated zone as a
result of the presence of oxygen.

The results from the rock-AMD reactivity
experiment can be used as a guide to the classifica-
tion of the rocks in the coalfields based on the
mineralogical similarities between those rocks and
the rock samples used in the experiment.

Table 4 shows the classification of various rocks
found in Witbank, Ermelo and Highveld coalfields
in terms of their reactivity in the AMD environ-
ment.

The rocks were assigned relative values from 1
to 10 according to their ability to buffer acidity and
remove heavy metal pollutants typically associated
with AMD pollution in the Witbank, Ermelo and
Highveld coalfields. Figure 11 shows the spatial
distribution classes of rock-AMD reactivity within
these coalfields as resampled to the geological for-
mations, using the results of the experiment. The
distribution of surface geologies for which different
AMD reactivity was determined during this study
and deeper geologies were not considered. The map
in Figure 11 was therefore only a first indication of
the distribution of AMD reactivity and not a com-
prehensive mapping of AMD reactivity in the study
area.

CONCLUSIONS
AND RECOMMENDATIONS

From the results obtained, the following con-
clusions were reached. The quartz sample was
unreactive to AMD in both saturated and unsatu-

Figure 10. Graphic plot of leachate vs. time for WITS14: (a) saturated conditions; (b) unsaturated conditions.
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rated conditions within the duration of the experi-
ment. This means that, if AMD is generated from
mine tailings in an environment comprising mainly
quartz, there will be pollution of the water resources
by AMD. On the other extreme, dolomite was
capable of neutralizing AMD under both conditions.
In other words, AMD generated by mine tailings on
dolomite will result in in situ neutralization of
acidity and reduction in pollution of water resources
by AMD. An increase in pH will result in the pre-
cipitation of metals as hydroxides. In addition, co-
precipitation of minor elements in AMD will occur
during the precipitation of hydroxides such as

Fe(OH)3. The performance of plagioclase minerals
was also affected by these conditions. In saturated
conditions (that is, O2 depleted conditions), the
plagioclase minerals did not neutralize AMD. On
the other hand, in unsaturated conditions (in the
presence of O2), AMD was neutralized. Therefore,
it can be concluded that the presence of O2 en-
hanced the dissolution of plagioclase minerals. Clay
minerals are known to possess ion exchange capa-
bilities. The presence of clay minerals enhanced the
neutralization of acidity and the removal of cations
from AMD. Therefore, AMD generated by mine
tailings can be contained by subsurface with dolo-

Table 3. Summary of rock-AMD reactivity expressed in terms of AMD removal by rocks

Parameter Order of AMD reduction by rocks Remarks

pH WITS 14>WITS 1>WITS 9>WITS

8>WITS 7

Dolomite buffered acidity better than other rocks and sandstone being the least

EC WITS 1>WITS 8>WITS 9>WITS

14>WITS 7

Diabase/dolerite rocks reduced the EC better than most rocks with sandstone being

the least in this regards

SO4 WITS 1 = WITS 7 = WITS 8 = WITS

9>WITS 14

Sulfate generally remained unaffected by interaction with various rocks

Fe WITS 14>WITS 1 = WITS 8>WITS

9>WITS 7

Dolomite removed Fe better than other rocks and sandstone being the least

Al WITS 14>WITS 1>WITS 9>WITS

8>WITS 7

Dolomite removed Al better than other rocks and sandstone being the least

Mn WITS 14>WITS 1>WITS 9>WITS

8>WITS 7

Dolomite removed Mn better than other rocks and sandstone being the least

WITS 14 Dolomite, WITS 1 Diabase, WITS 9 Hornfels, WITS 8 Pillow lava, WITS 7 Sandstone

Table 4. Summary of AMD reactivity of rocks in the Witbank, Ermelo and Highveld coalfields

Lithological group Description Sample representative Relative reactivity (1–10)

Quaternary

Alluvial Unconsolidated sediments on rivers WITS 7 1

The Karoo supergroup

Dwyka group Diamictite (Tillite) WITS 7 1

Ecca group Sandstone, shale and coal WITS 7 1

Beaufort group Mudrock, sandstone WITS 1 7

Intrusive rocks Dolerite (dykes and sills) WITS 1 7

Waterberg complex Sandstone with interbedded conglomerate and shale WITS 7 1

The bushveld complex

Rustenburg suite Gabbro, norite, anorthosite WITS 9 5

Lebowa suite Felsic granite WITS 9 5

Transvaal supergroup

Chuniespoort group Dolomite, chert WITS 14 9

Pretoria group Shale, quartzite WITS 1 7

Intrusive rocks Diabase WITS 1 7

Rooiberg group Rhyolite and felsite WITS 8 3

Loskop formation Sandstone, conglomerate WITS 7 1

Witwatersrand supergroup

Hospital hill formation Shale and quartzite WITS 1 7

Basement complex Granite and gneiss WITS 9 5
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mite, plagioclase and/or clay minerals as these min-
erals will provide natural attenuation of the pH and
some of the potential pollutants.

The column leach tests were conducted at room
temperature, with reduced particle size and without

seasonal variations and extremes of precipitation.
Consequently, they provide poor analogues for
heterogeneous drainage conditions and secondary
mineral precipitation and dissolution, the controlling
factors for metal leaching under all but the most

Figure 11. Rock-AMD reactivity map of the study area showing the relative classifications in terms of the extraction

of AMD pollutants.
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acidic pH values. Given the absence of the entire
load of primary weathering products, leachate re-
sults cannot be used with geochemical speciation
models to predict the extent of secondary precipi-
tation or release, or with field data to predict metal
leaching based on the predicted evolution in drai-
nage chemistry (i.e., pH conditions). For further
researches, these conditions could be incorporated
to refine the interpretations made here to cover
changing environmental conditions.
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