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Synopsis
The aim of this study was to determine the acid-generating potential of coal mine tailings located in the
Middelburg area, South Africa, using conventional assessment techniques. Four coal-tailing samples
were collected from different layers of a coal-tailing pile. The acid-base accounting (ABA), acidbuffering characteristic curve (ABCC), and net acid generation (NAG) methods were used in conjunction
with a mineralogical investigation to assess the potential of acid mine drainage (AMD) formation from
the tailings.
The results showed that the top layer of the pile, which was exposed to the atmosphere, was most
likely to form AMD, exhibiting the lowest paste pH (2.5) and ABA of zero kg H2SO4 per ton. The ABA
results were compared to ABCC results and mineralogical calculations to confirm the findings. The results
from the ABCC test and calculations based on mineralogy indicated that the ABA method overestimates
the effective or readily available acid neutralization capacity (ANC) and the true MPA of each sample;
only three of the four samples could therefore be classified as acid-forming, but with low acid-generating
capacity.
Although the findings show that the top layer of the coal tailings in the Middelburg area is most
likely to form AMD, it is important for future studies to further investigate the kinetics of acid formation.
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Introduction
South Africa has mined coal commercially since 1857 and is one of the biggest coal producers in
the world. Coal is currently the main source of energy for power generation in South Africa and will
continue to be so for the foreseeable future (Hancox and Götz, 2014; Fosso-Kankeu, 2019).
The mined coal is subjected to a beneficiation process whereby the less valuable fraction, which
cannot be processed economically, is separated. This leftover material is commonly deposited in large
piles (tailings). Tailing piles can reach up to a hundred metres high and stretch for kilometres. These
tailings generally contain materials with low coal grade but still contain a high concentration of sulphide
minerals (Dolt, 2010; Fosso-Kankeu et al., 2011; Koch et al., 2017).
Acid is generated when sulphide minerals are oxidized by oxygen in the presence of water. The rate
and extent of oxidation are limited by water, oxygen availability, and microbial activity (Dolt, 2010;
Blowes et al., 2013; Fosso-Kankeu et al., 2016, Fosso-Kankeu, 2016, Fosso-Kankeu, Manyatshe, and
Waanders, 2017; Koch et al., 2017). Acid mine drainage (AMD) is a result of acid that is generated
by oxidation of sulphide minerals. Pyrite (FeS2) and pyrrhotite (FexS) are the sulphide minerals most
commonly found in mine tailings and are considered to contribute the most to acid generation (Sobek
et al., 1978; Smart et al., 2002; Dolt, 2010; Li et al., 2018). The acid generated during the oxidation
of sulphide minerals reacts with acid-neutralizing minerals within the tailings deposits. Carbonate and
silicate minerals contribute the most to acid neutralization (Blowes et al., 2013; Karlsson et al., 2018).
The AMD effluent is usually very acidic and contains high concentrations of sulphates (SO42–)
and dissolved metal ions such as arsenic, cadmium, lead, manganese, mercury, zinc, chromium, and
copper. The acid that is generated enables the dissolution of metals, giving rise to a wide range of
environmental problems (Simate and Ndlovu, 2014; Li et al., 2018). When coal mine tailings are
exposed to oxygen and a water-rich environment, oxidation of sulphur-bearing minerals will most likely
occur, resulting in acid generation. Sulphur-bearing minerals that can contribute to acid generation
include sulphide and sulphate minerals. Sulphide minerals contribute the most to acid generation
(Sobek et al., 1978; Smart et al., 2002; Dold, 2010; Li et al., 2018). Table I summarizes the oxidation
reactions of the most relevant sulphide minerals (Dold, 2017).
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Different sulphide minerals generate different quantities of
acid when oxidized, as illustrated in Table I. Pyrite is the most
common acid-generating mineral, and produces 4 mol of protons
when oxidized by oxygen (Table I Equation [1]). Sulphide
minerals such as covellite, galena, and sphalerite do not generate
acid when oxidized by oxygen (Equations [5]–[7]). If the pH in
the tailing drops below a value of 4.5, then ferric iron becomes
the primary oxidant. Ferric iron is the more aggressive oxidizer,
generating up to four times the amount of acid compared to
oxidation via oxygen, as seen by comparing Equation [1] with
Equation [8], and Equation [2] with Equation [9], at a rate up
to hundred times faster. Non-acid generating minerals such as
covellite, galena, and sphalerite become acid generating when
oxidized by ferric iron (compare Equations [5] and [12], [6] and
[13], and [7] and [14]) (Usher et al., 2003; Dold, 2017). It is
thus very important to prevent mine tailing from becoming acidic
(pH below 4.5) to prevent the oxidation of sulphide minerals
by ferric iron, therefore limiting the rate and quantity of acid
generated.
In this study the acid-generating potential of four coal tailing
samples (designated S1, S2, S3, and S4) were evaluated to
predict the occurrence of AMD. Most common evaluation methods
are either kinetic or static, depending on the procedure of the
experiment. A static test only predicts the acid-forming potential
but does not provide an indication of the rate or duration of
acid generation (Oh et al., 2017). Kinetic tests attempt to mimic
the natural oxidation reactions and conditions that occur in the
environment (Oh et al., 2017). Kinetic test results are credible
and provide information on parameters related to the rate of acid
generation, sulphide reactivity, metal solubility. and oxidation
kinetics. However, kinetic tests such as the leach column tests
are extremely time-consuming and expensive. Static tests are
relatively inexpensive and conducted relatively quickly (Smart et
al., 2002; Oh et al., 2017).
Acid-base accounting (ABA) is a relatively dependable and
inexpensive analytical procedure used to assess the chemical
and physical properties of tailings (Skousen, 2017). ABA
tests evaluate the balance between acid-neutralizing processes

(dissolution of carbonates and weathering of silicates) and acidgenerating processes (oxidation of sulphide minerals) (Smart et
al., 2002). The ABA test procedure was first published by Sobek
et al. (1978) and has become the method of choice to assess
the acid-generating capabilities of waste rock or mine tailings
(Bouzahzah et al., 2015).
ABA, as described by Sobek et al. (1978), consists of three
measurements: (1) paste pH, (2) maximum potential acidity
(MPA), and (3) acid neutralization capacity (ANC). These
parameters are used to calculate the net acid production potential
(NAPP) and ANC/MPA ratio. NAPP and ANC/MPA ratio are used
to classify samples as potential acid-forming (PAF), non-acid
forming (NAF), or uncertain (UC) (Usher et al., 2003).
The correlation between AMD and sulphide oxidation, as well
as the precipitation and dissolution of minerals and metals, have
been studied extensively over the past 70 years (Moses et al.,
1987; Jambor, 1994; Wang, Dowd, and Xu, 2019). Less research
has been done on the mineralogy and geochemical interactions
that take place within tailings. However, it is of the utmost
importance that we understand the parameters that control AMD
formation in order to formulate an effective remediation strategy
(Kalin, Fyson, and Meinrath, 2006; Dold, 2010). In this study,
the ABA, NAG, and ABCC tests were used in combination with
a mineralogical investigation to ascertain the acid-generating
potential of different layers of coal tailings at a tailings storage
facility in the Middelburg area, South Africa. As mining in
this area will cease in the near future, it is important to better
understand the environmental risks related to the storage of
these tailings so that suitable prevention strategies for effective
tailings management can be designed.

Experimental
Sample collection
Four samples were obtained from an undisclosed coal washing
plant in the Middelburg. These samples originated from the same
washing plant and are referred to as S1, S2, S3, and S4. Sample
S1 is a fresh coal tailing sample that was recently processed
and had not been exposed to the environment for longer than

Table I

Oxidation reactions of sulphide minerals in the presence of oxygen and ferric iron
Mineral

Reaction

Equation

Oxidation of sulphide minerals by oxygen.
Pyrite (FeS2)

FeS2 + 3.75O2 + 3.5H2O → Fe(OH)3 + 2SO42– + 4H+

[1]

Pyrrhotite (FexS)

Fe0.9S + 2.175O2 + 2.35H2O → 0.9Fe(OH)3 + SO42– + 2H+

[2]

Chalcopyrite (CuFeS2)

CuFeS2 + 4O2 + 3H2O → Cu2+ + Fe(OH)3 + 2SO42– + 2H+

[3]

Enargite (Cu3AsS4)

Cu3 AsS4 + 8.75O2 + 2.5H2O → 3Cu2+ +HAsO42– + 4SO42– + 4H+

[4]

Covellite (CuS)

CuS+2O2 → Cu2+ + SO42–

[5]

Galena (PbS)

PbS + 2O2 → Ps2+ + SO42–

[6]

Sphalerite (ZnS)

ZnS+2O2 → Zn2+ + SO42–

[7]

Oxidation of sulphide minerals by ferric iron (Fe3+)
Pyrite (FeS2)

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ +2SO42– + 16H+

[8]

Pyrrhotite (FexS)

Fe0.9 S + 7.8Fe3+ + 4H2O → 8.7Fe2+ + SO42– +8H+

[9]

CuFeS2 + 16Fe3+ + 8H2O → Cu2+ + 17Fe2+ + 2SO42– + 16H+

[10]

Chalcopyrite (CuFeS2)
Enargite (Cu3AsS4)

▶

Cu3 AsS4 + 35Fe3+ + 20H2O → 3Cu2+ + HAsO42– +35Fe2+ + 4SO42– + 39H+

[11]

Covellite (CuS)

CuS+ 8Fe3+ + 4H2O → Cu2+ + 8Fe2+ + SO42– + 8H+

[12]

Galena (PbS)

PbS+ 8Fe3+ + 4H2O → Pb2+ +8Fe2+ + SO42– + 8H+

[13]

Sphalerite (ZnS)

Zn + 8Fe3+ + 4H2O → Zn2+ + 8Fe2+ + SO42– + 8H+

[14]
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a week. Sample S2, S3, and S4 are weathered coal tailing
samples obtained from a tailings pile that had been exposed to
the environment and weathering conditions for about a year.
Samples S2, S3, and S4 were collected at different depths within
the tailings pile. Sample S2 was collected from the top of the
tailings pile, and S3 and S4 were collected at depths of 1.5 and
4 m below S2 respectively.

Paste pH test
A paste-like slurry was prepared by mixing a 25 g sample
with 50 mL of deionized water. The pH was measured after 2
hours and is referred to as the paste pH in accordance with the
procedure utilized by Smart et al., (2002).

Modified acid-neutralizing capacity (ANC) test method
The modified ANC test involves adding a predetermined quantity
and molarity of hydrochloric acid (20 mL of 0.5 M HCl) to 2 g
of dry coal sample with a particle size smaller than 75 µm in a
250 mL flask (Smart et al., 2002; Weber et al., 2004). 20 mL
of deionized water was then added to the sample solution. The
flask was covered with a watch-glass and heated to 80–90°C for a
period of 2 hours. The solution was then allowed to cool to room
temperature. Deionized water was then added to the solution to
obtain a final solution volume of 125 mL in accordance with the
procedure utilized by Smart et al., (2002).
According to Stewart, Miller, and Smart (2006) and Smart
et al., (2002), the pH of the sample solution should be between
0.8 and 1.5 to ensure complete digestion of acid-neutralizing
components. The pH values for S1, S2, S3, and S4 were 1.2, 1.0,
1.1, and 1.1 respectively.
The solution was then back-titrated to pH 5 using a
predetermined molarity of sodium hydroxide (0.5 M NaOH). Two
drops of 30 vol. % H2O2 were added at a pH of 5 to encourage the
oxidation of ferrous iron and the precipitation of ferric hydroxide
(Fe(OH)3) (Stewart, Miller, and Smart, 2006). Further backtitration was carried out to a pH of 7. The volume of NaOH used
during the titration was recorded. Blanks were prepared using
the procedure described above. Equation [15] was then used to
determine the ANC (Smart et al., 2002).
[15]
VHCl = Volume HCl acid used (mL)
VHCl Blank = Volume of acid added to the blank (mL)
VNaOH = Volume of NaOH used (mL)
VNaOH Blank = Volume of NaOH added to the blank (mL)
MHCl = Molarity of HCl acid used (M)
m = Sample weight (g)
C = Conversion factor with a value of 49 to obtain the ANC in kg
H2SO4 per ton.

Net acid generation (NAG) test
The single-addition NAG test was conducted by adding
250 mL of 15 vol. % H2O2 with a pH of 4.5 to a 2.5 g
(< 75 µm) coal sample. The H2O2 allows rapid oxidation of
sulphide minerals. Unstabilized hydrogen peroxide with a pH of
4.5 was used instead of stabilized hydrogen peroxide with a pH
of 3.5 to prevent misclassification (Stewart, Miller, and Smart,
2006; Weber et al., 2005). The hydrogen peroxide was allowed
to react overnight, after which the solution was gently heated
to encourage the oxidation of sulphide minerals that had not
already oxidized. The solution was then heated for a period of
30 minutes at a temperature of 50°C to decompose the remaining
hydrogen peroxide. The pH of the NAG solution was measured
and is referred to as the NAGpH. The NAG solution was then
titrated with a 0.1 M sodium hydroxide solution to a pH of 4.5
in accordance with the procedure utilized by Stewart, Miller, and
Smart, (2006), Weber et al., (2005), and Smart et al., (2002).
The volume of sodium hydroxide used (VNaOH), molarity of the
sodium hydroxide solution (MNaOH), and sample weight (w) were
used in Equation [17] to determine the NAG value.

NAG = (49 x VNaOH x MNaOH)/W

A single-addition NAG test is appropriate for samples with
a total pyritic-sulphur content of less than 1 wt % (Smart et al.,
2002).

Kinetic NAG test

The kinetic NAG test involves adding 250 mL of 15 vol. %
unstabilized hydrogen peroxide with a pH of 4.5 to a 2.5 g coal
sample and recording the solution pH over time. The pH of
the solution was measured until pH 4 was reached (this took
approximately 3 hours). The time required for the solution to
reach pH 4 is referred to as the kinetic NAG lag time (Smart et al.,
2002).

Acid buffering characteristic curve (ABCC) test
The ABCC method involves adding 100 mL of deionized water
to 2 g of < 75 µm coal sample in a 250 mL flask. The solution
was incrementally titrated with a predetermined quantity and
molarity of hydrochloric acid (Smart et al., 2002) while stirring
continuously. After each addition of HCl, the solution was left for
17 minutes to allow the acid to react and the pH to equilibrate
before recording the pH (Smart et al., 2002).
The concentration (CHCl) and volume (VHCl) of HCl used during
incremental additions were then converted to the kg H2SO4 per
ton equivalent using Equation [18] (Smart et al., 2002). The
measured pH was plotted against the quantity of acid added to
obtain the acid buffering characteristic curve.
[18]

Maximum potential acidity (MPA)
The total sulphide content was used to calculate the MPA (kg
H2SO4 per ton) using Equation [16] to limit the overestimation of
the MPA (Smart et al., 2002).

MPA = (Si%) x 30.6

[16]

The total sulphur and sulphide weight percentages were
determined using an ELTRA CS 2000 sulphur/carbon analyser,
which consists of a weighing scale, a computer with the required
programs, and an ELTRA induction and resistance furnace.
The Journal of the Southern African Institute of Mining and Metallurgy

[17]

Mineralogical characterization of the coal tailings
X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses
were conducted at the XRD and XRF laboratory at the Centre of
Water Science and Management, North-West University (NWU),
Potchefstroom Campus.
The different crystalline phases present in the samples
were identified and quantified using XRD, which is a nondestructive analytical technique. The samples were prepared
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using a back-loading method. The samples were then analysed
using a PANalytical X’Pert Pro multipurpose diffractometer
with X’Celerator detector and fixed slits, with Fe-filtered Co-Kα
radiation.
A PANalytical Highscore+ program, ICDD PDF 4+ and PAN
ICSD database were used to identify the crystalline mineral
phases present in the samples. The Rietveld method was used to
determine the relative phase amounts or quantities (wt %).
The concentrations of elements present in the coal sample
were determined using XRF, which is a non-destructive analytical
technique. The samples were prepared by drying them at a
temperature of 105°C for 3 hours. The loss on ignition was
determined using initiating high-temperature ashing by placing
the samples in an oven at 1000°C until completely ashed. This
was followed by a fifteen-minute borate fusion (0.3 g sample
plus 6 g flux) using Claisse® 66:33 LiT:LiM (lithium tetraborate:
lithium metaborate) flux with a LiI (lithium iodide) releasing
agent in a platinum crucible.
The samples were analysed using a PANalytical (Axios Max)
WD-XRF spectrometer equipped with a 50 kV Rh-anode X-ray
tube, P10 gas purge facility, six filters, and a high-resolution
silicon drift detector calibrated using national and international
certified reference materials (CRMs). The XRF data was
quantified using the intensities of the elements in the samples,
which were calculated from the measured intensities.

Acid-neutralizing capacity based on mineralogy (ANCmin)
The total acid-neutralizing capacities of S1, S2, S3, and S4 based
on mineralogy (ANCmin) were calculated using Equation [19],
where ANCmin,c is the ANC based on carbonate minerals and
ANCmin,nc is the ANC based on non-carbonate minerals (Karlsson
et al., 2018).

ANCmin = ANCmin,c + ANCmin,nc

[19]

The acid-neutralizing capacities of S1, S2, S3, and S4 based
on the carbonate minerals (ANCmin,c) were calculated using
Equation [20] (Karlsson et al., 2018).

ANCmin,c = 83.3 x [MWc/MWc,min] x wt%c,min x CF

[20]

ANCmin,c is the ANC contribution of carbonate minerals to the total
ANCmin.
MWc and MWc,min are the molar masses of carbon and carbonate
mineral respectively (g/mol).
wt%c,min is the weight percentage of carbonate mineral in the
sample.
CF is a conversion factor with a value of 0.98 to convert the unit
of ANCmin from kg CaCO3 per ton to kg H2SO4 per ton.

Mineralogy MPA (MPAmin)
The mineralogical maximum potential acidity (MPAmin) was
calculated by multiplying the weight percentage of acid-

generating mineral in the sample with the weight percentage of
sulphur in the mineral and a conversion factor, as in Equation
[21] (Karlsson et al. 2018).

MPAmin = wt%AG,min x wt%s,min x CMPA

[21]

where wt%AG,min is the weight percentage of acid-generating
mineral and wt%s,min is the weight percentage of sulphur in the
acid-generating mineral.
Pyrrhotite was the only acid-generating mineral identified in
all of the samples. A conversion factor of 30.6 was thus used to
calculate the MPAmin of S1 as it has a pH of 7. A constant value of
15.3 was used to determine the MPAmin of S2, S3, and S4 as their
paste pH values were below 7 (Karlsson et al., 2018).

Results and discussion
Paste pH
The high paste pH of the fresh tailings sample (S1), as seen in
Table II, indicates that the fresh tailings possess acid-neutralizing
capabilities. A considerable lag time can be expected before
the onset of acid conditions if the acid-neutralizing capacity is
overwhelmed by the acid-generating capabilities.
The low paste pH of samples S2, S3, and S4 shows that
the tailings have become acidic and strongly suggests that the
weathered tailings are potential acid-forming (PAF) and therefore
likely to contain large quantities of stored acidity from prior acid
generation. S2, S3, and S4 were collected at the surface of the
tailings and at depths of 1.5 m and 4 m respectively.
As seen in Table II, the paste pH increases with the depth at
which the samples were collected. The same trend of increase
in paste pH with depth was observed by Nieva, Borgnino, and
García (2018). The increase in pH indicates that the rate and
extent of oxidation decrease with depth, as a result of the limited
availability of oxygen and water. It can thus be concluded that
the tailings dump as a whole has not reached its maximum
potential acid-generating capabilities and will continue to
generate acid as water and oxygen penetrates deeper into the
tailings.

Maximum potential acidity (MPA)

The MPA was determined using the total sulphide content instead
of the total sulphur content so as to limit the overestimation
of the MPA. The MPAs of S1, S2, S3, and S4 were obtained by
multiplying the sulphide content with a factor of 30.6. The MPAs
of S1, S2s and S3 do not differ much as their sulphide contents
are similar. The sulphide content of S4 is lower than that of
S1, S2, and S3, resulting in a lower MPA, illustrating how the
mineralogy can differ within tailing deposits.
The sulphate minerals form as a result of the oxidation of
sulphide minerals. The total sulphur content stays relatively
constant as sulphides oxidize. However, the sulphide content
decreases as sulphates form. Thus, the difference between the

Table II

Acid-base accounting results
Sample
Paste pH
Depth (m)
			
S1
S2
S3
S4

▶

654

7.1
2.5
3.3
3.9

0
0
1.5
4
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Sulphur
content (wt %)

Sulphide
content (wt %)

ANC
(kg H2SO4 per ton)

MPA
(kg H2SO4 per ton)

NAPP
(kg H2SO4 per ton)

ANC/
MPA

1.69
1.61
1.70
1.19

1.50
1.46
1.61
1.18

70
0
7
23

46
45
49
36

–24
45
42
13

1.5
0
0.1
0.6
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sulphur and sulphide contents provides an indication of the rate
of oxidation and the extent of oxidation that has taken place.
The difference between sulphur and sulphide content decreases
with depth, indicating that the rate and extent of oxidation
decreases with depth, confirming that the tailings have not
reached their maximum acid-generating capabilities. In other
words, the sulphide minerals in S2 have undergone oxidation to
a greater extent than those in S3 and S4, as water and oxygen
are more readily available at the surface of the tailings. The large
difference between the sulphur and sulphide contents in S1 may
be ascribed to the nature of the initial coal feed.

Acid neutralization capacity (ANC)

As seen in Table II, S1 has an ANC which is substantially higher
than those of S2, S3, and S4, most likely due to the fact that S1
has not been exposed to the environment for such a prolonged
period as the other samples. S2 has an ANC value of 0 kg
H2SO4 per ton based on the ABA results, suggesting that most
of the readily available acid-neutralizing components have been
consumed to depletion. Consequently, any acid generated by
the top layer of the tailings (S1) will proceed to leach deeper
(depending of the permeability) into the tailings, promoting acidgenerating conditions.

Net acid production potential (NAPP) and MPA/ANC ratio
As seen in Table II, S1 has a NAPP of –24 kg H2SO4 per ton and
can thus be classified as non-acid forming (NAF) or as uncertain
(UC) as it has an ANC/MPA ratio of 1.5 according to the ABA
classification criteria stipulated in Sobek et al. (1978) and Usher
et al. (2003). S2 and S3 have NAPP values that are substantially
larger than 20 kg H2SO4 per ton and extremely low ANC/MPA
ratios, providing a strong indication that they will be potential
acid-forming (PAF) samples. The NAPP of 13 kg H2SO4 per ton of
S4 creates a small uncertainty with respect to its acid-generating
capabilities. S4 can be classified as uncertain based on the NAPP
results, or as PAF as it has an ANC/MPA smaller than unity
(Sobek et al., 1978; Usher et al., 2003).

Acid buffering characteristic curve (ABCC)

Figure 1 is a plot of the ABCC curve of S1. As seen, S1 effectively
neutralizes acid, with the pH initially decreasing gradually and
then sharply dropping after the equivalent of about 15 kg H2SO4

per ton has been neutralized. The pH of S1 drops below 4 after
approximately 23 kg H2SO4 per ton has been neutralized. S1
continues to neutralize an additional 12 kg H2SO4 per ton before
the pH reaches 2.5.
The rate of acid generation increases exponentially as the
pH drops below 4, owing to the oxidation of sulphide minerals
by ferric iron. For this reason, the readily available or effective
ANC obtained from the ABCC curve is determined at a pH of 4.
Thus, the readily available ANC of S1 can be assumed to be 23 kg
H2SO4 per ton, indicating that only 33% of the ANC determined
using the ABA method is readily available to neutralize acid.
The ABCC curves of S2, S3, and S4 can be seen in Figure 2.
S2 has a pH value below 4 before any acid has been neutralized.
The ABCC of S2 suggests that S2 has no effective acidneutralizing capabilities, confirming the ANC of 0 kg H2SO4 per
ton determined by ABA. S2 has the ability to neutralize about
4 kg H2SO4 per ton before the pH drops below 2.5, but this is
considered to be negligible owing to the fact that acid generation
increases dramatically when the pH drops below 4. This could
result from the oxidation of sulphide minerals by ferric iron as
discussed previously.
The ABCC of S3 starts at a pH just above 4 and effectively
neutralizes about 8 kg H2SO4 per ton before the pH drops below a
value of 2.5, confirming the ANC of 7 kg H2SO4 per ton obtained
by ABA. However, the pH of ABCC of S3 drops below 4 after a
small amount of acid has been neutralized, suggesting that S3
has a small and insignificant readily available ANC. It is thus
assumed that S3 has an effective or readily available ANC of 0 kg
H2SO4 per ton based on the ABCC estimation.
S4 neutralizes about 13 kg H2SO4 per ton before the pH of
the ABCC curve drops below 2.5, as seen in Figure 2. However,
the pH of S4 drops below a value of 4 after the equivalent of 2 kg
H2SO4 per ton has been neutralized. This suggests that only about
10% of the ANC obtained from ABA will be readily available to
neutralize acid. The effective ANC of S4 is thus assumed to be
2 kg H2SO4 per ton based on the ABCC curve results.
The ANC results determined using the ABA and ABCC
methods are summarized in Table III. As seen, the effective ANCs
of S1, S3, and S4 are overestimated when comparing the ANC
obtained by the ABA method to the effective ANC obtained from
the ABCC at a pH of 4. The ABCC results point out that only

Figure 1—Acid buffering characteristic curve of S1

Figure 2—Acid buffering characteristic curves of S2, S3, and S4
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33%, 0%, and 10% of the ANCs of S1, S3, and S4 respectively,
determined using the ABA method, are readily available to
neutralize acid and maintain the pH above 4. S2 and S3 both
have an effective ANC of 0 kg H2SO4 per ton, because they do not
possess adequate ANC to maintain a pH above 4. S1 and S4 have
effective ANCs of 23 kg H2SO4 per ton and 2 kg H2SO4 per ton
respectively.
The ABA method of determining the ANC of a sample
involves digesting the sample in highly concentrated acid and
heating it at high temperature to encourage the acid-neutralizing
components to react. The conditions under which the ANC was
determined using the ABA method enable minerals to contribute
to the ANC that would not contribute to acid neutralization under
normal environmental conditions, resulting in the overestimation
of the ANC using the ABA method (Bouzahzah et al., 2015;
Stewart et al., 2006).
As seen in Table III, S1, S2, S3, and S4 possess the ability to
neutralize acid in a pH range of 2.5–4. The ANC contribution in
this pH range can be regarded as negligible due to the oxidation
of sulphide minerals by ferric iron as previously discussed
(Dold, 2017). The re-evaluated ABA results based on the ANC
determined from the ABCC at a pH of 4 are summarized in
Table IV.
As seen in Table IV, S1, S2, S3, and S4 are classified as
PAF as they have NAPP > 20 kg H2SO4 per ton and ANC/MPA
< 1 (Sobek et al., 1978; Usher et al., 2003). The samples were
classified as PAF using the re-evaluated ABA results and ABA
classification criteria.
Using the effective ANC obtained from the ABCC at a pH of
4 resulted in the reclassification of S1 and S4 acid-generating
capabilities from uncertain to PAF, as seen in Table IV.
Using the ANCs of S2 and S3 obtained from the ABCC did
not influence the classification of these samples as they were

classified as PAF before the ANC was evaluated using the ABCC
method, as seen in Table II.

Net acid generation (NAG) test results

The single-addition NAG and kinetic NAG test results are
summarized in Table V.
As seen in Table V, the NAG results are extremely high
compared to the NAPP results. The NAG overestimates the actual
acid-generating capabilities of the samples, most likely due to the
organic acid effect (Pope et al., 2010). Thus, the NAPP provides
a more accurate estimation of the acid-generating capabilities of
the samples. All the samples have a NAGpH below 4.5, indicating
that all the samples are PAF (Smart et al., 2002). S1, S2, S3, and
S4 have NAGpH values < 4.5, suggesting that they are PAF.
Figure 3 is a plot of the kinetic NAG results of S1, S2, S3,
and S4. As seen, the NAG solution pH of S1 drops below 4 after
84 minutes. A lag time of 84 minutes corresponds to a lag time
between 6 and 12 months in a leach column (Stewart, Miller, and
Smart, 2006). The NAG values of S2, S3, and S4 drop below pH 4
instantaneously, as seen in Figure 3, suggesting that there will be
no lag time before the onset of acidic conditions.
The paste pH results of S2, S3 and S4 are below 4, as seen in
Table II, confirming that acidic conditions have prevailed with no
lag time and thus confirming the kinetic NAG results.
As seen in Table V, S1, S2, S3, and S4 have positive NAPP
and NAGpH values below 4.5 and are subsequently classified as
PAF according to the criteria stipulated by Oh et al. (2017) and
Smart et al. (2002. The relatively high NAPP values suggest that
a large quantity of acid will be generated.

Neutralization and acidity potential based on the
mineralogy of the coal tailings

The mineralogy of each sample is summarized in Table VI.
The acid-neutralizing minerals identified are calcite, kaolinite,
muscovite, and quartz. Kaolinite, muscovite, and quartz are
extremely inactive and will make an insignificant contribution to
the ANC under normal conditions owing to their low reactivity
(Karlsson et al., 2018). Calcite is the most important acidneutralizing mineral, and as seen in Table VI will contribute
the most to the ANC owing to the absence of other neutralizing
minerals such as magnesite, dolomite, brucite, aragonite, and
olivine.
The calcite content was used to calculate the mineralogical
ANC (ANCmin) and is summarized in Table VII, together with the

Table III

ANC results obtained from the ABA and ABCC methods
Sample
S1
S2
S3
S4

ANC (ABA)
kg H2SO4

ANC (ABCC at pH 2,5)
(kg H2SO4 per ton)

ANC (ABCC at pH 4)
(kg H2SO4 per ton)

70
0
7
23

35
4
8
13

23
0
0
2

Table IV

ABA results based on the re-evaluated ANC using the ABCC method
Sample
S1
S2
S3
S4

MPA

ANC (ABCC at pH 4) (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

ANC/MPA

Classification

46
45
49
36

23
0
0
2

23
45
49
34

0.5
0
0
0.1

PAF
PAF
PAF
PAF

Table V

Single addition NAG and kinetic NAG test results
Sample
S1
S2
S3
S4

▶
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NAGpH

NAG (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

LAG time (min)

Classification

2.6
2.0
2.1
2.1

37
96
100
104

23
45
49
34

84
0
0
0

PAF
PAF
PAF
PAF
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Figure 3—Kinetic NAG test results

The ABA method for determining the MPA is based on the
assumption that the total sulphide content occurs as pyrite.
There is, however, no pyrite in the samples and most of the
sulphur occurs as gypsum (Table VI), which is a non-acidforming sulphate mineral. The MPAmin will thus be a more
accurate estimation of the true MPA of the samples. Assuming
that the total sulphur or sulphide content occurs only in the form
of pyrite thus leads to a drastic overestimation of the true MPA of
the samples.
The MPAmin method for determining the MPA of a sample
assumes that pyrrhotite is oxidized by oxygen. Oxygen will be
the primary oxidant of pyrrhotite in S1 owing to the neutral paste
pH of S1. Ferric iron will be the primary oxidant in the case of
S2, S3, and S4 as their paste pH values are below 4. The MPAmin
of S2, S3, and S4 can be up to four time larger if ferric iron is
assumed to be the primary oxidant.
The effective ANC values obtained from the ABCC at a pH of 4
and MPA based on the pyrrhotite content (MPAmin) were used to
recalculate the NAPP values of S1, S2, S3, and S4 (Table IX). The
recalculated NAPP and NAGpH were used to re-evaluate the acidgeneration capabilities of S1, S2, S3, and S4 in order to reclassify
the acid-generating capabilities according to the ABA and NAGpH
criteria used by Oh et al. (2017) and Smart et al. (2002).
The acid-generating capabilities of S1 are classified as
uncertain due to the disparity between the NAPP and the
NAGpH results (NAPP < 0, NAGpH < 4.5). S2, S3, and S4 are
all classified as PAF as their NAPP values are positive and their
NAGpH values are below 4.5. The MPAmin values of S2, S3, and
S4 are relatively low and these samples will thus have a low acidgenerating capacity.

Table VI

Mineral compositions of S1, S2, S3, and S4
Mineral

Weight percentage (wt %)

		
Calcite
Kaolinite 1A
Muscovite 2M1
Gypsum
Illite 2M
Graphite
Pyrrhotite
Quartz
Amorphous

S1
2.2
25.4
0.2
3.2
0.7
0.2
0.5
16.5
50.3

S2
0.3
29.2
1.3
0.8
0.7
0.1
0.2
13.5
52.9

S3
1.1
32.8
2.4
1.7
0.7
0.2
0.3
7.2
52.4

S4
1.7
26.6
0.3
3.7
0.1
0.1
0.4
12.6
54.1

ANC values determined using ABA and from the ABCC at pH 4
and 2.5.
It can be seen that ABA dramatically overestimates the
ANC of S1. The ANC of S1 obtained from the ABCC curve at
pH 4 (Figure 1) is similar to the ANCmin. The ANC obtained
from the ABCC at pH 4 and ANCmin will thus be a more accurate
representation of the actual acid-neutralization potential of S1.
The ANCmin values for S2, S3, and S4 are similar to the ANC
obtained from the ABCC at a pH of 2.5 and somewhat similar to
the ANC determined by ABA. ANCmin confirms that S2, S3, and
S4 do possess the ability to neutralize acid. The calcite contents
of S2 and S3 are relatively low and do not contribute to acid
neutralization to the extent that the pH of the tailings will be
maintained above 4. Only 11% of the ANCmin of S4 contributes
to acid neutralization, maintaining the pH above 4. The ANCmin
provided a reasonably accurate estimation of the ANC of S1, S2,
S3, and S4. However, the ANCmin overestimates the effective ANC.
The actual or effective ANC determined from the ABCC at pH 4 for
S2, S3 and S4 is 0, 0, and 2 kg H2SO4 per ton for S2, S3, and S4
respectively.
Pyrrhotite is the only acid-generating sulphide mineral
present in S1, S2, S3, and S4 as seen in Table VI. The MPA values
calculated based on the pyrrhotite content are summarized in
Table VIII.
A comparison of the MPA determined by the ABA method
based on total sulphide content and the MPAmin calculated using
the pyrrhotite content (Table VIII) shows that the ABA method
overestimates the true MPA drastically.

Table VIII

 aximum potential acidity based on pyrrhotite content
M
and sulphide content
Sample

Pyrrhotite
content (wt%)

MPAmin (Mineralogy)
(kg H2SO4 per ton)

MPA (ABA)
(kg H2SO4 per ton)

0.5
0.2
0.3
0.4

6
1
2
12

46
45
49
36

S1
S2
S3
S4

Table VII

Comparison of the ANC results obtained by different methods
Sample
S1
S2
S3
S4

ANC (ABA) (kg H2SO4)

ANC (ABCC at pH 2,5) (kg H2SO4 per ton)

ANC (ABCC at pH 4) (kg H2SO4 per ton)

ANCmin (Mineralogy) (kg H2SO4 per ton)

70
0
7
23

35
4
8
13

23
0
0
2

22
3
11
17
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Table IX

Re-evaluation and classification of acid-generation capabilities
Sample
S1
S2
S3
S4

NAGpH

MPAmin (Mineralogy) (kg H2SO4 per ton)

ANC (ABCC) (kg H2SO4 per ton)

NAPP (kg H2SO4 per ton)

2.6
2.1
2.1
0.4

6
1
2
12

23
0
0
2

–17
1
2
1

ABA, NAG, ABCC, and mineralogy are suitable for
preliminary AMD screening. However, more detailed
investigations should be conducted to assess and predict the
possible occurrence of metal-rich neutral mine drainage with
respect to S1 (Dold, 2017).

Conclusion and recommendations
ABA and mineralogical investigations were used to determine
the AMD formation potential of four coal tailing samples (S1,
S2, S3, and S4). It was found that the ABA method could not
yield conclusive results, as the ANC and MPA of the samples
were dramatically overestimated using this method. However,
the ABCC test and calculations based on the mineralogy of the
samples provided a more accurate estimation of the true or
effective ANC of the samples, while the MPAmin gave a more
accurate estimation of the actual MPA. The results obtain with
these considerations allowed us to classify the samples as
potentially acid-forming. From the paste pH values, S2 was the
sample that could most readily form acid; this is probably due
to the fact that it originated from the tailing layer that was the
most exposed to weathering conditions. Using a single test to
classify the acid-generating capabilities may have resulted in a
misclassification of the samples acid-generating capabilities.
Further tests such as the leach column test should be
conducted to determine the true acid-generating capability of
S1. Effective measures should be taken to prevent the fresh coal
tailings from becoming acidic and generating AMD if S1 is found
to be potentially acid-forming.
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